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INTRODUCTION 
 
Karst landscapes 
 
 
 Karst landscapes cover 11-15% of the ice-free land surface (Ford and Williams, 2007) and 

are a key component of the global carbon cycle. Estimates for the net global CO2 flux from 

carbonates range from 0.1 to 0.8 x 1010 kg/yr (Ichikuni, 1976; Yuan, 1997; Liu & Zhao, 2000; Liu 

et al. 2010). In the critical zone of epigenic karst aquifers, bounded by the vegetative canopy above 

and base of active groundwater circulation below (Brantley et al., 2007), meteoric waters convey 

dissolved solutes, organic carbon, and sediments via discrete recharge in sinking streams. These 

waters may originate from beyond the area of carbonate exposure, allogenic recharge (White, 

1988; Ford and Williams, 2007; Palmer, 2007) or diffuse recharge through the epikarst in the area 

of carbonate exposure, autogenic recharge. Discharge (Q) arising from karst springs accumulates 

solutes, organic matter, and sediments along the flow path within the contributing karst basin, 

which present as a signature response of the aquifer to hydraulic driving forces, water-rock 

interactions, weathering processes, and microbial respiration.  The role of interactions between 

water, carbonate rocks, CO2 gas and microbial processes within karst systems is significant and 

can affect the global carbon budget. A combination of chemical and physical parameters may be 

used as tracers in the investigation of spatial and temporal changes in through-flowing waters and 

further elucidate contributions of different water components and the landscape development 

(Groves & Meiman, 2001; Bailly-Comte et al., 2011; Emblanch et al., 2003). 

 

 

 

 



 

 

Hydrogeological delineation 

 

  An important first step in beginning to study underground flow paths within karst 

systems is to set limits on these flow paths and trace the flow of water from recharge to discharge 

point(s). Limits for a catchment area are set in order to define the distribution of major 

underground flow networks within a karst system as well as the contributing recharge area, 

which allows for computations of flux per unit area. The setting of limits on karst networks is 

achieved by deploying tracers and computing the hydrogeologic balance of surface and 

groundwater (Oraseanu, 1987). 

 

 The time delay between the water entering a recharge point and exiting at the discharge 

point is known as lag time, which depends on the mode of recharge (discrete and/or diffuse) and 

the complexity of the flow path taken by water supplying the aquifer  (Yang et al. 2012). At the 

epikarst spring system at Chenqi, Puding, SW China, Yang et al. (2012) noted a seasonal variation 

in lag times with a longer lag time in the autumn-winter dry season. They attributed this to lower 

soil moisture and slow flow within fractures. 

 

Carbon Budget 
  

 On centennial to millennial time scales, karst processes can be a short-term sink for 

atmospheric CO2 (Liu and Zhao, 2000). Soil CO2, formed primarily by root respiration and 

microbial decomposition, diffuses to the atmosphere as an upward flux and part of it dissolves in 



 

soil water as corrosive H2CO3 (Yang et al., 2012). This carbonic acid reacts with carbonate bedrock 

by way of the carbonate equilibrium reaction,  

 

𝐻#𝑂 + 𝐶𝑂#(()) + [(1 − 𝑥)𝐶𝑎, 𝑥𝑀𝑔]𝐶𝑂4(567) ↔ (1 − 𝑥)𝐶𝑎(()) + 𝑥𝑀𝑔(()) + 2𝐻𝐶𝑂4(())  (1), 

 

where the variable x and 1-x are proportional to the magnitude of dolomite and calcite in a karst 

aquifer, respectively. In equation 1, one mole of CO2 dissolved into the aqueous system reacts with 

one mole of carbonate bedrock to release two moles of DIC and one mole of [Ca2+]+[Mg2+] into 

solution (Dreybolt, 1988; White, 1988; Ford and Williams, 2007).  Bicarbonate ( HCO3-) is a major 

solute in karst groundwater and has significant impact on the geochemical processes of the water-

rock-gas-organism system (Yang et al., 2012).  In a closed system with no contributions of 

dissolved solutes from other sources and where equation 1 is not reversed and no CO2 is degassed, 

a regression between the cations and anions in solution would return a slope of 0.5. In systems 

where Ca2+, Mg2+, and DIC comprise more than 90% of the total dissolved solids, the specific 

conductivity (SpC) of the water is directly proportional to each solute. Thus, time series SpC data 

at a spring can be used to model the time-variation of each ion, using regressions based on the 

chemical profile of a suite of discrete samples.  

 

Hydrology and Chemistry overview 
 

 Hydrographs and chemographs are basic tools for understanding the response of a karst 

aquifer to hydrologic inputs (Dreiss, 1982). The response is guided by three fundamental aquifer 

attributes: recharge, storage, and transmission (Hobbs and Smart, 1986). Hydrograph shape is a 

manifestation of the transformation of the input signal within the aquifer framework. For example, 



 

the delay between input and hydrograph peak, the lag time, is a measure of the time of travel in 

the conduit system. Multiple peaks from the same recharge event represent multiple recharge 

points or processes. The return time to base-flow conditions from peak flow after a storm pulse is 

one measure of the contribution of secondary permeability features, such as bedding planes, 

fractures, and small conduits. Using these concepts, karst basins dominated by discrete recharge, 

low storage, and rapid transmission will have short lag times with a ‘flashy’ spring flow 

hydrograph (Shuster & White, 1971; White, 1988; Florea & Vacher, 2006) measured using  

 

𝑄;(<=6 =
?@AB
?@CAD

       (2) 

 

In contrast, karst basins with diffuse recharge, high storage, and slow transmission will have long 

lag time and a muted spring flow hydrograph (Atkinson, 1977). 

 

 The chemical character of spring flow is greatly influenced by the timing and mode of 

recharge, aquifer characteristics, overlying land use, and water-rock interactions along the flow 

path (Scanlon, 1989; Desmarais & Rojstaczer 2002). Periods of more frequent storm events lead 

to increased discharge from meteoric recharge delivering water of land-surface temperature (T) 

and lower dissolved solids, and therefore lower specific conductance (SpC). These same events, 

however, may convey greater concentrations of dissolved oxygen (DO), suspended solids 

(turbidity), surface nutrients, and anthropogenic contaminants than present in the aquifer during 

base flow. 

 



 

 Ion concentration in the water is controlled mainly by the dissolution of calcite and 

dolomite in the CO2-water-bedrock system. Soil CO2 diffuses downward, and an increase of CO2 

in soil will result in higher PCO2 in water and thus lower pH and increased dissolution of the 

bedrock (Yang et al., 2012).  Partial pressure of CO2 (PCO2) directly affects pH fluctuation through 

an inverse relationship (Liu et al., 2007) and has a strong positive correlation with soil CO2. During 

storm events, Yang et al. (2012) found the decrease of soil CO2  accompanied by an increase of 

PCO2 in water, and decrease in pH. They attributed this to dissolution and infiltration of the soil 

CO2 through the soil/water system into the groundwater. The positive feedback loop of carbonate 

dissolution within the karst system may also deviate during storm events that result in the dilution 

effect dominating in place of the soil CO2 effect (Yang et al., 2012).   

 

 At the scale of individual storm events, chemographs may communicate detailed 

information about the interaction of recharge with the aquifer framework. At the onset of a flood 

event, a short pulse of higher SpC water may be forced from aquifer storage just as water levels 

begin to rise (Ryan and Meiman, 1996). Multiple excursions of SpC and T can be an indication of 

multiple sources of recharge or bifurcating flow paths in the aquifer. The peaks of these excursions 

may not align with maximum discharge, particularly in aquifers with significant storage or where 

discharge is driven by piston flow. Recovery time for SpC and T, and other chemical parameters 

may differ among parameters and may vary by season; return to base flow characteristics may be 

modulated by reaction time of chemical processes, draining of secondary permeability and 

contributions from epikarst storage.  

 

 



 

Stable Isotopes of Carbon 
 
 

 The isotopic and chemical composition of groundwater from a karst aquifer reflects the 

contributions from the critical zone. Therefore, the chemistry is one tool that can be used to 

determine the origin of individual components as well as insights into microbial processes (Geyh 

2000). Dissolved inorganic carbon (DIC) plays a central role in aqueous geochemistry; it is 

comprised of aqueous carbon dioxide (CO2(aq)), which hydrates to form carbonic acid (H2CO3) and 

its two dissociation products, bicarbonate (HCO3-) and carbonate (CO32-). Dissolved organic 

carbon (DOC) is defined as the portion of organic molecules that are able to pass through a 0.45µm 

filter and it is composed of a variety of compounds. The flux of DOC can be a significant 

component of carbon budgets, with its primary role being that of hydrologically transporting 

carbon between different pools in an ecosystem, internal fluxes of DOC within an ecosystem are 

generally higher than the net loss to groundwater and surface water (Kolka et al., 2008).   

 

 Carbon exists as two major isotopes, 12C and 13C.  The carbon 13 isotope has a nucleus 

containing six protons and seven neutrons and makes up about 1.1% of all-natural carbon on Earth. 

The carbon 12 isotope has a nucleus containing six protons and six neutrons with a natural 

abundance of 98.89%. There are a variety of processes that may preferentially select heavier or 

lighter isotopes of carbon. (Kendall and Caldwell, 1998)  Some primary factors that control the 

isotopic and chemical composition of karst groundwater include the chemical composition of the 

rocks in the aquifer flow path, the recharge mode and possible mixing of waters  (Roxana et al., 

2015; Deines et al., 1974 ). Isotopic compositions are altered through isotope fractionation, which 

occurs during the progression of water throughout its cycle via chemical reactions and biogenic 



 

processes (Geyh, 2000). When carbon dioxide produced in soil by biogenic reactions is dissolved 

into water, the process preferentially selects the heavier isotope. Other changes, including the 

composition of end members, hydraulic functioning of the aquifer, or storm events can also impact 

the isotopic composition of dissolved carbon. 

 

 The analytically determined ratio between the stable carbon isotopes (13C and 12C), 

represented by the δ symbol, is compared to the international Vienna Pee Dee Belemite (VDPB) 

reference standard and calculated by 

 

𝛿 = E
F_HI

F_HJ KA@LMC
F_HI

F_HJ KNADOAPO

Q 𝑥1000    (3) 

 

In karst groundwater, δ13C values of dissolved inorganic carbon (δ13CDIC) are sourced to end 

members (each with known ranges of δ13C) that include the atmosphere, organic matter at the land 

surface and within the soil column, and the isotopic composition of the carbonate bedrock. The 

contribution of each end member and the fractionation of δ13CDIC along the flowpath is controlled 

by equation 1. In a closed system, groundwater theoretically evolves along a flowpath from 

conditions that are under-saturated with respect to carbonate and δ13CDIC values more alike the 

atmosphere or soil CO2 to saturated solutions with an ideal δ13CDIC that is a 50% blend of 

atmosphere/soil and bedrock sources of carbon. 

 

 



 

 Isotopic exchange between dissolved inorganic carbon and the CaCO3 matrix of karst 

aquifers produces 13C enrichment and 12C depletion in DIC (Gonfiantini & Zuppi, 2003). 

Limestones typically have a δ13C value that ranges between 0 to 2 ‰ vs. the VDPB standard and 

the δ13C that initially is dissolved in groundwater via dissolution of soil CO2 most often ranges 

from -20 to -15 ‰. The range for δ13C originating from the soil is highly dependent on the types 

of vegetation present, pH and the type of system (open or closed).  

 

 Despite known δ13C ranges for atmospheric and biologic sources of carbon, the quantified 

fractionation when dissolving carbon dioxide into water (Clark & Fritz, 1997), and the predictable 

association of bedrock carbon with stratigraphy, the interpretation of δ13CDIC in karst groundwater 

is significantly more complex than a simple mixing of end members. Rather, in open systems one 

must consider phases of CO2 enrichment or degassing along the flowpath (Deines et al., 1974; 

Marlier and O’Leary, 1984); alternative water-rock interactions, such as those associated with 

sulfur and nitrogen, that may release DIC into an aqueous solution without corresponding soil 

CO2; or by siliciclastic weathering that sequesters CO2 from the atmosphere without the addition 

of bedrock DIC (Berner et al., 1983). In summary, changes in end member contributions to DOC 

and DIC (e.g. vegetative cover and bedrock composition) as well as variations in the hydraulic 

condition of a karst aquifer in response to storm events, and partial evaporation or partial freezing 

of soil water may manifest as changes to the δ13CDIC. 

