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Abstract

The soils above caves represent a membrane that regulates the connection between the underground
environment and the outside atmosphere. In this study, soils from two different field sites (Cueva de
Altamira and Cueva del Rull in Spain) are investigated. Field results are analysed and linked to laboratory
tests. Several laboratory experiments are performed to quantify CO, diffusion coefficients and water
infiltration rates in these soils under different degrees of soil water saturation and compaction.

Tests confirm that the grain size distribution, organic matter content, mineral composition and water
content of soils affect gas transport through the soil pore network. Both field and lab results reveal that
Altamira soil has a coarser texture and therefore has higher CO, diffusion coefficients, infiltration rates
and hydraulic conductivity values than Rull soil. Rull soil contains a higher proportion of fine particles and
organic matter, which explains the lower fluid transport coefficients.

When soils are near saturation, fluid transport does not depend on the physical properties of soil but
depends on the soil water content. In this state, liquid transport regulates the available space within the
soil pores, which leads to a reduction in the gaseous diffusion coefficient of the soil. After rainfall episodes,
the connection between the exterior atmosphere and underground cavities is hindered due to a rise in
the soil water content, which is responsible for the closure of the overlying membrane. This study
demonstrates that soil-produced CO, reaches the underground atmosphere through diffusion processes
that are controlled by the intrinsic properties of soil (porosity, grain size distribution, texture, mineralogy

and organic matter content) and soil water content.
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1. Introduction

In recent years, worldwide concern with global climate change has caused more attention to be paid to
the vadose zone atmosphere since it has been established as an important reservoir of CO, (Bourges et
al., 2012; Fernandez-Cortes et al., 2015a; Serrano-Ortiz et al., 2010). Soil-derived CO,, including that
derived from roots and soil organic matter, rhizosphere respiration, heterotrophic microbial respiration
and respiration by autotrophs (Kuzyakov, 2006), fills the porous systems of soils and bedrock. This CO; is
partially emitted, and represents a major flux of C to the atmosphere (Jassal et al., 2005; Schlesinger and
Andrews, 2000). Simultaneously, significant amounts of CO, migrate by diffusion into voids in the
underlying rocks (Faimon et al., 2012), such as natural cavities. There, the gas is temporarily stored. Large
amounts of CO, are exchanged between shallow vadose systems and the atmosphere. As a result, the
subterranean atmospheres of karstic terrains can act either as sinks or sources of CO, at different times,
due to degasification — ventilation processes (Bourges et al., 2001, 2006; Cuezva et al., 2011; Fernandez-
Cortes et al., 2015b; Garcia-Anton et al., 2014a; Kowalczk and Froelich, 2010).

The surface soil layer plays a key role in all these processes (Cuezva et al., 2011). On the one hand, it is
the responsible for the CO; production, which depends on weather conditions and soil physical, chemical
and biological properties (Moitinho et al., 2015), such as organic matter content, abundance of
microorganisms, type and density of vegetation, etc. On the other, soil constitutes the primary interface
through which liquid and gas passes between the outside atmosphere and the underground environment.
This fluid transfer (i.e., gas and liquid movement) occurs through the soil pore network and is affected by
the physical properties of soil, such as density, texture, pore network, mineral composition and organic
matter content, among others. In addition, fluid transfer is also regulated by the degree of moisture in
soil, which in turn depends on the infiltration processes whereby water enters the soil and adds to the
total soil moisture (Huang et al., 2013).

Diffusion is mainly responsible, combined with advection, for CO, transport from the soil (where it is
produced) to these underground cavities, where it can be naturally stored (Garcia-Anton et al., 2014a).
When CO; is transported through the soil pores, the presence of other fluids affects gas movement. CO;
movement is strongly affected by soil water content, since liquid water reduces the air filled porosity and
the connection between pores. The degree of saturation of the soil and, consequently, the gaseous

transport of CO,, varies in response to environmental conditions such as the amount and intensity of



rainfall, wetting — drying cycles (Alletto et al., 2015) and the degree of soil compaction (Kuncoro et al.,
2014).

Characterization of the combined transport of CO, and water through the soil pore network is a
challenging task. The presence of water is widely considered when estimating the rate of soil CO,
production (Hashimoto and Komatsu, 2006; Phillips et al., 2011; Xu et al., 2004) as it is an essential factor.
However, with regard to the diffusive gas transport through soils, available studies which combine both
fluids (CO, and water) are scarce. Soil gas diffusion is frequently estimated using mathematical models
derived from soil physical properties (Currie, 1960; Millington and Quirk, 1960; Moldrup et al., 1996;
Penman, 1940; Troeh et al., 1982). Most of these models consider the water content of soil when
calculating the diffusion coefficient, but unfortunately some of these models can only be used to estimate
diffusion coefficients for a limited range of air-filled porosity values (Jabro et al., 2012).

Previous studies (Jabro et al., 2012; Turcu et al., 2005) have estimated the CO, diffusion coefficient in
soils using laboratory and field tests. They obtained relevant information about CO, fluxes through
natural soils. In addition, some of these studies confirmed that the variation of water content in soil
influences soil CO, diffusion coefficients (Pingintha et al., 2010) and highlighted the importance of
developing a deep understanding of the subject.

The main objective of this study is to assess the combined water and CO, transport among different
reservoirs in the atmosphere-soil-cave system in two different natural scenarios. Special attention is given
to the mineralogical, textural and physical properties of soils in order to demonstrate their role as a
membrane that controls fluid exchange. To achieve this goal, new methodological procedures are
implemented, including a specially designed system for measuring CO, diffusion and the use of X-ray
Computed Radiography (X-ray CR) to observe the real behaviour of water movement through soils. CO,
diffusion and water infiltration experiments are performed in soil samples with different water contents.
The laboratory results are linked to field studies of the Altamira and Rull caves, including measurements
of CO, fluxes, and isotopic analysis, as well as an examination of microclimatic and external weather

conditions in different periods.



2. Site and Methodology

2.1. Study sites

Soils located above Altamira and Rull caves are studied. Both underground caves have important
differences in geomorphology, microclimate, external weather conditions, soil and rock compositions,
etc.

