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changing weather conditions. We spatially and temporally investigated 

five karstic caves across the Iberian Peninsula, which presented 

different microclimatic, geologic and geomorphologic features. The 

locations present Mediterranean and Oceanic climates. Spot air sampling 

of CO2 (g) and δ13CO2 in the caves, soils and outside atmospheric air was 

periodically conducted. The isotopic ratio of the source contribution 

enhancing the CO2 concentration was calculated using the Keeling model. 

We compared the isotopic ratio of the source in the soil (δ13Cs-soil) 

with that in the soil-underground system (δ13Cs-system). Although the 

studied field sites have different features, we found common seasonal 

trends in their values, which suggests a climatic control over the soil 

air CO2 and the δ13CO2 of the sources of CO2 in the soil (δ13Cs-soil) and 

the system (δ13Cs-system). The roots respiration and soil organic matter 

degradation are the main source of CO2 in underground environments, and 

the inlet of the gas is mainly driven by diffusion and advection. Drier 

and warmer conditions enhance soil-exterior CO2 interchange, reducing the 

CO2 concentration and increasing the δ13CO2 of the soil air. Moreover, 

the isotopic ratio of the source of CO2 in both the soil and the system 

tends to heavier values throughout the dry and warm season.  

We conclude that seasonal variations of soil CO2 concentration and its 

13C/12C isotopic ratio are mainly regulated by thermo-hygrometric 

conditions. In cold and wet seasons, the increase of soil moisture 

reduces soil diffusivity and allows the storage of CO2 in the subsoil. 

During dry and warm seasons, the evaporation of soil water favours 

diffusive and advective transport of soil-derived CO2 to the atmosphere. 

The soil CO2 diffusion is enough important during this season to modify 

the isotopic ratio of soil produced CO2 (3-6‰ heavier). Drought induces 

release of CO2 with an isotopic ratio heavier than produced by organic 

sources. Consequently, climatic conditions drive abiotic processes that 
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turn regulate a seasonal storage of soil-produced CO2 within soil and 

underground systems. The results here obtained imply that abiotic 

emissions of soil-produced CO2 must be an inherent consequence of 

droughts, which intensification has been forecasted at global scale in 

the next 100 years. 
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Abstract 

This study characterizes the processes involved in seasonal CO2 exchange between soils and 1 

shallow underground systems and explores the contribution of the different biotic and abiotic 2 

sources as a function of changing weather conditions. We spatially and temporally investigated 3 

five karstic caves across the Iberian Peninsula, which presented different microclimatic, 4 

geologic and geomorphologic features. The locations present Mediterranean and Oceanic 5 

climates. Spot air sampling of CO2 (g) and δ13CO2 in the caves, soils and outside atmospheric air 6 

was periodically conducted. The isotopic ratio of the source contribution enhancing the CO2 7 

concentration was calculated using the Keeling model. We compared the isotopic ratio of the 8 

source in the soil (δ13Cs–soil) with that in the soil-underground system (δ13Cs–system). 9 

Although the studied field sites have different features, we found common seasonal trends in 10 

their values, which suggests a climatic control over the soil air CO2 and the δ13CO2 of the 11 

sources of CO2 in the soil (δ13Cs–soil) and the system (δ13Cs–system). The roots respiration and 12 

soil organic matter degradation are the main source of CO2 in underground environments, and 13 

the inlet of the gas is mainly driven by diffusion and advection. Drier and warmer conditions 14 

enhance soil-exterior CO2 interchange, reducing the CO2 concentration and increasing the 15 

δ13CO2 of the soil air. Moreover, the isotopic ratio of the source of CO2 in both the soil and the 16 

system tends to heavier values throughout the dry and warm season.  17 
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We conclude that seasonal variations of soil CO2 concentration and its 13C/12C isotopic ratio are 18 

mainly regulated by thermo-hygrometric conditions. In cold and wet seasons, the increase of 19 

soil moisture reduces soil diffusivity and allows the storage of CO2 in the subsoil. During dry 20 

and warm seasons, the evaporation of soil water favours diffusive and advective transport of 21 

soil-derived CO2 to the atmosphere. The soil CO2 diffusion is enough important during this 22 

season to modify the isotopic ratio of soil produced CO2 (3-6‰ heavier). Drought induces 23 

release of CO2 with an isotopic ratio heavier than produced by organic sources. Consequently, 24 

climatic conditions drive abiotic processes that turn regulate a seasonal storage of soil-25 

produced CO2 within soil and underground systems. The results here obtained imply that 26 

abiotic emissions of soil-produced CO2 must be an inherent consequence of droughts, which 27 

intensification has been forecasted at global scale in the next 100 years. 28 

Keywords: Vadose Zone, CO2 exchange, δ13CO2, Climatic control, Soil CO2 diffusion 29 

1 Introduction 30 

Climate change is expected to modify current climate producing not only a progressive global 31 

warming but also changes on the frequency, the severity and the nature of the climatic 32 

extreme events. Current climate models forecast a global intensification of heavy precipitation 33 

events, heat extremes and longer and stronger droughts (Ciais et al., 2013). This may produce 34 

substantial changes in the ecosystems affecting therefore to carbon cycling and its feedbacks 35 

to the climate system. There are still many uncertainties related to the processes controlling 36 

ecosystem carbon fluxes. Thus, responses of the environment to climate changes have not yet 37 

been completely determined in terms of time, direction or intensity (Frank et al., 2015). 38 

Diverse climate-dependent processes occurring on different timescales (i.e., from hours to 39 

millions of years) are involved in ecosystems carbon cycling (Berner, 2003). Among them, 40 

carbonate weathering and underground CO2 storage are abiotic processes that are considered 41 

significant parts of the terrestrial flux of carbon at short time scales (hourly, daily and annually 42 
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(Liu and Zhao, 2000; Mörner and Etiope, 2002; Kowalski et al., 2008; Gilfillan et al., 2009; 43 

Serrano-Ortiz et al., 2010; Roland et al., 2013; Fernandez-Cortes et al., 2015a)). Part of these 44 

carbon fluxes takes place in the subsoil vadose zone in which aqueous and gaseous 45 

transference processes of CO2 between the underground environment and the overlying soil 46 

are regulated essentially by the temperature and water content of the soil-rock layer (Cuezva 47 

et al., 2011; Pla et al., 2017a). 48 

Subsurface caves in the vadose zone commonly present high concentration of CO2 compared 49 

to outdoor air. The main source of the CO2 in the caves results from the organic activity taking 50 

place in the overlying soil (Baldini et al., 2006; Genty et al., 2008, Fig. 1) and/or the vadose 51 

zone (Noronha et al., 2015; Mattey et al., 2016). Soil CO2 efflux is the largest terrestrial flux of 52 

CO2, known as soil respiration (Ryan and Law, 2005; Jassal et al., 2007). Moreover, lately 53 

studies have identified an important source of CO2 in caves in the decay of soil organic matter 54 

washed down into the unsaturated zone (Mattey et al., 2016). The transfer of organic-derived 55 

CO2 towards less concentrated zones and throughout the system of air-filled pores, cracks and 56 

voids in bedrock is favoured by the diffusive mechanism (mass transport process) triggered as 57 

a response to the concentration gradient (Christoforou et al., 1996; Bourges et al., 2001; 58 

Breecker et al., 2012; Garcia-Anton et al., 2014a). Additionally, advection (bulk air movement) 59 

has been observed to be an important mechanism of CO2 transport throughout some 60 

underground environments (Frisia et al., 2011; Fernandez-Cortes et al. 2015a; Mattey et al., 61 

2016). Organic derived CO2 also can reach the cave by geochemical dissolution in infiltrating 62 

water and afterward degassing in the underground environment (Fig. 1). This process is linked 63 

to speleothems formation. Nevertheless, several important studies concluded that CO2 supply 64 

by dripping waters in caves is relatively low compared to the soil-derived CO2 inlet in gaseous 65 

phase (Baldini et al., 2006; Frisia et al., 2011; Breecker et al., 2012). 66 
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The CO2 stored in caves commonly presents variations strongly driven by ventilation (advective 67 

air movement) due to the inflow of less concentrated exterior air and the simultaneous 68 

outflow of the underground air (Fernandez-Cortes et al., 2009; Frisia et al., 2011; Garcia-Anton 69 

et al., 2014a, Fig. 1). Ventilation episodes are regulated by synoptic weather conditions 70 

(Bourges et al., 2001; Mattey et al., 2010; Fernandez-Cortes et al., 2011; Fernandez-Cortes et al 71 

2015a, among others). Rainfall and the relative humidity of air regulate the water content in 72 

soil and host rock porous media that play important roles in regulating the gas exchange 73 

between the underground environment and the surface (Cuezva et al., 2011; Fernandez-Cortes 74 

et al., 2013). Air density contrasts (controlled by temperature gradient between the cave air 75 

and the atmosphere) and cave geometry determine the advective movement of air that 76 

produces the cave ventilation (Fernandez-Cortes et al., 2009; Faimon et al., 2012; Sanchez-77 

Cañete et al., 2013; James et al., 2015). Interior temperature of caves is in general very stable 78 

compared to the exterior air due to the characteristic low thermal conductivity of rocks. This 79 

generates significant interior-exterior temperature contrasts that trigger ventilation and air 80 

exchange processes. On the other hand, caves morphology determines the inner-outer air 81 

masses altitudinal relationship, which in most of the cases determines caves ventilation 82 

patterns throughout the year (Faimon et al., 2012). Ventilation of caves releases the stored 83 

underground air that can influence seasonal and daily CO2 fluxes between soil-subsoil and the 84 

atmosphere at local scale (Kowalski et al., 2008; Sanchez-Cañete et al., 2011; Hamerlynck et 85 

al., 2013; Chen et al., 2014; Wang et al., 2014). Discriminating the biogeochemical processes 86 

occurring through the rock and soil involving CO2 is key to understanding the surface-87 

atmosphere exchange of CO2 in terrestrial ecosystems. The δ13C of CO2 (δ
13CO2) in air has been 88 

traditionally studied to identify the characteristic δ13CO2 of ecosystem respiration and the 89 

contribution of different biotic or abiotic sources (Yakir and Sternberg, 2000; Pataki et al., 90 