 

 

 



 

 While a fraction of DIC that contributes to chemical weathering comes directly from the 

atmosphere, higher PCO2 in the soil column from organic oxidation and microbial respiration 

(Buyanovsky and Wagner, 1983) leads to significant increases in DIC during infiltration and a 

larger role in carbonate dissolution. Deviations from the predicted isotopic trend will also be 

observed when DIC is derived in part from infiltrating recharge leaching dissolved organic matter 

(DOM) into ground water as organic acids. These fluoresce with l = 480 nm when struck with 

light of  l = 365 nm. Measurements of this fluorescence, fDOM, can provide one measurement of 

the concentration of organic matter in water. This dissolved organic carbon (DOC) may be a 

significant fraction of aquifer carbon exports (Kolka et al. 2008). The infiltration derived DIC has 

lower molecular weight with lower carbon to nitrogen (C:N) ratios, is less aromatic, and absorbs 

more ultraviolet radiation. The specific UV absorption (SUVA) at 254 nm, normalized to the DOC 

concentration is used as a measure of aromicity. SUVA values are greater for sources of carbon 

that are more ‘fresh’ and more reactive (Weishaar et al., 2003). 

 

Application of Water Isotopes 
 
 
 Isotopes of oxygen and hydrogen are commonly used in hydrologic investigations. 18O /16O 

(natural abundance 0.200% and 99.76% respectively) and D (deuterium or 2H)/ H (0.015% and 

99.985% respectively) being used for measurements and reference henceforth. Natural variation 

of the oxygen isotopic composition of water, when combined with hydrogen isotopes, can be used 

for determining precipitation sources as well as evaporation effects (Gat et al. 1996). These 

isotopes constitute and move with water molecules, they become enriched in surface water that 

undergoes evaporation and can be used as naturally occurring conservative tracers for evaluating 

groundwater provenance, recharge mechanisms, mixing of surface water and ground water and 



 

water-rock interaction (Gonfiantini,1986; Katz, 1986; Roxana et al., 2015). Knowledge of the 

temporal and spatial variations in the isotopic composition of precipitation is important,  the 

isotopic composition of the rainfall is influenced by temperature, latitude, distance inland along 

different currents, environmental conditions, vapor source, altitude and humidity (Kendall & 

Coplen, 2001; Ingraham, 2006). 

 

 Isotopic fractionation is a mass-dependent thermodynamic process in which forward and 

backward reactions such as evaporation or dissolution and precipitation result in an uneven 

distribution of heavier isotopes to either the reactants or products. Atoms with greater mass form 

slightly stronger bonds so that heavier isotopes are typically enriched in a more condensed phase 

(Clark, 2015). 18O and D are selectively partitioned during the hydrological cycle by primary 

evaporation over the oceans, condensation and precipitation, groundwater recharge, and runoff 

returning to the seas. Rayleigh distillation as vapor masses move along their trajectories results in 

in an evolution toward lighter isotopes in residual vapor as well as in successive rains.  

 

 Other effects that are known to impact the 18O and D composition include those of 

continentality, altitude, and seasonality. An increase in continentality (based on proximity to 

marine waters) results in lower 18O and D values for precipitation, this is associated with increased 

mixing with isotopically depleted vapor masses in the upper troposphere (Clark, 2015). 

Topography is associated with depleted isotopes due to the decrease in temperature with a rise in 

elevation. These factors together drive rainout and therefore distillation of the isotopes. 

Seasonality, for temperate and continental regions, primarily controls isotopic content based on 

fluctuations in temperature. Seasonal changes in 18O and D are used in determining watershed 



 

responses to precipitation, the mean residence time of waters, and as a tool for monitoring 

groundwater recharge (Clark, 2015). 

 

 The isotopic data for oxygen and deuterium considered in this thesis are expressed in δ-

notation, as part per mil (‰) deviation of the isotopic ratio from the international standard V-

SMOW (Vienna Standard Mean Ocean Water) 

 

𝛿5(ST7U = ( VKA@LMC

VKNADOAPO
− 1) ∙ 1000  (4) 

 

where Rsample is the 18O/16O or D/1H ratio in the sample, and Rstandard the corresponding ratio of V-

SMOW. In the soil and the unsaturated zone, the isotopic composition of oxygen and hydrogen 

vary in accordance with changes in the isotopic composition of rainfall and by evaporation. Control 

of the enrichment of heavier isotopes is dependent on the air temperature, relative humidity and 

isotopic composition of atmospheric moisture (Geyh, 2000). Differences in the isotopic ratio of 

water from the aquifer are primarily related to an aquifer’s specific location that is reflected in 

local precipitation and shallow groundwater, as well as the mixing with other ground waters. 

(Roxana et al., 2015). Shallow aquifers are recharged by precipitation and surface waters, and 

frequently the isotopic composition of meteoric groundwater will approximately match the mean 

composition of the precipitation over the recharge area (Kendall and McDonell, 1998; Roxana et 

al., 2015). 

 

 



 

 Isotopic data for oxygen and deuterium are plotted as  δD versus δ18O relative to VSMOW. 

Mean annual values of δD and δ18O in precipitation collected at many locations around the world 

plot along a line with a slope of 8 and intercept of +10 (δD = 8 · δ18O + 10), commonly referred 

to as the global meteoric water line (GMWL). The isotopic composition of waters relative to the 

GMWL reveals important information on groundwater recharge patterns, the origin of waters in 

hydrologic systems, and mixing of groundwater and surface water (Katz 1986). 

 

 Because atmospheric and meteoric processes modify the composition of the isotopic 

character of recharge waters and, consequently, the discharge water, this allows for the 

differentiation of waters from different environments (Clark & Fritz, 1997; Roxana et al., 2015; 

Gonfiantini & Zuppi, 2003). For instance, if the isotopic compositions of water samples are similar 

to that of contemporaneous rainfall samples this would indicate not only a meteoric origin but also 

rapid recharge rates (i.e. evapotranspiration processes did not substantially affect the isotopic 

composition of the water). Because of the differences of the origin of water vapor and rainout 

along the trajectory from its source, any given region will have its own characteristic water line to 

which the surface and groundwater of that region can be compared, this is defined as the local 

meteoric water line (LMWL). 

 

 

 

 

 



 

 The values for δ18O and δD are generally lower if the source of the water vapor at the 

origin of the precipitation experiences continental and altitude effects, reservoir effects, and/or 

temperature effects. This is resultant from a precipitation that is further from the moisture source 

and at a higher altitude from the ground level (continental and altitude effects), if a large part of 

the water vapor is precipitated from the cloud (reservoir effect) or if there is a decrease in 

temperature (temperature effect) (Vandenschrick et al., 2002). Values of δ18O and δD will 

generally be higher in reverse situations. Seasonal variations may also result in changes to δ18O 

and δD values, this is due to changing temperatures and seasonal changes in moisture. Specific 

isotopic fingerprints may also be due to inter-annual and long-term changes in climate (Roxana et 

al. 2015; Clark & Fritz 1997). For example, δ18O and δD values during winter periods are typically 

more depleted than those for autumn, spring, and summer 

 

 Deuterium excess (d-excess or d) is calculated from the δ18O and δD for water samples and 

represents the excess due to kinetic evaporation during the formation of a primary vapor mass, 

thereby representing initial climatic conditions of evaporation.  It is considered a useful parameter 

for characterizing the vapor origin of precipitation. Kinetic evaporation is a non-equilibrium 

process that preferentially enhances fractionation of 18O resulting in a vapor mass that is more 

depleted in 18O than for equilibrium conditions (Clark, 2015).  The d-excess can be visually 

depicted as a shift in the deuterium intercept from the global meteoric water line (GMWL) 

(Froehlich et al., 2002) represented by the equation 

 

𝑑 − 𝑒𝑥𝑐𝑒𝑠𝑠 = 	𝛿𝐷 − 8 · (𝛿`a𝑂). (5) 

 



 

 This shift is related to differing signals from ocean sources versus those caused by air mass 

modification during transport over the continents (Froehlich et al., 2002). (Clark, 2015). Low d-

values reflect slow evaporation at the source due to high humidity, while high d-values indicate 

increased evaporation at the source due to low humidity (Roxana et al., 2015; Darling et al., 2003; 

Lee et al., 2007). 

 

 When ground water and surface water interact, such as in a karst aquifer, the collection and 

analysis of water samples for values of δ18O and δD are useful to include in monitoring programs. 

Combining isotopic and chemical data allows researchers to not only identify but also quantify 

processes that are controlling groundwater composition and quality (Katz, 1986). Understanding 

these processes and the hydrochemical actions between waters can assist scientists and regulators 

in making informed environmental decisions in order to protect valuable water resources (Katz, 

1986). 

 

Physical Setting  

 

 Romania has a complex geology in the Alpine-Carpathian-Dinaridic orogenic system due 

to a long history of deformation, subduction, and faulting in response to continental collision, 

which followed the closure of branches of the Neotethys and/or Alpine Tethys (Schmid et al. 

2008). The basement structure of the trans-Carpathian region consists of many thrust faults and 

nappes, formed during Cretaceous-Pleistocene compression (Linzer et al., 1998). The Tisza mega 

unit is the surface exposure of several stacked nappe sequences that form the basement of the 

Muntii Apuseni (mountains of the sunset) of Northwestern Transylvania, between the Panonian 



 

and Transylvanian Cenozoic Basins. The North Apuseni include the Bihor Mountains, with 

elevations up to 1849 m and a Proterozoic-Middle Paleozoic crystalline core overlain by Permian-

Mesozoic sedimentary cover- the Bihor unit. The sedimentary succession of the Bihor unit is 

highly tectonized and transitions from Permian sandstone, shale, and conglomerate into a Jurassic-

Cretaceous carbonate platform sequence followed by mid-Cretaceous conglomerates and 

economic bauxite deposits (Sandulescu, 1994). Deformation and syndepositional thrusting was 

followed by late-Cretaceous deep-water siliciclastics and turbidite deposits. A second period of 

exhumation from uplift and thrust faulting occurred from the end-Cretaceous through the 

Oligocene, which established the foundation of the current landscape. 

 

Padurea Craiului 
 
 
 The Padurea Craiului (Forest of the King) Mountains are a digitate northwest extension of 

the Bihor uplift housed within the large karst plateaus of the northern Apuseni Mountains with a 

complex geologic structure (Oraseanu, 1987; Papp et al., 2013). More than half of the area in the 

Padurea Craiului is underlain by carbonates, comprising a northwest-sloping sequence of karst 

plateaus at elevations of 500-700 m. To the north are the Cris basin and the valley of the Crisul 

Repede River at elevations 270-300 m, which has incised a steep gorge between the towns of 

Suncuius and Vadu Crisului (Fig. 1). 

  



 

 

Fig. 1: Map of the Vadu Crişului karst basin in the Apuseni Mountains of NW Romania. The dark grey line is the 

approximate outline of the karst basin based upon dye trace data for the region.  The black arrow indicates the flow 

direction between Peștera Bătrânului and Vadu Crişului. 

 

 

 More than 680 known caves, of which 32 are longer than 1 km, have been identified in the 

Padurea Craiului (Onac, 1996). This includes Romania’s longest cave, Pestera Vantului (Wind 

Cave; >45 km), and Pestera de la Vadu Crisului (Cave of the Cris narrows; VC) (Lat: N46.96193; 

Long: E22.51079), one of six tourist caves in the Apuseni Mountains with approximately 3 km of 

known galleries. Water that emerges from VC at 305 m (Goran, 1982) in the lower Cretaceous 

Coposeni member of the Blid Formation has formed a broad travertine terrace with a 10 m 

waterfall overlooking the west bank of the Crişul Repede. Discharge from VC is quite variable, 



 

ranging from 27 L/s in November 1982 to 232 L/s in February 1983 (I. Oraseanu and Jurkiewicz, 

2010) Mean measurements were greater with similar seasonal patterns 1957-1974 (110-360 L/s). 

The chemistry of groundwater emerging from karst springs in the Padurea Craiului is divided into 

three types: those emerging from limestone, those influenced by significant dolomite, and those 

enriched in sulfate. Of those emerging from limestone, the chemistry of samples (n=65) are 

dominated by DIC = 4.4 mmol/L and Ca = 2.0 mmol/L with minor contributions from Na = 0.57 

mmol/L, Mg = 0.11 mmol/L, K = 0.03 mmol/L, Cl = 0.16 mmol/L, and SO4 = 0.16 mmol/L 

(Valenas and Iurkiewiez, 1980-1981).  

 

 Dye tracing in 1962 (Rusu, 1981) confirmed a hydrologic connection between VC and 

waters that enter Pestera Batranului (PB) (Lat: N46.93888; Long: E22.46566) in the Pistireului 

Valley, 4.25 km southwest of the Zece Hotare karst plateau in Gugu Hamlet (Fig. 1). Breakthrough 

time for the tracer was 89 hours, resulting in a tracer velocity of approximately 47.8 m/hr 

(Viehmann et al., 1964). The discharge from this fairly simple underground network is strongly 

influenced by precipitation (Oraseanu, 1987). Dye tracing in adjacent karst basins to the northwest 

and southeast define a karst basin that measures approximately 1,250 ha (Orasaenu and Iurkiewiez, 

2010). The entrance to PB is a ponor (sinking stream) located at an elevation of 550 m (Goran, 

1982) at a fault between the lower-middle Jurassic calcareous clastics and the upper Jurassic 

carbonates of the Cornet and Vad formations (Fig. 2). Allogenic recharge flowing across the 

clastics, cascades through steep canyons and waterfalls in the carbonates, and flows down the axis 

of a syncline toward VC. 