Altamira cave (43° 22’ 40” N; 4° 7’ 6”W) is located in northern Spain (Cantabria province). It is a shallow
vadose cavity characterized by remarkable stable environmental conditions (Cuezva et al., 2009; Saiz-
Jimenez et al., 2011; Sanchez-Moral et al., 1999). The main entrance to the Altamira cave is secured by an
insulated metal gate (slotted surface <4%), which acts as a barrier to stop the exchange of energy and
matter with the outside. The cave is in the upper vadose zone of the karstic system. The cave lies at a
depth of 3-22 m (8 m on average) below the surface, under a hill with an elevation of 161 m.a.s.l. The cave
has a single entrance in a topographically elevated position (152 m.a.s.l.) and includes several main rooms
that slope downward from the entrance to the deepest part of the cave. The rock layer over the chamber
averages 7.5-8 m in thickness. The host rock of the Altamira cave is a thin- to medium-bedded, parallel-
bedded, Cenomanian (Upper Cretaceous) limestone succession that ranges in thickness from 13.5 to 15
m. The soil above the cave is heterogeneous and includes artificial backfill, poorly differentiated.
Originally, there was a thin, patchy soil profile partly covering the karstified bedroc. Extensive agricultural
activity, mainly conditioning pastures for livestock, resulted in the current anthropogenic soil. This soil has
little profile development (30 — 70 cm) and only a surface horizon A. It is a silty loam soil with a mineral
composition dominated by quartz (Cuezva et al., 2011). A developed plant cover (meadow vegetation, C3
plants) and high organic carbon were derived from this soil. In this geographical area, the climate is
moderately oceanic and humid, with an annual precipitation of approximately 1400 mm and a mean
annual temperature and relative humidity of 14 °C and 85%, respectively. Rain continuously influences
the overlying soil. Cave air is characterized by a highly stable temperature and humidity throughout the
year, with an indoor relative humidity permanently near saturation and mean annual temperature near
14 °C, with 1.5 °C annual thermal amplitude (Cuezva et al., 2009). Relatively high CO, levels of cave air are
registered during winter, which sometimes exceed 5000 ppm. The lowest values (near 500 ppm) occur

during summer (from June to October), due to the most effective cave ventilation in this warmer and drier



period (Kowalski et al., 2008; Sanchez-Moral et al., 1999). The spatial distribution of pCO,-air along the
cave is nearly homogeneous (Garcia-Anton et al., 2014b).

Rull cave (38° 48’ 40”N; 0° 10’ 38”W) is located in the south-eastern area of Spain (Alicante province). The
cave is located in massive Miocene conglomerates characterized by considerable textural and
petrophysical complexity (de Carvalho et al., 2013), which were deposited on Cretaceous limestones. The
host rock is composed of oligomictic calcareous orthoconglomerates. Framework clasts mainly consist of
limestones. The matrix between the pebble-size clasts shows variable texture and composition, ranging
from micritic (with different grades of recrystrallization) to sand matrix, with limestone and terrigenous
(mainly quartz) grains. Mosaic calcite cement predominates. Other types such as ferruginous or
bioinduced micritic cements are also recognized. Primary porosity is mainly intergranular. Conduits and
fissures are related to calcite dissolution.

The relative thickness of the overlying host rock varies from 9 to 23 metres. The soil above the cave has a
thickness of about 1 m with coarse to fine texture and it is discontinuous along the cave surface. The soil
is mainly composed by quartz, related to the presence of the conglomerates. The soil is classified as a silty
— silty loam soil (Pla et al., 2016a). The only differentiated horizons are the O horizon (a thin soil layer
dominated by organic matter) and the A horizon (a mineral horizon near surface with accumulation of
humified organic matter mixed with the mineral fraction). The vegetation consists of C3 plants, which are
distributed in the form of Mediterranean shrubs. Rull cave area is defined by a Mediterranean sub-humid
climate (Rivas-Martinez, 1984). Opposite to Altamira area, mean value of annual precipitation in Rull cave
(October 2012-November 2014) is 377 mm. The scarce precipitations and the high temperatures during
summer (exceeding in some cases 38 °C) are responsible for the lack of moisture in the soil above the
cavity. Rull cave is characterized by a thermo-hygrometric stability even with the presence of visitors (an
average annual value of 13270 people visit the cavity). The soil-cave system response to the external
weather conditions is slower than in Altamira. The gas natural dynamics in the cavity is responsible for
the CO, variations (Pla et al., 2016b). Concentration varies from 463 ppm in the coldest months to 4065
ppm in summer.

In each cavity the gas dynamics is different but both of them (Altamira and Rull caves) suffer an annual
cycle characterized by two main stages. Throughout the outgassing stage the connexion between the

underground and the outdoor atmosphere is active and the gas interchange is allowed. This means that



a ventilation process (temperature-driven air flow) is responsible for the CO, removal from the cavity
(Breecker et al., 2012). On the contrary, in the isolation stage the gas interchange is limited. The soil-
produced CO,, which moves through it primarily by diffusion and finally reaches the cavity, originates an
important increase in the CO, content of cave air. While Altamira cave remains ventilated during the
summer season, Rull cave follows an opposite pattern, remaining ventilated in the winter season. In
Altamira and Rull caves, relationships between cave and exterior temperatures and the density gradient
between the air masses control the air exchange, temporally determined by their differences in the
geomorphologic features.

In both caves, host rocks are low porous limestones and present interparticle and touching vuggy pores.
Interparticle pore size is lower than 0.1 um, while vuggy porosity (constituted by fractures, fissures and

solution channels) has a fissure width larger than 500 um (Cuezva et al., 2011; Pla et al., 2015).

2.2. Monitoring field procedures

Microclimatic conditions in both caves were monitored by means of the same commercial type of climatic
recorders. Further information of the monitoring systems can be found in Cuezva et al., 2011, Garcia-
Anton et al., 2014a and Pla et al., 2015. The monitoring station was composed of an 8-channel, 16-bit
datalogger (COMBILOG TF 1020, Theodor Fiedrich & Co., Germany) with a suite of probes. Particularly, a
non-dispersive infrared analyser (ITR 498, ADOS, Germany), 0-10000 ppm measurement range and 0.3%
accuracy with a suction pump was used to measure CO, concentrations. The station scanned each sensor
every 10 s and recorded the 15 min averages. Rainfall amount was registered in the exterior of Altamira
and Rull caves by a 147 RG2-M rain gauge (Onset Computer Corporation, Bourne, MA, USA, resolution 0.2
mm). In both locations soil temperature was controlled by a HOBO U12 logger (Onset, Bourne, MA, USA,
accuracy 0.5 °C) whereas volumetric water content was measured with an ECHO EC-5 probe (Decagon
Devices, USA, accuracy 1-2%).