2003; Hemming et al., 2005). The isotopic ratio characterizes the chemical changes undergone 91 

by the gas, introducing identifiers for the source of production and transport mechanisms 92 
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(Maseyk et al., 2009; Kayler et al., 2010; Moyes et al., 2010; Bowling and Massman 2011; 93 

Shanhun et al., 2012; Garcia-Anton et al., 2014a). In studies carried out in natural 94 

environments, the δ13CO2 of the source contributing to enhance the CO2 concentration in air 95 

can be easily obtained by mass-balance estimations such as the Keeling approach (Keeling, 96 

1958; Keeling, 1961). Traditionally, the Keeling plot has been used to identify the δ13CO2 of a 97 

single source component contributing to the ecosystem. However, in this work, we applied the 98 

Keeling plot to study the interaction between three components of a karst system: exterior 99 

atmosphere, soil air and subsurface stored air. The data treatment applied highlights the 100 

differences between the isotopic ratio characterizing the soil contribution and the isotopic 101 

ratio corresponding to the combination of the soil and the underground system contribution. 102 

The aim of the present research is to characterize biotic and abiotic processes involved in CO2 103 

exchange in the underground-soil-atmosphere system at the seasonal/annual scale. We 104 

examine the role of the vadose zone influencing ecosystem CO2 fluxes as function of climate 105 

changes. We spatially and temporally investigated five karstic locations across the Iberian 106 

Peninsula with different geologic and geomorphologic features located at Oceanic and 107 

Mediterranean climates. The different locations gave us a broad view of the response of the 108 

systems to a range of conditions: from extremely hot and dry (Mediterranean climate 109 

summers) to temperate and humid (Oceanic climate).  We focused our study on the variability 110 

of the isotopic signal δ13C of the source of CO2. Spot air sampling of CO2 (g) and δ13CO2 of the 111 

three major air masses involved (cave, soil and outside atmosphere) was periodically 112 

conducted (monthly and bimonthly). The main environmental conditions at the surface 113 

(temperature, relative humidity and rainfall) and inside the cave atmosphere (temperature, 114 

relative humidity and gases concentration in the air) were continuously measured and 115 

registered by monitoring systems during the sampling periods at each field site. 116 

2. Sites, materials and methodology 117 
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2.1 Field sites 118 

The studied sites are different caves located in the Iberian Peninsula (Fig. 2) that present 119 

different geologic, morphologic and climatic conditions. Different features of the studied caves 120 

are suitable to both identify common processes occurring in underground environments and 121 

distinguish them from local effects. Table 1 synthesizes relevant available information about 122 

the field sites.  123 

2.1.1 Altamira  124 

Altamira cave is a shallow vadose karst cavity located in a hill 161 m.a.s.l. at a depth of 322 m 125 

(8 m on average) below the surface (Fig. 3). The cavity has a single entrance in a 126 

topographically higher position (152 m.a.s.l.) and includes several main rooms that have a 127 

downward trend from the outside access to the deepest part of the cave. The host rock in the 128 

Altamira Cave is a thin to medium, parallel bedded, Cenomanian (Upper Cretaceous) limestone 129 

succession from 13.5 to 15 m thick.  130 

Altamira cave is located in an Oceanic or specifically Warm temperate climate, fully humid with 131 

a temperate summer (Cfb climate type, Köppen-Geiger Classification slightly modified, AEMET-132 

IM, 2011, Fig. 2, Table 1). The annual precipitation is approximately 1400 mm and the mean 133 

annual temperature and relative humidity are approximately 14 oC and 85%, respectively.  134 

The cave was defined in Cuezva et al., (2009) as a stable environment, with high thermo-135 

hygrometric stability throughout the year (ranges of monthly average temperatures: 13.38-136 

14.56 oC, Garcia-Anton et al., 2014b) and a low energy exchange with the surface. Relatively 137 

high levels of air CO2 are registered during winter and lowest values during summer (from June 138 

to October), due to the most effective cave ventilation in this warmer and drier period (ranges 139 

CO2 concentrations: 677-5576 ppm, Garcia-Anton et al., 2014b).  The characteristic ventilation 140 

pattern in this cave contrasts to the classical models (Mangin and Andrieux, 1988), in which 141 
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downward caves with a unique entrance in its upmost part are expected to present their 142 

ventilation stage during the winter (according to the inner-outer density/temperature 143 

gradient). Therefore, the cave must have unknown connections to the surface that allow active 144 

chimney-effect air movements during the summer. These connections have been identified in 145 

previous studies (Garcia-Anton et al., 2014a) and located in the lowest part of the cave (Well 146 

Hall, Fig. 3). 147 

Water supply in this cave is relatively low and restricted to seepage waters. Maximum 148 

infiltration rates occur during autumn and winter, and occasionally during spring, whereas 149 

practically null percolation rates characterize the summer season (Cuezva, 2008). 150 

Consequently, speleothem development is scarce in this cave. 151 

2.1.2 Castañar de Ibor  152 

Castañar de Ibor cave is hosted in Neoproterozoic rocks that form the core of the Ibor 153 

Anticline. These rocks are shales and greywackes with interbedded dolostones and magnesites 154 

(Alonso-Zarza et al., 2011). The cave was developed by the dissolution of the dolomitic beds. 155 

Besides, the extensive weathering of the shales and greywackes favours collapses, which 156 

created and enlarged the cave. Castañar de Ibor cave exhibits a maze pattern with a 157 

labyrinthine distribution of galleries that indicates a strong structural and lithological control 158 

on its formation (Fig. 4). The cave entrance is currently a vertical access, 9 m long over an area 159 

of 1.5 m2, with a quasi-hermetic trap door installed at the entrance.  160 

The geographical area is characterized by a Mediterranean or specifically Warm temperate 161 

climate with a dry and hot summer (Csa climate type, Köppen-Geiger Classification slightly 162 

modified, AEMET-IM, 2011, Fig. 2, Table 1). The annual precipitation is relatively low (slightly 163 

above 500 mm/year) with long periods of drought and maximum rainfall in autumn. Mean 164 

annual temperature is 15.5oC. 165 
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The Castañar de Ibor cave is a low energy and quite isolated cave with very high thermal 166 

stability throughout the annual cycle under natural conditions (monthly- averaged 167 

temperatures and CO2 concentrations range 16.93-16.96 oC and 3364-3866 ppm, respectively, 168 

Fernandez-Cortes et al., 2011). The high stability on the climate conditions of the Castañar de 169 

Ibor cave is due to the scarce interchange with the exterior air, mainly driven by natural 170 

barometric fluxes (Fernandez-Cortes et al., 2011). This type of microclimate is characteristic of 171 

cavities relatively well connected with exterior, with a single small entrance located above the 172 

cave (Choppy, 1982). 173 

Water inlet in the cave from exterior is restricted to slow infiltration that feed three small lakes 174 

(Fernandez-Cortes et al., 2010; Garcia-Guinea et al., 2013). This cave is especially remarkable 175 

by the quantity and variety of speleothems. Massive speleothems are associated with main 176 

fractures and bedding planes, while branching and fibrous, mostly aragonite, speleothems are 177 

related with capillary seepage or drip water (Alonso-Zarza et al., 2011). 178 

2.1.3 Ojo Guareña 179 

Ojo Guareña karst system is hosted in Upper Cretaceous limestones and dolomitic limestones 180 

(Camacho et al., 2006). In this geographic area, the climate is Oceanic or specifically Warm 181 

temperate climate, fully humid with a temperate summer (Cfb climate type, Köppen-Geiger 182 

Classification slightly modified, AEMET-IM, 2011, Fig. 2, Table 1). The annual mean 183 

precipitation is approximately 640 mm, and the average annual temperature is 11.9 oC 184 

(Fernandez-Cortes et al., 2015b).  185 

The Ojo Guareña cave system, one of the longest cave systems in Europe with over 100 km of 186 

development, is distributed over several overlapping levels composed of passages up to 10 m 187 

high and 20 m wide with 3 main entrances and several other minor cavities. In the sinkhole 188 

plain, we can find several entrances to the subterranean karst system, such as the Palomera 189 

doline and Dolencias sinkhole. Present study was conducted in a sector 3 km in length. This 190 
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sector represents only 2 % of the entire subterranean system (Fig. 5, Grupo Espeleologico 191 

Edelweiss, 1986; Camacho et al., 2006). 192 

Previous studies have described Ojo Guareña as an underground environment with strong 193 

rapid (daily) variations in temperature and trace gases concentration (CO2 and 222Rn). This 194 

indicates a high-energy exchange between the exterior atmosphere and the cavity (during an 195 

annual cycle cave temperatures and CO2 concentrations ranges are 2-11oC and 400-4500 ppm, 196 

respectively, Fernandez-Cortes et al., 2015a). This cave presents seasonally reversing, chimney-197 

effect winds, which is typical of caves with multiple connections with exterior atmosphere 198 

(Mangin and Andrieux, 1988).  199 

Ojo guareña cave system is developed by a sinking stream that inundates the most of the 200 

gallery  during the rainfall periods (Fernandez-Cortes et al., 2015a). It constitutes the main 201 

water supply from exterior. The inflow rate of water via the Ojo Guareña sinking Stream ranges 202 

from 0.1 m3 s-1 during the dry season to 0.65 m3 s-1 in winter and spring (Grupo Espeleologico 203 

Edelweiss Grupo Espeleológico Edelweiss 1986). In general, chemical dissolution dominates 204 

over carbonate precipitation. The more isolated spots inside the cave, with very low energy 205 

and matter exchange, presents active speleothems, as Museo de Cera chamber (Fig. 5). 206 

2.1.4 Rull 207 

Rull cave is located in massive Miocene conglomerates, with considerable textural and 208 

petrophysical complexity, which were deposited on Cretaceous limestones (Pla et al., 2016 and 209 

2017a, b). The cave consists in a single chamber with relatively small dimensions compared to 210 

the other study sites surveyed in the study (Fig. 6). 211 

The geographical area of Rull cave is characterized by a Mediterranean or specifically Warm 212 

temperate climate with a dry and hot summer (Csa climate type, Köppen-Geiger Classification 213 
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slightly modified, AEMET-IM, 2011, Fig. 2, Table 1). Mean annual temperature in Rull cave area 214 

is around 16oC and total annual precipitation is approximately 300 mm.  215 

Rull cave environment has a high thermo-hygrometric stability throughout an annual cycle. 216 