 

 

Fig. 2: A) the travertine waterfall where waters emerging from Vadu Crişului enter the Vadu Crişul Repede River. B) 

the sinking stream entrance to Peștera Bătrânului located along a fault on the Zece Hoarte karst Plateau. 

 

Land Use and Climate 
 
 

 The economic state of the Padurea Craiului has changed considerably with the closing of 

bauxite mines and restructuring since 1990. In general, the population of the communes and 

villages is highly dispersed with slowly developing mountain road networks and a dominance of 

subsistence family farming (Abrudan and Turnock, 1998). On the Zece Hotare Karst Plateau, 

cattle and sheep are shepherded across a mixed pasture and mountain-beech forest landscape 

A

B



 

punctuated by deep sinkholes (dolines). Within a ten mile radius of Şuncuiuş, topography 

contains significant variation, up to 903 m in elevation change. Land is covered primarily by 

trees with about 20% being covered by cropland according to the Global Land Cover SHARE 

database. The western Carpathians have a typical temperate continental climate marked by some 

oceanic influences (Scandinavian Baltic, Mediterranean and Black Sea), which is characteristic 

for Central Europe.  In the south, the Mediterranean climate is experienced via mild winds and 

stronger rainfall events. In the northern part of the country the effect of the Scandinavian-Baltic 

is felt, with a wetter and colder climate creating cold winters. The western part of the country has 

a more pronounced influence of low pressure systems generated over the Atlantic, this creates 

more moderate temperatures and stronger precipitation. Altitudinal differences are marked by a 

cool mountain climate with high humidity throughout the year. 

 

 Temperatures in the region vary from -6 to 25°C with peak temperatures in July-August 

and lows between November-March. Abundant snowfalls may occur throughout the country 

from December to mid-March, especially in the mountainous areas of Romania. The wet season 

(at least 0.04” of precipitation) lasts from May-July and the drier season covers the other months 

of the year.  Annual precipitation on the Zece Hotare Karst Plateau measured 843 mm in 1982-

1983, with peak monthly precipitation in May-June, and a spatial variation of 800-1,200 mm 

across the Padurea Craiului (Orasaenu, 1991). 

 

The wind patterns in this area are complicated due to Romania’s location, and local winds 

typically predominate. The most common winds are humid northwesterly, although the drier 

northeasterlies are stronger. Winter months in the west of the country experience the dense, cold, 



 

air masses and the cold northeasterly airflow from the Russian plains. At the same time, warm air 

masses will typically arrive from the Azores, bringing rain and warming the atmosphere.  

 

METHODS 
 
 
 Field data for this study span October-December 2016 and includes weekly field 

measurements, discrete samples, and continuous monitoring data from Pestera Vadu Crisului (9 

samples), and field measurements and discrete samples from Pestera Bătrânului collected every 

two weeks (5 samples). Samples of the host carbonate supplement these data. Laboratory analyses 

were conducted at Babes-Bolyai University (UBB – Cluj Napoca, Romania), Ball State University 

(BSU – Muncie, IN, USA), and Indiana University-Purdue University Indianapolis (IUPUI – 

Indianapolis, IN, USA). Geochemical modeling was adapted from spreadsheets available in Florea 

(2015) and included analyses in AquaChem (v. 2014.2) to provide one measurement of the 

saturation index (SI) with respect to calcite.  

 

Field Measurements 
 
 
 Field data include calibrated measurements of pH, SpC, turbidity, chlorophyll and DO 

collected using a YSI ProPlus multiparameter sonde. Parameters on the YSI sonde were 

calibrated twice monthly prior to discrete sampling, the calibrations of pH on the sonde were not 

necessary due to a non- operational pH meter. SpC was calibrated using one point based on a 

1413 µS/cm Oakton conductivity standard, turbidity calibrations use a two-point standard with 

DI water and a 126 Nephelometric Turbidity Unit (NTU) standard, chlorophyll was calibrated 



 

using a 625 µg/L rhodamine dye solution, DO calibration was done using an air calibration 

method against known temperature and pressure followed by comparison with a DO table.   

 

 At PB, measurements come from the cave entrance, upstream of where the surface stream 

sinks. At VC, measurements were collected from the underground stream at the end of the tourist 

path, approximately 500 m upstream of the entrance. Instantaneous Q measurements accompany 

these field data, computed using a Global Water hand-held flowmeter and standard USGS 

gauging techniques (e.g. Rantz, 1982). Streams were divided into equally spaced rectangular 

subsections (PB – width of 0.2m and VC – width of 0.4m) then measurements of velocity and 

depth were recorded for each subsection. Velocity was measured using the 60% method when 

applicable in order to determine an average velocity based on the parabolic shape of the stream 

curve. Discharge calculations are based on the equation 

 
𝑄 = 𝐴 ∙ 𝑣 (6) 

 

Where the volume of fluid passing through a flow meter is equal to the cross-sectional area of 

the pipe (A) multiplied by the average velocity of the fluid (v). The total discharge is computed 

by summing the discharge of each of the series of subsections. 

 

  Onsite measurements of alkalinity were acquired using a HACH digital Titrator with 1.6N 

H2SO4 to an accuracy of approximately 4% (Rounds, 2012). The digital titrator was calibrated 

twice monthly prior to sample collection using three points at a pH of 4, 7, and 10. The 

concentrations of carbonate species were determined using the inflection point method by entering 

titration data into the USGS alkalinity calculator. The inflection point method determines the 



 

carbonate species endpoint in the titration by finding the greatest change in the measured pH per 

unit volume of acid added within the range of the known dissociation constants for carbonic acid. 

This depends on the presence of a discernable inflection point in the measured titration curve. 

(USGS National Field Manual - https://or.water.usgs.gov/alk/methods.html, access date: January 

2018) Dual titrations with filtered and unfiltered water provided one measure of dissolved 

inorganic carbon (DIC) and the suspended load fraction of particulate inorganic carbon (PIC), 

respectively (Paylor, 2016). 

 

Continuous Monitoring 
 
 
 Between site visits, an In-Situ Aqua Troll 200 sonde deployed in the underground stream 

of VC, 400 m upstream of the entrance and suspended in the stream below the tourist trail, 

collected values of water level (WL), SpC, and T every 15 minutes. A coordinated YSI EXO2 

multiparameter sonde measured DO, turbidity, and fluorescent dissolved organic matter (fDOM). 

Continuous pH values were not measured as the probe failed and no replacement was available. 

Both sondes were calibrated prior to deployment, with additional calibrations as needed for the 

EXO2 during monthly data downloads and battery replacements. Original data downloaded from 

both sondes were archived in Microsoft Excel with short gaps in data coverage from instrument 

maintenance interpolated from bounding data. Regression models were applied to correct for 

instrument drift between calibrations when applicable. The regression models were used to correct 

for drift by using bounding calibration data and fitting the intermediate data to a line or curve as 

necessary. 

 



 

Rock Samples 
 
 
 Carbonate samples from VC (3 samples) and PB (5 samples) were analyzed in the lab of 

Dr. Nicholson at Ball State University using a Rigaku Miniflex 600 X-ray diffractometer operated 

at 40 kV and 15mA. XRD is used for analyzing the structure of crystalline samples (atoms are 

arranged in a regular pattern) at the atomic or molecular level. When X-rays interact with 

crystalline substances it results in a characteristic diffraction pattern. Resultant patterns can be 

compared to optical media standards for identification and the area under peaks (the intensity) may 

also be analyzed corresponding to the amounts of each substance. The samples for this study were 

crushed and ground into a fine powder by hand in an agate mortar and pestle and analyzed in a dry 

and untreated state. Reflections were collected from 2 to 90 degrees (2q) in step scan mode with a 

0.1 º step and a 1.0 s dwell time.  

 

Discrete Samples 
 
 
 The concentrations of total suspended sediment (TSS) were measured at UBB by the pre-

post dry mass of a 0.45 µm filter used to process 1 L of raw sample. Chemical analyses were 

conducted on samples filtered through a 0.45 µm syringe filter and kept at 4 °C. Filtration was 

employed in order to separate the particulate and aqueous fractions of the sampled water, this 

removes microorganisms and suspended materials that could interfere with the preservation of 

samples or analytical procedures. Samples for principle ions were collected in 60 mL HDPE bottles 

(6 N HNO3 preservative for cations) and measured using a Dionex ICS 1100 AS-DV (SO4, Cl) 

and Perkin Elmer Optima 7000 DV-OES (Ca, Li, K, Mg, Na) at IUPUI. Analysis of anions 

employed Ion Chromatography using the Dionex ICS 1100. For ion chromatography, the sample 



 

or analyte is injected into an eluent and the mixture is then passed through a column containing a 

stationary adsorbent. The compounds within the sample are then partitioned due to the different 

forces with which the dissolved materials adhere to the adsorbent. As the eluent moves through 

the column components will move at different speeds and therefore separate from one another. 

This separation allows for detection of the output from the column to be analyzed and to generate 

a measurable signal that is displayed as a peak on a chromatogram. The chromatogram is a measure 

of electrical conductivity versus time and the unit of conductance used is the micro Siemens (µS).  

 

 The measurement of cations, at IUPUI, employed Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES) for analysis using the Perkin Elmer Optima 7000 DV-OES. 

This method uses inductively coupled plasma to produce excited ions that emit electromagnetic 

radiation. The individual wavelengths of this radiation are characteristic to elements and the 

intensity is indicative of the concentration of the element. Argon gas is used in the quartz ICP torch 

to create the plasma, which interacts with the sample after it has been nebulized and introduced 

directly into the plasma flame. Here the sample collides with the electrons and charged ions in the 

plasma and is broken down to charged ions. Various molecules from the sample will break apart 

and recombine repeatedly. This process results in multiple optical emissions that can be separated 

using a diffraction gradient and the intensity of the light for each wavelength is measured by 

corresponding detectors. 

 

 DOC and TN concentrations were measured on 40 mL septum-capped glass vials and 

analyzed at BSU Environmental Chemistry Laboratory using a TOC-L Shimadzu TOC analyzer. 

The analyzer uses the combustion catalytic oxidation method in which  



 

the sample is delivered to a combustion furnace supplied with purified air. There, it undergoes 

combustion and the inorganic carbon decomposes and is converted to carbon dioxide. The carbon 

dioxide generated is cooled and dehumidified, and then detected by a Nondispersive Infrared 

sensor (NDIR). The concentration of TC (total carbon) in the sample is obtained through 

comparison with a calibration curve formula and the TOC (Total Organic Carbon) concentration 

is calculated by subtracting the IC concentration from the TC measurement. In environmental 

water and other samples in which the IC component of the TC is extremely large, significant errors 

may result if the standard method is used for TOC measurement. Therefore, the organic carbon in 

the sample is instead measured via an NPOC (Non-purgable Organic Carbon) measurement. This 

method is the same as TOC measurement methods using acidification and sparging (IC removal). 

When the carbon dioxide from the IC is removed, POC (purgeable organic carbon) may also be 

lost and the TOC obtained with this method is referred to as NPOC. 

(https://www.shimadzu.eu.com/680-°c-combustion-catalytic-oxidation-method-measurement-

principles, access date: January, 2018) 

 

 Specific ultraviolet absorbance (SUVA) for the DOC in solution was obtained using 

calibrated quartz cuvets supplied by the Ball State Environmental Chemistry Laboratory at a 254-

nm wavelength using a Shimadzu UV 1800. A spectrophotometer measures the intensity of light 

as a function of its wavelength. In this application, the amount of light absorbed corresponds to 

the density of electron conjugation, which is associated with aromatic bonds and is measured by 

the intensity of light as it passes through the sample solution. Results from spectrophotometric 

analysis were then normalized using NPOC measurements from a TOC-L Shimadzu TOC 

analyzer.  



