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Abstract 

Water and tufa, along with soil and bedrock as the primary contributing sources of 
dissolved and particulate trace elements at seven waterfalls of the Krka river, Croatia, were 
investigated using geochemical and stable isotope tracers for the identification and 
quantification of authigenic carbonates. Terrestrial authigenic carbonate is one of the 
biggest global sinks of CO2 in areas with dominant carbonate lithology. However, it has 
not yet been adequately quantified due to its dispersed occurrence. Moreover, the efficient 
identifiers of authigenic carbonate and adequate analytical tools still lack because of the 
complexity of natural processes involved in carbon storage. Isotopic composition of metals 
that co-precipitate and fractionate their isotopes during precipitation of carbonate from 
the river water, such as strontium (Sr), was an obvious choice as the tracer. The main aim 
of the study was to elaborate a methodology for identifying and quantifying authigenic 
carbonate as a temporal or permanent CO2 sink in complex carbonate sediments formed in 
rivers.   

The chemical and isotopic composition of river water and tufa (13C, 88Sr, 87Sr/86Sr) 
was analyzed. The method of Sr extraction from bedrock samples, soil, and tufa for their 
stable isotope analysis was optimized. Further, partition and isotope fractionation of carbon 
and strontium in the bedrock – water – tufa system. Authigenic carbonates in tufa were 
identified and quantified. Annual storage of CO2 in tufa in the Krka river was estimated. 
PhreeqC programme was used to perform the geochemical modelling of solutions and 
determine the saturation state of water, and the ISOSOURCE programme was used to 
estimate the proportions of authigenic and detrital carbonate in tufa. 

The study is based on the results obtained from one sampling campaign only. The 
obtained results depict that soil and dissolution of bedrock are the main sources of detrital 
Sr. The lower 88Sr value in tufa than its precipitating water evidently shows the 
precipitation of authigenic carbonates. Moreover, it is proved that stable Sr isotope 
fractionation can be used as efficient tracers for the identification and quantification of 
authigenic carbonate and CO2 storage in the studied environment. 
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Povzetek 

Vodo in lehnjak ter tla in kamninsko podlago kot primarni vir raztopljenih snovi in 
elementov v sledovih v sedmih slapovih reke Krke na Hrvaškem smo raziskali z uporabo 
geokemičnih in stabilnih izotopskih sledil za identifikacijo in količinsko opredelitev 
avtigenih karbonatov. Kopenski avtigeni karbonat je eden največjih ponorov CO2 na 
območjih s prevladujočo karbonatno litologijo. Vendar pa zaradi razpršene pojavnosti še ni 
bil ustrezno količinsko opredeljen. Poleg tega še vedno primanjkuje učinkovitih 
identifikatorjev avtigenega karbonata in ustreznih analitičnih orodij zaradi zapletenosti 
naravnih procesov, povezanih s skladiščenjem ogljika. Izotopska sestava kovin, kot je 
stroncij (Sr), katere izotopi se med obarjanjem karbonata iz rečne vode frakcionirajo, je 
bila očitna izbira za sledilo. Glavni cilj študije je bil izdelati metodologijo za identifikacijo 
in količinsko opredelitev avtigenega karbonata kot začasnega ali trajnega ponora CO2 v 
kompleksnih karbonatnih sedimentih, ki nastanejo v rekah.   

Analizirana je bila kemijska in izotopska sestava rečne vode in lehnjaka (13C, 88Sr, 
87Sr/86Sr). Optimizirana je bila metoda ekstrakcije Sr iz vzorcev kamnin, tal in lehnjaka za 
analizo stabilnih izotopov Sr. Nadalje je bila analizirana porazdelitev in izotopskaa 
frakcionacija ogljika in stroncija v sistemu kamnina – voda – lehnjak ter izotopska in masna 
bilanca Sr v sistemu voda – lehnjak. Avtigeni karbonat v lehnjaku je bil identificiran in 
količinsko opredeljen. Ocenjena je bila količina letno uskladiščenegaa CO2 v lehnjaku v reki 
Krki. Za geokemijske izračune in modeliranje raztopin smo uporabili program PhreeqC, za 
oceno količinskih deležev avtigenega in detritičnega karbonata v lehnjaku pa program 
ISOSOURCE.  

Študija temelji na rezultatih, dobljenih s samo enim vzorčenjem. Dobljeni rezultati 
kažejo, da sta tla in kamninska podlaga glavna vira Sr. Nižja vrednost  88Sr v lehnjaku 
kot v vodi, iz katere se je oboril s karbonatom, očitno kaže na obarjanje avtigenih 
karbonatov. Poleg tega je dokazano, da lahko izotopsko razmerje stabilnih izotopov Sr(δ
88Sr) uporabimo kot sledilo za identifikacijo in količinsko opredelitev avtigenega 
karbonatain skladiščenja  CO2 v proučevanem okolju. 
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Chapter 1 

1 Introduction 

The efficient accountancy of the global carbon budget, the knowledge of carbon cycle paths 
and the processes that affect the hydrosphere, atmosphere, biosphere, and lithosphere 
system are the most important challenges in the science of global environmental changes 
(Tans et al., 1990; Esser et al., 2011; Cao et al., 2012). The study of the carbon cycle is 
necessary for a better understanding of the pathways of carbon across phase boundaries 
carbon (C) exchange between spheres. Climate change and global warming concerns have 
triggered CO2 research. The concentration of atmospheric CO2 is increased to 407.38±0.1 
ppm in 2018 (Dlugokencky & Tans, 2019). The increase in the atmospheric CO2 reflects 
roughly about half of the CO2 in anthropogenic emission, and the other half is due to carbon 
sequestration in the oceans and terrestrial biosphere (Tans et al., 1990). The increasing 
atmospheric CO2 concentration instigated the study of its storage.  

The riverine system is essential in the global carbon cycle not only because of 
transportation of carbon from the terrestrial environment into the oceans and carbon sink 
but also it exchanges CO2 with the environment and precipitates the carbonates in the 
streams. (Richey, 2005). Conventionally, there are two major carbon sinks, organic carbon 
and marine carbonates (Schrag et al., 2013). Lately, it was proposed that authigenic 
carbonate (e.g. carbonate cements, flowstone and speleothems in caves, tufa in rivers and 
lakes, etc.) is one of the biggest global sinks of CO2 (Sun et al., 2014; Zhao et al., 2016). 
In terrestrial settings, it is highly relevant, in particular in areas with dominant carbonate 
lithology (Buttman & Raymond, 2011; Rassmann et al., 2016; Zhao et al., 2016). However, 
because of its dispersed occurrence, it has not yet been adequately quantified. Moreover, 
because of the complexity of natural processes involved in carbon storage, the efficient 
identifiers of authigenic carbonate and adequate analytical tools are still lacking (Zhao et 
al., 2016).  

1.1 Stable Isotopes as Environmental Tracers 

The natural or ambient elements e.g. C, O, Mg and Sr, widely spread on the earth's near-
surface can be potentially used as environmental tracers. They provide an important tool 
to find the source and different dynamics of the ecosystem through their variation. Stable 
isotopes are used in hydrology, hydrogeology, and ecological studies as environmental 
tracers (Green & Taheri, 1992; Johnson et al., 2004; Michener & Lajtha, 2007).   

Atoms having the same number of electrons and protons, but the different number of 

neutrons are isotopes. They can be denoted as Em

n  where m  is the mass number and n  

is the atomic number of an element E.  Stable isotopes are those which do not decay or 
decay at such a low rate that it cannot be detected with the most up-to-date equipment. 



2  Chapter 1. Introduction 

Mass difference and physicochemical properties cause the behaviour of stable isotopes 
to be controlled by kinetic and vibrational energy. This leads to isotope fractionation, 
which is the relative partitioning of the isotopes between two substances or two phases of 
identical substances with different isotope ratios. The largest differences in isotopes occur 
amid the lightest elements.  

1.1.1 Isotopic fractionation 

The types of isotopic fractionation are equilibrium and kinetic fractionation. 

 

Equilibrium fractionation is a particular case in which isotope distribution varies 
between phases (liquid vs. vapour) or chemical substances (reactant vs. product) or 
between particular molecules when no net reaction takes place (Hoefs, 2009). In such 
reactions, chemical equilibrium can be attained when reactants and products stay in close 
contact in a well-mixed and closed system where back-reaction can happen. With the 
greatest differences happening at the minimal temperature, the degree of the variance in 
initial and final masses in equilibrium reactions depends upon temperature. Heavy isotopes 
tend to cumulate in denser phases (Bigeleisen & Mayer, 1947).  

 
Kinetic fractionation appears in unidirectional or incomplete reactions, and it influences 
the rate constant of the reaction. In this fractionation, no isotopic equilibrium can happen 
(Tiwari et al., 2015). Kinetic fractionation is typically associated with diffusion, 
evaporation, biologically mediated and dissociation reactions and redox reactions. Usually, 
the lighter isotopes in a reactant can react more quickly than the heavier isotopes. As a 
result, lighter isotopes accumulation will occur in the product. A perfect example of the 
kinetics isotope reactions is biological processes, where organisms use species enriched in 
lighter isotope due to the lower energy consumption in dissociation bond in such molecules. 
This results in isotope fractionation yielding an isotopically light product and isotopically 
heavier residual substrate. Kinetic isotope fractionation of biologically mediated processes 
differs in magnitude, depending upon the concentration of reactants and product, reaction 
rates, environmental conditions in metabolic transformation and organism species. 
Generally, the organism has more time in slower reaction steps, so slower reaction steps 
give more isotopic fractionation than the faster reaction steps (Kendall & McDonnell, 
1998). 

1.1.2 The delta (δ) notation 

Various materials have enormously small isotopic differences, McKinney et al., (1950) used 
delta δ notation to express stable isotopic data of all materials except interstellar dust. It 
has become common practice.  values are expressed in parts per thousand (per mil) 
deviations from the standard.  

 

sample0
00

standard

1 1000
R

R
             1.1 

where R is the ratio of heavier to lighter isotope abundance. Rsample denotes the ratio in 
the sample and Rstandard ratio in the standard. A positive  value shows that the sample has 
more heavy isotopes than the standard, while a negative value indicates vice versa. Typical 
means for the comparison of the isotopic composition of the two materials include high vs. 
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low values, heavy vs. light, enriched vs. depleted and more or less positive. Enriched vs. 
depleted is only used to clarify to which isotope the sample is enriched or depleted in.  
notation for the stable isotope of C, O and Sr are 13C, 16O and 88/86Sr, respectively. 

 
The isotopic fractionation is expressed with fractionation factor (α), commonly replaced 

by separation/enrichment factor (ε) in recent years. In a chemical reaction, where reactants 
give the product, the fractionation factor (α) is described as the reactants’ isotopic ratio 
and products’ isotopic ratio. 

 

product-reactant product reactant
/R R   1.2 

 

where R is the ratio of heavy to light isotopes in reactant and product. The relation of 
the fractionation factor and the isotopic composition of two substances is: 

 

-
1000 / 1000

A B A B            1.3 

 where A and B show the reactant and product while A and B denote the isotopic 
fractionation of reactant and product, respectively. The (α) magnitude depends most 
importantly on temperature and many other factors. The value of the fractionation factor 
for equilibrium fractionation is close to 1 (e.g. α = 1.030 shows that heavy isotopes in 
substance A are by 3% enriched than in substance B). As isotope fractionation has 
commonly small values, replacing by ɛ has become a regular practice in recent years 
because it gives fractionation in parts per thousand alike δ values. The enrichment factor 
is defined as: 

 

1
A B A B                                   1.4 

Where  denotes the enrichment or depletion of the product with heavy isotope 
compared to the reactant (e.g. +20‰ or -20‰). 

1.1.3 Isotopic standards 

The standard or reference material should be stable enough, pure element or chemical 
compound, widely available, homogeneous and its isotopic ratio should approximate the 
mean of natural variation for isotopic measurements. Lab or working standards, prepared 
individually, should be calibrated with international standards so that values can be 
reported internationally concerning to uniform scale. The primary reference materials for 
18O and 2H are Vienna Standard Mean Ocean Water (VSMOW), Vienna Pee Dee 
Belemnite (VPDB) is for 13C and 18O, 15N of Air-N2. International Atomic Energy 
Agency (IAEA, Vienna), Institute for Reference Materials and Measurements (Belgium), 
United States Geological Survey (USGS) and National Institute of Standards and 
Technology (NIST, USA) are some of the institutes, who prepare and distribute 
international standards and various certified isotopic reference materials like NBS-19 and 
VSMOW2. NIST SRM987 SrCO3 is being used as a standard in Sr isotopic measurements. 

1.1.4 Applications of stable isotopes 

Naturally occurring isotopes of different elements (e.g., C, O, Mg and Sr) have been 
extensively applied in Earth sciences, biological and human sciences and several 
subdisciplines of chemistry. Based on the natural occurance and the processes involved in 
these elements’ precipitation, their applications in environmental sciences can be classified 
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into four major types thermometry, source appointment, palaeoclimatology and reaction 
mechanism (Clark & Fritz, 1997; Kendall & McDonnell, 1998; Sharp, 2007; Hoefs, 2009). 
Light elements (hydrogen, carbon, oxygen, nitrogen and sulfur) are the major bio-active 
components of the various compounds in the geo-, hydro- and biosphere. In the course of 
physicochemical processes, isotope partitioning of the same element is possible through the 
considerable relative mass difference between the heavy and light isotope of the element. 
Generally, stable isotopes are being used in hydrogeochemical studies in: 

 

(1) sources, sinks and mixing ratios identification of the water and solutes,  

(2) identification of the transportation processes,  

(3) identification of the transformation processes,  

(4) characterization of the flow paths and  

(5) biological and geochemical cycle assessment of the elements within an ecosystem. 