Mean temperature inside the cavity is of 16.4 °C and the thermal amplitude is lower than 0.5 217 

°C. The gaseous regimen in the indoor atmosphere is characterized by annual cycles with two 218 

main stages. Throughout the outgassing stage, ventilation (temperature-driven airflow) is 219 

responsible for the gaseous removal from the cavity when the cave temperature is higher than 220 

the outdoor temperature. During the warmest season, when outdoor temperature is higher 221 

than the cave temperature, the cavity suffers an isolation stage; the gaseous interchange is 222 

limited and, as consequence, the gaseous concentration increases sharply (Pla et al., 2016).  223 

This pattern is typical of caves with a downward tendency with a unique entrance located on 224 

the top (such as the Rull cave, Mangin and Andrieux, 1988). Colder and heavier air inflows in 225 

the cavity expelling the inner warmer and lighter air. Throughout an annual cycle, in Rull cave, 226 

CO2 air concentrations normally range from 800 to 4000 ppm. 227 

The water infiltration through dripping points is the main process of water recharge in Rull 228 

cave. There are not any evidences of water runoff along the cave passages. The cave presents 229 

low seeping rates during an annual cycle with maximum dripping during winter (Pla, 2017b).  230 

Torrential rainfalls primarily control dripping water activation. Inside the cave, there is a large 231 

quantity of speleothems (stalactites, stalagmites, flowstones etc.) with diverse mineralogy 232 

although prevailing calcite. 233 

2.1.5 El Sidron 234 

The karstic site of El Sidron is found in the so-called ‘‘Surco Oviedo-Infiesto’’ a strip of 235 

Mesozoic and Cenozoic sediments limited by Paleozoic relief to the north and south. The cavity 236 

is a pression tube of 600 m long, with a central stretch of 200 m oriented nearly west east. This 237 
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tube shows on its southern bank transverse galleries in a NE–SW to N–S direction, generally of 238 

a restricted nature (Fig. 7, Rosas et al., 2006). 239 

El Sidron cave is influenced by an Oceanic or specifically Warm temperate climate, fully humid 240 

with a temperate summer (Cfb climate type of the Köppen-Geiger Classification slightly 241 

modified, AEMET-IM, 2011, Fig. 2, Table 1). Mean annual temperature is approximately 13.1 oC 242 

and annual precipitation is around 1300 mm. Own data (not published) show a stable interior 243 

temperature throughout the year around 12 oC and relatively high ventilation rate 244 

characteristic of caves with multiple connections with the surface (Mangin and Andrieux, 245 

1988). 246 

El Sidron cave is part of a karstic valley developed by a stream feed by external runoff and 247 

infiltration waters. It disappears in the eastern part of the valley in a sinkhole that descends to 248 

lower karstic levels (Peña et al., 2011). The main gallery of El Sidron cave is seasonally flooded 249 

and subterranean river is active throughout year with high water flow during the rainy 250 

seasons. Speleothems can be observed in the cave, mainly flowstones, though chemical 251 

dissolution dominates over carbonate precipitation. 252 

2.1 Monitoring systems 253 

Surface stations recorded climate parameter variability outside the caves: temperature, 254 

relative humidity and rainfall amount. The Altamira and Castañar de Ibor caves had an 255 

additional monitoring system continuously measuring and registering the temperature and 256 

humidity in the soil zone (at 5 cm depth in Altamira and at 5, 30 and 50 cm depth in Castañar 257 

de Ibor). Inner climatic conditions (temperature, relative humidity, among others) were 258 

monitored in the Altamira, Castañar de Ibor, Ojo Guareña and Rull caves jointly with the radon-259 

222 (222Rn) concentration in the underground air as a tracer of ventilation (Lario et al., 2006; 260 

Richon et al., 2011). In the El Sidron cave, the exterior and inner temperature and relative 261 

humidity of the air were also registered. Altamira, Castañar de Ibor and Rull caves monitoring 262 
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systems were fed by electric current while El Sidron and Ojo Guareña systems were battery 263 

powered. 264 

Rainfall amount was registered in Altamira, Castañar de Ibor, Ojo Guareña and Rull caves by 265 

RG2-M pluviometers (Onset Computer Corporation, Bourne, MA, USA, resolution 0.2 mm). Air 266 

temperature and relative humidity were monitored outside Altamira and El Sidron and inside 267 

El Sidron and Ojo Guareña caves by HOBO U23 Pro v2 probes (Onset Computer Corporation, 268 

Bourne, MA, USA, accuracy ±0.2 oC and ±2.5%, respectively). The soil water volumetric content 269 

was measured in Altamira and Castañar de Ibor by ECHO EC-10 probes (Decagon Devices, 270 

Pullman, WA, U.S.A., accuracy 1-2%). Inner air temperature and relative humidity in Castañar 271 

de Ibor and Rull caves were surveyed by Rotronic probes HygroClip S3 with a Pt100 1/10 DIN 272 

thermometer and a humidity sensor (accuracy ±0.6%). The 222Rn concentration of cave air was 273 

continuously registered in Altamira, Castañar de Ibor, Ojo Guareña and Rull caves using Radim 274 

5WP monitors (GT-Analytic KG, Lambesc, France, accuracy ±0.3 (imp·Bq/h·m3). 275 

In Altamira cave, exterior soil temperature was tested by a TMC20-HD probe (Onset Computer 276 

Corporation, Bourne, MA, USA, accuracy ±0.5 oC). Inside of the cave, air temperature and 277 

humidity were surveyed by a Pt100 1/10 DIN sensor (accuracy ±0.03 oC) and a Hygroclip 1/5 278 

DIN (Rotronic, Bassersdorf, Switzerland, accuracy ±0.8%), respectively. In Castañar de Ibor, 279 

exterior air temperature and relative humidity were tested by a S-THB Sensor (Onset 280 

Computer Corporation, Bourne, MA, USA, accuracy ±0.2 oC and ±2.5%, respectively). Exterior 281 

soil temperature was controlled by a S-TMB-M006 sensor (Onset Computer Corporation, 282 

Bourne, MA, USA, accuracy ±0.2 °C). In Ojo Guareña cave, the exterior air temperature and 283 

relative humidity were measured with a HOBO-U21 data logger (Onset Computer Corporation, 284 

Bourne, MA, USA, accuracy ±0.01 °C and ±0.03% RH). Outside of the Rull cave, a weather 285 

station with an independent data logger (HOBO U12, Onset Computer Corporation, Bourne, 286 
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MA, USA) recorded the air temperature (accuracy ±0.2 °C) and relative humidity (accuracy 287 

±3.5%). 288 

Further details related to the monitoring systems for the Altamira, Castañar de Ibor, Ojo 289 

Guareña and Rull caves can be found in previous articles (Fernandez-Cortes et al., 2011; 290 

Garcia-Anton et al., 2014a; Fernandez-Cortes et al., 2015a; Pla et al., 2016). 291 

2.2 Collection and analysis of air samples 292 

A specific sampling and analysis program was designed and implemented to obtain data on 293 

CO2 (g) and δ13CO2 inside of the caves, the soil above the caves and the exterior atmosphere in 294 

their emplacements. Field campaigns (1-2 days long) were periodically carried out for 295 

collecting air samples in a spatially-distributed network of points in the caves, the soils and the 296 

exterior. Sampling work was conducted in each single site during a complete annual cycle. Soil 297 

air was extracted using an iron tube nailed to the ground by means of a micro-diaphragm gas 298 

pump (KNF Neuberger, Freiburg, Germany) at 3.1 l/min at atmospheric pressure. Cave air and 299 

exterior air were sampled using a low-flow pump and the resulting air aliquots were saved in 1 300 

l Tedlar bags with lock valves. The total number of samples collected at the different sites was 301 

190, 265 and 482 for exterior, soil and cave air respectively. Bag samples were analysed no 302 

later than 48 h after sampling using a Picarro G2101-i analyser. The system uses cavity ring-303 

down spectroscopy (CRDS) to identify and quantify the compounds contained in the analysed 304 

air (Crosson, 2008). The analyser measures the isotopologues of the carbon dioxide (12CO2 and 305 

13CO2) and automatically calculates the δ13CO2. The device measurement precisions are 200 306 

ppb and 10 ppb for 12CO2 and 13CO2, respectively. The resulting accuracy is 0.3‰ for δ13CO2 307 

after 5 minutes of analysis.   308 

Three in-house standards with certified gas mixtures and known CO2 concentration (7000 ppm, 309 

400 ppm and zero-CO2, supplied by PRAXAIR Spain in high-pressure gas cylinders for this study) 310 

were run regularly at the beginning and at the end of each day/session of analyses to verify the 311 
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proper functioning of the Picarro G2101-I analyser. Further details about the methodological 312 

procedures and quality results can be found in Fernandez-Cortes et al. (2015b). In addition, 313 

both in-house standards and air samples were also subjected to quality control by comparing 314 

the results obtained with the Picarro G2101-i analyser with duplicated bags collected, in situ 315 

(on field) and from cylinders, and subsequently analyzed independently in the greenhouse gas 316 

laboratory at Royal Holloway University of London (RHUL). CH4 and CO2 mole fractions of these 317 

duplicated samples were measured in the RHUL lab with a Picarro G1301 CRDS analyzer and 318 

the δ13CO2 was measured in triplicate by continuous flow gas chromatography isotope ratio 319 

mass spectrometry (CF GC-IRMS) using a GV Instruments TraceGas – Isoprime system (Fisher et 320 

al., 2006). Both equipments were regularly calibrated against the NOAA (National Oceanic and 321 

Atmospheric Administration) using internal secondary standard tanks gas and a NOAA 322 

standard cylinder. The repeatability obtainable with CF GC-IRMS is 0.03 ‰ for 13CO2 for ten 323 

consecutive analyses of a standard tank (Fisher et al., 2006). 324 

These internal and inter-comparison procedures periodically confirmed that the performance 325 

specifications regarding CO2 analyses via our CRDS analyzer were met. 326 

 327 

2.3 Data analysis 328 

The CO2/δ13CO2 results of the samples analysis were studied using the Keeling approach. The 329 