Spot air sampling was also performed in both caves in order to characterize the spatial distributions and
temporal variations of CO, concentration and its 6*3C signal. The sampling was conducted inside the caves,
in the soil above them and in the exterior atmosphere. Soil air was pumped using an iron tube nailed to
the ground by means of a micro-diaphragm gas pump (KNF Neuberger, Freiburg, Germany) at 3.1 | min?

at atmospheric pressure. Exterior air and air from the caves was sampled with an air pump. Air was saved



in 1 | Tedlar bags with lock valves and then analysed in a period no longer than 48 h after sampling, using
a Picarro G2101-i analyser (California, USA, accuracy of 0.3%. for 63CO, after 5 minutes of analysis) that
employs cavity ring-down spectroscopy (CRDS-WS) (Crosson, 2008). The analyser measures the
isotopologues of the carbon dioxide (*2CO, and 3CO,) and automatically calculates the isotopic value,
613CO;. The field campaigns were carried out monthly or bimonthly. In Altamira, they were performed
from September 2011 to September 2012. A total amount of 230 bags were analysed from the cavity
(117), soil air (58) and exterior atmosphere (55). At Rull cave, field campaigns were monthly — bimonthly
performed from January 2014 to May 2015. The number of analysed samples was 200 (96 from the cavity,
58 from soil air and 46 from exterior atmosphere).

In addition, an automated soil CO; flux system (Li-8100, Li-Cor, accuracy of 1.5% of CO, concentration
reading) with Long-Term Chamber 8100-104 was employed to make continuous measurements of CO,
flux in Rull field site. The field campaign was performed for a 2h period in January 13, 2014. The chamber
was installed in the soil above the cave over a single PVC collar (20 cm inner diameter). The Long-Term
Chamber was programmed to make measurements every 5 minutes for a period of 2 h, allowing aeration
between measurements. Soil CO, fluxes were estimated using the initial slope of a fitted exponential

curve adjusted for the total (chamber and collar) volume.

2.3. Laboratory characterization

2.3.1. Physical properties of the soil

Soil samples were collected from both study sites (Altamira and Rull caves) from a deep of 5 to 10 cm
(below the main rooting zone) with steel rings (sampling volume of 21 cm3). Some tests required
undisturbed soil samples while others required treated samples. In these cases, the collected samples
were lightly sieved and gravel and root debris were carefully removed in order to prepare them.

Grain size distribution for Altamira and Rull soil was obtained by sieving and laser granulometry (Malvern
Mastersizer 2000). Two repetitions of the analysis were performed for each soil. Soils were oven dried at
40 °C for 24 h to determine the dry bulk density. Mineral phase identification was determined by powder
X-ray diffraction (XRD) using a Philips PW diffractometer using Cu Ka radiation. Mineral characterization
was performed to both randomly oriented powder samples. Soils were milled in an agate mortar to <40

um particle size, and then analysed. XRD patterns of the randomly oriented powder were collected and



interpreted using the XPowder software package. The qualitative search-matching procedure was based
on the ICDD-PDF2 database.

The grain density (particle or real density) was obtained using an AccuPyc 1330 Helium pycnometer. The
total porosity was derived from grain and bulk densities (Tiab and Donaldson, 1996). The air-filled porosity
was calculated as the difference between the total porosity and the soil water content. The determination
of the specific surface area of the soil samples was accomplished by using the nitrogen absorption
technique through the BET method (Rouquerol et al., 1994). Hydraulic tests were carried out in a triaxial
device (Controls Triax 100) with an automatic pressure system using the steady-state method (Benavente

et al., 2007; Galvan et al., 2014). Organic matter content was determined by the Walkley-Black method.

2.3.2. Soil CO;, gaseous diffusion coefficient

The CO; gaseous diffusion coefficient for soils was measured in a specially designed laboratory system
following the gradient method, very similar to those previously used in other studies (Albanito et al., 2009;
Rolston and Moldrup, 2002; Turcu et al., 2005). The soil was placed in a sealed cell between two vertical
differentiated chambers with identical volume (Fig. 1). A constant injection of CO;, gas (2000 ppm) was
performed in the bottom cell, so that the measured CO; in this chamber remained always constant for
the whole procedure. A CO; probe (GMP222 Vaisala Carbocap) with a measurement range of 0-10000
ppm was installed in each chamber connected to a datalogger (CR-1000 Campbell Scientific). Temperature
inside the chambers remains constant (20 °C) as well as the working pressure (atmospheric pressure). In
the top chamber, the CO, concentration was maintained at 0 ppm at the beginning of the experiment.
The diffusion process is well guaranteed due to the concentration gradient between the two chambers.
The CO; diffusion coefficient was calculated recording the time taken for the top chamber to reach the
equilibrium with the bottom chamber and using the model of Zhang et al. (2005), which assumes that
gaseous flux across the soil achieves a steady-state flux even though the CO, concentrations in the
chambers change with time. Two repetitions of the experiment in each sample were performed. When
the CO, diffusion coefficient was obtained an average CO, flux was calculated for each experiment by
applying the Fick’s law of diffusion.

To observe the changes in the diffusion coefficient and related to density and water content variations in

soil, both soils were tested under different conditions. Soil samples from Rull and Altamira were tested



completely dry after oven dried (Rull 0% and Alt 0%), and with water contents of 30% (Rull 30% and Alt
30%) and 62% (Rull 62% and Alt 62%). In addition, a duplicate test was carried out with compacted
samples for the dry soil (Rull 0% compacted and Alt 0% compacted). To prepare soil samples they were
homogeneously mixed by adding different water amounts. Percentages were calculated as the ratio of
total water mass / total soil mass. Samples were compacted by pushing the soil by hand with the help of
a custom made piston. The compaction method tried to reproduce nearly the same porosity that the
original soil. The compaction was identically performed in all the samples using the same pressure piston
and recipients. In the wet samples, water was added to reach the same bulk density. Previous studies
used similar procedures to prepare soil samples (Huang et al., 2013; Kuncoro et al., 2014; Menon et al.,
2015, among others). Bulk densities after water addition were around 1.3 — 1.4 g cm3 in all the samples
from Rull and Altamira, being hardly less dense the drier samples. The compacted samples from Rull and

Altamira had bulk densities up to 1.13 times bigger than the non-compacted samples.