 

 

 Samples for d13CDIC were stored in 15 mL glass bottles, treated with CuSO4 as an anti-

microbial, and sealed with parafilm. Isotopic ratios were analyzed at UBB using a Picarro (L2130-

i instrument and vaporizer) cavity ring down spectroscopy system (CRDS) (Dumitru et al., 2017) 

paired with phosphoric acid digestion on an Aurora 1030W TOC analyzer to produce CO2 from 

the DIC in solution. CRDS circumvents the typical sensitivity limitations of Infrared spectrometers 

by using a path length of several kilometers and enabling gases to be monitored at the ppb level 

(https://www.picarro.com/technology/cavity_ring_down_spectroscopy, access date: January 

2018). This technique is based on the theory that gas phase molecules have unique absorption 

spectrums that consists of narrow lines at characteristic wavelengths. Concentration can be 

obtained by measuring the height of absorption peaks. Picarro analyzers consist of a three-mirror 

cavity with a continuous traveling light wave, a photodetector senses light leaking through one of 

the mirrors and produces a signal that is proportional to the intensity in the cavity. Once a threshold 

is reached the laser is turned off and light within the cavity will begin to decay until the intensity 

reaches 0. This decay rate (ring down) is measured by the photodetector, the instruments 

continuously calculate the ring down time of the cavity with and without absorption due to the 

target gas species. The wavelength of the laser is tuned so that the measurements can be compared 

and a mathematical fit to the shape of the absorption line is used to calculate the gas concentration. 

 

 Samples for δ18O and δD were collected and stored in 1-mL HDPE snap cap vials.  The 

samples were then measured using a Picarro (L2130-i instrument and vaporizer) cavity ring down 

spectroscopy system (CRDS). The local meteoric water line for the study area was computed using 

precipitation samples collected at Vadu Crisului intermittently between October 2016 and June 



 

2017. These samples were transported to Babes Bolyai University where they were refrigerated 

until analysis was performed at the university. The prior CRDS methods are applicable for these 

samples with the exception of the delivery method. For water isotopes, the samples are not purged 

of gases and are instead delivered to the cavity via a nebulizer. 

 

 

Geochemical Modeling 
 
 
 Geochemical models were computed using an Excel workbook constructed by Lee Florea, 

which consists of three models. The main model based off data from the data logger, rating curves, 

and regression lines, and two complimentary models that display low and high errors calculated 

using the margin of error for instrumentation or method. The temperature, WL, SpC, Conductivity, 

and fDOM measurements were obtained from the data logger. pH was calculated using a relation 

between the log of conductivity and the saturation index values of discrete samples calculated 

using Aqua Chem. The Q, TOC, Total Suspended Solids (TSS), and Particulate Inorganic Carbon 

(PIC) are modeled from rating curves. Modeled ion concentrations are based on regression lines 

between SpC and the concentrations from discrete samples, which are linearly related.  

 

 Temperature dependent coefficients and ionic strength (for use in Debye Huckel) result in 

a calculation for the unitless activity coefficient value. The activity coefficient is then multiplied 

by the concentration to obtain the activity, a value that describes how much each ion is 

participating in the overall reactions.  This is propagated through all the ions and then used to 

calculate electro neutrality, which is the sum of all the activities of the positives and negatives, a 

value representing what is essentially the charge balance.  



 

 

 The pk values (equilibrium coefficients) are used for the calcite equilibrium equations, 

which are all a function of temperature. C/Cs normalizes these values to a saturation state where 0 

is 100% saturated. The PCO2 is based on the equilibrium coefficients, bicarbonate concentration 

and modeled pH. Henrys Law coefficient, based on temperature, converts PCO2 to mol/L of CO2 

which is then converted to mg/L, representing the CO2 in solution and the fraction of the total 

amount of alkalinity at that T and pH that is made up of CO2.  

 

 The flux of components in the system is calculated based on the concentration of each 

component multiplied by the discharge in 15-minute intervals. Individual ionic concentrations, 

once converted to flux measurements, can then be applied to volumetric calculations. The mass of 

calcite and dolomite is used to measure volume of each by applying a conversion using the density 

of the respective species for the calculations. These calculations are applied in order to detail the 

amounts of each ion and their contribution to the overall flux in percentages, as well as the 

bicarbonate contributed via carbonate vs. non-carbonate reactions and a sum of calcite and 

dolomite in cubic meters.  

 

 Total flux calculations are based on the sum of carbon flux divided by the amount of 

carbonate exposure. The minimum value is calculated with the assumption that the greatest 

possible carbonate exposure is impacted (this includes areas of carbonaceous shales) while the 

reverse is true for the maximum calculations which subtract the small amount of non-carbonate 

rocks from the watershed (still carbonaceous) (Fig. 1). There are also calculations for the division 

between carbonate rock and organic carbon, the same calculation was performed once for carbon 



 

from carbonate rocks (DIC) and then again for C from organic carbon (DOC). The true minimum 

and maximum values come from the minimum of DIC and the maximum of DIC+DOC. It should 

be noted that the minimum and maximum CO2 flux calculations are solely based on DIC 

measurements. 

 

 

RESULTS 
 
Field Results 
 
 
 Values of field T for VC during the period 14/10/2016 - 23/12/2016 are very stable; they 

range from 10.1°C to 10.3 °C with a cooling trend as winter approaches (Table 1). Field 

measurements of T at PB, being surface waters, cooled from 9.8 °C to 0.1 °C over the course of 

the study—ice was broken on the surface stream to collect the last sample from PB on 23/12/2016. 

Values of field SpC are also very stable at VC, 413 – 435 µS/cm, and are inversely proportional 

to Q, which ranges from 94 to 276 L/s with highest values during a significant storm event centered 

on 07/11 and 13/11. Values of field SpC at PB (43 to 129 µS/cm) are closer aligned with meteoric 

recharge and runoff from non-carbonate terrane; they are directly proportional to T and not related 

to values of Q (8 – 22 L/s). pH and DO values are directly and inversely proportional to T, 

respectively, with a wider range at PB (5.9 – 7.38; 0.56 – 0.83 mmol/L) compared to VC (6.84 – 

7.02; 0.63 – 0.71 mmol/L). 

 



 

 

 

Table 1: Field and analytical data from discrete samples

T (o C ) pH SpC ( S/cm) DO (mmol/L) Q (m 3 /s) WL (m) TSS (mg/L)

LF101416A 10/14/16 10.3 6.9 435 0.63 0.09 0.40 0.93
LF102316A 10/23/16 10.3 6.8 429 0.67 0.23 0.49 3.80
LF102716A 10/27/16 10.3 6.8 415 0.65 0.19 0.46
LF110216A 11/2/16 10.3 6.8 415 0.65 0.13 0.41 0.30
LF111116A 11/11/16 10.2 7.0 413 0.67 0.28 0.52 1.71
LF112016A 11/20/16 10.1 6.9 427 0.67 0.26 0.51 0.57
LF120416A 12/4/16 10.1 6.9 427 0.67 0.15 0.42 0.40
LF121816A 12/18/16 10.1 7.0 423 0.69 0.18 0.45 0.27
LF122316A 12/23/16 10.1 7.0 432 0.71 0.14 0.42 0.50

LF101416B 10/14/16 9.8 7.4 129 0.63 0.01 0.09 0.93
TT102916A 10/29/16 7.0 101 0.59 2.00
LF111116B 11/11/16 6.7 6.5 43 0.77 0.02 0.14 5.33
LF112016A 11/20/16 6.1 6.5 44 0.76 0.02 0.07 1.71
LF122316B 12/23/16 0.1 5.9 49 0.83 0.01 2.00

DICunf DICfil PIC NO 3 TOC 13C DIC C:N SUVA
mmol/L mmol/L mmol/L mmol/L mmol/L ‰ L/mg/m

LF101416A 10/14/16 4.11 3.88 0.24 0.015 0.33 -5.15 33.5 0.3
LF102316A 10/23/16 4.12 4.16 0.014 0.34 -5.04 39.2 0.5
LF102716A 10/27/16 4.00 3.80 0.20 0.014 0.34 -5.36 39.0 0.5
LF110216A 11/2/16 4.12 4.00 0.12 0.015 0.35 -5.44 43.4 0.4
LF111116A 11/11/16 4.14 3.82 0.32 0.014 0.33 -6.47 39.3 0.5
LF112016A 11/20/16 4.19 4.02 0.16 0.015 0.35 -6.03 46.2 0.3
LF120416A 12/4/16 4.05 3.92 0.13 0.041 0.35 -6.01 43.4 0.2
LF121816A 12/18/16 3.86 3.78 0.09 0.014 0.35 -5.83 41.0 0.5
LF122316A 12/23/16 3.97 3.78 0.19 0.015 0.36 -5.79 40.0 0.3

LF101416B 10/14/16 1.28 1.06 0.23 0.10 -5.45 46.1 4.7
TT102916A 10/29/16 0.81 0.89 -0.08 0.07 -3.34 110.6 5.9
LF111116B 11/11/16 0.29 0.27 0.02 0.001 0.03 -3.98 14.4 17.2
LF112016A 11/20/16 0.21 0.21 0.00 0.03 -3.45 17.1 15.9
LF122316B 12/23/16 0.27 0.21 0.06 0.003 0.03 -2.79 14.0 9.8

SI cal Chrg Bal
Ca Li Mg K Na Cl SO4 %

LF101416A 10/14/16 2.12 0.02 0.01 0.03 0.08 0.03 0.05 -0.19 3.3
LF102316A 10/23/16 2.05 0.02 0.01 0.03 0.07 0.04 0.06 -0.19 0.5
LF102716A 10/27/16 1.97 0.02 0.01 0.03 0.08 0.04 0.06 -0.24 3.2
LF110216A 11/2/16 2.02 0.02 0.01 0.03 0.07 0.04 0.06 -0.21 1.7
LF111116A 11/11/16 2.00 0.02 0.00 0.03 0.07 0.04 0.06 -0.24 2.9
LF112016A 11/20/16 1.95 0.02 0.01 0.03 0.08 0.04 0.06 -0.23 -0.5
LF120416A 12/4/16 2.07 0.02 0.01 0.02 0.09 0.23 0.07 -0.22 1.0
LF121816A 12/18/16 0.02 0.15 0.08 -0.18 64.4
LF122316A 12/23/16 0.02 0.01 0.02 0.10 0.06 0.07 -83.9

LF101416B 10/14/16 0.52 0.02 0.03 0.02 0.05 0.02 0.03 -1.29 2.3
TT102916A 10/29/16 0.37 0.02 0.03 0.02 0.08 0.10 0.03 -2.32 9.8
LF111116B 11/11/16 0.17 0.02 0.02 0.02 0.04 0.02 0.04 -2.46 17.0
LF112016A 11/20/16 0.16 0.02 0.02 0.02 0.05 0.02 0.04 -2.36 16.4
LF122316B 12/23/16 0.20 0.02 0.02 0.01 0.05 0.08 0.04 -1.50 -6.6

Field Parameters

Anions (mmol/L)Cations (mmol/L)



 

Discrete Sampling Results 
 
 

 Filtered samples from VC reveal values of TSS that are directly proportional to Q (0.27 – 

3.8 mg/L) that equate to a suspended sediment load of 38 – 882 mg/s emerging from the aquifer 

(Table 1). the PIC portion of this sediment (0.09 – 0.32 mmol/L) is directly proportional to the 

TSS (Figure 3a). The remaining carbon emerged as DIC with concentrations that range from 3.8 

to 4.2 mmol/L. TSS concentrations at PB are higher (0.93 – 5.3 mg/L); however, the suspended 

sediment load (7.8 – 117 mg/s) is 9 to 28% of what emerged from the aquifer at that same time. 

PIC values at PB vary over an order of magnitude, 0.002 – 0.23 mmol/L, and with DIC 

measurements that range from 0.21 to 1.1 mmol/L, represent a larger overall fraction of carbon 

flux into the aquifer—upwards of 28% compared to values less than 7% at VC. 

 

 



 

 

Fig. 3: Regression curves relating the measurements of PIC from titration data to values of TSS measured in the lab 

(A) and the calculated SIcal (B) and lab-determined ion concentrations (C) compared to the measured SpC in the field. 
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 Results of ion chemistry for discrete samples are presented in Table 1. Charge balance 

errors from AquaChem average 5.4% for all samples except those from VC in the second half of 

December 2016. Those samples returned anomalously high measurements of all cations on 

LF121816A and anomalously low Ca measurements for LF122316A. Excepting the anomalous 

values, ion concentrations are quite stable at VC with only a slight relationship with Q and more 

variable at PB with clear correlations with T. Average Ca concentrations at VC (2.0 mmol/L) are 

an order of magnitude greater than at PB (0.28 mmol/L). While concentrations of Na, K, Cl, TN, 

and SO4 increase slightly between PB (0.05, 0.02, 0.05, 0.002, and 0.04 mmol/L) and VC (0.08, 

0.03, 0.08, 0.009, and 0.06 mmol/L), the concentration of Mg decreases an order of magnitude (PB 

– 0.02 mmol/L, VC – 0.006 mmol/L)—there is no addition of Mg along the flow path, consistent 

with the lack of dolomite observed in XRD of the host limestone (Table 1). When plotted on a 

piper diagram we find that all waters that were sampled are of a calcium bicarbonate type, which 

are expected in this type of environment with very low dolomite content (Fig 4). There are a few 

samples that are migrating towards the calcium SO4 HCO3 species up to 20% - 40% sulfate by 

weight percent comparatively, but they are still on the same end of the spectrum in terms of types 

of waters. Expectedly, values of saturation index relative to calcite (SIcal) from AquaChem increase 

from PB (-2.0 ± 0.5) to VC (-0.21 ± 0.02), a sign of interaction with carbonate bedrock along the 

flow path, evidenced by a clear correlation between SpC and SIcal (Figure 3b). The result is a linear 

correlation between higher concentration of individual dissolved solutes and greater SpC, most 

clearly visible with the concentrations of DIC and Ca (Figure 3c). 