Keeling plot incorporates the assumption that each data point represents a mixture of two 330 

end-member gases. The first is generally considered the background atmosphere and the 331 

second end-member is assumed to be pure CO2 (CO2 source) that has been added to 332 

atmospheric air to produce the composition of the observed point. The isotopic composition of 333 

source CO2 (δ
13CO2) is estimated with the Keeling plot by extrapolating the straight line joining 334 

the atmospheric end-member to the data point under consideration, as far as its intersection 335 
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with the δ13C axis. This method is widely used to characterize the δ13CO2 of ecosystem 336 

respiration (Keeling, 1958; Keeling, 1961; Yakir and Sternberg, 2000; Pataki et al., 2003), and it 337 

has recently been used to determine the source of the high concentration of CO2 measured in 338 

caves (Spotl et al., 2005; Mattey et al., 2010; Frisia et al., 2011).  339 

The Keeling approach is based on a simplified two-end member model: the isotopic ratio of the 340 

CO2 concentration in the studied air mass (a) results from the proportional mixing of the 341 

δ13CO2 of a background concentration of CO2 (b) and the δ13CO2 of the CO2 added from 342 

unknown sources:      343 

 𝐶𝑂2 𝑎 · 𝛿
13𝐶𝑎 =  𝐶𝑂2 𝑏 · 𝛿

13𝐶𝑏 +  𝐶𝑂2 𝑠 · 𝛿
13𝐶𝑠      (1) 344 

The background concentration represents the CO2 of the clean troposphere characterized by a 345 

present-day isotopic ratio of near -8‰ (Vaughn et al., 2010; Bowling et al., 2014). The method 346 

provides the value of the source without any information about the concentration or the 347 

isotopic ratio of the background component (none of them are spatially or temporally constant 348 

variables). The isotopic 13C/12C ratio of added CO2 is easily obtained as the intercept of the 349 

fitted line of the [1/CO2, δ
13CO2] points resulting from the analysis of the air samples. By 350 

assuming: 351 

 𝐶𝑂2 𝑎 =  𝐶𝑂2 𝑏 +  𝐶𝑂2 𝑠       (2) 352 

and by combining equations 1 and 2: 353 

𝛿13𝐶𝑎 =  𝐶𝑂2 𝑏 ·  𝛿
13𝐶𝑏 − 𝛿13𝐶𝑠 ·  1  𝐶𝑂2 𝑎  + 𝛿13𝐶𝑠     (3) 354 

When more than two end-members are present in the mixture of air, then the Keeling plot will 355 

give also the δ13C of the pure CO2 (CO2 source) that would have to be added to atmospheric air 356 

to produce the composition for the data point under consideration. This is of course only an 357 

apparent composition, and does not correspond to a real source of CO2 if there are other 358 
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processes occurring, for example, diffusion or mixing with several pure CO2 sources that have 359 

more than a single composition for δ13C.  360 

The value obtained from equation (3) reflects a general trend in the range of the isotopic 361 

variations of the different possible sources. Therefore, the δ 13C of the 'pure-CO2' end-member 362 

is always an apparent value, which must be interpreted with the help of additional hypotheses 363 

or additional information, or both.  364 

If data point (air mixtures) all lie close to a best-fit line, the conclusion is often drawn that all 365 

the points represent mixtures between atmospheric air and a single pure-CO2 end-member. In 366 

practice, data often scatters closely around a best-fit line and it can be attributed either to 367 

measurement and sampling errors or to composition fluctuations of the pure-CO2 end-368 

member. When the scatter is greater, other models have to be considered (e.g., diffusion or 369 

mixing with other CO2 sources).  370 

In this work, the conceptual frame established for the fieldwork and data analysis is essentially 371 

based on advective and diffusive CO2 exchange between exterior atmosphere, soil and the 372 

caves environments (according to Fig. 1). On the basis of previous work carried out in these 373 

sites (Fernandez-Cortes et al., 2009; Garcia-Anton, 2014b; Fernandez-Cortes et al., 2015; Pla et 374 

al., 2016), we assume that drip water CO2 degassing is present but its contribution to the total 375 

CO2 concentration of the underground environments is considered negligible compared to the 376 

transport processes in gaseous phase (i.e. advection or diffusion). 377 

The applicability of the Keeling plot has been proven in environments where the mixing 378 

process between air masses occurs by bulk advection (Bowling and Massman, 2011; Buchmann 379 

et al., 1998; Zobitz et al., 2006). However, the assumption of the model for diffusive 380 

environments (e.g., from the air-filled porosity of soils to the open atmosphere) could lead to 381 

misinterpretation relative to the isotopic ratio of the source (Risk and Kellman, 2008; 382 

Nickerson and Risk, 2009). The diffusive process introduces an isotopic fractionation in the CO2 383 
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input to the resulting concentration (established at -4.4‰ in stationary conditions, Craig, 1953; 384 

Cerling et al., 1991). Then, the value obtained with the model refers to the isotopic ratio of the 385 

CO2 that enhances the concentration, which is different from the original due to the 386 

fractionation suffered during the mixing process. 387 

3 Results 388 

3.1 Exterior samples 389 

The CO2 recorded in the exterior atmosphere of the studied field sites varied over a narrow 390 

range both among sites (399.1 to 476.4 ppm; Table 2, 3) as well as temporally within sites (less 391 

than 32 ppm). The δ13C of CO2 showed a modest range among sites (-13.2 to -8.2‰) but minor 392 

temporal variations (less than 2.6‰). These values are consistent to clean atmospheric 393 

conditions slightly modified by organic activity due to the proximity of the sampling to the 394 

surface. In each field campaign, the variability in the parameters was relatively low, with 395 

maximum ranges of variation of 97.5 ppm and 3.6‰ for CO2 and δ13CO2, respectively. 396 

3.2 Soil samples 397 

Soil-contained CO2 mean values ranged from 935.5 to 8116.1 ppm and the δ13CO2 from -27.2 398 

to -18.8‰ (Fig. 8, Table 2). The soil CO2 concentration was always greater and its isotopic ratio 399 

was always lighter than those of the exterior air. In general terms, soil samples presented 400 

much greater range both spatially as well as temporally in the soil CO2 (compared to 401 

atmosphere). Castañar de Ibor cave presented the maximum soil CO2 concentration (9461.2 402 

ppm in November 2011) and the greatest seasonal range (8974.9 ppm, Table 3). Highest soil 403 

δ13CO2 was observed in Rull cave (-15.3‰ in July 2014), which also presented the greatest 404 

seasonal range (10.2‰, Table 3). Lower soil concentrations of CO2 correspond to higher values 405 

of δ13CO2, which in general, were observed in summer months (Fig. 8, Table 2). This set of 406 
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values is in concordance with mixed atmospheric air and soil-produced CO2 with a δ13CO2 407 

around -27‰ (for C3-type land plants, Amundson et al., 1998). 408 

 3.3 Cave samples 409 

All of the samples obtained presented higher concentrations of CO2 and lower δ13CO2 than 410 

those of the exterior air. Mean values of CO2 concentration and δ13CO2 for each field campaign 411 

were from 457.7 ppm to 5678 ppm and from -26.4‰ to -12.1‰ (Fig. 8, Table 2). Altamira cave 412 

presented the highest absolute CO2 concentration (6214.7 ppm in November 2011) and the 413 

greatest seasonal range (5886.8 ppm, Table 3). Lowest absolute CO2 concentration was 414 

observed in Ojo Guareña cave (415.02 ppm in June 2014) and the lowest annual range was 415 

observed in Rull cave (2330.4 ppm). Minimun δ13CO2 was registered in Altamira cave (-26.7‰ 416 

in March 2015) and the lowest annual range was observed in Castañar de Ibor cave (4.3‰). 417 

Maximum δ13CO2 was registered in Ojo Guareña cave (-8.2‰ in June 2014), which also 418 

presented the greatest seasonal range (10.2‰, Table 3). Altamira and Castañar de Ibor caves 419 

presented their minimum CO2 concentration and maximum δ13CO2 in the summer season 420 

while their winter months are characterized by higher CO2 values and minimum δ13CO2. The 421 

opposite pattern was observed in Ojo Guareña, Rull and El Sidron caves (Fig.8, Table 2).  422 

3.4 Estimation of the δ13C of the CO2 source  423 

Isotope and CO2 concentration values have been used to estimate the isotopic ratio of the CO2 424 

source (δ13Cs) using the Keeling plot method (Fig. 9). The intercept values of the Keeling plot 425 

(δ13Cs) for the samples collected over a year at each field site were -27.7‰ (Altamira), -25.9‰ 426 

(Castañar), -26.7‰ (Ojo Guareña), -27.6‰ (Rull) and -27.5‰ (El Sidron). These values indicate 427 

a prevalence of C3 plant activity in these systems (around -27‰, Amundson et al., 1998). 428 

Two Keeling plots were obtained for each sampling field campaign (Table 2, Fig. 10) taking into 429 

account: 1) all samples collected (in the exterior, in the soil above the cave and inside the cave) 430 
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and 2) the samples collected in the exterior air and in the soil. As a result, the temporal 431 

variations in 1) the isotopic ratio of the source for the entire system (δ13Cs–system) and 2) the 432 

isotopic ratio of the soil-produced CO2 (δ
13Cs–soil) were obtained. The 1/CO2 and δ13CO2 values 433 

fit the Keeling model with a coefficient of determination that was higher than 0.9 (R2>0.9). 434 

δ13Cs–system ranged from -24.7‰ and -29.8‰ and δ13Cs–soil ranged from -21.5‰ to -29.4‰ 435 

(Table 2). 436 

The values obtained at each field site exhibited seasonal patterns. Lower values of the isotopic 437 

ratios of the sources (δ13Cs–system, δ13Cs–soil) were observed during the wetter and colder 438 

months, while a trend to heavier values was observed in the dryer and warmer months. 439 

Differences between the δ13Cs–system and δ13Cs–soil in the studied caves alternated their 440 

relative roles of heavier/lighter with a common trend towards δ13Cs–system < δ13Cs–soil during 441 

drier and warmer climatic conditions (Fig. 8). 442 

4 Discussion 443 

4.1 Temperature versus soil moisture control on CO2 and δ13CO2 in soil air  444 

The CO2 concentration and the δ13CO2 of the air contained in the soil at each field site varied 445 

throughout the year (Fig. 8). It is well known that variations in soil CO2 concentration and 446 

therefore in δ13CO2 are regulated by both biotic and abiotic processes (Moyes et al., 2010; 447 