  

Stable isotope techniques are often used along with measurements of major and minor 
elements and judicious amounts of hydrologic data to test hypothesis about hydrologic and 
geochemical mechanisms and also provide input for mass-balance calculations and 
quantitative constraints on reaction progress (Kendall & McDonnell, 1998).  

1.2 The Carbon Cycle 

Carbon is the primary constituent of the terrestrial and marine hydrosphere, biosphere and 
atmosphere. It is an integral part of organic and inorganic matter, an essential component 
of metabolism in organisms, and critical to the chemical weathering of rocks (Mackenzie & 
Lerman, 2006) The. The global biogeochemical cycle is shown in Figure 1.1. A conceptual 
biogeochemical model that reflects geological and physicochemical processes of carbon 
transfer between different reservoirs is a vital tool to elaborate the storage, flow and 
transformations of carbon. 

Chemical weathering of sedimentary, photosynthesis and crystalline silicate rocks at 
the Earth’s surface controls the global atmospheric CO2 concentration. Rock weathering 
absorbs CO2 primarily from the atmosphere or soil and yields aqueous carbonate and 
bicarbonate ions, which are then carried away by the river to the oceans (Sun et al., 2010). 
In most cases, weathering occurs by reaction with dissolved C, not directly with CO2 from 
the atmosphere. The carbonate system is the most important in low-temperature 
geochemistry. It includes the species of carbon in gaseous (i.e. CO2 (g)), aqueous (i.e. 
dissolved CO2, carbonate and bicarbonate ions) and solid carbonate, most commonly 
CaCO3 or MgCO3 phases (Yan et al., 2020). The formation of carbonate rocks and silicate 
rock weathering plays a vital role in atmospheric CO2 consumption and release. (Gaillardet 
et al., 1999; Oliva et al., 2003). The carbon isotope composition (13C) value is source 
dependent and conspicuously distinct in terrestrial carbonates from that of carbonate 
bedrock formed in the marine environment. Therefore, the 13C value has been widely used 
in earth sciences, paleoclimate reconstruction (e.g. Dorale et al., 1998; Zachos et al., 2001) 
and also as a tracer of carbon flow in natural reservoirs (e.g. Quary et al., 1992; Ehleringer 
et al., 2000; Zavadlav et al., 2012, 2013). 
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Figure 1.1: Global biogeochemical cycle of carbon (Mackenzie & Lerman, 2006b). The 
main carbon reservoirs are carbonate sediments, marine, land biomass and atmosphere. 

 

Any carbonate mineral can be termed authigenic minerals, precipitated inorganically 
in-situ either from the sediment pore water or at the sediment-water interface. At very 
high supersaturation, homogenous or heterogenous nucleation can occur in the water, not 
only on substrates (hard or soft). Authigenic carbonates precipitate when alkalinity is 
produced during the diagenesis of organic matter, which results in the supersaturation with 
respect to carbonate minerals in recent oceans (Schrag et al., 2013). Authigenic carbonates, 
as a chemical precipitate, record the ambient conditions at the time of its precipitation 
and at the locus of precipitation – the conditions in the microenvironment where the 
precipitation takes place can be very different from the conditions in the bulk solution 
(river) from which the CaCO3 is precipitated (Zhao et al., 2016) 

1.2.1 C cycling in rivers 

Rivers act as reactive conduits, which connect the continental and oceanic C cycles (Cole 
et al., 2007). Studies of in-stream metabolism, gas exchange (Raymond et al., 2013, 
Hotchkiss et al., 2015), and sediment dynamics (Wohl et al., 2017) reveal that rivers are 
an active component of the global carbon cycles, rather than neutral pipes, and rivers form 
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and the process can significantly affect the terrestrial derived carbon partitioning among 
the geosphere, atmosphere and oceans (Aufdenkampe et al., 2011). 

The important carbon sources  in rivers are geological processes (weathering), aquatic 
photosynthesis and CO2 exhange with the atmosphere. To constrain the sources, and solute 
and water cycling in river system, geochemical and hydrological analyses serves as a good 
tool to evaluate riverine water hydrobiogeochemical state. The riverine carbon consists of 
particulate and dissolved inorganic and organic arbon. Generally, the dissolved inorganic 
carbon (DIC) is the primary component in the river. The DIC is subjected to several in-

stream processes which alter its carbon isotopic composition. Photosynthesis in the water 
column preferentially selects the lighter carbon, thus enriching the remaining DIC with 
13C, while during respiration lighter carbon is added to the pool, resulting in lower 13CDIC 

values. The third process, exchange with the atmosphere, involves equilibration 
between gaseous CO2 and DIC. Although temperature-dependant, the isotopic 
fractionation between atmospheric CO2 with 13C value of -7.7 ‰ (Schulte et al., 2011) 
and aqueous CO2 is about +8 ‰ (Mook et al., 1974). Thus, atmospherically 
equilibrated DIC would yield 13C value of  0 ‰. 

CO2 outgassing from inland water takes place extensively in the surface water 
environment termed as CO2 evasion, and it plays a significant role in the terrestrial carbon 
cycle (Cole et al., 2007; Raymond et al., 2013) and calcite precipitation (Dreybrodt, 2019). 
Dreybrodt et al. (2019) found that two types of outgassing of CO2 occur, precipitation 
controlled outgassing and diffusion associated degassing, from CaCO3 precipitation in H2O 
– CO2 system. Precipitation-controlled CO2 outgassing is when one molecule of CaCO3 
precipitated, one molecule of CO2 produced and escapes from dehydration and 
dihydroxylation of HCO3

−. The diffusion-associated outgassing has no significant effect on 
CaCO3 precipitation, as long as the supersaturation is high. But research of tufa revealed 
that the CaCO3 precipitation requires high supersaturation (upto 10 times), while the CO2 
continuously degasses from the water surface without precipitation, and in such case the 
degassing is not negligible (Zavadlav et al., 2017 and references therein). Yan et al. (2020) 
studied the non-equilibrium fractionation of carbon isotope, and his study reveals that 
travertine and speleothem growth from supersaturated solution drives the disequilibrium 
carbon isotope fractionation between CO2 and HCO3

−. The kinetic isotope effect dominates 
in dehydration and dihydroxylation of HCO3

− during isotope fractionation between CO2 
and HCO3

− (Guo, 2008). 
Investigation of stable isotope composition in tufa deposits shows cyclic seasonal 

variations in 13C values of dissolved inorganic carbon (DIC) in groundwater, caused by 
the seasonal variations of temperature and precipitation that govern the primary 
production and vegetation growth, which in turn control the release of biogenic CO2 into 
the water. Another important source of DIC is the dissolution of bedrock (aquifer) which 
also depends upon the temperature, the amount of water and the concentration of DIC 
accumulated in the surface discharge and soil. The atmosphere is usually a negligible CO2 
source of DIC in areas with a lot of vegetation. It is also influenced by the CO2 degassing 
from water and temperature dependant processes (Matsuoka et al., 2001; Andrews, 2006).  

 

1.2.1.1 Tufa 

Water flowing in surface and groundwater in areas with dominant carbonate bedrock is 
usually saturated with respect to calcite. When supersaturated with respect to CaCO3, 
water precipitates calcium carbonate inorganically or microbiologically and/or degasses 
carbon dioxide (Horvatinčić et al., 2003, Chen et al., 2004). Calcareous precipitates that 
form in springs, rivers or lakes at ambient temperature are called tufa. It can form 
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spectacular terraces, cascades and dams in rivers, transforming the river flow into a series 
of lotic and lentic environments. It can also be present as loosely bound or compact coatings 
or laminated crusts or as stratified lacustrine sediment in different, most commonly, karst 
regions of the world. (Pentecost, 2005; Pedley, 2014 and references therein).  

The precipitation of calcite has a significant effect on the hydrochemical evolution of 
the riverine system because CO2 in considerable amount is emitted to the atmosphere 
directly from the water (Buttman & Raymond, 2011; Raymond et al., 2013; Yan et al., 
2020) and during the precipitation process (Horvatinčić et al., 2003; Chen et al., 2004). 
The term travertine is sometimes also used in tufa, although it is referred to as carbonate 
sinter deposited in hydrothermal systems (hot springs) (Ford & Pedley, 1996).  

Tufa deposits can give answers to many research questions about the terrestrial record, 
origin, landscape developments, palaeoclimatology, tectonics and astrobiology (Capezzuoli 
et al., 2014a). An enhanced understanding of the formation process and deposition settings 
are required to use tufa deposits for these queries. Tufa as a CO2 sink may be relatively 
small on a global scale but can play a significant role locally in karstic regions. 

1.2.1.1.1 Depositional process 

Carbonate precipitation occurs as a result of a variety of different processes. However, tufa 
formation by abiotic processes has been generally an identified process. Calcium and 
bicarbonate ions can be dissolved by perlocating water whenever they flow across the soil 
horizon. Usually, the CO2 level is high in the soil horizon because of biogenic activities, 
e.g. decomposition of organic matter, respiration of microbial communities, etc. Hence, this 
water can be easily saturated or supersaturated with calcium carbonate (Horvatinčić et al., 
2003). After passing the soil horizon, the infiltrating water is usually supersaturated with 
CO2; if such water flows into the river as surface discharge, then it contributes dissolved 
and biogenic CO2 to the river water. The availability of Ca in the soil may vary, depending 
on the minerals composition of the soil and bedrock – saturation with respect to CaCO3 

usually occurs in the aquifer when this CO2-rich water dissolves the bedrock. 
After its underground flow, it discharges in springs or diffuses discharge directly into 

the river. A variety of processes leads it to the release of CO2 gas, such as variation in the 
water turbulence, temperature, pressure and mixing with water with different calcium 
carbonate concentrations and precipitation of CaCO3 (Riding, 1979; Marker, 1988; Ford & 
Pedley, 1996; Andrews, 2006). Precipitation of calcite from water can be simply expressed 
as: 

 

            𝐶𝑎2+ + 2𝐻𝐶𝑂3
− ↔ 𝐶𝑎𝐶𝑂3 ↓ +𝐶𝑂2 ↑ +𝐻2𝑂                       1.5 

Thus, the tufa depositional rate depends upon these abiotic/biogenic processes. The 
depositional rate of tufa, for example, in fossil deposits ranges from 0.32 – 42 mm/year 
(Weijermars et al., 1986; Heiman & Sass, 1989; Andrews et al., 2000; Peña et al., 2000). In 
recent tufa deposits, direct measurements revealed deposition rate in the same range of 
values, e.g., the average growth rate of tufa at Skradinski Buk area, Krka National Park, 
Croatia, is 5.771 mm/year (Marić et al., 2020), mean depositional rate recorded in the 
Piedra River from November 1999 to September 2012 is 7.86 mm/year (Arenas et al., 2014) 
and in the area of Natural Park, the value is 7.52 mm/year (Vázquez-Urbez et al., 2010). 
Substrate topography, a corresponding type of vegetation, water hydrochemistry and 
particularly, microbes present there play a significant role in the depositional facies and 
potential for preservation.  
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1.2.2 C isotope fractionation in rivers 

 
Carbon exists on Earth has two stable (12C and 13C) and one radioactive isotope (14C). 

the abundance of 12C and 13C is 98.89% and 1.108%, respectively. 14C is produced by the 
interaction of thermal nuetrons and nitrogen atoms in the upper atmosphere.The 14N has 
a half life for the decay 5,730 years and can be used in the determining the objects’ age 
having a biological origin upto about 50,0000 years of age (Arnold & Libby, 1949). The 
stable isotope ratio 12C/13C has been widely used as discussed earlier.  

The sources of riverine carbon are mentioned earlier, where stable isotopes can help to 
constrain the inputs from the dissolution of various minerals and rock types. The C isotopic 
composition of DIC is function of abundance of the species CO2, HCO3

−, and CO3
2− (Schulte 

et al., 2011). The seasonal changes in 13C DIC occur when water is exposed to atmospheric 
CO2 of high 13C  due to the natural ventilation, which increases in winter,  instead of 
inducing outgassing, removes CO2 of low 13C from the water. It significantly impacts the 
seasonal pattern of 13C (Hori et al., 2008).  

Stable isotopes of carbon and oxygen (13C and 18O values) are more often used tracer 
of authigenic carbonates. However, in environments with multiple C sources and changing 
redox conditions, such as organic-rich carbonaceous sediments, the isotopic signatures of 
dissolved carbonate vary not only because of different C sources, but also because of many 
diagenetic processes that remove or add dissolved inorganic C (DIC) from/to the interstitial 
solution. Because of different C isotopic fractionation, these processes (e.g. limestone 
dissolution, carbonate precipitation, decomposition of organic matter, methanogenesis or 
methane oxidation) may change the isotopic composition of DIC in opposite directions. 
Thus, for unambiguous quantification and identification, additional identifiers of authigenic 
carbonates in freshwater sediments from carbonaceous settings are essential. Isotope 
composition of metals that co-precipitated and fractionate their isotopes during 
precipitation of carbonate from the river water, non-traditional isotopes of strontium (Sr), 
seems to be an obvious choice. 