 

   

 



 

 

Fig. 4: Piper Plot of field samples from PB and VC with HCO3 dominated water 

 

 

 C:N ratios for PB fluctuate (14 – 111) with SUVA values (4.7 – 17.2 L/mg/m) 

characteristic of labile carbon (Table 1). C:N ratios are homogenized and stable at VC (39 – 46) 

with SUVA values (0.31 – 0.53 L/mg/m) indicating significant degradation of carbon along the 

flow path. Highest SUVA values at both sites are directly proportional with higher Q indicating 

pulses of fresh organic carbon during recharge. 
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Isotopic Results  
 
 
Inorganic Carbon 
  
 
	 𝛿13CDIC ranged from -2.8 to -6.5 ‰ (Table 1). Except for 14/10/2016, samples from VC 

are consistently more depleted in 13C (-5.7 ‰ ± 0.4 ‰) compared to PB (-3.8 ‰ ± 0.9 ‰). In 

contrast, samples from the host limestone at VC are more enriched in 13C (0.2 ‰ and 0.4 ‰) 

compared to PB (-0.8 ‰, -5.1 ‰, and -0.3 ‰). Values are more depleted in 13C after the major 

storm event on 07/11/2016 and remain more depleted at VC into winter closer to the value expected 

from reactions between soil carbon and bedrock. At PB values of 𝛿13CDIC are more enriched in 13C 

as winter approaches, closer to the value expected from reactions between atmospheric carbon and 

bedrock. 

 

Oxygen and Deuterium 
 
 
 δ18O ranged from -9.56 to -10.26 ‰ at PB, -8.09 to -10.41 ‰ at VC, and -3.05 to -15.68 

‰ for collected precipitation samples (Table 2). δD ranged from -63.55 to -68.50 ‰ at PB, -62.96 

to -70.43 ‰ at VC, and -58.84 to -112.80 ‰ for collected precipitation samples. Deuterium excess 

measurements ranged from 12.43 to 13.94 ‰ at PB, 1.76 to 13.94 ‰ at VC with a marked drop in 

values at the time of the November storm events and from 2.66 to 17.14 ‰ for collected 

precipitation samples. The data are reasonably stable at both the input and output with the 

exception of the November samples, which aligns with a storm event that has a clear impact on 

the system based on its appearance in the other chemical data (Fig. 5).  



 

 

Location Date !18O (‰) !D (‰) D-excess (‰)

PB 10/14/16 -10.06 -68.05 12.43
PB 10/29/16 -9.96 -66.26 13.42
PB 11/11/16 -9.80 -65.51 12.89
PB 11/20/16 -9.98 -66.80 13.04
PB 12/23/16 -10.09 -67.86 12.86
PB 2/12/17 -10.22 -68.34 13.42
PB 3/9/17 -10.26 -68.49 13.59
PB 4/9/17 -10.26 -68.50 13.58
PB 5/6/17 -10.13 -67.10 13.94
PB 6/12/17 -9.85 -65.78 13.02
PB 7/8/17 -10.03 -67.30 12.94
PB 8/18/17 -9.56 -63.55 12.93
PB 9/20/17 -9.63 -63.80 13.24

VC 10/14/16 -10.28 -69.48 12.76
VC 10/23/16 -10.09 -68.59 12.13
VC 10/27/16 -10.09 -68.27 12.45
VC 11/2/16 -10.07 -68.69 11.87

VC drip 11/6/16 -15.68 -112.38 13.06
VC 11/11/16 -10.00 -67.85 12.15
VC 11/20/16 -8.09 -62.96 1.76
VC 12/4/16 -10.06 -69.11 11.37
VC 12/18/16 -10.09 -68.81 11.91
VC 12/23/16 -10.12 -69.14 11.82

VC pool 12/23/16 -9.50 -64.54 11.46
VC speleo 12/23/16 -9.31 -63.09 11.39

VC 2/12/17 -10.23 -69.27 12.57
VC 3/9/17 -10.31 -69.48 13.00
VC 4/9/17 -10.41 -70.02 13.26
VC 5/6/17 -10.43 -70.00 13.44
VC 6/12/17 -10.34 -69.96 12.76
VC 7/8/17 -10.40 -70.43 12.77
VC 8/18/17 -10.38 -70.01 13.03
VC 9/20/17 -10.37 -69.87 13.09

Precip 10/26/16 -9.82 -64.96 13.60
Precip 11/9/16 -15.68 -112.80 12.64
Precip 11/12/16 -11.42 -79.69 11.67
Precip 12/27/16 -9.93 -62.30 17.14
Precip 2/22/17 -8.09 -58.84 5.88
Precip 2/23/17 -8.13 -59.05 5.99
Precip 3/18/17 -14.25 -111.34 2.66
Precip 5/16/17 -3.05 -17.97 6.43
Precip 6/7/17 -10.40 -70.61 12.59
Precip 6/8/17 -10.43 -70.44 13.00

Table 2: Results for the analysis of Oxygen and Hydrogen Isotopes of field samples.



 

 

 

 

Fig. 5: Graphs of results for the analysis of Oxygen (center) and Hydrogen (bottom) Isotopes of field samples over 

time. The top graph represents deuterium excess over time. 



 

 

 In Time series plots of δ18O, δD, and d-excess the precipitation is highly variable and δ18O 

and δD values occur in the area between extremes with respect to the y axis, this is attributed to 

the samples from the cave being a weighted average of water coming into the system. The trend 

in δ18O, δD, and d-excess for precipitation is sinusoidal with higher values in the summer and 

lower values in the winter. The cave system does not seem to be impacted by this signal, evidenced 

by a lack of shift to the time series plots for PB and VC (Fig. 5).  

 

Derivative results 
 
 
 Rating curves (Fig. 6) were used to translate continuous monitoring data (Fig. 7) from 

instantaneous measurements of field chemistry and concentration to measurements of flux (Fig. 

8). Q is linearly proportional to water level from the In-Situ Aqua Troll 200 sonde over the range 

of measurements, reasonable as the channel is largely rectangular at the point of measurement. 

Modeled discharge ranges from 79 to 1,153 L/s with a mean discharge of 198 L/s and a Qratio of 

5.8, flashy (rapid rise and fall with a higher magnitude/ peak discharge) but well below other 

springs in telogenetic limestones (Florea & Vacher, 2006). The mass of TSS is proportional to 

turbidity values from the EXO2 as a second order polynomial; increased scattering leads to a 

relative enhancement in absorption/attenuation (Mobley, 1994). Modeled TSS ranges from 28 to 

2.75x105 mg/s, with modeled PIC comprising a linear fraction from 4 to 3.93x104 mg/s. The 

proportionality between the mass of DOC and fDOM values from the EXO2 is weakly linear; 

modeled TSS ranges from 322 to 4.62x103 mg/s. 



 

 

Fig. 6:  Rating curves developed to related lab measurements of DOC versus continuous monitoring data of fDOM 

(A), lab measurements of TSS versus continuous monitoring data of turbidity (B), and field measurements of Q versus 

continuous monitoring data of water level (C). 
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Fig. 7: Continuous monitoring data obtained at Vadu Crişului. 



 

 

Fig. 8: Modeled time-series data combined rating curves in Figure 5 with continuous monitoring data from Figure 6. 

 

Geochemical Modeling Results 
 
 
 Regression models and rating curves presented in Figure 2 and Figure 5 form the basis of 

the geochemical model following the methods of Florea (2015) and available as spreadsheets in 

Appendix A. The x-intercept of these regressions for DIC and Ca, SpC = 14 and 18 µS/cm, 

respectively, are typical of meteoric recharge (Fig. 3c). When of applying a SpC of 18 µS/cm to 

the other regressions, results, except for TN, are in line with regional values of atmospheric 

deposition (Mg = 0.023 mmol/L, Na = 0.047 mmol/L, K = 0.015 mmol/L, Cl = 0.044 mmol/L, 



 

SO4 = 0.033 mmol/L, TN = 0.001 mmol/L) (Walna, 2015). Correlation coefficients in Figure 3c 

are strong for DIC = 0.99 and Ca = 0.99 and TN = 0.94, weak correlation coefficients for Mg = 

0.66, Na = 0.69, K = 0.77, Cl = 0.05, and SO4 = 0.74 demonstrate the scatter in the raw data. 

Replicate geochemical models were applied to assess the upper and lower limits of the data by 

applying corrections based upon manufacturer recommendations and method accuracy (T ± 0.1 

C°, water level ± 0.1 %, SpC ± [0.5% + 1 µS/cm], fDOM ± 1 %, turbidity ± 2%, Q ± 5 %, DIC/PIC 

± 4 %). Additional corrections were applied to remaining dissolved solute concentrations to 

account for the 5.4% average charge balance error and to the DOC concentrations to account for 

the weak correlation to fDOM ( ± 32 %). 

 

 The modeled solute relationships (Fig. 3c) and the continuous monitoring data of SpC (Fig. 

7) combine to provide molar concentrations of each dissolved solute were computed every quarter 

hour that mimic temporal changes in SpC. The modeled solute data and T values from the 

AquaTroll (Fig. 6) combine with the Debye-Huckel relationship for the carbonate equilibrium 

reactions (Ford and Williams, 2007; White, 1988) to deliver values of SIcal and the calcite 

saturation ratio (C/Cs) for each time interval. The modeled SIcal and values (-0.17 ± 0.02, 0.67 ± 

0.03) are like those computed using AquaChem for the discrete sample data and indicate waters 

that are slightly undersaturated. The modeled values of SIcal combined with the regression model 

between SpC and SIcal (Figure 3b) were used to compare the approximate pH of the original 

solution (7.17 ± 0.001) to within 5 % of the field measurements. 

 

 The equivalent molar concentration of CO2 in solution (0.61 ± 0.01 mmol/L) is a significant 

fraction of the DIC at modeled values of pH and was derived using Henry’s law and the PCO2 



 

computed using the temperature-dependent equilibrium equations for pKCO2, pK1, pK2, and pKc 

(Ford and Williams, 2007, p. 48; Plummer and Blusenberg, 1982; Garels and Christ, 1965). The 

modeled values of Q and DIC combine to give the molar DIC flux in the VC karst basin using the 

relationship 

 

𝐷𝐼𝐶	𝑓𝑙𝑢𝑥 = ∫ 𝑄 ∙ 𝐶ijJ𝑑𝑡
<
l + ∫ 𝑄 ∙ 𝐶mijI𝑑𝑡

<
l ,  (7) 

 

Of which an average of 78% during this study is in HCO3- form (7.8x106 ± 4.5x106 mg/15 min) 

and the remainder emerges largely as dissolved CO2 (1.7x106 ± 9.7x105 mg/15 min). Apportioning 

carbon between atmosphere and bedrock is quantified by comparing the molar ratio of Ca2++Mg2+ 

to the modeled DIC in solution with a value of 0.53. Assuming a closed system, molar ratios greater 

than 0.5 may result from enhanced contributions of bedrock carbon from sulfur-based carbonate 

dissolution (Florea, 2015). In this geochemical model, DIC contributions from the atmosphere are 

90% as large as the DIC contributions from bedrock. 

 

 Ca2+ and Mg2+ in solution are potentially a more direct measure of the mass of bedrock 

removed from the aquifer, with contributions from dolomite dissolution calculated by the molar 

ratio of 2Mg2+ / (Ca2++Mg2+). Ignoring minor atmospheric deposition during the study and clastic 

weathering, modeled results suggests that 0.5% of Mg2+ and Ca2+ in solution may result from 

dolomite. Partitioning modeled solute fluxes from replicate geochemical models between calcite 

and dolomite (average densities of 2,710 and 2,850 kg/m3) results in independent measures of the 

flux of carbonate bedrock through the karst basin during the period of study.  The resulting DIC- 

and cation-derived fluxes are effectively the same, 98.2 ± 11.2 m3. Distributing these two results 



 

evenly across the carbonate exposure and the full extent of the VC karst basin results in modeled 

landscape erosion rates, based upon DIC alone, that range from 36.5 to 56.9 mm/ka. Including 

modeled values of PIC modestly increases these rates from 1.1 to 1.2% (36.5 to 57.6 mm/ka). The 

addition of all TSS (with an average siliciclastic density for non-PIC TSS of 2,760 kg/m3) produces 

a difference of the rates that are 7.9 to 8.3% larger (39.4 to 61.6 mm/ka). 