Kayler et al., 2010). The organic respiration in soil by heterotrophic and autotrophic organisms 448 

is mainly determined by soil temperature and moisture. Moreover, gas transfer processes 449 

between soil and the exterior air, which determines the soil efflux, play an important role in 450 

the soil CO2 concentration. The increase in CO2 production with the increase in temperature 451 

has been well demonstrated in a wide number of studies (Lloyd and Taylor, 1994; Fang and 452 

Moncrief, 2001; Risk et al., 2002). However, the cause-effect relationship between soil 453 

moisture and soil CO2 efflux is not well defined (Fang and Moncrief, 2001; Vicca et al., 2014). 454 

Soil CO2 productivity is directly dependent on soil moisture with a relationship particularly 455 
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marked along the annual cycle by significant responses to rain events (Xu et al., 2004). 456 

Moreover, extremely wet soil conditions decrease the gas diffusivity in the soil (Hashimoto and 457 

Komatsu, 2006; Jabro et al., 2012), which could favour an increase on the soil CO2 458 

concentration. The Altamira and Castañar caves have a continuous record of the volumetric 459 

water content (VWC) during the sampling periods analysed here. The δ13CO2 of the samples 460 

collected at the Altamira and Castañar field sites shows a well-defined linear relationship with 461 

the soil moisture, expressed as the volumetric water content (VWC, (Fig. 8 and Fig. 11B)). 462 

Throughout the studied cycles, the lower δ13CO2 corresponded to higher CO2 concentrations in 463 

the soil, marking the lower influence of exterior air in the CO2 contained in the soil (Fig. 11B). 464 

This relationship seems to be essentially driven by soil moisture. The increase in soil water 465 

content increases respiration rates and decreases diffusivity, which increases belowground CO2 466 

with an isotopic ratio that is closer to the characteristic value of organic CO2 production 467 

(lighter values). This relationship is characteristic for each field-site, pointing to a dependence 468 

on the specific vegetation, soil properties (organic matter, microbiological activity, etc.) and 469 

physical and/or climatic features. Although soil moisture has not been monitored in Ojo 470 

Guareña, Rull and El Sidron caves, these observations are also consistent with the data 471 

collected in these sites (Fig. 8). Soil CO2 and δ13CO2 seasonal variations can be observed linked 472 

to the annual climate cycle in which high soil CO2 and light δ13CO2 values are characteristic of 473 

wetter and colder months. 474 

Regarding the temperature control on soil CO2 and δ13CO2, heavier values are observed during 475 

the summer stages in all the studied sites (Fig. 8). This probably reflects higher rates of soil-476 

atmosphere exchange as a consequence of lower water content in the soils. 477 

According to the observations, connection between soil and exterior air masses and 478 

respiration rates control soil CO2 (g) concentration and its δ13C. High humidity conditions 479 

during the rainy season favour production and storage of CO2 in the soil’s pore space.  480 
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4.2 Sources of variation in δ13C of soil-produced CO2 481 

The isotopic ratio of the source to the soil (δ13Cs–soil) distinguishes the variations in the 482 

isotopic ratio of the soil-produced CO2, irrespective of the influence of exterior air, according 483 

to the assumed two-end member model (i.e., the air contained in the soil is a mixture of 484 

exterior air and soil-produced CO2). The obtained isotopic ratio of the source in the soil (δ13Cs–485 

soil) for each field campaign carried out in the Altamira and Castañar de Ibor caves (Table 2) 486 

was compared with the mean values of soil moisture recorded during each field campaign (Fig. 487 

8 and 12). The set of data pairs have a common logarithmic downward trend pointing to 488 

common processes driving the isotopic ratio of the source of CO2 in the soil. Heavier values for 489 

the isotopic ratio of the source in the soil are characteristic of drier conditions, whereas lighter 490 

values correspond to higher soil moisture (Fig. 12). 491 

The results reported here are consistent with many previous studies, in which a heavier 492 

isotopic source value is observed during drier and warmer seasons compared to the colder and 493 

wetter months of the year (Ekberg et al., 2007; Marron et al., 2009; Goffin et al., 2014). Other 494 

studies have related the variations in the δ13C of ecosystem and soil respiration to air humidity 495 

(Ekblad and Högberg, 2001; Bowling et al., 2002; Ekblad et al., 2005). This parameter is used as 496 

an index of plant moisture stress known to influence the isotopic discrimination during 497 

photosynthesis (Farquhar et al., 1982). This effect is observed in environments with a strong 498 

seasonality in the moisture contained in the air. However, the characteristic humid climate of 499 

the Altamira field site (Table 1, Fig. 8) maintains a monthly average relative humidity above 500 

70% during the entire year, with values above 90% most of the year (Sanchez-Moral et al., 501 

1999; Cuezva et al., 2009). Thus, seasonal variations observed in δ13CO2 of soil respiration at 502 

Altamira contrast the explanation based on moisture stress suffered by the autotrophic 503 

organisms in drier conditions. 504 
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Advection and diffusion mechanisms are responsible for  soil CO2 transport to the atmosphere 505 

and to the underground system. While advection supposes a bulk movement of air without 506 

modification of the isotopic ratio of the source for the displaced air mas (soil air into the 507 

exterior), diffusion affects the isotopic ratio of the displaced gas during the process (Nickerson 508 

and Risk, 2009). Due to the weight difference between 13C and the major isotopologue of C, 509 

12C, the diffusive movement of the gas results into an enlightenment of the displaced gas 510 

regarding to its original isotopic ratio. As a result, the CO2 of the pool source (in this case the 511 

soil) could result heavier than the produced CO2 if diffusive transport of the gas is considerably 512 

greater than production. The isotopic fractionation by diffusion is theoretically estimated in -513 

4.4‰ (Cerling et al., 1984) but it is known that this ratio could be rather variable (Davidson, 514 

1995). According to this, an increase of diffusion in soil would lead to heavier δ13CO2 values. 515 

This effect could be occurring in our study sites as we have observed heavier values of the CO2 516 

source in the soil during drier periods in which less soil humidity would induce an increase of 517 

the gas diffusivity (Jabro et al., 2012).  518 

Figure 13A presents the measurements on soil gas at the 5 fieldworks sites as a Keeling plot, 519 

including the functions modelling either the diffusion from a gas source and the advection and 520 

mixing with atmospheric air. The grey-shaded area in Figure 13A includes the soil air affected 521 

by the mixing between background atmosphere and the apparent composition of pure CO2 522 

produced by microbial respiration in soil. To model the mixing of pure CO2 with atmospheric 523 

air, a theoretical concentration of CO2 of 20000 ppm (twice the maximum concentration 524 

measured in the soil samples, roughly 9500 ppm) and a δ13C ranging -26 to -28‰ for pure CO2 525 

produced by microbial respiration in soils containing organic matter from C3 vegetation 526 

(according to Amundson et al., 1998) were considered. The black-solid straight lines of the 527 

mixing area are labeled as % of pure additional CO2 remaining in the soil air. 528 
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Air contained in soil above Altamira cave (particularly during summer months) is well mixed 529 

with background atmosphere and the pure CO2 remaining in soil samples are usually below 530 

10%. By contrast, in poor-ventilated soils the pure CO2 remaining is higher than 10%. The wide 531 

scatter of data in soil air from Ojo Guareña, Rull and Castañar is attributed to two processes 532 

acting in combination: 1) mixing of pure CO2 with atmospheric air and 2) isotopic fractionation 533 

of carbon in CO2 as the gas diffuses from the soil pore-space into some other reservoir (e.g. 534 

epikarst or open atmosphere). The curved arrows in Figure 13A show the kinetic fractionation 535 

trajectory of soil CO2 due to its upwards diffusion to open atmosphere or epikarst, modelled by 536 

a Rayleigh-type distillation process with a fractionation coefficient of 4.4‰ (based on the 537 

theoretical mass-dependent fractionation between 12CO2 and 13CO2 during diffusion, according 538 

to Camarda et al., 2007). The Rayleigh equation is an exponential relation that describes the 539 

partitioning of isotopes between two reservoirs as one-reservoir decreases in size, in this case 540 

the CO2 content in soil air. Each curve arrow starts from a soil air with a different percentage of 541 

remaining pure CO2 produced by respiration in soil. The black-solid curve starts from a 542 

theoretical source of CO2 (2% CO2 and -27‰ δ13CO2) and the dashed arrows from a certain 543 

percentage of pure additional CO2 (20% and 50% remaining, respectively). As an example, the 544 

curve arrow that starts from a 20% remaining of pure CO2 has been labelled with the fraction 545 

of CO2 remaining after Rayleigh fractionation associated to the diffusion process. In areas with 546 

lower annual rainfall rates such as Ojo Guareña, Castañar and Rull (Table 1), most of the soil air 547 

samples fit well to these diffusion curves and, therefore, this indicates an effective diffusion of 548 

CO2 from soil to open atmosphere or to deeper soils locations and epikarst zone. Soil air with a 549 

remaining pure CO2 that ranges between 50% and 20% undergoes gas diffusion and the 550 

resulting air mixtures measured in soil usually have a remaining fraction of soil-derived CO2 551 

between 0.2 and 0.5. 552 

According to the above discussion, the diffusive transport of the gas is likely responsible for the 553 

temporal variations observed in the isotopic ratio of the soil-produced CO2 in the sites studied 554 
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here (Fig. 8). Reduction of soil humidity during the drier season, due to less rainfall and 555 

increase of temperatures, promotes diffusion of soil produced CO2 to the atmosphere, deeper 556 

soil layers or the epikarst. This effect would produce an enrichment of the soil contained CO2, 557 

which in last term causes an overestimation of the  CO2 source isotopic ratio 13C/12C (organic 558 

production). Diffusion of the gas during dry season must play a major role on the gas transport 559 

process to the atmosphere, as it is strong enough to modify the isotopic signal of organic 560 

produced CO2. 561 

Some cave end-members of Keeling plots have a higher δ13C than their corresponded soil-562 

produced gas, which indicate that, in these cases, there are more processes involved on CO2-563 

transport beside the diffusion. Consequently, the added CO2 does not directly come from the 564 

soil. The Keeling plots for soil air show considerable non-linear scatter in some cases (Fig. 13A) 565 

and this indicates that the soil data do not correspond exactly to δ13C of the CO2 fluxes 566 

produced in the soil. CO2 data measured in soil air is actually derived from the local diffusion in 567 

the soil. This results in a preferential loss of the light isotopic fraction with remaining CO2 568 

which becomes isotopically heavier (higher δ13C) than the CO2 actually produced in the soil.  569 