2.3.3. Water flux characterization

A high resolution X-ray Computed Radiography (BIR Actis 130/150) was used to characterize the liquid
movement of water through the studied samples. X-ray CR scanners have been proved an effective tool
to investigate the internal structure of materials and different processes without disturbance (Ketcham
and Carlson, 2001). Samples for this study were prepared in a soil core sampler (9.5 cm3 in volume) and
placed in the scanner between the X-ray generator and detector. An initial radiography was obtained by
means of a 12-bit digital camera which collects light radiations in raw data and sends them to the
computer, where they are processed as black — white images (radiographies, DR) (Fusi and Martinez-
Martinez, 2013). After that, a 4 ml drop of Kl tracer (15% dissolution) was carefully deposited in the soil
surface with a syringe. In order to achieve sufficient density contrast between fluid and matrix, the
concentration of Kl in the injected solution was carefully defined. A new DR was captured every 2 minutes
(minimum time gap forced by the apparatus design) during the first 20 minutes. After that, the capturing
interval became higher. The experiment comprised a total period of 1.5 h and a sequence composed by
20 pictures. The consecutive radiographies show the progression of the infiltration front through the soil
profile.

A vertical grey level profile was obtained from each DR by means of digital image analysis (Fig. 2(a)). The
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profile was drawn in the centre of the sample using the open source software Jmicrovision v.1.2.7.
(Roduit, 2015). Grey level scale ranged from 0 (black tones, tracer) to 250 (white tones, pure air). Vertical
axis of these profiles corresponds to distance (pixels, then converted to meters). A characteristic step in
this kind of profile is observed corresponding to the change from the wet (dark) to the dry (light) part of
the soil. The different position of this step between two consecutive DR is consequence of the water
progress through the soil. The infiltration rate (m s'1) was calculated measuring this distance divided by
the time lapse.

Two different infiltration rates were obtained: the initial and the total rate (R; and Ry, respectively). Initial
rate quantifies the fast water percolation carried out during the first 2 minutes of the test. It is calculated
by comparing the grey level differences between the image 1 and 2 of the sequence. The total rate shows
the maximum depth reached by the drop during the test and it is calculated with the profiles of the images
2 and 20.

This methodology was applied to 10 different soils: 6 of them from Altamira and 4 from Rull. Each soil
sample was prepared in order to obtain different water contents. The procedure was exactly the same
than the procedure followed in the diffusion experiment. In this test both soils (Rull and Altamira) were
tested completely dry, after oven dried, and with water contents of 22, 30, and 62%. Two samples from
Altamira (Alt 0% and Alt 30%) were also tested after compaction (Alt 0% compacted and Alt 30%

compacted).

2.3.4. Relative hydraulic conductivity as a function of water volume content in the soil (ku-pF apparatus)

Hydraulic conductivity as a function of water volume content was obtained for Altamira and Rull soil
samples. The test was carried out in ku-pF Apparatus DT 04-01 (UGT, Germany). Soil samples (fully
saturated) were introduced in a sample ring, sealed at the base. During the test, the free surface of the
ring was exposed to evaporation. The gradient of the water movement (amount of water that passes
through the sample surface) was measured by weighting. The gradient of water tension was measured
with two tensiometers spaced at a distance of 3 cm into the sample ring. The hydraulic conductivity of
the soil samples was calculated according to Darcy’s equation, assuming quasi-stationary flow. The
hydraulic gradient in the sample ring was always constant throughout the sample height. The gradient

was calculated from the matric potential (tensiometer measurement) and the gravitational potential. Due
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to evaporation, a flow rate occurred at the free sample surface. Basal sealing established a flow rate = 0

at the bottom of the sample.

3. Results and Discussion

3.1. Field results

3.1.1. CO; and 6% CO; in air samples

Spot air sampling in both caves was essential to identify the CO; source. Stable isotopes are a powerful
tool for identifying autotrophic and heterotrophic respiration in soils (63CO,) (Bahn et al., 2012). When
drawing a “Keeling plot” for the analysis of §'3CO; isotopic signals (Keeling, 1958), the model determines,
by a linear regression approach, the carbon isotopic signal of the CO, sources of a specific ecosystem that
contributed to increases in atmospheric CO,. According to this method, the CO; concentration in the cave
air is the result of mixing of background atmospheric CO, with soil-produced CO,. The different
components in the both caves show a high degree of correlation (R? = 0.98 for Altamira and 0.95 for Rull)
when fitting the annual data to the Keeling model (Fig. 3(a, b)). Samples of cave air are close to soil air
values but less similar to exterior air. In addition, the y-intercept values for Altamira (-27.74%.) and Rull (-
27.58%o) indicate that a dominant component of soil organic CO; originated from soil organic respiration
in both cases (Garcia-Anton et al., 2014a). The 8'3CO; of approximately —27%. is the result of the
combination of equilibrium and kinetic fractionations that occur during the photosynthesis of C3 plants
and the decomposition of C3 biomass (Amundson et al., 1998; Cerling et al., 1991). In both caves, the
813CO; isotopic signal fluctuates cyclically, and this behaviour is linked to gas dynamics (Garcia-Anton et
al., 2014a; Pla et al., 2016a; Sanchez-Moral et al., 2010). Particularly for Rull cave, the heavier §*3CO,
values are caused by the strong influence of the external atmosphere, which is most pronounced during
the degassing stage (i.e., during the coldest months). Lighter values of 613CO, in the cave indicate that
soil-produced CO, dominates, as occurs in the recharge stage during the warmest months (Pla et al.,
2016a).

Abiotic reactions can also control the CO, exchange between air, water, soil and host rock. The CO,
generated by carbonate dissolution and subsequent degassing associated with calcite precipitation might

flow from the soil and epikarst to the cave. Breecker et al. (2012) concluded that soil-derived (biotic) CO,
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constitutes the main CO; source in cave atmospheres. Thus, the contribution of abiotic CO; is negligible
compared to the organic CO,, which agrees with the low rates of dripping water observed in the cave

during the study.