 

1.2.3 Trace element partitioning 

Aquatic sediments serve as reservoirs of trace elements. However, due to biogeochemical 
processes, remobilization can occur (Ouyang et al., 2006). In natural water systems, metals 
associated with inorganic and organic matter through bioavailable complexes formation, 
adsorption and from pollution accumulate in sediments (Cukrov et al., 2013). The trace 
elements (Mg, Sr), divalent cations, have the ability to substitute the Ca2+ in the calcite 
crystal structure. The incorporation of trace elements (Sr2+) mainly depends on the calcite 
precipitation rate and temperature in the inorganic calcite formation (Lorens, 1981; Huang 
& Fairchild, 2001; Tang et al., 2008a). Tufa deposits have been extensively investigated 
for paleoclimate and palaeoenvironmental reconstruction using C and O isotopic records 
as well as geochemical proxies (Mg/Ca, Sr/Ca) (Ihlenfeld et al., 2003; Lojen et al., 2004; 
Andrews, 2006; Brasier et al., 2010; Zavadlav et al., 2017). Ihlenfeld et al. (2003) showed 
that temperature derived from Mg/Ca strongly deviates from the measured temperature 
in recent tufa deposits. Studies have shown that microbial communities affect the 
incorporation of these trace elements in the tufa formation (Rogerson et al., 2008, 2014; 
Saunders et al., 2014; Ritter et al., 2018).  

Biological/biotic processes and macrophytes presence along with heterotrophic bacteria, 
cyanobacteria and algae can strongly affect the precipitation of calcium carbonates 
(Rogerson et al., 2008; Capezzuoli et al., 2014; Saunders et al., 2014; Zhu & Dittrich, 2016; 
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Ritter et al., 2018). Biofilms are immensely present in tufa depositional systems, and their 
effective role in tufa formation is investigated in many studies (Merz-Preiß & Riding, 1999; 
Shiraishi et al., 2008; Arp et al., 2010; Rogerson et al., 2014; Pedley, 2014). Extracellular 
polymeric substances (EPS) present in biofilms chelates Ca2+ over Mg2+ result in the 
calcium-enriched microenvironment around the EPS molecules and yield low (Mg/Ca)calcite 

as compare to the expected (Mg/Ca)solution ratio (Rogerson et al., 2008; Saunders et al., 
2014). Extracellular polymeric substances (EPS) in biofilms influence the distribution by 
binding the divalent cations through a negatively charged functional group (Dupraz et al., 
2009; Decho, 2010;). Rogerson et al. (2008) investigated that biofilms and EPS have the 
capability to accumulate the Ca2+ and other divalent cations Mg2+ and Sr2+ by chelation 
process. Microbial communities can strongly affect the trace element partitioning into 
calcium carbonate deposits. This provides a better understanding of biological influences 
on tufa precipitation. 

The substitution degree of trace elements in calcite precipitation is generally expressed 
as distribution coefficient, which is calculated as (Saunders et al., 2014): 

 

𝐷𝑋 = 
(𝑋/𝐶𝑎)𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒

(𝑋/𝐶𝑎)𝑤𝑎𝑡𝑒𝑟

 

where X is the trace element, and DX denotes the distribution coefficient. DX depends on 
temperature, precipitation rate and microbial communities. 

1.3 Non-Traditional Isotopes 

Isotopes of elements other than H, C, O, N and S, are known as non-traditional isotopes.  
In environmental geochemistry, isotopes signatures of elements (e.g., C, O, Mg and Sr) 

are being vastly used as environmental tracers to study the climate due to the exceptional 
attribution of variation in their natural or anthropogenically induced abundance. The 
isotope fractionation provides information about the paleoenvironment (Hoefs, 2009). 

ICP MS technique,  Thermal Ionization Mass Spectrometry (TIMS)  or Secondary Ion 
Mass Spectrometry (SIMS) are being used to measure the isotopic variability of the 
elements, in contrast to “traditional” isotopes those are analysed using a gas source 
magnetic sector mass spectrometry (IRMS) (Teng et al., 2017). 

Metal stable isotopes, Si and Cl isotopes, etc., are usually referred to as non-traditional 
isotopes. Isotopic analyses of non-traditional isotopes have been started later than the 
traditional isotopes. Although the development on Li isotope geochemistry based on TIMS 
was made in the 1980s (Chan, 1987), the introduction of new instrumentation, 
Multicollectror ICP-MS in 1992, by coupling of multi-collector detector array to an ICP-
MS (Douthitt, 2008), has initiated the new research field of cosmo and geochemistry. 
Afterwards, precise measurements of the isotopes of light and heavy elements (e.g. Mg and 
U) can be done sufficiently precisely to trace the natural variations.  

Non-traditional stable isotopes have various distinguishing characteristics over 
traditional stable isotopes. 1) these elements occur in a large range from extremely volatile 
to refractory; 2) the concentration of most of these elements, trace elements, in different 
geological reservoirs vary significantly; 3) several elements are biologically active; 4) most 
of them are redox-sensitive; 5) the atomic numbers of the several elements are high, and 
their number of a stable isotope is greater than two (Teng et al., 2017). Due to these special 
traits, these isotopes have become the unique tracers of various biological, geological and 
cosmochemical processes. Studies show that speciation, volatility, relative mass difference 
and biological sensitivity effects the non-traditional stable isotopes’ variation (Teng et al., 
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2017). The stable isotope of Sr is evaluated in this study as a tracer to estimate the CO2 
storage in the tufa. The isotope geochemistry of Sr is as follows. 

1.3.1 Sr isotope geochemistry 

Strontium, an alkaline earth element, has four stable isotopes (Table 1.1). 87Sr is the 
radiogenic isotope and a decay product of  β emitting isotope 87Rb, which has a half-life of 
48 billion years (Banner, 2004). Strontium isotopes 87Sr/86Sr have been used as 
environmental tracers in hydrologic studies (e.g. Capo et al., 1998; Shand et al., 2009). The 
different Rb and Sr ratio in rocks gives different 87Sr/86Sr ratios in different ages, which is 
extensively used to differentiate silicate and carbonate weathering and their sources 
(Palmer & Edmond, 1992; Brennan et al., 2014), study geochemical and sedimentology 
attributes in Neoproterozoic cap carbonates (Liu et al., 2013, 2014, 2018), Sr cycling in the 
marine ecosystem (Mokadem et al., 2015), fingerprinting water sources (Zieliński et al., 
2017), clastic and karst aquifer investigations (Tchaikovsky et al., 2019), etc.  

 
Table 1.1: Isotopes of Sr and their natural abundance. 

 

Isotope Abundance (%) 
84Sr 0.56 
86Sr 9.86 
87Sr 7.00 
88Sr 82.58 

 

 
With the advancement in instruments, MC-ICP-MS and TIMS, and analytical methods, 

high precision 88/86Sr ratio analysis made it easy to measure little variability in it in the 
terrestrial and marine environment (Halicz et al., 2008; Chao et al., 2013, 2015), and 
broaden its applications in water sources investigations (Fietzke & Eisenhauer, 2006;  
Stevenson et al., 2014; Stevenson et al., 2018; Pearce et al., 2015; Fruchter et al., 2017; 
Shalev et al., 2017), paleothermometry, pedogenesis, Sr oceanic budget and 
biomineralization (Fietzke & Eisenhauer, 2006; Shalev et al., 2013). The relative 
invariability in Sr isotope ratio 88/86Sr= 8.375209 is due to its smaller relative mass 
difference, and it has been used for instrumental fractionations calibration for high precision 
isotopic analysis of Sr (Teng et al., 2017).  
 notation is used to report stable Sr isotopic compositions: 
 

88 86

sample88 0
00 88 86

standard

Sr/ Sr
Sr 1 1000

Sr/ Sr
   1.6 

Stable Sr isotopic compositions have been assessed using both MC-ICP-MS and TIMS. 
Different methods are used in previous Sr investigations, which indicates that measurement 
using double spikes TIMS (Krabbenhoft et al., 2009) was highly accurate and precise, along 
with double spike MC-ICP-MS (Shalev et al., 2013) and standard-sample bracketing MC-
ICP-MS (Fietzke & Eisenhauer, 2006; Charlier et al., 2012; Ma et al., 2013).   

The biogenic and inorganic marine carbonate tends to have lighter 88Sr than the 
seawater from where precipitation occurred (Stevenson et al., 2010; Böhm et al., 2012; 
Shalev et al., 2013; 2017), which is 0.387±0.002 ‰ (Shalev et al., 2013). In global rivers, 
the 88Sr values were reported for Europe: 0.175-0.417 ‰, Asia: 0.260 – 0.397, Africa: 0.236-
0.283, North and South America: 0.256-0.354 ‰ and Volcanic Islands: 0.126-0.566 with an 



1.4. Isotopic Standards 11 

average of 0.32 ± 0.08 ‰ (Krabbenhöft et al., 2010; Pearce et al., 2015; Shalev et al., 
2017). 

As discussed above, the continental carbonates exhibit considerably lower 88Sr values 
than its precipitating water. Therefore, the 88Sr value is an efficient tool for identifying 
and quantifying the authigenic carbonates in the rivers. Moreover, the presence of the 
authigenic carbonate can also be confirmed with lower 88Sr values compared to that from 
the bedrock carbonates. Furthermore, few experimental studies have been performed to 
understand the effects of several parameters (T, R (precipitation rate) and pH) on Sr 
isotope fractionation (88Sr) during dissolution and precipitation of carbonates (Böhm et 
al., 2012). These studies reveal that T and R strongly affect the Sr isotope fractionation 
(88Sr) ( Böhm et al., 2012; AlKhatib & Eisenhauer, 2017; Fruchter et al., 2017). Seemingly, 
temperature and the precipitation rate control the Sr isotopic fractionation, where higher 
rates increase the Sr isotope fractionation during kinetically controlled calcite precipitation 
(Böhm et al., 2012; AlKhatib & Eisenhauer, 2017).  
 
 
Table 1.2: Δ88Srcarb-aq (‰) values in inorganic and biogenic calcite from various sources. 
 

CaCO3 Sample Average 
Δ88Sr (‰) 

 2SD n Reference 

Inorganic 
calcite  

Speleothems and tufa -0.164 0.096 17 Liu et al., 2017); 
Shalev et al., 2017 

 Lacustrine primary calcite  -0.225 0.055 18 Fruchter et al., 2017 
 Laboratory experiment -0.244 0.120 42 Böhm et al., 2012; 

AlKhatib & 
Eisenhauer, 2017 

Inorganic 
aragonite 

Laboratory experiments -0.175 0.044 9 Fruchter et al., 2016 

Biogenic 
calcite 

Brachiopods -0.210 0.017 13 Vollstaedt et al., 
2014 

 Coccolithophores -0.209 0.240 10 Stevenson et al., 
2014 

Biogenic 
aragonite 

Scleractinian corals -0.194 0.030 68 Raddatz et al., 
2013; Fruchter et 
al., 2016 

 Gastropods 0.211 0.027 5 Fruchter et al., 2017 

 
The Sr stable isotope fractionation between carbonates and water Δ88Srcarb-w (defined 

as 88Srcarbonate - 88Srwater ) from different carbonates depositional environments show an 
average δ88/86Sr of -0.21±0.10‰ in Table 1.2. 

1.4 Isotopic Standards 

All the analytical measurements have an inherent uncertainty. To mitigate this 
measurement uncertainty, standards are used. The standard or reference material should 
be stable enough, pure element or chemical compound, widely available, homogeneous and 
its isotopic ratio should approximate the mean of natural variation for isotopic 
measurements. Lab or working standards, prepared individually, should be calibrated with 
international standards so that values can be reported internationally concerning to 
uniform scale. The primary reference materials for 18O and 2H are Vienna Standard Mean 
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Ocean Water (VSMOW), Vienna Pee Dee Belemnite (VPDB) is for 13C and 18O, 15N 
of Air-N2. International Atomic Energy Agency (IAEA, Vienna), Institute for Reference 
Materials and Measurements (Belgium), United States Geological Survey (USGS) and 
National Institute of Standards and Technology (NIST, USA) are some of the institutes, 
who prepare and distribute international standards and various certified isotopic reference 
materials like NBS-19 and VSMOW2. NIST SRM987 SrCO3 is being used as a standard in 
Sr isotopic measurements. 
 