4.3 Ventilation versus soil CO2 production regulating CO2 and δ13CO2 in the caves 570 

Each cavity has a characteristic environmental variability over an annual cycle (Fig. 8). It is 571 

known that the level of ventilation is determined by geomorphology, is regulated by weather 572 

variations and is therefore different in every cave (Bourges et al., 2001). In Altamira, Castañar 573 

de Ibor, Ojo Guareña and Rull caves, correlation between radon-222 (222Rn) and CO2 monthly 574 

average values showed lineal trends marking a common influence of the ventilation of the 575 

underground environments on both gases (Fig. 14). Active ventilation shifts the cave 576 

environments towards conditions that are more similar to that of the exterior atmosphere 577 

(lower concentration of CO2 and 222Rn, and higher values of δ13CO2, Fig. 9 and Fig. 14), whereas 578 

the isolation of the caves favours an increase in CO2 and 222Rn, and a decrease in δ13CO2. 579 
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Lower correlation of the 222Rn-CO2 values was observed in Castañar de Ibor compared to the 580 

other sites pointing to an important influence of other-than-ventilation processes on the cave 581 

air CO2. This cave is poorly ventilated compared to the other caves and presents a CO2 582 

concentration always above 2000 ppm (Table 2, Fig.8). Cave air 222Rn concentration (>20000 583 

Bq/m3) is also much greater than the other cavities due to the high content on uranium of the 584 

rock in this site (Alvarez-Gallego et al., 2015). Differences between the parameters could be 585 

due to the distinct recharge velocities. While radon exhalation is produced at a constant rate 586 

characteristic of each rock (Cigna, 2005), CO2 inlet to the cave is linked to variations on the CO2 587 

concentration of the soil and the vadose zone, which may vary throughout the year. If 588 

ventilation does not exclusively control gases concentration inside Castañar de Ibor cave, 589 

differences between the gases recharge velocities could be related to different factors 590 

controlling gases production. In the case of Castañar cave, the scatter in some of the Rn-CO2 591 

correlations suggests that Rn is produced at a different location from CO2. According to the 592 

findings from our previous studies, the weathering leakage process of the bedrock favours the 593 

remobilization of radionuclides (i.e. radon source) via leaching and their later settlement into 594 

the cave environment associated to mineral phases of cave deposits (Garcia-Guinea et al., 595 

2013).  596 

According to previous results, the Altamira and Castañar caves undergo an isolation period 597 

during the cold and wet season and a preferential ventilation period during summer (Fig. 8, 598 

Cuezva et al., 2009; Fernandez-Cortes et al., 2011). The Ojo Guareña and Rull caves agree with 599 

preliminary studies (Fernandez-Cortes et al., 2015a; Pla et al., 2015) in which the period of 600 

major ventilation is produced during the colder months of the year (Fig. 8). The results of the 601 

samplings carried out inside El Sidron cave indicate that the colder season is the period of 602 

major connection with the exterior atmosphere (Table 2). 603 
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The goodness of fit of the Keeling plots (Fig. 9) obtained with all of the samples collected in 604 

each cavity points to the CO2 derived from roots respiration and soil organic matter (SOM) 605 

degradation as the main source of CO2. Though SOM degradation could occur in the vadose 606 

zone (Noronha et al., 2015; Mattey et al., 2016), the caves here studied are quite shallow 607 

(except Ojo Guareña, Table 1), which reduces probability of SOM accumulation in the epikarst.  608 

The distribution of the points in the Keeling plots highlights the characteristics and variability 609 

(referring to CO2 and δ13CO2) of each underground environment during the studied intervals 610 

(Fig. 9). The cave samples collected at Altamira, Castañar de Ibor and Rull were more similar to 611 

the soil samples, supporting the prevalence of the soil-produced CO2 inlet into the caves. The 612 

Ojo Guareña and El Sidron caves had more scattered distributions of the points with a general 613 

trend to values closer to the exterior air conditions, indicating an important influence of the 614 

active ventilation during the majority of the year. 615 

Figure 13B shows that cave air compositions result from mixing between atmospheric air and a 616 

CO2-rich component with lighter isotopic compositions that lies in the range -26 to -28 ‰.  617 

These δ13CO2 values are substantially lighter in comparison with those obtained in Gibraltar 618 

caves, which lie in the range -18 to -24‰ (Mattey et al., 2016). This difference of δ13CO2 values 619 

indicates that CO2 source is not related to ground air that comes from the decay of organic 620 

material washed down into the deep soil and unsaturated zone. 621 

The black-solid straight line of the mixing area is labeled as % of pure additional CO2 from soil 622 

remaining in the cave air (perpendicular dotted lines). The modelling of pure CO2 mixing with 623 

atmospheric air considers both the averaged composition of the background atmosphere of 624 

the studied sites and a theoretical (and apparent) source of pure CO2 (2% CO2 and δ13CO2 625 

ranging -26 to -28 ‰). Cave air is well mixed with background atmosphere in highly ventilated 626 

sites as Ojo Guareña and Sidron, so that the remaining soil-derived CO2 is usually below 3%, 627 

with a marked seasonal variation. By contrast, in poor-ventilated caves as Castañar or, even, 628 
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Altamira cave during some periods when air renewal is hindered, the remaining soil-derived 629 

CO2 is usually above 5%.  630 

4.4 δ13C of the source of CO2 in the soil-underground system 631 

The high correlation of the [1/CO2, δ
13CO2] data pairs obtained for the samples collected in the 632 

soil, the caves and the exterior air (Fig. 9) indicates that the soil and the underground 633 

environment form a system with good communication. Similar high correlations have been 634 

described in other studies (Breecker et al., 2012). The soil-produced CO2 displaces towards the 635 

underground air filled spaces, including voids, cracks and cavities. Therefore, the values 636 

obtained for the isotopic ratio of the system (δ13Cs–system) characterize the zone immediately 637 

below the surface, including soil, host rock and cave and, therefore, it indicates the likely 638 

average values of δ13C of CO2 in ground air at each site. This value would then characterize the 639 

air under the surface, which can be released to the exterior atmosphere as a result of 640 

ventilation affecting soil and epikarst. 641 

Recent studies have demonstrated an important source of CO2 in caves located in the air-filled 642 

pore space between soil and cave (called “ground air”). Within pore space, organic decay 643 

processes would increase the isotopic signal of soil-produced CO2. We have tested this 644 

hypothesis by comparing our data with those obtained for St. Michaels cave (Mattey et al., 645 

2016, Figure 13B). The isotopic ratios of the samples collected in St. Michaels are heavier than 646 

the isotopic ratios observed in our caves. This could be due to a less influence of the ground 647 

reservoir in our study sites, as our locations are significant less deeper (St. Michaels cave is 648 

located at >100m depth, Mattey et al. 2016). Moreover, the proximity of St. Michaels cave to 649 

the sea enhances the rate of water-rock interaction and would lead to more positive values of 650 

δ13C of cave air. 651 

The set of values obtained for δ13Cs–system at Altamira and Castañar de Ibor for each field 652 

campaign exhibited a downward logarithmic trend with soil moisture (Fig. 15). The isotopic 653 
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ratio of the source in the system had heavier values as the soil moisture decreased. The 654 

correlation of the set of points to the obtained function is, in this case, higher than that 655 

obtained with the set of values for δ13Cs–soil. Consequently, there could be a common control 656 

over the isotopic ratio of the source of the CO2 contained in the soil and the CO2 contained in 657 

the underground system. According to this, the increase of diffusion related to the reduction 658 

of soil humidity would shift the isotopic ratio of the source in the soil towards higher values 659 

due to fractionation effect during the transport process to the atmosphere. As a result, the CO2 660 

reservoir located in the soil would have an isotopic signal heavier during the drier season than 661 

during the rainy months of the year. Therefore, the CO2 source for the underground system 662 

would be also affected by the seasonal enrichment of the isotopic ratio. 663 

According to the trend obtained as a function of the soil volumetric water content in the two 664 

emplacements analysed, the isotopic ratio of the source in the systems ranged between -665 

20.29‰ and -28.16‰ for the boundary conditions of soil moisture (Fig. 15). The boundary 666 

conditions have been taken as the accuracy of the VWC probe (0.01%) and the maximum of 667 

the soil porosities between the specific monitored sites (i.e. 48% in Altamira field site). Under 668 

lowest levels of soil volumetric water content, the underground contributes an isotopic ratio of 669 

around -20.29‰, representing the isotopic ratio of the CO2 stored in the underground system. 670 

When soil is completely water saturated, the CO2 stored underground is more similar than 671 

organically produced CO2 with values around -28.16‰. The CO2 with a characteristic light δ13C 672 

stored under the surface -in the air filling space contained in the soil and the rock (including 673 

the cave)- could be released to the exterior atmosphere as a result of ventilation.  674 

Alternatively, the range of temporal variations of δ13Cs–system was lower compared to that of 675 

δ13Cs–soil for the Altamira, Castañar de Ibor, Ojo Guareña and Rull caves (Fig.8). There appears 676 

to be a damping effect over the isotopic ratio of the soil-produced CO2 descending towards the 677 

caves. This points to a slow transference of the gas from soil to the underground, buffering the 678 
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rapid variations in the isotopic ratio throughout deeper zones. However, the absence of a lag 679 

between the δ13Cs–system and the δ13Cs–soil signals could also imply that CO2 is transported 680 

into the cave by advective mechanism. 681 

The temporal evolution of the δ13CO2 of the source presents seasonal variations due to the 682 

processes affecting the system driven by variations in weather. There was a general trend at 683 

the different field sites towards lower values of the δ13CO2 of the source during wetter and 684 

colder conditions. On the contrary, heavier values were obtained in drier and warmer 685 

conditions (Fig. 8). In the sites studied here, the isotopic ratio of the source in the system 686 