3.1.2. CO; flux campaign

CO; fluxes were measured directly in the soil above Rull cave. While performing the field flux campaign it
started raining. Before the rain, large positive fluxes were measured when the volumetric water content
in soil (VWC) reached the lowest observed values (Fig. 4(a)). CO; fluxes varied from 1.8 to 2.3 pmol m2 s
1, while VWC values ranged from 0.063 to 0.071 m3m=3. When the water content in soil decreases, CO,
flux through soil is enhanced. Average soil temperature for this period was 9.55 °C with variations less
than & 1 °C. These relatively constant temperatures resulted in similarly constant CO, production rates
and diffusivities during the studied event. CO; flux in soil is driven primarily by the CO, diffusion gradient.
Consequently, soil CO, flux is described by the CO, diffusion coefficient. Although the CO, production rate
and diffusivity in soil are controlled by several variables, the results show a clear relationship between the
measured CO, flux and the soil water content. A negative correlation (R?2 = 0.90) was found when
performing a linear regression analysis between the CO, flux and the soil VWC, which illustrates the

influence of soil water content on CO, diffusivity (Fig. 4(b)).

3.1.3. Relationships between soil water content and the CO; content of cave air

The relationship between the gaseous concentration inside both caves and soil water content was
analysed during brief periods after rainfall episodes. These periods occurred during the outgassing stage
of each cave, when air renewal due to cave ventilation is more active and lower CO, concentrations are
registered inside the caves. The effects of the VWCincrease in soils are highlighted when studying changes
in the CO; content of cave air.

Data from the Altamira cave were collected during September 13 to 26, 2009 (Fig. 5(a)). During this period,
the total amount of rainfall was 114.2 mm. Volumetric water content (VWC) in the soil increased from 0.4
m3 m3 (before the rainfall) to nearly 0.9 after the first water contribution to soil, and remained at very
high levels during days when rain fell constantly. No visitors could access to the cave during this episode.
Thus, the cave was under totally natural conditions. Immediately after the first rainfall episode, a CO;

concentration increase (from 1065 to 2008 ppm in 48 h) was observed inside the cave. When the rainfall
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episode started, the soil needed very little time to become saturated since it already contained a
considerable amount of water. Therefore, water transport began quickly (Fig. 5(a)).

Precipitation is scarce near the Rull cave, but from March 18 to 24, 2015, rain fell continuously, totalling
180.4 mm (Fig. 5(b)). Before the rainfall event, the soil was almost completely dry (0.14 m3 m3VWC), a
common situation in this study area. CO, concentrations inside the cave (950 ppm) were decreasing due
to the ongoing outgassing stage, which is associated with the open connexion between the subterranean
and outside atmospheres. Although Rull cave is open to the public, the effects of even a large number of
visitors when they occur for several continuous days only persist for a few days during the outgassing
stage (Pla et al., 2016b). Thus, the presence of visitors during the study period may not have affected
microclimatic conditions within the cave.

On March 18, in response to the rainfall episode, soil VWC changed (from 0.14 to 0.20 m3 m-3) (Fig. 5(b)).
In the following days, the amount of water in soil was substantially higher than the mean annual value
due to the continuous influx of water, which also affected the soil temperature. The last and most
significant rainfall (51.8 mm) occurred on March 24. This was the main rainfall event responsible for the
large observed increase in soil VWC (0.25 m3 m3). After this event, CO, concentration inside the cave
increased from March 24 to March 29. Under other circumstances, i.e., without rain, the natural CO, trend
inside the cave would have decreased during this period (Pla et al., 2016a, 2016b). During the studied
event, the role of carbonate host rock dissolution as a contributing source of CO, to the cave air (Serrano-
Ortiz et al., 2010) is considered to be negligible because little water was observed dripping into the cave
after the rainfall event.

Isotopic sampling was not performed after the rainfall episode. However, previous studies that examined
the annual isotopic cycle (Pla et al., 2016a) have shown that 63CO, values in Rull cave become lighter
after the rainfall event. Cave 6'3CO, measured values were -17.80%0 (16/02/2015) and -23.57%o
(15/04/2015). Large numbers of visitors entered the cave on March 28 and 29, which might also have
contributed to the registered CO, concentration increment.

The highest CO, concentration observed as a direct consequence of the rainfall was achieved between
March 28 and 29, some days after the last rainfall on March 24. After this last episode, soil VWC started
decreasing but always remained higher than the value observed before the first rainfall episode (March

18).
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Soil production of CO; is strongly influenced by soil temperature (Darenova et al., 2014; Li et al., 2015).
However, CO, fluxes increase after rainfall events. This effect is more pronounced after dry periods
without precipitation (Xu and Luo, 2012), which produce a large CO, concentration gradient between soil
and cave, accentuating the CO, diffusion process. The average soil CO, content is higher at Altamira (2773
ppm, September 2011 — September 2012) than at Rull (1828 ppm, January 2014 — May 2015). The
differences between the evolution in gas dynamics in both caves are shown in Fig. 5(a, b). The observed
CO; increase (1000 ppm) in Altamira cave occurred abruptly in the hours following the rainfall event. At
Rull cave, a small increase in CO, concentrations (200 ppm) was registered more than 48 h after than the
first rainfall (March 18), when the saturation in soil was noticeable. The largest increase (600 ppm) did
not appear until 48 h after the last rainfall event (March 24), and this rise was superimposed on a gradual
increase.

Cuezva et al. (2011) confirmed that, at Altamira cave, the soil acts as a barrier or membrane which controls
gas exchange between cave and atmosphere. This barrier becomes more or less effective as the amount
of water in the soil pore system changes. At Rull cave, soil saturation is not accomplished immediately
after rainfall events. This delay prevents total closure of the soil membrane above the cave, allowing gas
transport to continue for several days after the beginning of the rainfall event. After the rainfall episode,
the soil returns to lower water content levels and the connection between exterior atmosphere and soil
is restored.