1.5 Environmental Proxies in Tufa 

Tufas – continental carbonate deposits – have been growingly becoming important as 
geochemical archives. Like speleothems and lake sediments, tufas have information about 
climatic and environmental conditions changes during their precipitation (Andrews et al., 
1994; Ihlenfeld et al., 2003; Lojen et al., 2004, 2009; Andrews & Brasier, 2005; Dabkowski 
et al., 2012; Wang et al., 2014; Zavadlav et al., 2017). In tufas, stable isotopes (13C/12C and 
18O/16O) and trace elements (Ca, Mg and Sr) carry information in their elemental 
composition and temperature of the mother solution, from where paleoclimate and 
paleoenvironmental conditions, hydrological conditions, and vegetation cover can be 
interpreted (e.g. Matsuoka et al., 2001; Ihlenfeld et al., 2003; Kano et al., 2003; Lojen et 
al., 2004, 2009; Andrews, 2006; Kawai et al., 2006; Hori et al., 2008; Dabkowski et al., 
2012; Yan et al., 2012). Freshwater tufas are widely regarded as a potential indicator of 
environmental conditions at the time of their deposition (Pazdur et al., 1988; Andrews et 
al., 1997; Horvatinčić et al., 2000; Matsuoka et al., 2001; Ihlenfeld et al., 2003; Kano et al., 
2003; Andrews, 2006; Dabkowski et al., 2012; Osácar et al., 2013; Arenas et al., 2014). It 
can be found in several studies that paleoclimate reconstruction from tufa can be 
tendentious due to the anthropogenic pollution of rivers (e.g. Leybourne et al., 2009; Lojen 
et al., 2009; Brasier et al., 2010). Knowledge of the chemical and physical processes taking 
place during tufa formation is required to interpret the stable isotope signals from the tufa. 
The temperature dependence of cation partitioning (e.g. Mg, Sr) in carbonate precipitation 
and solution is expected on theoretical grounds (Urey, 1947; Usdowski et al., 1979; Huang 
& Fairchild, 2001; Saulnier et al., 2012; Watkins et al., 2013, 2014; Zavadlav et al., 2017). 
However, biological processes are associated with tufa formation, and biofilms play a major 
part in trace element partitioning (Emeis et al., 1987; Pedley, 1992; Merz-Preiß & Riding, 
1999b; Arp et al., 2001; Bisset et al., 2008; Shiraishi et al., 2008; Rogerson et al., 2008, 
2014; Saunders et al., 2014). Biologically influenced calcite precipitation's deviation from 
the equilibrium between water and the precipitate is necessary to determine to get the 
paleoenvironmental information (Rogerson et al., 2014; Ritter et al., 2018).  

1.5.1 Stable isotope thermometer 

Theoretically, temperature estimation is possible if equilibrium conditions are attained 
during mineral formation. Equilibrium temperature can be determined by analysing any 
two phases existing together, which defines the isotope fractionation. On the contrary, it 
is not easy to prove the equilibrium in practice (Valley, 2001). The isotopic composition of 
carbon and oxygen of the calcite precipitate depends on the (a) isotope composition of the 
parent solution and (b) isotope fractionation between different species associated with the 
calcite precipitation process. The 18O values of precipitated calcite rely on the 18O values 
of water that constitute the main source of oxygen atoms, whereas the bicarbonates 
constitute the main reservoir of carbon atoms (in the pH range 7.5 to 8.5).  
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Several papers have been published since the late 1960s, which deal with both 
experimental and theoretical determination of equilibrium isotope fractionation in various 
species and phases involved in the precipitation of calcite (Polag et al., 2010). The relation 
between temperature and fractionation factor can be presented in the form of a basic 
quadratic equation (Polag et al., 2010): 

3 2

product-reactant
10 ln aT bT c    1.7 

Where α shows the fractionation factor and a, b and c are system-specific constants 
that can be obtained by calibrating the calculated parameters (e.g. 18O of calcite and 
water T) with fitting. In the calcite (cc) −HCO3

 – system, the corresponding factor in the 
case of 13C is 13αcc-HCO3 (designation after (Polag et al., 2010), or, as a more explanatory 
value and isotopic enrichment factor 13εcc-HCO3 with ε= (α-1) × 1000 ‰. The enrichment 
factor for δ18O in the calcite (cc) – water (w) system is shown as 18εcc-w. 

Isotopic fractionation can be measured in laboratory experiments (Kim & O’Neil, 1997; 
Dietzel et al., 2009) or natural system in geochemical equilibrium (e.g., Coplen, 2007). Over 
the years, developments were made on various techniques for the temperature dependence 
measurement of fractionation enrichment 13εcc-HCO3 and 18εcc-w, and a vast variation in the 
published temperature dependence of fractionation factors featured a problem based on 
differences in empirical data treatment and experimental setups. The experiments show 
variation in isotopic fractionation factors even under similar conditions (Romanek et al., 
1992; Dietzel et al., 2009; Watkins et al., 2013). Furthermore, the fractionation factor 
differs with temperature, and it is likely that due to its carbonate precipitation rate 
dependence (Feng et al., 2012; Fohlmeister et al., 2018). In calcite–water relation studies, 
the most often used equilibrium fractionation factors are stated below in Table 1.3. 

 

Table 1.3: The fractionation factors for C in the calcite - −HCO3
 – system (13αcc-HCO3) and O in 

the calcite – water system(18αcc-w). 

 

Author Equilibrium equation 

Deines et al. (1974) 10. ln 13αcc-HCO3 = 0.095 × 106 /T(K)2 +0.90 

Mook (2000) 103. ln 13αcc-HCO3 = - 4.23 × 103 /T(K) +15.10 

O’Neil et al. (1969) 103. ln 18αcc-w = 2.78 × 106 /T(K)2 – 3.39 

Friedman and O’Neil (1977) 103. ln 18αcc-w = 2.78 × 106 /T(K)2 – 2.89 

Kim and O’Neil (1997) 103. ln 18αcc-w = 18.03 × 103 /T(K) - 32.42 

Mook (2000) 103. ln 18αcc-w = 19.668 × 103 /T(K) – 37.32 

Coplen (2007) 103. ln 18αcc-w = 17.4 × 103 /T(K) – 28.6 

Daëron et al. (2019) 103. ln 18αcc-w =17.57 × 103 /T(K) – 29.13 
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Chapter 2 

2 Aims and Hypothesis 

The purpose of the thesis is to elaborate towards a methodology for the identification and 
quantification of authigenic carbonate as a temporal or permanent CO2 sink in complex 
carbonate sediments formed in rivers. Therefore, we aim to test and validate the non-
traditional stable isotopes of Sr as identifiers of authigenic carbonates in a complex 
multiphase material-tufa precipitated from the Krka river in the karst environment in the 
Outer Dinarides in central Dalmatia (Croatia). The objectives of the thesis are: 

 

1. Analysis of the chemical and isotopic composition of river water and tufa (relevant 

isotopic parameters (such as 18O), chemical composition, mineral composition of 

tufa, concentration, and isotopic composition of sedimentary organic carbon) (13C, 

88Sr, 87Sr/86Sr), 

2. Optimization of the method of extraction of Sr from bedrock samples and tufa for 

their stable isotope analysis, 

3. Analysis of partitioning and isotope fractionation of carbon and strontium in the 

bedrock – water – tufa system, 

4. Identification and quantification of authigenic carbonate in tufa, 

5. Estimation of annual storage of CO2 in tufa in the Krka river. 

 

Based on the literature data, we hypothesize that stable Sr isotopic fractionation is 
systematic and large enough to be proven as a useful tracer for source identification and 
quantification of authigenic carbonate in the studied environment.
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Chapter 3 

3 Study Area 

The study area is described in detail by Cukrov et al. (2008, 2013); Lojen et al.( 2009). 
The Krka river is a groundwater-fed and medium-sized, 75 km long stream in the 
Dalmatian karst area draining carbonate terrains. The spring is situated close to the Knin 
town with a continental environment, whereas the estuary is situated in the Mediterranean 
area. It gets a significant fraction of water from diffuse subsurface recharge (Lojen et al., 
2004, 2009; Cukrov et al., 2008, 2013; Bonacci et al., 2017). The whole catchment region's 
topographical settings comprise limestone and dolomites of the Cretaceous and Palaeogene 
age with the patches of siliciclastic sediments and flysch (Mamužić, 1971). The 
hydrogeological drainage area of the Krka is almost 2427 km2 (Bonacci et al., 2006). 

The discharge at Skradinski buk waterfalls ranges from 5 to 476 m3s-1, with an average 
value of 51.3 m3s-1 (Bonacci et al., 2017). The continuous recharge of dissolved inorganic 
carbon-rich groundwater primarily of biogenic origin constitutes the ideal conditions for 
tufa formation. The Krka river is one of the largest tufa barrier systems in Europe (Bonacci 
et al., 2006). A previous study (Lojen et al., 2004) depicts that the stream water is 
supersaturated with calcite and is degassing CO2 along its whole 50 km course except 
during high water events and the extensive tufa, which is found in the riverbed, formed 
under non-equilibrium conditions. The various tufa barriers distinguished the river 
precipitated in a constant and dynamic process depending upon several physicochemical 
factors, including discharge, temperature, groundwater retention time, and vegetation, etc. 
(Lojen et al., 2004, 2009).  

Sediment formation in alternate lotic and lentic environments thus shows the dynamics 
of the river system. The annual tufa growth rates estimated on the laminated specimen as 
the thickness of couplets of laminae varied between 1 (Jaruga power plant at Skradinski 
buk) (Lojen et al., 2004) and 5 mm (this study, measured on the specimen taken at the 
overflow between Upper and Lower Brljan Lake, site K3, Figure 3.1) (Rovan et al., 2021 
). Precise measurements were performed in 2018 – 2019 on artificial substrates placed at 
14 micro-locations within the Skradinski buk waterfall system at the head of the Krka 
estuary, using a macro-photogrammetry device in a contactless manner, which showed tufa 
growth rates between 0.3 and 19.3 mm/year (Marić et al., 2020). 
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Figure 3.1: Location of the Krka river and sampling sites. 
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Chapter 4 

4 Materials and Methods 

The essential aspect of the success of any environmental investigation mainly depends on 
the collection of representative samples, sample handling without any contamination, 
storage and adopting adequate sample decomposition techniques if required and eventually 
accurate and precise estimation of parameters of interest by standard or advanced 
analytical techniques (Das, 2008). In this section, sampling, elemental analysis, 
concentration, and isotopic analysis are described.  

For the present study, river water and tufa deposit samples were already collected in 
September 2019. Water samples were analyzed to determine the content of major ions 
(Ca2+, Mg2+, Na+, K+, Sr2+, Ba2+-), dissolved inorganic carbon (DIC), total alkalinity and 
isotopic analysis. Tufa, bedrock and soil samples were analyzed for mineralogical, elemental 
and isotopic composition.  

4.1 Sampling Scheme and Procedures  

The samples were collected from 9 different sites shown in Figure 3.1. Primary samples 
sites’ locations are shown in Table 4.1.  

 

Table 4.1: Coordination locations, elevations and their distance from the spring. 

 

Sampling points Coordinate 

N 

Coordinate  

E 

Elevation 

(m) 

Distance 

from the 

spring (km) 

Spring (K1) 44o02'30'' 16o14'05.60'' 224 0 

Bilušića buk (K2) 44o00'47.39'' 16o04'06.35'' 205 16 

Brljan lake (K3) 44o00'33.63'' 16o02'37.04'' 186 18.8 

Manojlovac (K4) 44o00'54.95'' 16o01'35.94'' 150 20.5 

Roški slap Ogrlice (K5a) 43o54'30.02'' 15o58'39.20'' 72 35 

Roški slap pod ogrlicami (K5b) 43o54'30.02'' 15o58'39.20'' 70 35.5 

Skradinski buk (“Nevenov slap”) 

(K6a) 

43o48'13.04'' 15o57'54.19'' 34 49 
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Skradinski buk (“Glavni slap”) (K6b) 43o48'13.04'' 15o57'54.19'' 32 49.5 

Zrmanja Mokro polje (Z1) 44o05'31.65'' 16o02'01.18'' 196 16 

Zrmanja Kaštel Žegarski (Z2) 44o09'43.09'' 15o51'27.98'' 55 38 

Zrmanja Berberov buk (Z3) 44o11'46.87' 15o46'10.56'' 19 50 

The water samples were collected from the channel centre or from where the water was 
easy to access, but nevertheless most well mixed. If access was not easy, the samples were 
taken from the stream bank. Samples were collected using a high-density polyethylene 
(HDPE) jug attached to a rope rolled up to a wide plastic holder. Before taking the samples, 
the jug was rinsed three times, and extreme caution had been taken to keep the sampling 
and measuring equipment clean and maintain it in good working condition before and after 
the use.  

The water pH and temperature (T), redox potential and conductivity were measured 
using the Ultrameter II 6 PFC (Myron Company). The total alkalinity of the river water 
was determined by Gran titration (Gieskes, 1974) in approx. 50 mL samples using 0.05 M 
HCl (Sigma Aldrich) with a precision of ±1% within 8 h after sample collection. Samples 
for alkalinity were filtered through 0.20-µm filter Sartorius (Minisart 16534 K). The water 
samples were stored in precleaned high-density polyethylene (HDPE) containers. Samples 
for the metal analyses were filtered on-site, too, through 0.45-µm pore size filters (Minisart 
16555K) and acidified with concentrated supra-pure HNO3 (Merck). Major element 
concentrations (Ca, Mg, Sr, K and Na) were determined using an Agilent 7900x ICP-MS 
(Agilent Technologies, Tokyo, Japan). All water samples were stored in the refrigerator at 
4°C until analysis. Single standard solutions with 1000 mg/L (Merck) concentration were 
used.  

4.1.1 Tufa bedrock and soil sampling 

Nine recent tufa samples and twelve old tufa samples were collected. Characteristics of 
sampling locations were the same as for water samples. After the collection, they were 
placed in accurately marked plastic bags. In the laboratory, they were dried at 60oC 
temperature, crushed to powder and stored in new plastic bags. The crushed samples were 
then analysed for elemental, mineralogical and isotopic compositions. Additionally, 7 
bedrock and 8 soil samples were also taken.   