(δ13Cs–system) was between 1 and 3‰ heavier during the summer than during the winter (Fig. 687 

2 and Table 2). Moreover, the greatest differences between δ13Cs–soil and δ13Cs–system are 688 

observed in caves located in the zone of Mediterranean climate with higher mean temperature 689 

and lower annual precipitation rate (Castañar de Ibor, and Rull caves, Table 1). According to 690 

the results, the gas transport processes occurring and affecting the isotopic ratio of the soil-691 

produced CO2 seem to drive the seasonal evolution of the isotopic ratio characteristic of the 692 

CO2 stored in the underground system (δ13Cs–system, Fig. 2). 693 

5 Conclusions 694 

The present study has shown that joint characterization of CO2 concentration and δ13CO2 from 695 

cave and soil air and exterior atmosphere is a useful and suitable method for characterizing the 696 

sources and processes involved in the CO2 exchanges between shallow underground systems 697 

and the troposphere on an annual scale. The values obtained in the monthly and bimonthly 698 

field campaigns in several distinct caves identified seasonal patterns in the isotopic ratio of soil 699 

air and the underground atmosphere. The δ13CO2 marks periods of isolation/ventilation, 700 

whereby the caves alternate their role as a reservoir or source of CO2 on an annual scale. 701 

These data are consistent with the annual microclimatic behaviour characteristics for each 702 
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cavity and their respective locations. All of the cases confirmed that the CO2 contained in the 703 

cave is originated as the result of the organic activity supported in the overlying soil.  704 

Climate models predict an intensification of extreme events (Ciais et al., 2013). Previous 705 

studies have demonstrated that among them, drought has the strongest impact on terrestrial 706 

carbon cycling (Frank et al., 2015). Specifically, droughts have observed to produce a 707 

substantial reduction of the ecosystems carbon sink capability (Ciais et al., 2005, Schwalm et 708 

al., 2012), which results on positive carbon-climate feedbacks. This study shows an increase of 709 

CO2 emissions from subsoil linked to dry periods in 5 different locations with 2 distinct 710 

climates. Therefore, the CO2 release from vadose zone may contribute to the atmospheric CO2 711 

enhancement resulted from the intensive droughts expected throughout the present century 712 

because of climate change. 713 
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Figure captions 1004 

Figure 1: Diagram illustrating the main pathways of CO2(g)-exchange between atmosphere, soil 1005 

and the cave and major transport mechanisms between them (simplified from Mattey et al., 1006 

2016). The more complex set of processes related to vadose groundwater as vehicle of CO2 1007 

transport to cave atmosphere (i.e. the formation of carbonic acid in soil and epikarst zone, 1008 

dissolution of bedrock and degassing of drip water), has been simplified in a singled process 1009 

named as “Infiltrating water”.  In addition, the term “Soil-derived CO2” includes all CO2 1010 

originally generated within soil (roots respiration and soil organic matter degradation) and the 1011 

subsequent process as direct gas diffusion mainly from deeper soil layer or previously 1012 

accumulated in the fissures, fractures and pore-spaces of rock in the vadose zone and, 1013 

additionally, the CO2 derived from microbial oxidation of down-washed organic matter. 1014 

Figure 2: Geographic and climatic locations of the studied caves. Climatic classification follows 1015 

the Köppen-Geiger method with slight modifications (adapted from AEMET-IM, 2008). Letters 1016 

B, C, D and E refers to Arid, Temperate, Continental and Polar climates. Study sites are located 1017 

at temperate humid (Cfb) and temperate dry (Csa) climates also named Oceanic and 1018 

Mediterranean respectively. 1019 

Figure 3: A) Plan view of Altamira cave, B) Cross section of the cave. 1020 

Figure 4: A) Plan view of Castañar cave with 5 cross sections, B) Galleries distributions in a SE-1021 

NW topography section following the maximum gradient line. 1022 

Figure 5: A) Map of the cave sectors where the study has been carried out. B) Detailed cross-1023 

sections of the cave galleries in relation to surface geomorphology and the main entrances to 1024 

the subterranean system (solid black line represents the studied galleries; the ends of these 1025 

galleries continue with the rest of the subterranean system, which is not drawn; the dotted 1026 

lines show the locations of other cave levels).  1027 
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Figure 6: A) Plan view of Rull cave, B) Cross section of the cave. 1028 

Figure 7: A) Map of the El Sidron cave system, B) Cross section of the cave. 1029 

Figure 8: Annual cycles of the main parameters registered in the Altamira, Castañar, Ojo 1030 

Guareña and Rull caves. (A) monthly average temperature (circles) and total monthly rainfall 1031 

(bars). ( B) monthly average relative humidity in the air (triangles) and volumetric water 1032 

content in the soil at 5 cm depth (circles). ( C) monthly average radon concentration contained 1033 

in the inner parts of the cave (squares). (D) mean values of CO2 (squares) and δ13CO2 1034 

(diamonds) for each field campaign in the cave atmosphere. (E) mean values of CO2 (hexagons) 1035 

and δ13CO2 (diamonds) for each field campaign in the soil air.(F) isotopic signal δ13C of the 1036 

source of CO2 for the soil (δ13Cs–soil, triangles) and the entire system (δ13Cs–system, squares) 1037 

estimated using the Keeling plot model (see text). Shaded area represents the warmer months 1038 

of the represented annual cycles. 1039 

Figure 9: Keeling plots of the total amount of samples collected in the soil (circles), cave 1040 

(diamonds) and exterior air (squares) at each cave site. 1041 

Figure 10: Keeling plots of the samples collected in different field campaigns at the Castañar de 1042 

Ibor, Ojo Guareña, Rull and El Sidron caves. Different values of the intercept were obtained for 1043 

the air contained in the soil (δ13Cs-soil) and the entire system (δ13Cs-system, see text). 1044 

Figure 11: (A) Relationship between the average values δ13CO2 and VWC at 5 cm depth 1045 

(volumetric water content) and (B) the average values δ13CO2 and CO2 during each field 1046 

campaign in the soil at Altamira (squares) and Castañar de Ibor (diamonds). 1047 

Figure 12: Relationship between the average values of δ13Cs-soil (isotopic ratio of the source of 1048 

soil-contained CO2 calculated from Keeling plot, see Fig. 10) and VWC (volumetric water 1049 

content) at 5 cm depth at Altamira (squares) and Castañar de Ibor (diamonds). 1050 
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Figure 13: Keeling plot of 1/CO2 versus δ 13CO2 soil air (A) and cave air (B) for all samples 1051 

collected in the 5 field sites. The dotted crosshairs correspond to the averaged composition of 1052 

the 5 local atmospheres in this study. Solid squares: samples of background atmosphere, solid 1053 

circles: soil air samples, and open rectangles: cave air samples. Each colour code corresponds 1054 

to a single studied cave. Panel B: data points can be envisaged as representing mixtures (cave 1055 

air) of average atmospheric air with a CO2-rich component derived from soil. The keeling plots 1056 

for each cave site are plotted by coloured dashed lines, according to results from Fig.9. The 1057 

thicker and continuous black line corresponds to the modelled mixing process between both 1058 

components (see text for further details) and the perpendicular dotted lines are contours of 1059 

equal mixing ratios labelled as % of remaining (soil-derived) CO2 in the cave air. Data for New 1060 

St. Michaels cave air (Mattey et al., 2016) is also plotted for comparison (grey crosses) and 1061 

interpreted as a mix of atmosphere and ground air (grey shaded area and black straight line). 1062 

See text for a detailed description of the modelled processes and further discussion.  1063 

Figure 14: Linear correlation between the monthly average values of cave air 222Rn and CO2 1064 

concentrations in Altamira, Castañar de Ibor, Ojo Guareña and Rull caves during the respective 1065 

sampling periods. 1066 

Figure 15: Relationship between δ13Cs-system (isotopic ratio of the source of system CO2 1067 

calculated from the Keeling plot, see Fig. 10) and VWC at 5 cm depth during each field 1068 

campaign in the soil at Altamira (squares) and Castañar de Ibor (diamonds). 1069 

1070 



47 
 

Table captions 1071 

Table 1: Data summary of the main features of the studied caves (extracted from Fernandez-1072 

Cortes et al., 2015b, supplementary information). A detailed description and additional data 1073 

can be found in: 1) Cuezva et al., 2009 and Cuezva et al., 2011; 2) Fernandez-Cortes et al., 2011 1074 

and Alonso-Zarza et al., 2011; 3) Camacho et al., 2006 and Fernandez-Cortes et al., 2015a; 4) 1075 

Pla et al., 2015 and 5) Rosas et al., 2006 and Lalueza-Fox et al., 2011. 1076 

Table 2: Average values and ranges of variation (difference between maximum and minimum 1077 

values) for the CO2 concentration and the δ13CO2 in the air. Values have been grouped 1078 

according to the air mass (soil, cave or exterior air), field campaign and study site. The isotopic 1079 

ratio of the source (δ13Cs) is also referred. This was calculated with the Keeling model for the 1080 

soil (δ13Cs-soil) and the system (δ13Cs-system) for each field campaign. 1081 

Table 3: Mean values and ranges of variation for the total amount of samples collected during 1082 

the annual cycles studied at each field site. 1083 



Cave 

Geographic coordinates of cave entrance 

Host-rock 

Morphometric data Climate: average annual data 

latitude longitude 
altitude 
(m.a.s.l.) 