The rock properties of both caves also control the cave — atmosphere connection. Fluid transport is
accomplished through the secondary porosity, including fractures, fissures and solution channels. Water
flow is easily accomplished from the soil to the cave. However, gas transport depends on the degree of
saturation of secondary porosity-related openings. Several factors, such as the thickness of the overlying
membrane, as well as the characteristics of the karst geomorphology and the host rock, also influence the

water and gas dynamics.

3.2. Physical properties of the soil

The grain size distributions for both soils are: <0.002 mm (1.1%), 0.063 —0.002 mm (62.5%), 2 —0.063 mm
(36.4%) for Altamira soil and <0.002 mm (2.2%), 0.063 —0.002 mm (80.1%), 2 — 0.063 mm (17.7%) for Rull

soil. In other words, Rull soil has more fine particles than Altamira soil. XRD analysis of randomly-oriented
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powder samples shows predominantly quartz in both soils, although Rull soil contains a greater
proportion of phyllosilicates, as well as some calcite. Rull soil is composed of quartz (70%), phyllosilicates
(20%), calcite (5%) and feldspars (5%). Altamira soil is composed of quartz (85%), phyllosilicates (12%) and
feldspars (3%). Rull soil displays lower grain density values, due mainly to the presence of phyllosilicates,
which have low specific gravities.

Porosity values for the two soils are similar but the higher water content in Altamira soil when the samples
were taken leads to higher values of air-filled porosity for Rull samples (Table 1). For the experiments,
sample preparation was designed to preserve the undisturbed soil texture. Thus, even considering
possible variations between the original soil and the prepared samples, the lab experiments should be
representative of processes that operate at the field sites.

Values of specific surface area (SSA) and organic matter content are higher in Rull soil than in Altamira
soil, as consequence of the presence of fine particles in Rull soil. The amount and type of organic material
are directly related to soil water repellency (hydrophobicity) (Neris et al., 2013), a phenomenon that
prohibits water from wetting or infiltrating into dry soil. A hydrophobic soil can resist wetting for periods
ranging from a few seconds to days or even months. Hydrophobicity also affects water affinity and,
consequently, the soil’s resistance to microbial degradation, the rate of wetting and absorption processes
(Leelamanie, 2014). Nevertheless, some soils become hydrophilic with widely varying granulometric
compositions and organic matter types (Vogelmann et al., 2013). When the organic matter is hydrophilic,
the soil is able to hold large amounts of water. Under this situation, water absorption rates increase,
resulting in more water being immobilized by the soil structure.

The SSA of polymodal porous materials is directly related to porosity and inversely related to pore size
(Benavente et al., 2008). Thus, a sandy soil presents large pores, whereas clay soil contains narrow pores.
In addition, the presence of clay minerals strongly increases SSA values since these minerals may have
internal surfaces in their interlayer space. The higher specific surface area for Rull soil is consistent with
its higher organic matter content (Table 1). The sample preparation prior to SSA measurement causes the
removal of part of the organic matter. After this removal, SSA becomes higher. Initially, the narrowest
pores are partially filled with organic matter, but after removal of the organic matter, this pore fraction
becomes empty and, the SSA value increases (Ding et al., 2013; Kaiser and Guggenberger, 2003; Zhang et

al., 2013).
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3.3. CO; gaseous diffusion coefficient

CO, diffusion coefficients (Table 2) were determined for the samples at different degrees of compaction
(Rull 0%, Rull 0% compacted, Rull 30%, Rull 62%, Alt 0%, Alt 0% compacted, Alt 30% and Alt 62%). Average
values of CO, flux for the different experiments ranged from 0.71 to 8.96 pmol m2s1in Altamira soils and
from 0.71 to 3.32 umol m2stin Rull soils, in relation to the CO, gaseous diffusion coefficients.

Figure 6 shows the CO, concentration as a function of time inside the top chamber for every sample. The
CO, diffusion coefficients were obtained from these curves. These coefficients are in agreement with
those obtained by previous studies (Jabro et al., 2012; Tang et al., 2003; Turcu et al., 2005).

Both samples (Altamira and Rull soils) were tested when partially and nearly totally saturated. Diffusion
coefficients for Altamira soils are twice as large as for Rull soils, even when compacted. When the amount
of water in soil increases, liquid transport regulates the available space within the soil pores. Significant
reductions in the diffusion coefficient were found in comparison with the dry soil, which confirmed the
influence of water content on gas diffusion. The final values of the diffusion coefficients for the partially
and totally saturated samples are similar. Consequently, water content may be more important than pore
structure. Both soils, Altamira and Rull, tend to homogenize their behaviour in the presence of water
although they have different characteristics.

For both soils (Altamira and Rull), the differences between diffusion coefficients of dry and saturated
samples are much higher than differences obtained between samples with different degrees of saturation
(30 and 62% of water content). The CO; diffusion coefficients obtained for the totally dry samples (0%)
were 5 times (for Rull soils) and 9 times (for Altamira soils) higher than those obtained from the saturated
samples (62% water content). Figure 6 confirms that a decrease in soil water content enhances gas
diffusion through the empty pores. As demonstrated previously by other authors (e.g., Fang and
Moncrieff, 1998; Loisy et al., 2013; Sanci et al., 2009), increasing water content in soils produces a
decrease in air-filled porosity, causing a reduction in CO, flux through the soil.

Classical diffusion models use equations in which soil porosity and water content are essential for
determining the gaseous diffusion coefficient (Millington and Quirk, 1961; Penman, 1940). Nevertheless,
the performed tests revealed that CO, diffusion coefficients for Altamira soils are larger than for Rull soils

(Table 2), even though the porosity for Altamira soil is lower than that of Rull soil. This result confirms that
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soil granulometry (which is coarser in Altamira soil than in Rull soil) may be decisive in determining gas
fluxes through soil. Thus, sandy soils have higher gas diffusion coefficients than clay-rich soils, since the
former have larger pores. For example, the clay fraction is included in the relative gas diffusivity, D/Do,
through empirical-determined coefficients (Ridgwell et al., 1999). The generally coarser particles in
Altamira soil enhance gas diffusion through its pores. In contrast, the higher porosity values in Rull soil
seem to be less decisive in the diffusion process than particle size distribution. Ridgwell et al. (1999) and
Troeh et al. (1982), among other workers, developed diffusion models that specifically consider not only
porosity and water content but also other soil physical properties. These models of gas diffusion indirectly
consider total porosity and its reduction by increases in water content, and in the last instance, soil texture
and organic matter content. In particular, the presence of organic matter affects gas diffusion through

soil because it is a colloid that can modify soil texture and structure.