4.2 Isotopic Composition of Dissolved Inorganic Carbon 

The isotope composition of dissolved inorganic carbon (DIC) was measured using a method 
by Miyajima et al., (1995); Spötl, (2005). The septum vials having a volume of 3.7 mL and 
100-200 µL of phosphoric acid were tightly closed and purged for 2 minutes with 50 mL/min 
He (6.0). The He flushed septum vials were injected with a 1 mL sample, and the headspace 
CO2 was analysed with IsoPime 100 isotope ratio mass spectrometer (IRMS) with 
MultiflowBio preparation module. As working standards, a standard solution of Na2CO3 
with a known 13C values of -10.8 ± 0.2 ‰ and -4.2 ± 0.2 ‰ were used. Measurements 
were calibrated with CO2 evolved from NBS18 and NBS19 certified reference materials 
(13C values is 1.95 ‰ VPDB) in reaction with 100 % phosphoric acid after 24h at 25oC.  
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4.3 Isotopic Compositions of Hydrogen (2H) and Oxygen 

(18O) of Water 

The isotopic analysis of hydrogen (2H) and oxygen (18O) of water were performed 
according to the modified IAEA Technical procedure note no. 43 (Tanweer et al., 2009), 
using the H2-H2O (Coplen et al., 1991) and CO2-H2O (Avak & Brand, 1995; Epstein & 
Mayeda, 1953) equilibration techniques. Measurements were performed with dual-inlet 
isotope ratio mass spectrometer Delta Plus (Finnigan MAT GmbH, Bremen, Germany) 
with a custom-built automated H2-H2O and CO2-H2O equilibrator HDOeq 48 Equilibration 
Unit (M. Jaklitsch). 

4.4 Chemical Analyses 

Chemical analyses of water consist of total alkalinity and major and trace element ion 
concentrations measurements (Ca2+, Mg2+, Sr2+, etc.), and stable isotope analyses of carbon, 
oxygen, hydrogen, and Sr. The analyses of tufa and carbonate rock samples include 
elemental composition and stable isotope analyses of carbon, oxygen, and Sr. Their 
analytical methods are described as follows. 

4.4.1 X-Ray diffraction analyses 

All visible plant and bedrock pebbles remains were removed, and samples were pulverized 
in a vibrating disk mil. The phase composition of the tufa samples was determined using 
the X-ray diffraction method (XRD) using an Empyrean X-ray diffractometer 
manufactured by PANalytical (The Netherlands), equipped with a micro diffraction 
modulus. The analyses and data treatment were performed at the Slovenian National 
Building and Civil Engineering Institute.  

4.4.2 X-Ray fluorescence analysis 

Elemental analyses of the bedrock and tufa samples were performed using X-ray 
fluorescence spectroscopy (Thermo Scientific ARL PERFORM'X WD XRF spectrometer) 
for materials and minerals analysis with OXAS software at the Slovenian National Building 
and Civil Engineering Institute. A mixture of Fluxana powder (FX-X50, 50% Li-
tetraborate and 50% Li-metaborate) in sample: Fluxana ratio of 1:10 was prepared for 
melted disks. A small amount of LiBr was added to prevent glueing of the melt onto the 
platinum vessel. The temperature of the ignition was 950oC. The analytical errors were 
calculated < 0.1 % for Sr and Ca, < 6 % for Mg, Al, and Si, and < 15% for Na and K. 

4.4.3 Analyses of sedimentary organic carbon 

Analysis of sedimentary organic carbon (Corg) was performed. Approximately 7 mg of 
sample was weighted into the silver capsules (9×5 mm) for each sample. The samples were 
gradually acidified with 0.05M, 0.1M, 0.5M, 1M, 2M and 6M HCl. When no carbonate 
dissolution occurred after acidification with 6M HCl, samples are ready to analyze (Pella 
& Colombo, 1978). Then, these capsules were dried using an oven at 60oC overnight and 
subsequently tightly closed and analyzed using the Europa Scientific 20-20 isotope ratio 
mass spectrometer at the Department of Environmental Sciences, Jožef Stefan Institute, 
Ljubljana. Sorghum wheat and USGS40 are used as reference material. 
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4.5 Stable Isotope Analyses of Bedrock and Tufa 

The method used for the analyses of stable carbon and oxygen isotopic composition of 
carbonates is based on the treatment of carbonate samples with orthophosphoric acid 
(McCrea, 1950) to extract carbon in the form of CO2. 

 

𝐶𝑎𝐶𝑂3(𝑠)
+ 𝐻3𝑃𝑂4(𝑠)

→ 𝐶𝑎3(𝑃𝑂4)2(𝑙)
+ 3𝐻2𝑂(𝑙) + 3𝐶𝑂2(𝑔)

 

The phosphoric acid which was used for the analysis was prepared by heating 85 % 
H3PO4 (Acros Organics, UK) and 99.9 % P2O5 (Sigma Aldrich, UK) following the procedure 
described in Sharp (2007) and this solution is known as 100 % orthophosphoric acid with 
density ~1.9 g/cm3 since it does not contain any water.  

About 10 mg samples were weighed in Labco Exetainers vials, dried overnight at 60oC 
and flushed with He (6.0). 0.3 mL of H3PO4 were injected into each vial with extreme 
caution. Samples were digested for 72 h at 40oC in a thermoblock fitted to the ANCA TG 
preparation unit for trace gas analysis of the Europa Scientific 20-20 isotope ratio mass 
spectrometer. All samples were measured in triplicate, and the results were accepted if the 
standard deviation was equal or less than 0.1 ‰ for both 13C and 18O. If the deviation 
was larger, the analysis was repeated until the required precision was achieved. The stable 
isotope analysis of carbon 13Ccarb was analysed on Europa Scientific 20-20 isotope ratio 
mass spectrometer upgraded with a Sercon HS source assembly and 20-22 electronic suite 
(Sercon Ltd., Crewe, U.K) in the same way. Calibration of measurements was performed 
by VPBD scale using NBS 19 (Limestone, NIST) and IAEA CO-9 (Barium carbonate) 
certified references materials.  

4.6 Sr Isotope Analyses 

For the determination of Sr isotopes, all chemical procedures and measurements were 
completed under clean room conditions. Analytical reagents were prepared with clean 
laboratory equipment soaked overnight in 10% HNO3 and washed with deionized water 
(18.2 MΩ cm, Millipore Milli-Q-Plus). The Sr extraction procedure includes sample 
digestion, sample evaporation, resin cleaning, column preparation and Sr extraction. Their 
details are described below.  

4.6.1 Sample digestion for bulk samples 

100 mg of each sample (tufa and rock) were weighted in the 30 mL vials. 10 mL of 
concentrated HNO3 was added to the samples and kept for 24 hours at room temperature. 
Then, the samples were centrifuged twice at 4000 rpm for 10 minutes and stored in the 
refrigerator and separated the extraction solution from the solids. Sr concentration in the 
extracts was determined by an inductively coupled plasma mass spectrometer (ICP-
MS)(7700x, Agilent Technology, Tokyo, Japan). 

4.6.2 Sample preparation for carbonate leaching 

The carbonate leaching from the samples was performed as described in detail by Rovan 
et al., (2020). An aliquot of 100 mg of each sample (tufa, bedrocks, and soil) was weighed 
in vials. To extract the carbonate-bound Sr, a solution of 1 M sodium acetate  (NaAc) and 
25 % acetic acid (Hac) was prepared. In the next step, 10 mL of the prepared solution was 
added to the solid samples. Dissolution was performed first by shaking them for 2 hours at 
room temperature at 2.75 mot/min and then centrifuging at 4000 rpm for 20 minutes. All 
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the samples were filtered through 0.2-µm membrane filters (Sartorius Minisart 16534K) 
and washed twice with 5 mL Milli-Q water after reperforming the centrifugation. Sr 
concentration in the extracts was determined by ICP-MS. 

4.6.3 Sample evaporation  

Volume containing 50 μg Sr of each sample was transferred into a Teflon vial and put on 
a sand bath for evaporation at 90oC. After evaporation, 1 mL of concentrated HNO3 and 1 
mL of hydrogen peroxide (H2O2) were added to the remaining solid in order to additionally 
destroy the organic matter. The solution was left to evaporate until dry and was then re-
dissolved in 1mL 8M HNO3. 

4.6.4 Sr extraction 

Sr resin Eichrom® (SR-B50-S Triskem International, France) (100-150 μm) was chosen for 
matrix elements (i.e., Rb) removal. Acid cleaned columns were loaded with 0.3 g of Sr 
resin. The resin was then washed with 3 mL Milli-Q water, 1 mL 6M HCL, 10 mL Milli-Q 
water in sequence and conditioned with 3 mL 8M HNO3, 10 mL Milli-Q water and 3 mL 
8M HNO3 to the columns. The sample solution was loaded onto the columns, and Rb was 
removed with 5 mL of 8M HNO3. The Sr fraction was eluted and collected in vials with 10 
mL Milli-Q water. Sr isotope ratios were measured using multi collector ICP-MS (II, Nu 
Instruments Ltd, Ametek Inc., Wrexham, UK). 

4.7 Thermodynamics Modelling and Calculations 

Geochemical calculations were performed with the PHREEQC computer program 
(Parkhurst & Appelo, 1999) by using the PhreeqC database in order to calculate dissolved 
inorganic carbon, carbon species concentration, saturation indices with respect to calcite 
and partial pressure of CO2 (pCO2) in the water samples. 

The pCO2 was obtained from the equation below: 

 

𝑝𝐶𝑂2 =
[HCO3

-][H+]

KHK1

 

 

where KH and K1 are the temperature-dependent Henry’s law and first association constant 
for CO2 in water.  

 

SIcalcite=log(
[Ca2+][CO3

2-]

Kcalcite

) 

 

where Kcalcite is the solubility product of calcite (Appelo & Postma, 2009), and activities 
are shown by brackets. The Ca2+ concentration in equilibrium with calcite was also 
calculated with the same program. 

4.8 Calcite Precipitation Rate 

The precipitation rate of calcite in the carbonate-dominated water can be calculated by 
knowing Ca2+ concentration, water temperature and hydrodynamics conditions 
(Dreybrodt, 1988), and precipitation rate can be approximated by the Diffuse Boundary 
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Layer (DBL) model under turbulent flow, developed by (Buhmann & Dreybrodt, 1985) 
and (Dreybrodt et al., 1992). For an H2O-CO2-CaCO3 system supersaturated with respect 
to calcite, the precipitation rate of CaCO3 (Rcalcite) can be calculated from: 

 

Rcalcite = ρ. (C-Ceq) 

Where ρ is a reaction rate constant, C is the actual concentration of Ca2+ ions in the 
water, and Ceq is the equilibrium Ca2+ concentration with respect to calcite and pCO2 in 
the water. The calculations of precipitation rate take into account the existence of a 
diffusion boundary layer (DBL) developed by (Dreybrodt & Buhmann, 1991). The model 
assumes DBL of thickness φ that separated the calcite surface from the turbulent bulk of 
thickness ω. The DBL factor included in the reaction constant ρ depends on temperature, 
the pCO2 in the solution, on the thickness of the DBL (φ), and because of the slow 
conversion of  HCO3

− into CO2, also on the thickness of the water layer above the surface 
(ω) to which calcite is precipitated (Bono et al., 2001). 

The calcite precipitation rate in the Krka river was calculated for tufa samples from 
sampling sites K2-K6b. The DBL thickness (φ) was set to 100 μm. The thickness of the 
water layer above the precipitated calcite surface (ω) was set to 10 cm. The ρ values were 
experimentally determined by (Liu & Dreybrodt, 1997) and were considered in our 
calculations based on measured water temperature at constant pCO2 (10-3 atm). The 
precipitation rate of calcite formation in the Krka river was calculated using a method 
thoroughly explained by (Zavadlav et al., 2017).  
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Chapter 5 

5 Results 

5.1 Physicochemical Characteristics 

The water temperature had an increasing trend downstream of the spring (Figure 5.1a). 
The river water temperature ranged from 9.90 oC at the spring to 23.60 oC at K6b. The 
pH value in the stream water varied from 7.11 to 8.31 (average 8.02 ± 0.35; where ± 
applies to 1σ) (Figure 5.1b). In general, the pH was the lowest at spring, the and there 
was a significant increase in the pH value at K2, 16 km downstream, while further, it 
fluctuated between 8.07 and 8.15. At the same temperature, pH varies in a range of values. 
Overall, it had an upward trend downstream of the river.  

 
 

a 

 

b 

 
 

Figure 5.1: Downstream variation of (a) temperature and (b) pH. 

 

In electrical conductivity, there was an increase between the site K1 (426 µS cm-1) and 
the first tufa barrier K2 (726 µS cm-1) and then it gradually decreased downstream to the 
value 469 µS cm-1 at the lowermost waterfall K6 (Figure 5.2a). The Eh value of the river 
decreased between the site K1 to K3, 18.8 km downstream from 111 mV to 94 mV. Then 
there was an increase, but at K5 and K6, considerable differences in Eh were observed 
between both riverbanks (Figure 5.2b). 
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a 

 

b 

 

Figure 5.2: Downstream variation of (a) conductivity and (b) Eh in the Krka river water. 

5.1.1 Cations and DIC 

Dissolved major cations had the lowest concentration at the K1 site and the highest at 
sites K2-K4, as shown in Figure 5.3a,b,c,d. Further on, they gradually decreased. 