Depth of the 
sampled area 

Length of the 
sampled area 

Total 
length 

Classification T (oC) Rain (mm) 
Cave 

T (oC) 

Altamira1 43o 22' 40'' N 4o 7' 6'' W 159 
Dolomitized calcarenitic 

limestones 
3 – 22 m  

(average 8 m) 
220 m 270 m 

Oceanic or Cfb: 
temperate without dry 
season and temperate 
summer 

13.9 1350 13.7 

Castañar 
de Ibor2 39o 38' 13'' N 5o 25' 33'' W 590 

Shales and greywackes with  
dolostones 

15 – 55 m   
(average 25 m) 

650 m 2315 m 
Mediterranean or Csa: 
temperate with dry and 
hot summer 

15.5 546 17.0 

Ojo 
Guareña3 42o 02' N 3o 39' W 785 

Limestones and dolomitic 
limestones 

30  -80 m   
(average 52 m) 

2.5 Km 110 Km 

Oceanic or Cfb: 
temperate without dry 
season and temperate 
summer 

10.1 778.1 10.8 

Rull4 38o 48' 20'' N 0o 10' 38'' W 490 Limestone conglomerates 
9 - 23 m   

(average 18 m) 
46 m 46 m 

Mediterranean or Csa: 
temperate with dry and 
hot summer 

15.8 319 15.9 

El Sidron5 43o 23'07'' N 5o 19' 34'' W 167 
Limestone conglomerates 

and sandstones 
5 - 35 m     

(average 23 m) 
600 m 600 m 

Oceanic or Cfb: 
temperate without dry 
season and temperate 
summer 

13.1 1292 12.0 
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Location Date 

Soil Cave Exterior δ13Cs 

CO2 (ppm) δ13CO2 (‰) 
N 

CO2 (ppm) δ13CO2 (‰) 
N 

CO2 (ppm) δ13CO2 (‰) 
N 

Keeling plot intercept 

Average Range Average Range Average Range Average Range Average Range Average Range system soil 

Altamira 

Sep-11 5163.6 2335.0 -25.8 0.6 6 2163.0 2845.3 -23.7 4.3 15 420.5 97.5 -11.3 3.6 5 -27.0 -27.1 

Nov-11 4015.3 4184.0 -27.2 3.8 7 5678.0 2001.0 -26.2 0.5 19 436.1 23.9 -12.5 1.5 5 -27.8 -29.4 

Jan-12 2978.9 1242.6 -25.5 2.9 8 4151.4 1540.9 -26.1 0.9 11 424.6 8.5 -11.0 3.6 5 -27.9 -28.0 

Mar-12 5084.2 3199.9 -26.7 1.9 7 3320.8 656.4 -26.4 0.6 16 412.7 23.4 -11.6 2.9 9 -28.4 -28.2 

May-12 2434.7 898.8 -24.3 1.6 8 4727.2 942.2 -26.3 0.9 9 426.0 49.4 -9.7 2.3 11 -27.7 -27.5 

Jul-12 1213.9 1020.6 -20.6 3.9 8 1277.4 1727.1 -21.8 7.1 23 435.1 54.4 -10.4 2.5 7 -27.5 -26.3 

Sep-12 935.5 96.5 -19.6 1.5 14 1518.9 1855.7 -22.2 7.8 24 434.7 30.7 -11.3 1.9 13 -27.1 -26.7 

Castañar de Ibor 

Sep-11 2012.6 75.8 -20.5 0.5 2 3933.1 151.6 -23.7 0.2 5 411.3 20.8 -10.7 1.8 2 -24.7 -23.0 

Oct-11 1192.9 227.5 -19.2 1.1 4 3874.0 172.1 -24.0 0.4 11 468.2 
 

-12.1 
 

1 -25.5 -23.9 

Nov-11 6981.7 4889.3 -26.7 2.5 8 4341.1 286.5 -24.0 0.8 12 444.7 48.7 -12.6 2.1 2 -26.3 -27.7 

Dec-11 5595.1 1335.5 -26.4 2.2 15 4457.6 237.2 -24.4 0.5 12 437.2 18.0 -10.3 0.2 3 -27.0 -27.8 

Jan-12 3312.0 663.7 -24.9 2.6 10 3985.8 469.9 -24.2 1.1 12 464.0 64.4 -11.7 0.5 2 -26.3 -27.0 

Feb-12 3036.1 682.1 -24.2 1.9 8 3387.7 491.2 -24.8 0.5 12 410.6 7.8 -11.6 1.2 3 -26.4 -26.2 

Mar-12 3859.3 1120.5 -22.4 1.2 6 3291.4 139.4 -24.4 0.8 11 423.6 38.5 -11.4 1.9 6 -25.4 -23.8 

Apr-12 7445.1 544.3 -24.2 1.4 8 3565.5 121.5 -24.4 1.3 10 438.0 29.6 -10.4 1.1 4 -25.7 -25.1 

May-12 8116.1 1725.4 -24.4 1.3 12 3466.2 252.9 -24.8 0.5 12 435.8 53.7 -11.3 2.0 10 -25.9 -25.2 

Jun-12 2834.1 141.8 -20.9 1.4 7 3663.1 302.1 -24.9 1.7 12 428.6 12.0 -11.9 0.7 4 -25.2 -22.5 

Jul-12 2029.0 369.8 -19.2 0.3 4 3493.3 868.5 -24.5 0.8 12 418.4 3.6 -10.3 1.0 4 -25.5 -21.5 

Aug-12 1621.8 125.3 -19.1 0.5 8 2765.2 888.2 -23.5 3.0 11 438.0 17.2 -10.7 0.4 5 -24.7 -22.6 

Sep-12 1139.5 110.3 -18.8 0.9 5 2750.5 533.1 -23.9 3.1 12 457.3 75.2 -11.6 2.5 7 -25.9 -24.4 

Ojo Guareña 

Jun-13 3119.1 1986.1 -23.6 1.9 6 538.8 304.8 -15.4 9.9 14 399.1 6.9 -9.8 0.9 4 -26.6 -25.8 

Sep-13 6524.3 2393.6 -24.8 0.6 5 989.1 2361.4 -18.2 15.2 15 411.6 15.7 -8.4 0.0 2 -26.6 -26.0 

Oct-13 3276.5 1568.8 -23.8 1.3 6 601.7 748.4 -15.4 11.7 15 407.3 35.8 -9.1 1.7 5 -26.6 -25.9 

Dec-13 6330.2 5852.0 -25.7 2.3 8 457.7 116.9 -12.1 5.3 17 440.5 31.5 -11.4 1.2 6 -27.1 -27.1 

Feb-14 4234.8 2435.5 -26.3 2.8 8 496.8 485.4 -12.3 10.5 15 417.3 14.7 -9.8 1.0 6 -28.3 -28.2 

Apr-14 5543.6 3332.1 -25.6 1.4 8 502.2 144.4 -13.0 7.6 15 423.7 37.8 -9.4 1.7 6 -27.1 -26.9 

Jun-14 6370.7 7469.9 -23.6 3.7 8 1023.3 2074.7 -17.6 15.8 16 422.2 37.4 -8.2 1.7 6 -25.9 -25.3 

Rull 

Jan-14 2023.4 436.6 -24.3 1.1 6 892.0 54.6 -20.7 0.5 13 414.0 16.8 -9.4 1.8 7 -29.1 -28.2 

Feb-14 1586.7 860.3 -22.4 2.0 4 814.4 82.0 -19.6 1.5 7 421.0 37.4 -9.3 1.6 4 -28.6 -27.6 

Mar-14 1925.9 926.6 -23.0 1.0 3 964.2 48.5 -19.8 0.8 5 429.2 5.1 -8.9 0.7 3 -27.7 -27.2 

Apr-14 2654.3 262.1 -23.3 0.5 4 2453.2 52.9 -23.9 0.6 5 427.2 14.4 -9.3 1.5 3 -26.6 -26.0 

Jul-14 1350.8 235.6 -19.2 0.2 4 2376.9 416.0 -23.9 0.7 6 433.4 37.7 -9.1 1.1 3 -26.3 -23.9 

Aug-14 968.5 491.2 -17.0 3.0 4 2777.6 505.2 -24.7 1.0 6 417.4 20.0 -8.2 2.4 3 -27.0 -24.1 

Sep-14 1045.9 252.5 -17.7 1.1 4 2890.2 959.6 -24.2 2.2 7 438.7 15.1 -8.7 0.4 3 -26.6 -24.3 

Oct-14 2622.5 1606.7 -23.9 2.4 4 1949.0 868.1 -23.3 3.5 7 430.9 32.9 -10.3 2.3 3 -27.0 -26.9 

Nov-14 1473.7 386.5 -22.9 1.3 4 1230.5 202.7 -22.0 2.1 7 413.2 14.1 -9.6 1.0 3 -28.2 -28.1 

Dec-14 1352.4 760.6 -23.2 3.8 4 1033.7 41.4 -21.8 0.4 7 423.2 13.5 -10.7 0.8 3 -29.5 -29.4 

Jan-15 1393.4 685.8 -23.5 2.0 3 869.8 84.1 -21.0 0.9 6 440.3 34.4 -11.7 2.7 3 -29.8 -29.3 

El Sidron 

Sep-11 4528.2 1665.9 -26.1 2.3 6 1368.5 2444.5 -20.9 9.0 11 445.2 48.0 -12.5 2.9 3 -27.4 -27.6 

Jan-12 2183.4 494.6 -25.0 1.2 4 552.9 114.1 -16.2 3.8 14 476.4 13.7 -13.8 0.4 3 -28.1 -28.1 

Jul-12 2150.4 2293.3 -24.3 3.0 7 941.4 456.1 -19.4 4.6 13 432.6 17.2 -10.2 0.7 3 -28.1 -28.2 
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Location Sampling period 

Soil Cave Exterior 

CO2 (ppm) δ13CO2 (‰) 
N 

CO2 (ppm) δ13CO2 (‰) 
N 

CO2 (ppm) δ13CO2 (‰) 
N 

Average Range Average Range Average Range Average Range Average Range Average Range 

Altamira sept 2011-sept2012 2773.2 5686.8 -23.6 9.9 58 2969.5 5566.8 -24.2 9.7 117 427.2 97.5 -11.0 4.4 55 

Castañar de Ibor sept 2011-sept 2012 4461.0 8374.9 -23.3 9.8 97 3604.9 2537.2 -24.3 4.3 144 435.5 99.7 -11.2 3.9 53 

Ojo Guareña jun 2013-jun 2014 5119.0 7528.9 -24.9 6.3 49 659.3 2368.6 -14.8 16.5 107 419.4 66.3 -9.5 4.8 35 

Rull jan 2014-jan 2015 1689.0 2854.4 -21.9 10.2 44 1582.3 2330.4 -22.1 6.0 76 424.8 51.8 -9.5 5.9 38 

El Sidron sept 2011-jul 2012 2997.4 3616.2 -25.1 3.8 17 921.9 2492.5 -18.7 9.9 38 451.4 68.3 -12.1 4.1 9 
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