 

 The modeled atmospheric DIC flux in the VC karst basin during this study ranges from 

26,200 to 31,400 kg in the replicate geochemical models, which translates to 96,100-115,000 kg 

of CO2 (Table 3). The addition of DOC flux increases the flux of carbon from 12 to 22% (29,400-

38,300 kg), which translates to 108,000-140,000 kg of CO2. Two sensitivities are clear in this 

model: 1) the input concentration of DIC, and 2) the discharge, which has a polynomial effect on 

TSS. Values of T and modeled pH have a limited impact on derivative products due to their narrow 

range of values. Distributing the atmospheric flux of IC evenly across the carbonate exposure and 

the full extent of the VC karst basin translates to a flux of 2.1-3.1 g/m3 of carbon or 7.7-11.5 g/m3 

of CO2. Adding DOC flux increases this estimate to 2.4 – 3.8 g/m3 of carbon or 8.6-14.0 g/m3 of 

CO2. At the scale of the 330 km2 of carbonate exposure in the Padurea Craiului, and estimated 

4.04 – 6.580 x 106 kg/yr of carbon, or 1.48-2.41 x 107 kg/yr of CO2, are potentially transported 

through the aqueous system as combined DIC and DOC. For the world carbonate exposure 

estimate of 1.77x107 km2, a modeled range of 2.17-3.53 x 109 kg/yr of carbon, or 0.80-1.29 x 1010 

kg/yr of CO2, are potentially transported as combined DIC and DOC through the aqueous system 

(Table 3) 



 

 

 

 

 

 

 

2.85–3.56 x 104

Table 3: Carbon flux and landscape evolution data.

Physical Characteristics

Vadu Crișului karst basin 12.5 km2

Carbonate exposure in Vadu Crișului karst basin 10 km2

Carbonate exposure in Pădurea Craiului 330 km2

World carbonate exposure 1.77x107 km2

Carbon Flux                             DIC only     DIC+DOC

Total carbon flux during period of study 2.62–3.14 x 104 kg
Percent of DIC from atmopshere 48          48 %
CO2 flux from atmosphere during period of study 0.96–1.15 x 105 kg
Annual atmospheric carbon flux at Vadu Crișului 1.37–1.64 x 105 kg/yr
Annual atmospheric CO2 flux at Vadu Crișului 5.01–6.00 x 105 kg/yr
Rate of atmospheric carbon flux at Vadu Crișului 2.1–3.1 g/m2-yr
Rate of atmospheric CO2 flux at Vadu Crișului 7.5–11.5 g/m2-yr
Carbon flux in Pădurea Craiului kg/yr
CO2 flux in Pădurea Craiului kg/yr
Carbon flux in world carbonates kg/yr
CO2 flux in world carbonates kg/yr

Landscape Evolution                 DIC only   DIC + PIC   DIC + TSS

Bedrock DIC flux during period of study kg
Volume of bedrock removed during study period  87.7-109.4  88.7-110.8 m3

Percent of dolomite in bedrock 0.5         0.5        0.5 %
Denudation rate 36.5–56.9 mm/ka36.9–57.6 39.4–61.6

2.94–3.83 x 104

1.08–1.40 x 105

2.4–3.8
8.6–14.0

1.67–2.19 x 105

5.63–7.33 x 105

 93.6-118.1
3.10–3.93 x 104 2.75–6.06 x 104

3.60–5.39 x 106 4.04–6.58 x 106

1.32–1.97 x 107 1.48–2.41 x 107

1.33–2.89 x 109 2.17–3.53 x 109

0.71–1.06 x 1010 0.80–1.29 x 1010



 

DISCUSSION 
 
 
 The karst aquifers in the Padurea Craiului Mountains have a complex association with 

stratigraphy and tectonics. Ponors in the margin of the carbonate outcrop convey meteoric recharge 

into the aquifers that mix with infiltration through the epikarst and dolines on the karst plateaus. 

Groundwater flow is guided by geologic structures and faults such that the flow systems have a 

strongly concave profile; they cascade steeply towards the regional water table near sources of 

meteoric recharge and include extensive near-horizontal galleries connected to springs. Base level 

lowering from episodic Quaternary uplift and river incision guides the position of the water table. 

Gravity flow dominates the flow regime with shallow phreatic loops in lower galleries that 

modulate storm pulses through segments of piston-flow.  

 

 The proportion of allogenic to autogenic recharge of aquifer water, and thus the transfer of 

sediments and organic matter, varies according to basin geometry and geology. The geochemistry 

of springs, and therefore the flux of solutes, depends upon not only the proportion of allogenic 

recharge, but also water-rock interactions along the flow path.  Herein, we consider the 

Hydrogeologic and geochemical fingerprint of the VC karst basin and what the data reveal about 

the carbon cycle and landscape evolution in this part of eastern Europe. It is important to note that 

our modeled mean-monthly Q (October = 150 L/s, November = 256 L/s, December = 159 L/s) are 

well above date from 1982-1983, a drought year, and like the average for data from 1957-1974, a 

period with extended higher-than-average rainfall (Spinoni et al., 2015). Our modeled discharge 

also includes more than one significant storm event with peak Q = 1,153 L/s that is near the peak 

Q = 1,270 L/s published by Oraseanu and Iurkiewicz (2010). Thus, although our data spans only 

19% of an annual cycle from what is typically the drier season, resulting models of annual flux 



 

have the appropriate order of magnitude. Regardless, one must interpret results with caution, 

particularly when extrapolating to longer time scales (Gardner et al., 1987; Ford and Williams, 

2007). 

 

Physical Response  
 
 
 In the VC karst basin, allogenic recharge from non-carbonates at PB comprises 4-13% of 

the discharge from the aquifer from field measurements; the proportion is likely higher, but 

unmeasured, during storm events. Each storm event translates to a measurable change in water 

level at the VC spring with a Qratio (5.8) in the range of other springs in the Padurea Craiului 

(Oraseanu and Iurkiewicz, 2010) and characteristic of the intermediate-response springs of White 

(1988) and of telogenetic karst (Florea and Vacher, 2006). Increased autogenic recharge from 

cumulative precipitation results in an increase of base flow. 

 

 SUVA measurements are relative to other values within the same system. It would be 

expected that greater or larger SUVA would be seen at the input point where “fresher” organic 

carbon should be detected and conversion of DOC to DIC has not yet taken place. The max values 

of SUVA at PB (0.1322) are clearly greater than those at VC (0.0018). Despite these differences 

spikes in the values of SUVA appear to be the result of increased input during rain events and are 

precursors to similar depressions at VC further downstream (Fig. 7ab). The increase in fresh 

organic matter coming into the aquifer should provide for further increases in DIC at the output 

point and a decrease in SUVA values at VC, this would be caused by conversion of OC to DIC 

(Fig. 7b). These responses would also be expected to and do generally follow water level patterns 

within the VC site.  



 

Solute Flux  

 

 Despite the variation in Q, and the variable chemistry of allogenic recharge, the VC spring 

experiences near chemostatic behavior in the discrete samples; autogenic recharge, with longer 

water-rock interaction times, clearly controls aquifer water chemistry. Storm events do result in 

measurable changes in the continuous monitoring data, though the effects are clearly muted due to 

mixing within the aquifer (Fig. 7 and 8). Piston flow of storage waters (Ryan and Meiman, 1996) 

in the main conduit is visible as brief increases in T and SpC as water level begins to rise during 

the major storm events beginning on 7/10/2016 and 18/10/2016. From the time water levels first 

rise (creating an initial flush of suspended sediment on 7/10), it takes from 2 to 18 hours to achieve 

peak Q, depending upon the nature of the storm event. An initial drop in SpC signaling the arrival 

of meteoric recharge is centered 1-3 hours later, followed, in order, by peak turbidity from 

sediment mobilized within the aquifer, peak fDOM, and more pronounced minima of SpC and T 

from recharge through dolines and the epikarst centered 36-48 hours after peak Q (Fig. 9). The 

timeframe for these changes are about half the travel time of dye in base flow conditions 

(Viehmann et al., 1964). 

 

 

 



 

 

Fig. 9:  Section of continuous monitoring data in Vadu Crişului capturing two storm events in November 2016.  

Solid black line – water level, solid gray line – SpC, dashed black line – T, dashed gray line – turbidity, dotted black 

line – fDOM. 

 

 DIC, Ca, and K concentrations at VC from this study are approximately the same as the 

average for regional springs; concentrations of Na are nearly an order of magnitude greater 

(Valenas and Iurkiewicz, 1980-1981). Concentrations of Mg are almost two orders of magnitude 

lower; there is effectively no dolomite encountered along the flow path and contributions from PB 

are diluted by autogenic recharge. Cl and SO4 concentrations are effectively half of the earlier 

samples and likely represents and overall reduction in atmospheric deposition since earlier 

campaigns (see data from the Observatoire Hydro-Geochimiques de l’Environnement in 

northeastern France – http://ohge.unistra.fr, accessed 17/10/17) 

 

 Total dissolved inorganic carbon (TDIC) and 13CDIC can be used as chemical and isotope 

tracers to provide a constraint on the origin of and evaluate the contribution of different water 

components to the recharge within karst aquifers (Emblanch et al., 2003). Analyzing the mode of 

carbon transport in a cave system leads to a clearer understanding of the biogeochemical history 

of a system and how it interacts with its surroundings; including the soil, rock, and atmosphere. 
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DIC composition and HCO3 relationships 
 

 DIC concentrations were measured from bi-weekly samples at PB and VC, geochemical 

modeling using continuous data from the output point at VC also allowed DIC concentration 

calculations. The patterns show DIC moving through the system with changes in water level, with 

limited data at PB it is difficult to pinpoint times of high flow though data do suggest an increase 

in DOC at PB prior to times of increased discharge and DIC concentrations at VC. This is 

potentially due to the conversion of DOC to DIC via microbial activity. The relationship between 

DOC and Q is not strong and so would suggest that neither water availability or seasonal 

grazing/agriculture are responsible for the changes.  DOC values were generally higher at PB near 

the beginning of data collection when more organic matter would naturally be available prior the 

winter snowfall and freezing.  This conforms with land use practices in the area, which is mostly 

protected land. 

 

 There was a marked difference in HCO3 values from PB and VC. This is expected due to 

the conversion of DOC to DIC from the input source to the output, in this case, from PB to VC. 

Another instance of shifting HCO3 values occurs at PB between the months of October and 

November, possibly due to impacts of dilution from a rain or storm event or a decrease in supply 

of organic carbon as a seasonal change in temperature took place outside of the aquifer (Fig. 10) 

Given that the change in the two values is concurrent, it would be likely that the changes were 

initiated by some type of singular event more so than a seasonal pattern. Neither do the flux 

measurements seem to be consistent with seasonal changes and the noticeable decrease in HCO3 

at PB does not look to impact VC downstream. 



 

 

Fig. 10:  Relative shifts, comparable in intensity, of HCO3 and SUVA took place over the same time interval. An 
influx of more concentrated organic matter coincides with a decrease in HCO3.   
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DIC and the Calcite Saturation Index  
 

 Calcite saturation index for the aquifer increased and approached saturation as expected 

with transition from input to output sources and increased proportionally with DIC concentration 

(Fig. 11). Values of SIcal at PB ranged from -1.29 --2.46 with an average of -1.99, at VC the 

concentrations ranged from -0.176 –1.826 with an average of -0.39.  

 

Fig. 11: Saturation Index for calcite increasing with greater DIC concentrations. Measurements at VC were 
consistently higher than those at PB. 
 

 The data suggests a state of under saturation with respect to calcite with VC being more 

saturated than PB at all times. In comparison to previous studies in KY and Southwestern China 

these values fall within expected ranges for karst aquifers and springs. Between multiple sites there 

may be a great deal of variation with some continuously oversaturated and others continuously 

undersaturated. In all cases a decrease in concentrations was observed after rainfall events due to 

the dilution effect.  
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DIC and 𝛿13CDIC 
 
 
 𝛿13CDIC values for PB and VC were both considerably higher than expected. Given XRD 

measurements of bedrock that are primarily 0 ‰ and a soil contribution from C3 vegetation that 

typically has a value of -25 ‰, the DIC would be expected to have a value closer to -12.5‰. 