 

a 

 

b 

 
c  d 

 

Figure 5.3: Downstream variation of (a) Ca2+, (b) Mg2+, (c) Sr2+ and (d) K+ content in 
the Krka river. 

 
All the cations were lower in the Zrmanja river, which is evident from Figure 5.3a,b,c,d. 
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a 

 

b 

 
Figure 5.4: (a) Total alkalinity and (b) total DIC concentration downstream variation 
in the Krka river. 

 
The total alkalinity in the Krka river showed a decreasing trend downstream the river 

(Figure 5.4a). The alkalinity ranged from 3.48 to 4.03 mM, and the highest value was 
measured at site K1 and lowest at K6. The alkalinity ranged from 3.41 to 4.30 mM in the 
Zrmanja river. The total dissolved inorganic carbon (DIC) (Figure 5.4b) in the Krka river 
water ranged from 3.43 to 4.86 mmol/L, with the highest value at the spring and the lowest 
at the lowermost sampling site K6. The most abundant carbon species in the Krka waters 
was the HCO3

- ion, accounting for 81 % in the spring and 93 to 95 % in the stream water.  

5.2 Elemental Ratios 

The Mg/Ca and Sr/Ca molar ratios of the Krka and Zrmanja water had been calculated. 
The Mg/Ca ratio ranged from 0.25 to 0.42 (Figure 5.5a). The highest ratio was observed 
at site K1 and the lowest at the lowermost waterfall, K6. It decreased between K1 and the 
first waterfall K2 from 0.42 to 0.27, while afterwards, the ratio varied between 0.25 to 0.29, 
whereas in the Zrmanja water, the Mg/Ca ranged from 0.15 to 0.35.  

 

a 

 

b 

 
Figure 5.5: Variation of (a) Mg:Ca and (b) 1000*Sr:Ca molar ratios downstream the 
spring in the Krka river. 

 
In contrast to the Mg/Ca molar ratio, 1000*Sr/Ca had the lowest ratio at site K1 and 

ranged from 0.12 to 0.58 (Figure 5.5b). The highest ratio of Sr/Ca was calculated at site 
K4. A sudden increase from 0.12 to 0.53 had been observed between the site K1 and K2, 
whereas downstream of K4, a decreasing pattern was observed. In the Zrmanja river, the 
Sr/Ca ratio was ranging from 0.07 to 0.14.  
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5.3 Saturation Index (SIcalcite) and Partial Pressure of CO2 

(pCO2) 

The calculated saturation indices ranged from -0.40 to 1.05. The downstream pattern was 
shown in Figure 5.6a, where the lowest SIcalcite was calculated at K1 and the highest at the 
last waterfall, K6. The SIcalcite significantly increased between K1 and K2 from -0.40 to 1.03, 
and afterwards, it fluctuated between 0.83 to 1.05 downstream.  

 

a 

 

b 

 
Figure 5.6: Variation of (a) SIcalcite and (b) log pCO2 downstream the spring in the Krka 
river. 

 
On the contrary, the calculated pCO2 was the highest at K1 and the lowest at K6 

(Figure 5.6b). A significant decrease was observed in pCO2 between the site K1 and K2, 
but it remained above the equilibrium with the atmosphere on the entire course of the 
river. SIcalcite downstream pattern was a mirror image of the pCO2. 

5.4 Stable Isotopes 

5.4.1 Isotopic composition of river water 

The 18O values of the Krka river water ranged from -8.92 ‰ to -7.50 ‰ with the average 
value -8.26 ± 0.48 ‰. The downstream plot is shown in Figure 5.7. The lowest 18O value 
was observed at site K1 and the highest at site K6.  

 

 

Figure 5.7: Downstream pattern of δ18O in the Krka and Zrmanja river water. 
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It showed an increasing trend from K1 to the last waterfall, K6. The 18O value ranged 
from -8.29 ‰ to -7.53 ‰ in the Zrmanja river. 

5.4.2 Isotopic composition of dissolved inorganic carbon (DIC) (13CDIC) 

The 13C values of DIC (13CDIC) in the Krka waters ranged from -11.40 ‰ to -8.01 ‰ 
(average -9.34 ‰) ( 
Figure 5.8).  

 

 

 

Figure 5.8: 13C variation in downstream of the spring of the Krka and Zrmanja rivers. 

 
The highest 13C value was observed at K6 and the lowest at K1. The 13C value 

generally increases downstream. The downstream profile of isotopic composition of DIC 
13C was the mirror-image of the DIC concentration plot (Figure 5.4b). In the Zrmanja 
river, the 13C value ranges from -11.56 ‰ to -9.38 ‰. 

5.4.3 Isotopic composition of Sr in water 

The 88Sr value in river water (Figure 5.9) increased between K1 (0.09 ‰) and K2 (0.25 
‰), while further downstream, the 88Sr values varied between 0.08 and 0.19 ‰. The 
lowest 88Sr value was analysed at K5b.  

 

Figure 5.9: Downstream variation of 88/86Sr in the Krka and Zrmanja rivers. 
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In the Zrmanja river, the 88Sr value of dissolved Sr decreased from 0.17 (at Z1) to 0.12 
‰ (at Z2) and the 88Sr value again increased to 0.16 ‰ at the lowermost sampling site 
Z3. 

5.5 Tufa 

The results of geochemical and isotopic analysis of tufa are listed in Table 5.2. 

5.5.1 Non-carbonate fraction 

The non-carbonate mineral fraction was approximated as the sum of Al2O3, SiO2, Fe2O3 

Na2O and K2O measured with XRF analysis. The non-carbonate fraction in tufa ranged 
from 1.52 to 8.63 wt. % and has a decreasing pattern downstream the river (Figure 5.10) 
with some fluctuations at the site K5, where the non-carbonate amount was similar to that 
at K3. The amount of the non-carbonate fraction of the site Z3 (5.24 wt. %) was in the 
range of the values of the Krka river. Moreover, the bulk Mg/Ca ratio in tufa decreased 
downstream from 0.07 to 0.03 (Table 5.2) and strongly correlated with the non-carbonate 
amount (r2= 0.85). 

 

 

Figure 5.10: Downstream variation of non-carbonate fraction in tufa. 

 

The Mg/Ca ratio in tufa from the Zrmanja river (Table 5.2) was also in the same range 
of values as in the Krka river (0.05). The leached carbonate fraction Mg/Ca ratio was 
below 0.01 at all sites. The carbonate-bound Mg fraction was low at all sites (11 to 23 %) 
in contrast to the Ca, which is 80 to virtually 100 % to the carbonate fraction. The fraction 
of carbonate-bound Mg was in strong negative correlation with the non-carbonate in tufa 
(r2 = -0.88). The Sr/Ca was not found correlated with the non-carbonate fraction (Table 
5.2). 

5.5.2 Sedimentary organic carbon (SOC) 

The sedimentary organic carbon (SOC) concentration in recent tufa ranged from 0.27 to 
1.14 wt. % with the average 0.62 ± 0.27 wt. %. There was no clear trend (Figure 5.11) in 
the concentration of SOC in tufa. The isotopic composition of organic carbon (13Corg) 
ranged from -34.74 to -28.57 ‰ (average -31.57 ±2.32 ‰). No clear downstream trend was 
observed. The C/N elemental ratio in recent tufa ranged from 9.8 to 22.5.  
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Figure 5.11: Spatial variability pattern of SOC concentration in tufa. 

5.5.3 Stable isotope composition of carbon and oxygen 

The carbon and oxygen isotopic composition of recent tufa precipitated in the Krka river 
showed relatively narrow variability with 13CTufa and 18OTufa ranged from -10.34 ‰ to -
8.72 ‰ (average -9.51 ± 0.59 ‰) and -8.63 ‰ to -7.19 ‰ (average -7.98 ± 0.44 ‰), 
respectively. The downstream pattern is shown in Figure 5.12. The only tufa sample from 
the Zrmanja river had the 13CTufa value similar to the lowermost waterfall K6 of the Krka 
river (-10.31 ‰), while the 18OTufa value was -7.47 ‰. 

 

Figure 5.12: Downstream variations in 18O and 13C values in tufa. 

5.5.4 Stable and radiogenic isotope of Strontium 

The radiogenic and stable Sr isotopic composition in recent tufa (87Sr/86Sr and  88SrTufa, 
respectively) ranged from 0.70750 to 0.70762 (average 0.70757±0.0001) ( 
Figure 5.13a) and 0.00 ‰ to 0.20 ‰ (average 0.03 ± 0.25 ‰) ( 
Figure 5.13b), respectively.  
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b 

 
 

Figure 5.13: Downstream variability in a) 87Sr/86Sr and b) 88/86Sr in tufa. 

 

The only tufa sample from the Zrmanja river had the 87Sr/86Sr value higher than any 
site of the Krka river (0.70781), whereas the 88SrTufa value is in the range of values at the 
lower part of the Krka river (-0.23 ‰). The value of leachable 88Sr ranged from 0.00 ‰ 
to 0.10 ‰ in recent tufa. 

5.6 Bedrock and Soil 

The results of geochemical and isotopic analysis of bedrock and soil are listed in Table 5.2. 
Most of the samples collected from the K2, K3 and K4 sites were limestone or carbonate-
rich clastic rocks (marl and breccia at K4, conglomerate at K5b) with non-carbonate 
fraction between 2 and 4.2 wt. %, except at the Krka river spring sampling site, the 
sandstone had a non-carbonate fraction of 45%. 

5.6.1 Stable isotope composition of C and O 

The C and O stable isotope composition ranged from -9.48 ‰ to -2.18 ‰ and -9.21‰ to 
-5.91 ‰, respectively, in soil, whereas these values ranged from -2.26 ‰ to 0.76 ‰ and -
6.07 ‰ to -3.89 ‰, respectively, in bedrock samples.  

13C vs. 18O of Bedrock, soil and tufa are plotted in Figure 5.14. Two separate groups 
of bedrock and tufa were found.  

 

Figure 5.14: 18O and 13C in soil, bedrock and tufa. 
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Bedrock was enriched in heavy C and O isotopes while the soil samples lied in between 
these two groups, with the values ranging from typical for marine carbonate to typical of 
tufa. It is important to note that the lowest measured 18O value in soil (-9.48 ‰) was 
lower than in any of the tufa samples. 

The average 13C values of sedimentary organic carbon in the soil (-28.96 ± 1.57 ‰) 
were lower than in the bedrock (-25.28 ± 0.90 ‰). The average Corg: N ratios in soil were 
about 16.3, slightly higher than the tufa (average 14.2), while N concentration was not 
determined in the bedrock. The 13C values Organic C of tufa plotted in between or below 
the soil and bedrock samples.  

5.6.2 Sr in soil and bedrock 

Soil and bedrock samples showed significantly lower Sr concentrations compared to the 
tufa samples. The Sr concentration ranged from 0.022 to 0.418 mg/g (average 0.220 ± 1.34 
mg/g) in soil and 0.044 to 0.241 mg/g (average 0.138 ± 0.064 mg/g), where the bedrock 
samples from sites K1 and K2 contained 0.044 and 0.056 mg/g Sr, respectively, and the 
rest of bedrock samples contained 0.142 to 0.241 mg/g. It can be observed from Figure 5.15 
that the 88Sr values are higher in soil and bedrock than in tufa.  

The 88Sr values of bulk samples varied from 0.10 to 0.37 ‰ in bedrock samples and 
0.19 to 0.42 ‰ in the soil, whereas the 88Sr values in leachable fraction ranged from 0.15 
to 0.28 ‰ in bedrock and 0.00 to 0.16 ‰ in the soil. In the bedrock and soil samples, the 
Sr radiogenic isotopic ratio varies from 0.70730 to 0.70765 and 0.707659 to 0.707676, 
respectively. The 88Sr value in bulk samples is higher than in the leachable fraction, and 
in the case of 87Sr/86Sr, values in bulk are greater or equal to the values in the leach. 

 
Figure 5.15: 88Sr and 87Sr/86Sr in soil, bedrock and tufa. 
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Table 5.1: Results of physico-chemical parameters in the Krka river and of chemical and isotopic analyses in the Krka and Zrmanja rivers. 