3.4. Infiltration rates determined by X-ray Computed Radiography

Results from X-ray CR reveal that, for all studied cases, the initial infiltration rates (R;) (m s) (Fig. 7(a)) are
higher than the total rates (Ry) (Fig. 7(b)). This decrease in the water infiltration velocity might be related
to one of two possible causes. (1) The tracer liquid was taken up in the superficial soil volume, occupying
its voids. Consequently, no fluid remained to wet the remainder of the soil volume. In that case, the soil
would have been partially saturated, with some pores completely filled with all the available water, and
the moisture front would have stopped advancing through the soil. This hypothesis may explain the
observed drastic reduction in the rate of moisture front advance during the last time intervals of the test,
which was seen in results from practically all the samples. Moreover, liquid condensation — evaporation
in the water islands formed between the pores, where the soil is wet, would encourage the transport of
condensable vapour (Shahraeeni and Or, 2012). Alternatively, the decrease in the infiltration rate might
be related to (2) the trapping of air during the initial saturation of the soil, as described by Faybishenko
(1995). Initially, air accumulates in the smaller pores. When the infiltration process begins, water is
absorbed into the smaller pores, displacing the entrapped air into the larger ones. Consequently, the
largest pores are blocked, and the rate of liquid movement decreases. Unfortunately, the resolution of
the experiment did not allow detection of changes in the soil porosity during testing, as these changes

were not identified in the black-white radiographies (DR). Although not observed in our experiments, if

18



the flux of water entering into the soil had been constant, the entrapped air would have eventually been
expelled in pulses.

For both soils tested, the infiltration front moves faster when the soil is completely dry. For the samples
with 22, 30 and 62% water content, the infiltration front has lower rates of movement compared to the
dry soil (Fig. 2(b, c)). In these samples, once the water content increased, the reduction in pores that were
available to contribute to water movement caused lower infiltration rates. In Fig. 2(b, c), drier soils show
lighter tones and lower densities.

Regarding the study areas, some differences are found between the soils from Rull and Altamira caves.
Figure 7(a, b) shows the infiltration calculated rates, which are higher in Altamira soils for all tested water
contents (0, 22, 30 and 62%). Initial infiltration rates (R;) range from 2.06:10® m s to 1.42:10°m s1. The
decrease in the infiltration rate follows a constant slope for soils with 0 — 30% water content. Between 30
and 62% water content, the curve shows a significant change in slope. In Rull soils, infiltration rates are
lower, ranging from 1.28:10% m s t0 6.35:10°m s,

Regarding total infiltration rates (R:), the infiltration front describes a similar pattern for both soils but net
velocities are much lower, as described above. Observed differences between soils are consequences of
their differing physical properties (Table 1), which was demonstrated by the different tests that were
performed.

Two compacted samples from Altamira (Alt 0% compacted and Alt 30% compacted) were also tested.
Coherent results were obtained (Figs. 2(b, c) and 7(a, b)) since infiltration rates were always smaller than
those obtained from the non-compacted samples. In the non-compacted samples, velocity channels are
available and the water flows easily. When soil compaction increases, pores decrease in size and become
disconnected from each other (Menon et al., 2015), resulting in reduced water transport.

The infiltration front in Fig. 2(b, c) describes a curved shape in the less dense samples (Alt 0%, Alt 22%,
Rull 0%). Infiltration took place primarily in the core of the soil sample. In these samples, no increase in
the width of the soil border was detected in the top surface of the soil, as confirmed by the constant white
band (air) that remained in the DR for the whole procedure. In contrast, compacted samples and samples
with higher water contents were characterized by a planar and nearly immobile infiltration front that
remained constant throughout the experiment. This planar infiltration front results in an increase in the

width of the soil border in some samples (Alt 30% compacted, Alt 62%, Rull 30% and Rull 62%) because
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the tracer was less able to percolate into the soil. As the liquid was not able to migrate downward, the

water remained accumulated in the soil surface

3.5. Relative hydraulic conductivity as a function of soil water content

The relative hydraulic conductivity function was experimentally obtained for both soils (Fig. 8). The curves
show that hydraulic conductivity of the unsaturated soils is not constant. It is predominantly a function of
the water content or the matric suction of the unsaturated soils.

Figure 8 shows that the relative hydraulic conductivity of the soils decreases with decreasing soil water
content. When the soil becomes unsaturated, air replaces some of the water in the larger pores. This
replacement causes the water to flow through the smaller pores, leading to increased tortuosity of flow
paths (Gallage et al., 2013). Water flux in soil is negligible at the lowest water contents, causing lower
relative hydraulic conductivity values and higher water suction. In contrast, gas movement follows the
opposite trend; when the water content in soil decreases, the CO, diffusion coefficient increases, as
demonstrated by Fig. 8.

For any volumetric water content, the curve for Altamira soil shows larger values of relative hydraulic
conductivity than the curve for Rull soil. This situation occurs because Altamira soil has a coarser grain
size distribution, a large amount of void space and a lower organic matter content. Higher organic matter
contents may be responsible for the observed water immobilization, which leads to lower values of the
hydraulic conductivity. This effect was previously confirmed by Zongping et al. (2016) and Neris et al.
(2012), who reported that soil infiltration and soil hydraulic conductivity were significantly affected by soil
aggregation, structural stability, organic matter and bulk density. Hydraulic conductivity is a pore-space
property and therefore depends on the connected porosity and pore size but also on textural properties

such as grain shape, sorting and the internal grain arrangement of the material. Hydraulic conductivity is
proportional pore size raised to some power (=2), according to the Carman-Kozeny equation (Schén,

2011).
Hydraulic conductivity values measured under saturated conditions (Table 1) follow the same pattern as
those measured under unsaturated conditions. Higher values of relative hydraulic conductivity encourage

the downward flow of water into the soil subsurface during rainfall periods after the water content of the
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soil increases. Relative hydraulic conductivity increases abruptly once the pore space is completely filled

with water. Meanwhile, the soil becomes impermeable to gas transport.