Results are also unusual in that the 𝛿13CDIC at PB is more enriched than at VC. A similar situation 

has been observed at Redmond Creek, KY between Stream cave and Sandy Springs by L.J. Florea 

(2013). There are several possibilities for what could potentially drive up 𝛿13CDIC values in this 

way. Given that there is no issue with depleted soils at PB (input site), enhanced atmospheric 

source would be of minor consequence.  Oxidation of pyrites in water could drive up the 𝛿13CDIC 

values, increased SO4   might be a potential indicator for this type of reaction, SO4 measurements 

from PB were on average 3.493 mg/L and at VC the average was 5.928 mg/L. The makeup of DIC 

in this system is dominated by HCO3 (Table 1) with average values at VC of 47.01 mg/L compared 

to average CO2 values of 12.66 mg/L.  

 

 The isotopic composition relates to another possible cause for the issue of the more 

enriched isotopic values at the input point for the aquifer. If CO2 was driven off along the flow 

path due to temperature shifts or agitation, it can fractionate DIC toward more enriched values. 

This is the more complicated of the possibilities and would require a greater number of 

measurements than are available at this time. Furthermore, 𝛿13CDIC values are positively correlated 

with discharge at PB and are inversely proportional to discharge at VC (Fig. 12). The unexpected 

differences between 𝛿13CDIC values at PB and VC would also require further investigation.  



 

 

Fig. 12 13CDIC vs Discharge for Peștera Bătrânului and Vadu Crișului 10/14/2017 – 12/23/2017. 
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Water Isotopic Data  
 

 According to Oraseanu (1991) the largest contributions to rainfall in the area occur during 

the months from May through August (Fig. 13). With the exception of the November rainfall event, 

the data set reveals that the values of d-excess at PB are stable (Table 2) and most closely related 

to the precipitation d-excess values seen in the summer and fall months, confirming the rainfall 

contribution findings of Oraseanu (1991).  Oraseanu (1991) also observed that February through 

April is the time frame marked with the lowest amount of rainfall on average by volume, during 

these months even less of the flow by volume would be contributed to the aquifer and their impact 

to the system should be negligible (Fig. 13).  

 

Fig. 13 Mean monthly rainfall distributions in Strana de Vale, 1886-1915-time interval (Oraseanu, 1991). 
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  The sinking stream at PB contributes about 10% of waters that are stored and 

flowing through the aquifer with the other 90% of water coming from another source, only 

precipitation events with larger than average rainfalls overwhelm evapotranspiration and 

contribute to the aquifer (Florea, 2013), likely the remainder of moisture after fallen rain has 

evaporated is contributing to the aquifer via infiltration through soil and rock (epikarst) within the 

watershed area. This may account for the homogenization of sampled water from the system (flat 

lines on time series plots and close scattering of data on δD vs δ18O plot (Fig. 5). 

 

 Precipitation data for this study does not provide enough spatial density to reach 

conclusions regarding the quantitative contributions to the system or refined descriptions of how 

the water within the karst storage is altered prior to entry to the flow path. However, there are two 

distinct events in the time series of δ18O, δD, and d-excess for precipitation samples. The first 

event occurs in November when δ18O and δD values drop to -15.68 and -112.80 ‰ respectively, 

during this same time the d-excess was calculated as 11.67 ‰ and then rose to 17.14‰ in 

December. These shifts are directly connected to the recorded storm event with increased 

discharge and decreased calcite saturation (Fig. 8). The second event occurs in March and is 

marked by δ18O and δD values that drop to -14.25 and -111.34 ‰ respectively while the d-excess 

value was calculated at an overall low for the study period of 2.66‰. This second event is not 

concurrent with any event seen in the hydrograph for the complete data set of this study and the 

low d-excess value eliminates the possibility of these events being meaningfully connected but 

this low value may nevertheless be related to a mid-fall temperature or rainout effect.  

   



 

 The d-excess for precipitation has a seasonal sinusoidal pattern (Fig. 5), which can be 

expected due to the directionality of the weather patterns typically seen in this region. 

Directionality does not necessarily produce a consistent isotopic signature; however, the 

origination of water vapor and its trajectory heavily influence the isotopic signature. Westerlies 

from the Atlantic are dominated by a North to South directionality for approximately 56% of the 

days in a year, this is based on satellite data from EUMETSAT, NOAA, and the JMA from 2015 

(https://www.eumetsat.int/website/home/Images/ImageLibrary/DAT_2633694.html, accessed: 

March, 2018). Contributions from areas of initial vapor formation with more arid climates result 

in increased values for d-excess of precipitation. This is seen in our data during the Fall, late winter 

and Summer months (December: 17.14‰, October: 13.60‰, November: 11.67 – 12.64‰ and 

June: 12.59 – 13.00‰) (Table 2). The remaining 43% of migration from the Atlantic occurs as 

more direct westerlies or as moisture moving from the south to the North over the Mediterranean. 

The lower d-excess signature associated with this trajectory is occurring in precipitation data for 

this study during the months of February (5.88 – 5.99‰), March (2.66‰), and May (6.43‰) 

(Table 2). Stability of the d-excess signature from the karst aquifer is attributed to controls on the 

amount of water with direct access to the cave system, which results in a homogenization effect. 

 

 The d-excess of cumulative samples from the aquifer is between 11 and 14, which implies 

that the majority of water entering the karst aquifer is not directly contributed from precipitation 

and instead enters via processes such the storage and subsequent infiltration of waters within the 

epikarst and the evaporation of snowpack. If slow infiltration through the epikarst is a primary 

source of water to the aquifer, this could explain the minimal homogenization occurring within the 

aquifer system. Increased spatial density of sampling and a dye trace would be needed in order to 



 

complete calculations for more refined descriptions of how the water within the karst storage is 

altered prior to entry to the flow path. 

 

 δ18O and δD data for the cave system are consistent with ranges seen in similar studies 

conducted in the area. Samples from the Roxana et al. (2015) study displayed values from -89 to -

67‰ for δD and from -11.7 to -8.1‰ for δ18O. Their samples fell below the GMWL (Fig. 12) and 

featured a small shift in δ2H and δ18O to higher values.  Results from our study had a slope of 7.3, 

which is close to samples from Strana De Vale in the Roxana et al. (2015) data (Fig. 15). Deuterium 

excess in the Roxana et al. study ranged from 4.9‰ to 16.4‰ and precipitation from the area fell 

under the GMWL, they presented the most extreme precipitation events as the lowest and highest 

isotopic content. Samples from our study clustered closely when plotted and the evaporation line 

would eventually fall below the GMWL. The positions of samples on a LWL from our study are 

impacted by seasonal and altitudinal effects (Fig. 14). Differences between the Roxana et al. (2015) 

study and our study include conditions such as deeper flow systems with older water along longer 

flow paths that is likely warmer as well, resulting in thermal effects seen in the Roxana et al. study 

that are not observed in our data. Geothermal conditions typically result in δ18O enriched waters 

when the oxygen in water reacts with the oxygen in carbonates.  Roxana et al. (2015) suggest that 

the isotopic signatures underwent little alteration during the passage of the ground water through 

the aquifer. It was noted that most of their water sources directly reflected the mean monthly 

rainfall values. 



 

 

Fig. 14: Results of δ18O and δD plotted on GMWL and LMWL. 
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Fig. 15:  Comparison of results overlaid on GMWL/LML results from Roxana et al., 2015 study.  The blue line 
represents LMWL from 2016 precipitation data collected for this study. The data from sampling locations is 
represented by yellow diamonds (PB) and green circles (VC). 
 
 
 
 
 
 



 

Carbon Sources 
 
 
 Carbon entering the karst aquifer at VC combines that from the atmosphere, biosphere, and 

lithosphere. The proportion of each contributing end member, operating through microbial 

respiration and the carbonate equilibrium reactions, results in molar concentrations of solutes, 

isotopic compositions of inorganic carbon, and measures of aromaticity of organic carbon that can 

help identify geochemical processes operating in the aquifer. 

 

 The molar sum of Ca and Mg is directly proportional to the molar concentration of DIC 

with a linear regression of slope 0.52. The geochemical model, based upon linear regressions 

between solutes and SpC, produces a similar ratio of 0.53. Both are consistent with CO2-driven 

carbonate dissolution in an aqueous system; bedrock carbon comprises half of the DIC and the low 

observed concentrations of total nitrogen and sulfate have limited impact upon carbonate 

dissolution through redox processes (~6.4 %). 

 

 Because dissolution is primarily carbon based, values of d13CDIC are interpreted through 

the lens of reactions between inorganic carbon in the atmosphere and bedrock, and organic carbon 

from soils. For atmospheric sources, carbon with a d13C » -8.4‰ dissolves readily into meteoric 

recharge and into the sections of the underground flow path open to the atmosphere with an 

approximate fractionation of -0.8‰, leading to d13CDIC = -9.2‰. Contributions of atmospheric 

carbon are inversely proportional to T, thus one can expect greater atmospheric contributions 

during the winter. Sources of bedrock carbon, our d13C centered on 0‰ are lower than those 

published for the lower Cretaceous of the Padurea Craiului (+2‰; Papp et al., 2013). For organic 

carbon, limited information is available on the d13C of vegetation soils from this region, and no 



 

d13CDOC information is available from this study. The stream at PB and the sinkholes across the 

Zece Hotare Karst Plateau are filled with thick peat-like soils in wetland environments. 150 km to 

the north, in Maramures, soil profiles of peat returned and average d13C = -22‰ (Cristea et al., 

2014). Considering an approximate +6.4‰ enrichment from combined microbial, diffusion, and 

equilibrium fractionation (Clark and Fritz, 1997), resulting 13CDIC from this source may be 

approximately -15.6‰. 

 

 Therefore, considering these end members, aqueous solutions with SIcal = 0 would 

theoretically return d13CDIC values of -3.6‰ for the atmosphere-bedrock system and -6.8‰ for the 

soil-bedrock system. Results from this study lie generally between these two values, with a slight 

enrichment in 13C attributable to minor contributions of excess bedrock from non-carbon-based 

acids and degassing processes occurring along the flow path.  At PB, waters are significantly 

undersaturated and a d13CDIC value of -5.5‰ is sourced to a blend of DIC from the atmosphere and 

carbon from the soil. In the winter at PB, atmospheric carbon prevails in samples returning low 

DIC concentrations. D13CDIC values shift to -2.8‰ in cold temperatures when soil microbial 

processes are minimized. DOC concentrations plummet, but the remaining DOC is more aromatic 

(higher SUVA) with lower C:N ratios. 

 

 At VC, where SIcal hovers close to saturation, d13CDIC values also start at -5.5‰ in the fall 

and become more depleted in 13C (-6.4‰) during storm events in mid-October and leveling off at 

-6‰ in the winter. Additional soil-sourced DIC is produced in the aquifer following the injection 

of higher DOC concentrations during storm events (evidenced by spikes in fDOM from the 



 

EXO2). Although DOC concentrations and C:N ratios are more stable than at PB, SUVA values 

are an order of magnitude lower, which is suggestive of recalcitrant carbon. 

 

Carbon Flux  
 
 
 During the 10 weeks of this study, there was a net export of 32-42 T of carbon from the 

VC karst basin of which 75-82% were DIC, 10-17% were DOC, and 8-9% were PIC (Table 3). 

Scaling the modeled DIC flux requires distribution across the participating landscape. Including 

the entire karst basin may overestimate the surface area over which geochemical reactions occur. 

Allogenic recharge entering PB comprises only a small fraction of the carbon; it contributes 4-

13% of the total Q from the aquifer and has lower concentrations of DIC, DOC, and PIC. On the 

other hand, utilizing the carbonate outcrop (~80% of the basin) ignores interactions between 

meteoric recharge, calcareous clastics, and soils in the non-carbonate fraction of the basin.  

Consequently, both areas are included in calculations of DIC flux per unit area to provide low and 

high estimates. 

 

 Annually, the models predict that, during similar years, 1.67-2.19 x 105 kg/yr of carbon 

will emerge from the VC karst basin (Table 3). Partitioning the modeled DIC fraction of this 

carbon finds that approximately 47% is sourced directly to the atmosphere, translating to 5.0-6.0 

x 105 kg/yr of CO2. Across a relatively stable range of T and modeled values of SIcal, and pH, 78% 

of the DIC flux emerges from the VC cave entrance as bicarbonate; slight temperature changes at 

the surface would lead to degassing of CO2, a positive shift in SIcal, and visible precipitation of 

tufa. Scaling this result to the 330 km2 of carbonate outcrop in the Padurea Craiului, these karst 

landscapes transport 3.6-5.4 x 106 kg/yr of carbon (1.32-1.97 x 107 kg/yr of CO2) from the 



 

atmosphere into the aqueous system, and an additional 0.8-1.8 x 106 kg/yr of carbon from DOC 

and PIC. At the global scale, these data estimate an annual CO2 flux from DIC in the range of 0.7-

1.1 x 1010 kg/yr, on the higher end of global estimates (Liu et al., 2010). The addition of DOC 

increases the estimates of CO2 flux significantly 0.94-1.29 x 1010 kg/yr, though it is fully realized 

that DOC flux is spatially quite variable. 