 

Site T pH 
Conducti

vity 
Eh 

Particulate 

matter 

Total 

alkalinity 
18O 2H 

Conc.D

IC 

13C-

DIC 
Ca2+ Mg2+ Sr2+ 

1000*Sr

/Ca 

Mg/

Ca 
pCO2 Sicalc R 87Sr/86Sr 88Sr 

 [°C]  [µS cm-2] [mV] [mg L-1] [mmol L-1] [‰] 
[mmol 

L-1] 
[‰] [mg L-1] molar ratio   10-9 g 

cm-2 s-1 
 [‰] 

K1 9.9 7.11 426 111 4.2 4.03 -8.92 -57.00 4.86 -11.40 56.8 14.3 0.15 1.22 0.42 -1.81 -0.40 NM 0.70773 0.09 

K2  15.0 8.21 726 96 2.0 4.01 -8.52 -53.60 3.97 -9.77 119.7 19.7 1.39 5.33 0.27 -2.92 1.03 4.9 0.70763 0.25 

K3 16.7 8.15 686 94 0.3 3.95 -8.55 -54.10 3.93 -9.23 116.5 20.0 1.18 4.65 0.29 -2.85 1.00 5.3 0.70763 0.17 

K4 17.2 8.10 688 98 < 0.1 3.68 -8.54 -53.90 3.67 -9.04 117.3 20.6 1.49 5.83 0.29 -2.83 0.92 5.6 0.70769 0.19 

K5a 19.6 8.12 612 138 < 0.1 3.85 -8.29 -51.80 3.83 -9.75 104.1 17.1 0.98 4.31 0.27 -2.82 0.94 5.4 0.70778 0.11 

K5b 19.7 8.10 617 111 1.6 3.94 -8.29 -52.00 3.93 -9.49 105.3 17.3 0.93 4.07 0.27 -2.79 0.94 5.5 0.70773 0.08 

K6a 23.1 8.07 481 163 6.5 3.48 -7.48 -47.80 3.47 -8.01 83.7 12.8 0.54 2.94 0.25 -2.78 0.83 5.2 0.70769 0.10 

K6b 23.6 8.31 469 113 13.5 3.54 -7.51 -47.90 3.43 -8.06 80.8 12.0 0.52 2.97 0.25 -3.02 1.05 4.9 0.70765 0.13 

Z1 NM NM NM NM 1.3 3.41 -8.29 -52.50 NM -9.38 52.6 11.0 0.16 0.35 NM NM NM NM 0.70789 0.17 

Z2 NM NM NM NM < 0.1 4.30 -7.89 -49.00 NM -11.56 70.7 6.2 0.15 0.15 NM NM NM NM 0.70772 0.12 

Z3 NM NM NM NM 0.3 3.74 -7.53 -47.20 NM -10.68 64.9 6.1 0.10 0.16 NM NM NM NM 0.70773 0.16 

NM – Not Measured; K1-K6b and Z1-Z3 as mentioned in Table 4.1.  
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Table 5.2: Isotopic and geochemical parameters of tufa, bedrock and soil samples from the Krka river. 
 

 Site 13Ccarb 18Ocarb 13Corg Corg non-carb C/N Ca Mg Sr 1000*Sr/Ca Mg/Ca 87Sr/86Sr 88Sr 88Srleach Δ88Srt-w DSr 

 
 

[‰] [‰] [‰] wt. % wt. %  [mg g-1] molar ratio  [‰] [‰] [‰]  

Tufa K2 -9.45 -7.91 -30.11 0.83 8.36 12.9 347 13.87 0.54 0.72 0.07 0.70757 0.004 0.004 -0.24 0.13 

 K3 -9.36 -8.14 -28.63 0.65 5.91 15.7 356 12.25 0.46 0.60 0.06 0.70762 0.105 0.07 -0.1 0.13 

 K4 -8.85 -8.28 -28.57 0.27 3.62 22.5 370 9.63 0.53 0.65 0.04 0.70754 0.196 0.10 -0.09 0.11 

 K5a -8.72 -7.72 -33.09 0.63 6.28 14.7 357 10.91 0.35 0.46 0.05 0.70755 0.06 0.06 -0.05 0.11 

 K5b -9.94 -8.63 -34.45 1.14 5.29 9.8 356 10.94 0.48 0.62 0.05 0.70750 0.08 0.08 0.00 0.15 

 K6a -9.82 -8.02 -33.20 0.53 1.52 12.2 381 5.13 0.33 0.40 0.05 0.70758 0.06 0.06 -0.04 0.14 

 K6b -10.34 -8.47 -34.74 0.53 1.72 14.6 383 6.15 0.42 0.50 0.03 0.70755 0.03 0.03 -0.1 0.17 

Bedrock K1 -2.26 -5.38 -26.08 NM 45.17 NM 194 14.10 0.063 0.15 0.12 0.70765 0.37 0.174 -- -- 

 K2 -0.84 -6.07 -26.40 NM 2.04 NM 398 2.58 0.094 0.11 0.01 0.70749 0.225 0.283 -- -- 

 K3 -2.06 -5.29 -24.85 NM 3.92 NM 378 3.14 0.163 0.20 0.01 0.70745 0.178 0.163 -- -- 

 K4 -2.12 -5.02 -24.32 NM 3.98 NM 385 3.19 0.166 0.20 0.01 0.70729 0.269 0.207 -- -- 

 K4 0.76 -3.89 -24.11 NM 4.24 NM 377 4.23 0.205 0.25 0.02 0.70750 0.102 0.145 -- -- 

 K5b -1.04 -5.16 -24.89 NM 1.97 NM 391 2.15 0.165 0.19 0.01 0.70758 0.281 0.251 -- -- 

Soil K1 -2.18 -5.95 -30.21 4.03 9.21 13.9 260 74.2 0.08 0.15 0.48 0.707667 0.18 0.17 -- -- 

 K2 -9.48 -9.09 -30.39 8.36 10.55 16.8 348 4.58 0.418 0.55 0.02 0.70766 0.2 0.02 -- -- 

 K3 -6.47 -9.21 -29.31 9.19 51.98 13.7 166 18.3 0.263 0.73 0.18 0.707670 0.19 0 -- -- 

 K4 -9.22 -8.77 -29.23 3.47 6.71 18.0 364 3.70 0.40 0.51 0.02 0.707659 0.21 0 -- -- 

 K5a -2.32 -5.95 -25.87 1.78 23.48 16.8 296 3.94 0.124 0.19 0.02 0.70768 0.42 0.05 -- -- 

 K5b -5.69 -5.91 -28.90 1.93 36.10 11.9 238 10.9 0.249 0.48 0.08 0.70767 0.34 -0.01 -- -- 

 K6b -9.08 -8.80 -30.71 12.8 38.63 24.4 235 8.62 0.199 0.39 0.06 0.70767 0.36 0.02 -- -- 
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Chapter 6 

6 Discussions 

6.1 Material Sources for Tufa Precipitation 

Tufa is composed predominantly of authigenic carbonate, which is exclusively formed from 
the solution, and detrital fraction, which originates from suspended matter in the water, 
sedimentary organic matter and from surface run-off (e.g. mineral and organic fraction 
from the soil, weathering residues of bedrock, etc.) (Arenas et al., 2014a; Capezzuoli et al., 
2014).  

6.1.1 Main source – river water 

Rivers transport both dissolved and solid load in the suspended matter. The composition 
and proportions of each are governed by the water mixing, discharge, CO2 outgassing and 
in-stream precipitation (Herman & Lorah, 1988; Szramek et al., 2007).  

6.1.1.1 Dissolved inorganic carbon 

DIC content in the river is controlled by the lithology (Telmer & Veizer, 1999; Kanduč et 
al., 2007a) and soil inputs from the water deriving from surface runoff, e.g. soil organic 
matter and soil CO2 (Hope et al., 2004).  

The concentration of DIC in the river depends on the composition of the spring water 
and on the processes that produce or eliminate DIC from the water, i.e. by calcite 
precipitation and CO2 outgassing at the same time.  

The isotopic composition of dissolved inorganic carbon is source-specific, i.e. depends 
upon the mixing ratio of DIC originating from carbonate bedrock dissolution and the 
contribution of biogenic CO2 released into the water by the decomposition of organic matter 
and dissolution of soil CO2. Typically, the 13C value of geogenic DIC at 15oC is by 2 ‰ 
lower than that of the bedrock (Deines et al., 1974), while the biogenic DIC deriving from 
soil organic matter or soil CO2 is by 9 ‰ enriched in 13C compared to the CO2 source  
(Mook et al., 1974). Regarding the measured 13C values of sedimentary organic carbon 
from soil and the river, the biogenic DIC would have the 13C value of about -18 ‰. In 
the present study, the 13C  value of DIC at the spring (-11.4 ‰) indicates that the major 
fraction of DIC (about 55 %) derives from biogenic CO2, which can be considered as the 
major source of DIC. 
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6.1.1.2 Metals in water  

Major element ratios (Ca2+ and Mg2+) and dissolved carbonate ions can be used for the 
estimation of the weathering ratio of source rock, carbonate and non-carbonate, which 
contributes dissolved load for tufa precipitation (Szramek et al., 2007, 2011). Major 
elements primarily derived from the dissolution of calcite, dolomite, sulphates, feldspar and 
clay materials, as well as from the cations exchange on clays (Hounslow, 1995). The 
dominant rocks in the watershed are calcite and dolomite. Their dissolution produces 
different Mg/Ca and (Ca2+ + Mg2+) vs. HCO3

- ratios of water.  
According to the Krka river study by (Rovan et al., submitted), the dissolution of the 

mixture of limestone and dolomite should be close to a ratio of 1:1. However, a comparison 
of Ca2+ + Mg2+ with DIC concentrations showed that the weathering of non-carbonates 
was significant. Silicates are present in the patches of clastic rocks that can be leached or 
carried into the aquifer and the river as suspended load with streamflow. The strong 
positive correlation of Mg in bedorck with non-carbonate indicates that Mg mainly occurs 
in silicates.  The analysis of leachable Mg showed that only between 17 and 66% Mg was 
bound to carbonates in bedrock and 4 to 44% soil. Therefore, we conclude that the major 
source of dissolved Mg originates from silicate weathering while the dissolved Ca is 
contributed by the weathering of carbonate bedrock, which prevails in the watershed 
(Mamužić, 1971). 

In soil, the concentration of Sr is strongly correlated to the non-carbonate fraction (r2 
= 0.87, Figure 6.1), while in the bedrock, no statistically significant correlation between 
these two parameters was observed. Therefore, we conclude that the Sr is partly derived 
from the non-carbonate fraction of soil and partly from the dissolution of both – carbonate 
and non-carbonate fractions of bedrock.  

 

 

Figure 6.1: Plot of Sr versus non-carbonates in soil.  

6.1.2 Detrital material 

The main sources of the detrital fraction are the weathering and erosion of soil and bedrock 
(Fouke et al., 2000; Teboul et al., 2016). The 13C values of bedrock and soil carbonate 
indicated that both authigenic and detrital bedrock carbonate occur in soil. At the spring, 
K5a and Z3, the 13C values of soil carbonate (-2.18 ‰, -2.32 ‰, -3.34 ‰, respectively) 
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are typical for marine carbonates, i.e., bedrock (Colombié et al., 2011), while the soil 
carbonate at K2, K4 and K6b (-9.48 ‰, -9.22 ‰, -9.08 ‰, respectively), has alike or lower 
13C than tufa (-10.34 to -8.72 ‰). Other soil samples had the 13Ccarb values between the 
typical range of values for marine and palustrine carbonate. 

Besides mineral fraction, the sedimentary organic matter can also occur in the detrital 
material flushed into the river with the surface runoff. The average Corg:N ratios of 
sedimentary organic matter in tufa are 14.6 ± 4.3 and are similar to soil 16.1 ±3.7. For 
riverine particulate organic matter, a similar range of values was reported by Hatten et al., 
(2012), i.e. the Corg:N ratio between 10 and 16 for fine particulates, 14 and 25 for coarse 
particulates and above 20 are typical for terrestrial organic matter derived from vascular 
plants (Mayer, 1998). The C:N ratio for microbial biomass is typically <10 (Kendall & 
Coplen, 2001). Algae have very low 13C values of -39.0 ‰ (Janssen et al., 1999) and C:N 
ratio of 5 to 12 (Finlay & Kendall, 2007), while mosses are characterized by 13C values –
32.3 ‰ and high C:N ratio of 18 to 24 (Kanduč et al., 2007b). These low 13C values (<-
30.0 ‰) of SOC in tufa show that soil organic matter and riverine organic material are 
present, where algae and vascular plants growing in the spray zone of the river can 
contribute organic carbon strongly depleted in 13C (Marčenko et al., 1988).  

6.2 Tufa Precipitation 

The carbonates in tufa consist of two fractions authigenic, precipitated from water, and 
detrital, deriving from soil and bedrock. The reported element partitioning and isotope 
fractionations of C and O between the water and the carbonate obtained in laboratory 
experiments, as well as theoretical calculations, therefore, apply for authigenic carbonates 
only, while the presence of detrital carbonate in tufa fraction alters the bulk carbonate 
isotope composition and causes apparent isotope fractionation that can in some cases reach 
the order of magnitude of several %. However, only bulk carbonate C isotope composition 
can be measured because the detrital and authigenic carbonate cannot be separated 
chemically or physically before the measurements (Ortiz et al., 2009; Capezzuoli et al., 
2014). 

Only one water sample obtained in the late summer of 2019 was analysed for each site, 
while tufa precipitation is a slow continuous process that takes years to precipitate a few 
cm of tufa which is in fact analysed in hand samples. Therefore, the results of the 
calculations presented below apply only to the conditions captured during the sampling 
campaign and cannot be generalized. 

6.2.1 C isotope variation in tufa  

The 13CDIC values in the Krka river water in the tufa precipitating section ranged from -
9.77 ‰ to -8.01 ‰ and consistently increased downstream, while the DIC concentrations 
decreased, reflecting variable contributions of different carbon sources and the effects of 
processes in the stream that fractionate carbon isotopic composition of DIC, i.e. degassing 
of 13C- depleted dissolved CO2 and precipitation of carbonates.  

The C Isotope fractionation between DIC and carbonate precipitates reflects 
environmental conditions at the time of its precipitation. To what extent tufa deposits 
record variance in environmental parameters mainly depends upon the processes that affect 
the isotopic composition of the solution and the precipitates during precipitation.  