3.6. Comparison of results: differences between Altamira and Rull caves

This study aims to establish the essential role of soil as one of the main controls on the gas exchange
between underground environments and the outside atmosphere. Soil-produced CO, is transported
mainly by diffusion through the soil-rock interface to the cavities (Garcia-Anton et al., 2014a, Pla et al.,
2014). This soil-rock membrane regulates the gas exchange between the cave and the exterior, controlled
by the soil’s texture and water content (Fig. 9). The results obtained from the laboratory tests of Altamira
and Rull soils show that they behave differently when fluids move through them. Altamira soil responds
faster to fluid transport, and has higher infiltration rates, hydraulic conductivity values and gaseous
diffusion coefficients than Rull soil. Altamira soil has higher bulk and grain densities, lower porosity, a
coarser grain size distribution and lower organic matter content than Rull soil (Fig. 9). The soil mineral
composition and organic matter content were found to be the essential factors that determine the ease
of fluid transport. In Rull soil the attractive forces between the particles (which are generally finer than in
Altamira soil) are responsible for the interaction between organic matter and clay minerals (Dikinya et al.,
2008), reducing the filtration and diffusion paths in soil. The higher SSA value for this soil, which is a
consequence of its texture, mineral composition and organic content, is responsible for its lower
infiltration rates, hydraulic conductivity and gaseous diffusion coefficient.

At Rull cave, rainfall is scarce throughout the year, and the soil remains dry for long periods. After the
observed rainfall episode in Rull cave (Fig. 5(b)), the CO, concentration increase did not occur
simultaneously with the increase in soil moisture content (Fig. 9). The delay between these processes is a
consequence of the low water infiltration rates and hydraulic conductivity values of Rull soil. In contrast,
Altamira soil usually contains significant amounts of water, due to the abundant rainfall in the area (Fig.
9). At the beginning of the rainfall episode in Altamira cave (Fig. 5(a)), the effective rainfall (i.e., excess
water left over after evapotranspiration) starts to percolate into the soil profile. The soil achieves higher
water content values quickly, due to its high infiltration rates and hydraulic conductivity values. Once the
soil membrane becomes fully saturated with water, a reduction in the gas diffusion from soil to cave air

is evidenced in both caves by an increase in CO, concentrations. Altamira and Rull caves have a particular
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pattern of gas exchange, controlled by the permeable-impermeable membrane formed by the host rock

and soil.

4. Conclusions

The soils above Altamira and Rull caves have been demonstrated to be one of the main controls on the
caves’ gas dynamics. Although the two caves have different characteristics, similar processes having to do
with the properties of the overlying soil control the migration of soil-produced CO,; into the caves’
underground atmospheres. This overlying soil, conforms, with host rock a permeable — impermeable
barrier or membrane.

Experimental lab tests demonstrated that Altamira soil responds more quickly to fluid transport. Altamira
soil, which has generally coarser particles than Rull soil, also has higher CO, diffusion coefficients,
infiltration rates and hydraulic conductivity values. Rull soil is distinguished by finer particles, a mineral
composition that includes larger amounts of clay and organic matter, which results in reduced rates of
water filtration and gas diffusion. This fact explains the lower water transport coefficient and highlights
the role of the soil mineral composition and organic matter content in fluid transport.

When both soils are dry, gas transport mainly depends on soil physical properties. Altamira soil, which
has a higher gaseous diffusion coefficient, permits faster transfer of gases from the subterranean
environment to the surface. When the water content in soil increases, the increased amount of available
liquid regulates the available space within the soil pores, which leads to a reduction in the gaseous
diffusion coefficient. For that reason, when both soils (Altamira and Rull) are near saturation, gas
transport does not depend on the physical properties of the soil but on the water content.

After a rainfall episode, a rise in the soil water content closes off the soil-rock membrane above the cave,
which hinders the connection between the exterior atmosphere and the cave. This consequence favours
the diffusion of soil-produced CO, to the cave, which occurs when the soil-cave concentration gradient is
large enough to drive diffusion. This process is controlled by soil properties, including porosity,

granulometry, texture, mineralogy and organic matter content and soil water content.
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Tables

Table 1. Physical properties of the studied soils (Altamira and Rull).

. Grain Bulk Total Air filled Specific Hydraulic .
Soil . . . . L Organic
sample density density porosity porosity surface area | conductivity matter (%)
0
(g cm?) (g cm3) (-) (-) (m2g?) (ms?)
Altamira 2.50 1.30 0.48 0.23 7.42 4.84-107 9.4
Rull 2.36 1.13 0.52 0.34 11.36 3.49:107 14.7

Table 2. CO, diffusion coefficients determined for the different soil samples.

Calculated CO, diffusion coefficient

Sample (m2s1)-10°6
Altamira Rull

Dry soil (0%) 4.02 1.49
Compacted dry soil (0%) 3.50 1.00
Wet soil (30%) 0.54 0.61
Wet soil (62%) 0.32 0.32
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Figure 1. Laboratory device designed to measure gas diffusion. (1) Top chamber. (2) Bottom chamber. (3) Sample. (4) CO2 concentration probe

and (5) temperature and relative humidity probes in the top and bottom chamber. (6, 7) Set of valves in the top and bottom chamber.
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Figure 7. (a) Initial infiltration rates (Ri) for the different samples. (b) Total infiltration rates (Rr) for the different samples.



s5.0¢107""

[
] *s L —
- 0 ;" n
w 40010 é - 4.0x10° E
£ ES
B @
g % i
§ 3.0x107° - - 3.0x10 §
=
8 - §
2 2.0x107° . - 20x10° £
E Rull soil [Diffusion coefficient] . ~ Altamira sodl E
=1 (Hydraulic conductivity) L g
T o
10110 Foull il n f
[{Hydraulic conductivity) 1.0x10
| ‘#,_.Fx . F
o | T T — — T T T 1 | | T 0

Water content (%)

Figure 8. Data of relative hydraulic conductivity functions for the both soils, obtained from ku-pF experiment and CO: diffusion coefficients for

different soil water contents.
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Figure 9. Synthesis of both field sites (Rull and Altamira). The figure highlights the differences between the both scenarios and the different

evolution after a rainfall event. Soil properties are also remarked. Values of volumetric water content in soil (VWC), exterior temperature and CO2

concentration in soil and caves are annual averaged values.
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