 
 
Landscape Evolution 
 
 
 Using the outlined mass balance method, it is possible to utilize geochemical and discharge 

data at a karst spring to estimate carbon flux and partition that flux between the atmosphere, soil, 

and carbonate bedrock.  Aerially distributing that flux over the exposure of carbonate rocks in the 

karst basin provide one approximation of the rate of landscape evolution, subject to limitations 

outlined in Florea (2015) related to the representativeness of measurements, translation of a 

volumetric flux to a two-dimensional land surface, and long-term shifts in climate and 

geomorphology. Calculations of denudation rates in karst have wide range of values across Europe 

(6-98 mm/ka, Table 3) that vary according to location and method. 

 

 For example, mass balance methods ignore mechanical weathering and the overall flux of 

inorganic carbon via suspended sediment and bed load. Storm events above a threshold discharge 

mobilize sediments (Herman et al., 2008) as suspended load that contributes to increased 

mechanical erosion and enhanced landscape evolution (Newson, 1971). Bedload and suspended 

load of particulate inorganic carbon (PIC) can be a significant fraction of net carbon exports from 

an aquifer (Paylor, 2016). Thus, there may be a significant difference between ‘denudation’, or 



 

landscape lowering from chemical weathering, and ‘incision’ from a combination of chemical and 

mechanical weathering (Ford and Williams, 2007). 

 

 Dolomite weathering comprises only 0.5% of the 2.85-3.56 x 105 kg of modeled bedrock 

DIC emerging from the VC karst basin during this study, 0.4-0.5 m3 of the 87.7-109.4 m3 of 

dissolved bedrock (Table 3). Adding the modeled PIC and TSS flux increases the bedrock removed 

by 1.0-1.4 m3 and 5.9-7.7 m3 respectively. When distributed over the surface area of the basin the 

bedrock DIC data translate to landscape erosion rates of 36.5-56.9 mm/ka, within published 

denudation and incision rates for locations in Europe (Table 3). Extrapolating solute flux from a 

karst spring to denudation rates at the land surface is a useful exercise but fraught with uncertainty; 

the three-dimensional form of the solution front is relevant (Priesnitz, 1974) and rates of 

dissolution will vary with changes in climate, hydraulic gradient, and conduit morphology (Florea, 

2015). 

 

 Adding PIC and TSS only moderately increases the denudation rate to a maximum of 61.6 

mm/ka; however, contributions of suspended sediments, which increase as the square of Q, are not 

proportional to DIC flux, which increases linearly with Q over the range of measurements. In this 

context, some periods of high discharge transport more suspended than dissolved solids from the 

spring (Figure 16). In other words, and in line with results from Cheddar Gorge Spring, England 

(Newson, 1971) and Blowing Cave Spring in Kentucky, USA (Paylor, 2016), Storm events 

introduce periods of significant mechanical erosion that may far outpace the rate of chemical 

erosion in karst aquifers. 



 

 

Fig. 16: DIC flux (open circles), PIC (open squares), and TSS (open triangles) versus Q for based upon field 

uncertainty in measuring discharge. X-axis error bars based upon field uncertainty in measuring discharge. Y-axis 

error bars based upon measurement uncertainties for analytes. each 15-minute time interval as computed in the 

geochemical model.   
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CONCLUSION 
 

 The epigenic conduit system connecting meteoric recharge entering Peștera Bătrânului on 

the Zece Hotare Karst Plateau to spring discharge arising from Peștera de la Vadu Crişului along 

the Crişul Repede River provides one glimpse into karst processes and landscape evolution 

occurring in the Padurea Craiului Mountains of northwestern Romania that scale to estimates of 

global carbon flux. Dissolution in this karst basin is principally driven by the carbonate equilibrium 

reactions, the role of sulfur is minimal, and direct meteoric recharge only accounts for 4-13% of 

observed discharge across the range of measurements in this 10-week-long study in the fall-winter 

of 2016. Most recharge enters the karst basin through infiltration into dolines and epikarst on the 

karst plateau, and this results in broadly chemostatic behavior of spring waters as measured 

through measurements of field chemistry and discrete samples analyzed for dissolved ions, carbon 

isotopes, Oxygen and Hydrogen isotopes and nutrient chemistry. 

 

 Storm events do have a significant impact on mechanical and chemical processes operating 

in the karst basin, witnessed by continuous monitoring data, though the amplitude of change is 

muted by mixing in the aquifer. Significant increases in discharge expulse storage waters followed 

by a pulse of allogenic recharge with a lower specific conductance, higher turbidity, and more 

dissolved organic matter. Autogenic recharge through dolines and the epikarst produce longer-

term changes in base-level flow and water chemistry. D13CDIC at the aquifer input trend toward an 

atmospheric signal in winter with lower DOC concentrations and SUVA values and C:N ratios 

corresponding to degraded carbon sources, illustrating the reduction in microbial respiration in soil 

with cold temperatures. At the spring, d13CDIC values trend more toward a soil-based signal after 



 

storm events that bring increased DOC concentrations with SUVA values corresponding to 

significantly degraded carbon. 

 

 δ18O and δD Measurements for this study, when plotted against the LMWL and GMWL, 

are enriched in δ18O and δD with a weak evaporation component. The cave samples are clustered 

together in the center and the precipitation values are more variable and scattered. This variation 

of precipitation when compared with the isotopic character of water sampled from the aquifer 

indicates that there is another source responsible for the isotopic content within the karst system. 

The tight clustering of cave samples on this plot confirms a homogenization element, likely due to 

infiltration through the epikarst zone leaching out of soil sinkholes and rock over the course of 

several months, which contributes the majority of water in the system when compared with direct 

flow from sinking streams. Ultimately, the vast majority of rainfall events contribute to the system 

not all at one time but throughout the year by dripping and leaching out.   

 

 Landscape change in the Padurea Craiului Mountains from dissolved solutes (36.5-56.9 

mm/ka) is in line with other similar studies: however, the addition of PIC and TSS flux increases 

this rate by 1.1-1.2% and 7.9-8.3 %, respectively. This illustrates the contributions of mechanical 

erosion in karst landscapes, particularly in high discharge conditions, when modeled results 

suggest that the flux of suspended sediments outpaces dissolved solutes. The modeled annual flux 

of DIC from this karst basin, 1.67-2.19 x 105 kg/yr, scales to a global CO2 flux of 0.71-1.06 x 1010 

kg/yr. Adding the modeled flux of DOC increases the estimates of CO2 flux by 12-22%, a 

significant, and often un-accounted for, addition to the global carbon cycle. 
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APPENDICES 
 

A: Summary of Geochemical Modeling Data 
 

 
Complete data can be accessed at: https://doi.org/10.6084/m9.figshare.6007430.v1 

T (H2O) WL (H2O) SpC Cond fDOM Turbidity pH Q DOC TSS PIC
°C m μs/cm μs/cm RFU FNU modeled L/15min mg/15min mg/15min mg/15min

Maximum 10.5 1.2 474.7 341.5 4.7 27.9 7.18 1037349.6 4.16E+06 2.48E+08 3.54E+07
Minimum 10.0 0.4 435.4 312.3 0.6 -0.7 7.17 71165.6 2.90E+05 2.56E+04 3.64E+03
Average 10.2 0.5 459.6 329.6 1.9 0.5 7.17 178377.8 7.43E+05 3.25E+06 4.63E+05
Standard Deviation 0.1 0.1 9.4 6.5 0.7 3.1 0.00 112951.3 4.84E+05 2.68E+07 3.81E+06
Total Flux (if applicable) 1.20E+09 4.99E+09 2.18E+10 3.11E+09

HCO3 Cl TN SO4 Z- Ca2+ Mg2+ K Na Z+
mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L

Maximum 4.37 0.08 0.01 0.06 4.52 2.28 0.02 0.04 0.08 2.43
Minimum 4.01 0.08 0.01 0.06 4.15 2.09 0.02 0.04 0.08 2.23
Average 4.23 0.08 0.01 0.06 4.38 2.21 0.02 0.04 0.08 2.35
Standard Deviation 0.09 0.00 0.00 0.00 0.09 0.05 0.00 0.00 0.00 0.05
Total Flux (if applicable)

A B I γHCO3 [HCO3] γCl [Cl] γTN [TN] γSO4 [SO4]
mmol/L mmol/L mmol/L mmol/L

Maximum 0.50 0.33 0.01 0.92 4.01 0.92 0.07 0.92 0.01 0.72 0.05
Minimum 0.50 0.33 0.01 0.92 3.69 0.92 0.07 0.92 0.01 0.71 0.04
Average 0.50 0.33 0.01 0.92 3.87 0.92 0.07 0.92 0.01 0.71 0.05
Standard Deviation 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00
Total Flux (if applicable)

Electronutrality
γCa2+ [Ca2+] γMg2+ [Mg2+] γK [K] γNa [Na] (Σ[Z+]-Σ[Z-])/Σ[Z-]

mmol/L mmol/L mmol/L mmol/L %

Maximum 0.73 1.64 0.74 0.02 0.92 0.04 0.92 0.08 -17.38
Minimum 0.72 1.52 0.73 0.02 0.92 0.04 0.92 0.07 -18.01
Average 0.72 1.59 0.73 0.02 0.92 0.04 0.92 0.08 -17.77
Standard Deviation 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.15
Total Flux (if applicable)

pKCO2 pK1 pK2 pKc SICalcite C/Cs PCO2 KH CO2 CO2
atm mmol/L-atm mmol/L mg/L

Maximum 1.27 6.47 10.49 8.36 -0.13 0.74 0.01 52.03 0.75 33.14
Minimum 1.26 6.47 10.49 8.36 -0.21 0.61 0.01 51.34 0.71 31.03
Average 1.27 6.47 10.49 8.36 -0.17 0.68 0.01 51.79 0.73 32.32
Standard Deviation 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.14 0.01 0.55
Total Flux (if applicable)

DIC-HCO3 DIC-CO2 ΣDIC ΣDIC DIC-HCO3 DIC-CO2 ΣDIC DIC-atm DIC-lith
mg/L mg/L mmol/L mg/L mg/15 min mg/15 min mg/15 min mg/15 min mg/15 min

Maximum 43.47 9.04 3.62 52.45 4.4E+07 9.2E+06 5.3E+07 2.52E+07 2.81E+07
Minimum 39.65 8.47 3.30 48.11 3.1E+06 6.4E+05 3.7E+06 1.76E+06 1.96E+06
Average 41.96 8.82 3.49 50.78 7.8E+06 1.6E+06 9.4E+06 4.27E+06 4.76E+06
Standard Deviation 0.89 0.15 0.07 1.04 4.5E+06 9.6E+05 5.5E+06 2.67E+06 2.98E+06
Total Flux (if applicable) 4.0E+10 8.5E+09 4.9E+10 2.87E+10 3.19E+10

Atmospheric Flux
DIC-cal M-cal V-cal DIC-dol M-dol V-dol Lith-flux Flux by Z+ Flux PIC Flux TSS diff CO2-atm

mg/15 min mg/15 min m3/15 min mg/15 min mg/15 min m3/15 min m3/15 min m3/15 min m3/15 min m3/15 min % mg/15 min

Maximum 2.76E+07 2.30E+08 8.47E-02 5.86E+05 4.50E+06 1.58E-03 8.63E-02 8.63E-02 1.30E-02 7.72E-02 0.0 9.25E+07
Minimum 1.92E+06 1.60E+07 5.89E-03 4.08E+04 3.13E+05 1.10E-04 6.00E-03 6.00E-03 1.34E-06 7.95E-06 0.0 6.43E+06
Average 4.66E+06 3.88E+07 1.43E-02 9.91E+04 7.61E+05 2.67E-04 1.46E-02 1.46E-02 1.70E-04 1.01E-03 0.0 1.56E+07
Standard Deviation 2.92E+06 2.43E+07 8.96E-03 6.20E+04 4.76E+05 1.67E-04 9.13E-03 9.13E-03 1.41E-03 8.32E-03 0.0 9.78E+06
Total Flux (if applicable) 3.13E+10 2.61E+11 96.2 6.66E+08 5.11E+09 1.8 98.0 98.0 1.14 6.78 1.05E+11

Lithospheric flux

mol/L

Species Activity

Calcite Equilibrium Saturation State Dissolved Carbon Dioxide

DIC Concentrations DIC Flux DIC source fraction

From Rating Curves

Modeled Ion Concentrations

Debye Hückle Species Activity

Sonde Values and Derivatives