Several equilibrium equations reporting isotopic fractionation between water and calcite 
are available in the literature (e.g. Deines et al., 1974; Mook, 2000). However, their 
suitability depends on the specific situation of the studied system. The 13C value of all the 
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recent tufa samples measured in the current study was within the range of ±1 ‰ deviation 
from the 13C values of DIC. This is in good agreement with the estimation of Romanek et 
al. (1992) and Jimenez-Lopez et al., (2001), with the exception at the lowermost waterfall, 
where samples were depleted in 13C by 1.8 to 2.3 ‰ compared to the DIC of this area. 
However, considering the long-term data (Lojen, 2002; Lojen et al., 2004), the 13C values 
of both tufa samples were within the long-term range of the 13C values of DIC. Previous 
studies showed that in the Krka river, the carbonate precipitated close to the O isotope 
equilibrium only at the uppermost tufa barrier (K2). Further downstream, the discrepancy 
between the equilibrium 18O values of water and precipitate formed in the actual 
temperature range increased with an increasing annual average temperature and increasing 
annual temperature variability of river water (Lojen et al., 2004), which could not be 
explained at that time. The presence of detrital carbonate could have influenced the 13C 
and 18O values of tufa, which explains the large deviation from the expected results for O 
isotopes. 

The amount of detrital and authigenic carbonate in tufa originating from soil cannot 
be determined since the isotopic fingerprints of soil carbonates ranged from values typical 
of tufa to values typical of bedrock.  

6.2.2 Sr in tufa 

The total dissolved concentration of Sr in river water fell within the range of 0.14 to 1.39 
mg/L, which is typical for different global rivers (Galy et al., 1999; Brennan et al., 2014; 
Liu et al., 2017). Sr concentration showed the same downstream trend as most of the 
analysed cations, i.e. a significant increase between the site K1 and K2, which can be 
influenced both by the anthropogenic pollution (Filipović Marijić et al., 2016 unpublished; 
Filipović Marijić et al., 2018) and from tributaries in the Knin area (Kulušić & Borojević 
Šoštarić, 2014; Dedić et al., 2018). The dissolved Sr concentration decreased from the 
uppermost to the lowermost tufa barrier, except for the K4 site. A similar trend was also 
observed in the case of dissolved Mg concentration.  

The decrease of Sr concentration downwards is attributed to the active self-purification 
processes in the river, i.e. the adsorption on mineral surfaces, sedimentation and co-
precipitation with CaCO3 (Cukrov et al., 2013). To a certain extent, Sr precipitates with 
CaCO3, however, the decreasing downstream Sr/Ca trend in the Krka river is inconsistent 
with abundant carbonate precipitation. This discrepancy is explained with the inflow of 
Sr-depleted Zrmanja river with Sr/Ca ratio lower than the Krka river (Fig. 5.3c). 
Obviously, the area of invasion of groundwater from the Zrmanja river occurs along the 
entire lower part of the Krka river flow and is not localized to the short 4 km section 
downstream of the Brljan Lakes, as previously reported.      

The correlation observed between the temperature and the Sr/Ca molar ratio in the 
Krka river with (r2 = 0.84, Figure 6.2) satisfies the assumption of Huang and Fairchild 
(2001). A very strong correlation of Sr/Ca and Mg/Ca molar ratios was found in water, 
which indicates that the Sr and Mg follow the same behaviour. The element partitioning 
also depends on many other parameters, as discussed in 1.2.3. 
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Figure 6.2: Plot of 1000 x Sr/Ca versus temperature in the Krka water. 
 

The 88Sr value of strontium in river water varied from 0.08 to 0.25 ‰ with an average 
of 0.14 ‰. Sr isotopes fractionate during the dissolution of soil and bedrock as well as 
during the carbonate precipitation. The decreasing 88Sr values of water were inconsistent 
with extensive tufa formation, similar to the Sr/Ca ratios. This indicates that the invaded 
water from the Zrmanja river should be 88Sr-depleted compared to the Krka river. However, 
the 88Sr values of the Zrmanja river were in the range of the Krka river. It has to be 
pointed out again that the results represent only the situation in September 2019, while 
the travel times of karst waters are on the order of magnitude of several months; therefore, 
no conclusions can be drawn without seasonal observations.  

The distribution coefficient of Sr (DSr) for the Sr element partitioning in the tufa can 
be calculated as using (Huang & Fairchild, 2001): 

DSr = (Sr/Ca)tufa/(Sr/Ca)water 

The average calculated DSr (0.13 ± 0.02) in the current study is in the similar range of 
average Sr distribution coefficients, reported in the literature, 0.12-0.27 (Ihlenfeld et al., 
2003; Shalev et al., 2017; Smieja-Król et al., 2017; Zavadlav et al., 2017; Ritter et al., 2018). 
These distribution coefficients are either mentioned in the study (Zavadlav et al., 2017; 
Ritter et al., 2018) or calculated from the given water and tufa geochemistry data (Ihlenfeld 
et al., 2003; Shalev et al., 2017; Smieja-Król et al., 2017; Ritter et al., 2018). Taking data 
from the previous investigations into account, Sr partitioning in the tufa is consistent for 
different tufa precipitation systems of the world.  

Distribution coefficients of trace elements (Mg, Sr, Ba, U) are higher for tufa than for 
the laboratory experiments of calcite precipitation. This discrepancy indicates that there 
must be some other factors that are controlling the element partitioning in tufa, such as 
biological influence, i.e., biofilms (Rogerson et al., 2008; Saunders et al., 2014; Ritter et al., 
2018) and anthropogenic activities, i.e., pollution (Lojen et al., 2009). Distribution 
coefficients of elements in tufa are analysed for bulk samples, which always contain some 
detrital fraction (usually a few wt.%), which obscures the calculated distribution coefficient. 
Obviously, the Sr partitioning in studied tufa deposits is also biologically and 
anthropogenically influenced.  

Sr concentration and the 88Sr value in bulk tufa and leachable fraction were analysed. 
The 88Sr values in recent tufa are within the range of previously reported 88Sr values 
(0.00 to 0.16 ‰) in tufa elsewhere (Fruchter et al., 2017; Liu et al., 2017). Shalev et al. 
(2017) analysed the 88Sr value in five tufa samples, one from France and the other from 
Israel, and reported values ranged from 0.00 ‰ to 0.12 ‰. 
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 The Sr isotope fractionation during carbonate precipitation was calculated as the 
difference between 88Sr values in leachable (carbonate) fraction of tufa and precipitating 
water, denoted as (Shalev et al., 2017): 

 

Δ88Srt-w = 88Srtufa - 88Srwater 

where t and w denote tufa and associated precipitating water, respectively. 
The leachable carbonates fraction of tufa has lower 88Sr values than the dissolved Sr 

and Δ88Srt-w ranged from -0.04 to -0.24 ‰, which are within the range of reported values 
(-0.02 to -0.37 ‰)( Fietzke & Eisenhauer, 2006; Halicz et al., 2008; Krabbenhöft et al., 
2010; Böhm et al., 2012; Stevenson et al., 2014; Vollstaedt et al., 2014).  

The 88Sr values of carbonate in tufa correlate well with tufa precipitation rate Rcalcite 
(r2 = 0.89), as shown in Figure 6.3a, where Rcalcite is expressed in 10-9 g/cm2s, and the Sr 
isotope fractionation Δ88Srt-w is strongly correlated with the Rcalcite, Figure 6.3b. The 
correlation suggests that more 88Sr is incorporated into the calcite at a higher calcite 
precipitation rate.  

 
 

  

Figure 6.3: Rate dependence of a) 88Sr b) Δ88Srt-w in tufa formation in the Krka river. 

 

6.3 Identification and Quantification of Authigenic 

Carbonate 

Water with a temperature range of 9.9oC to 23.6oC, high Ca2+ and HCO3
- content and 

supersaturation with respect to calcite in water are ideal conditions for in-situ precipitation 
of carbonates. Moreover, SIcalcite values ranging from 0.6 to 1.0 indicate spontaneous 
carbonate precipitation (Herman & Lorah, 1988). SIcalcite ranged from 0.25 to 1.18 in 
previously reported data (Lojen et al., 2004; Lojen, 2007, unpublished reports). Lower SI 
values were measured in the colder periods of the year, meaning that the calcite 
precipitation during the winter and early spring is slower or does not take place at all.  

As Sr co-precipitation with calcite is connected with a consistent Sr isotope 
fractionation (Fruchter et al., 2017; Liu et al., 2017; Shalev et al. 2017), as discussed in 
6.2.2, the 88Sr of the tufa is suggested to be the identifier of authigenic carbonate.  

The IsoSource (EPA) computer program was used for the calculation of mixing ratios 
of the authigenic and detrital carbonates. In these calculations, the proportional 
contributions of sources were examined in small increments (e.g. 1%) by using Sr stable 
isotope composition of sources (soil, bedrock, water) as of end members. The 88Sr values 
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of leachable fractions of soil, bedrock and tufa at respective sampling sites were used. The 
results are presented in Table 6.1. It should be emphasized that the presented results are 
a range of the most feasible combinations and not confined to a single value, such as the 
mean of the calculations.  

Out of all calculated combinations, the most feasible source combinations for the sites 
K2 to K6b were 5 to 11% for bedrock, 11 to 20% for soil and 69 to 82% for authigenic 
carbonates. The obtained proportions are in close agreement with the possible contributions 
estimated by using the 234U/238U activity ratio (Rovan et al., 2021), where the distribution 
of sources for the sites K2 to K5b was calculated as 5 to 9% for bedrock, 11 to 26% for soil 
and 65 to 84% for authigenic carbonates and for the sites K6a and K6b, 9 to 13% for 
bedrock, 30 to 38% for soil and 41 to 61% for authigenic carbonates.  

 
Table 6.1: Combinations of sources for each site. 

 

Sites Authigenic carbonates (%) Soil (%) Bedrock (%) 

K2 80 12 8 
K3 82 11 7 
K4 81 14 5 
K5a 77 17 6 
K5b 73 19 8 
K6a 72 18 10 
K6b 69 20 11 

 

6.4 Tufa as CO2 Sink? 

The precipitation rate for the whole area of waterfalls per annum was estimated from the 
data of the samples collected in September 2019. These are at the highest end of possible 
values since longer-term seasonal data showed lower SIcalcite in colder seasons (Lojen et al., 
2004; 2009). The CO2 storage calculations are presented in Table 6.2.  

 
Table 6.2: Calculation of CO2 storage capacity for the studied sites. 

 

Sites Precipitation rate 
(g/(m2. y)) 

Area of waterfalls  
(m2) 

Storage capacity per annum 
(tonnes) 

K2 1540 175 0.12 
K3 1670 1605 1.18 
K4 1760 2094 1.62 
K5 1720 35000 26.48 
K6 1580 41000 28.5 

 
The CO2 storage in barrage tufa in the study area is calculated using the area of 

waterfalls and the precipitation rates (in g/(m2. s)) described in Section 4.8. The areas of 
waterfalls in m2 were estimated using Google Earth. After converting to suitable units, the 
CO2 storage was found to be in the range of 0.12 to 28.5 tonnes of CO2/annum. Table 6.2 
shows that the precipitation capacities of the waterfalls vary linearly with their area and 
the precipitation rate. Site K2 has the lowest storage capacity due to its smaller area and 
low precipitation rate, whereas site K6 has the largest area and the maximum storage 
capacity in spite of the lower precipitation rate.  
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As the samples were collected only from the waterfalls, these storage capacities do not 
account for the tufa precipitated in the lakes but for the barrage tufa only. It should be 
emphasised that the lakes formed behind tufa barriers at the Krka river are a much larger 
potential CO2 sink because of their larger area and high sedimentation rates (7 to 10 
mm/year, (Cukrov et al., 2013). However, to estimate the entire 13 storage capacity of the 
Krka river, seasonal observations of river water and detailed analyses of lacustrine 
sediments would be necessary.  
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Chapter 7 

7 Conclusions 

The present study demonstrates a) the use of stable isotope Sr as a potential tracer for the 

identification and quantification of authigenic carbonates, and b) the estimation of annual 

CO2 storage in recent barrage tufa in the Krka river. For this, the chemical and isotopic 

composition analyses of river water and tufa were performed. Based on the obtained results, 

the following conclusions were drawn:  

• The concentration of dissolved inorganic carbon decreases downstream the river, 

indicating its consumption by degassing and tufa precipitation. The decreasing 

downstream profile of Sr and Sr/Ca ratios is influenced by the diffuse recharge of 

the river from the Zrmanja river. The inflow of the Sr depleted water affects the Sr 

concentrations more than the co-precipitation with tufa.  

 

• The 88Sr value in tufa is lower than in the precipitating water, which is a clear 

indication of authigenic carbonates precipitation as described in the literature. A 

strong correlation was found between 88Sr and calcite precipitation rate, which is 

consistent with the previously published data of laboratory experiments.  

 

• The authigenic carbonates are quantified using IsoSource (EPA). The most feasible 

distributions of sources include 69 to 82% for authigenic carbonates, 11 to 20% for 

soil carbonate and 5 to 11% for bedrock carbonate.   

 

• Depending upon the site area and precipitation rate, the CO2 storage capacity of 

the five studied waterfalls (K2 to K6) ranges from 0.16 to 38.88 tonnes per annum. 

These results are based on one sampling campaign only.  

 

Generally, tufa precipitation depends on many mechanisms. In such a complex system,  

many different processes affect the geochemical and isotopic parameters. Some of these 

processes are still unexplained. Therefore, the investigation of the seasonal variability of 

the system, including river water, tufa and suspended materials, is required.  
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