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ABSTRACT

A one-year monitoring survey has been carried out in La Paz and La Viña Caves in the Ortigosa de Cameros 
Cave System (NE Iberian Peninsula), in order to track the oxygen isotope signal from rainfall to speleothem calcite, 
assessing the ability of this signal to retain environmental information. Oxygen isotope signals of rainfall events, 
drip water —sampled every three months—, and speleothem calcite, precipitated over three-months, are com-
pared. Water dripping follows precipitation events in winter, spring and summer, more closely in the near-surface 
drip points than in the deeper ones. In autumn, dripping is delayed with respect to rainfall, suggesting that water 
stays in the epikarst before dripping resumes after summer. This delay causes a deviation of the total drip water sig-
nal (average δ18O=−8.39‰ V-SMOW) from the rainfall signal (average δ18O=−7.41‰ V-SMOW). On the contrary, in 
winter the isotopic signal of drip water keeps the rainfall signal. Calcite isotopic signal (total average δ18O=−6.83‰ 
V-PDB) shows a small offset (0.62–0.75%) with respect to the signal predicted by drip water oxygen composition; 
this points to a limited kinetic effect in calcite precipitation, therefore calcite retains the signal of rainfall, especially 
in winter.

Keywords: oxygen isotope signal; speleothem calcite; cave monitoring; Northern Iberia.

RESUMEN

Durante un año se han monitorizado las cuevas de La Paz y La Viña en el Sistema de Cuevas de Ortigosa de 
Cameros (NE de la Península Ibérica) para rastrear la señal isotópica del oxígeno desde la lluvia a la calcita espe-
leotémica, y así valorar la capacidad de esta señal para conservar información medioambiental. Se han comparado 
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Introduction

Stalagmite oxygen isotope (δ18O) is commonly 
used as a proxy of external environmental condi-
tions (Lachniet et al., 2009; McDermott, 2004) for 
palaeoclimate reconstructions, inasmuch as the rain-
fall isotopic composition is transposed to the speleo-
them calcite. However, the isotopic changes in the 
pathway from the rainfall to the speleothem are not 
completely understood, because of the many com-
plex factors involved, which are related to climate, 
soil and vegetation, epikarst and cave environment 
(McDermott, 2004; Lachniet et al., 2009; Feng et al., 
2014). In fact, every karst system or every cave may 
usually display a unique and individual isotopic 
response (Bradley et al., 2010).

A first approach to addressing this subject deals 
with the isotopic (δ18O) analysis of drip waters 
(Treble et al., 2013; Luo et al., 2014) as an intermedi-
ate step from the external climate signature to the spe-
leothemic one. Thus, cave monitoring involving this 
strategy becomes a useful method to assess palaeoen-
vironmental interpretations derived from stalagmites 
(Cruz et al., 2005; Baldini et al., 2006; Mattey et al., 
2008; Feng et al., 2014, Genty et al., 2014).

Previous works (Muñoz & Sancho, 2008; Muñoz 
et al., 2009; Muñoz et al., 2010) have shown the 
potential of the Ortigosa Cave to refine the relation-
ship between the environmental features and the spe-
leothem chemistry. Through sampling and analyses 
of the isotopic composition of rainfall, drip waters 
and in-situ resulting precipitated calcite, we explore 
the transference of the isotopic signature, in order 
to assess the processes prevailing in the intermedi-
ate reaches (from rainfall to drip water and from 
drip water to calcite) in the Ortigosa Cave System 
(Northern Iberian Peninsula).

Study area and cave features

The study area is located in the westernmost sec-
tor of the Cameros Range (Iberian Mountain System, 
Northern Spain) (Fig. 1a). La Paz and La Viña Caves 
are located in the Encinedo Mountain (Fig. 1b) near 
Ortigosa de Cameros village (La Rioja). The geologi-
cal framework is made up of a Paleozoic basement, a 
Mesozoic cover, dipping to the S-SE, and a subhorizon-
tal sequence of Cenozoic conglomerates. The Ortigosa 
Cave System is developed within marine limestones of 
the Middle Jurassic (ITGE, 1990) and is one of the most 
important endokarstic features in the Iberian Range. 
La Viña Cave is 114 m long and is located at 1080 m 
above the sea level. La Paz Cave is longer (236 m) and 
it develops 20 m above the former (Fig. 1c). Both, La 
Paz and La Viña Caves, exhibit horizontal development 
and geometry controlled by the direction of the main 
regional NE-SW fault system (Fig. 1a). The karstified 
massif is covered by poorly developed calcareous soils 
(rendzina) and supports a mesophytic forest of Quercus 
ilex and Quercus rotundifolia.

Methods and materials

Several environmental parameters have been 
monitored both outside and inside the Ortigosa 
Cave system over a full year (autumn 2011- summer 
2012). Rainfall amount was measured continuously 
and sampled for isotopic composition (δ18O and δD). 
Temperature values were obtained from the closest 
meteorological station of Villoslada de Cameros 
(Government of La Rioja: http://www.larioja.org/
npRioja/default/defaultpage.jsp?idtab=457643).

Inside the caves, dripping rate, relative humidity 
(RH) and temperature were continuously recorded 
by means of several HOBO sensors: one drip gauge 

las señales isotópicas del oxígeno de los eventos de la lluvia, el agua de goteo (muestreada trimestralmente) y 
la calcita espeleotémica, precipitada también durante cada trimestre. El goteo en las cuevas responde a la preci-
pitación en invierno, primavera y verano, más estrechamente en los puntos más próximos a la superficie que en 
los profundos. En otoño hay un retraso entre la lluvia y el goteo, lo que sugiere que el agua permanece por un 
tiempo en el epikarst, antes de que se reanude el goteo después del verano. Este retraso provoca que la señal 
isotópica del agua de goteo (media total de δ18O=−8.39‰ V-SMOW) se desvíe de la señal de la lluvia (media de 
δ18O=−7,41‰ V-SMOW). Por el contrario, en invierno la señal isotópica del agua de goteo es muy semejante 
a la de la lluvia. La composición isotópica de la calcita espeleotémica (media total de δ18O=−6,83‰ V-PDB) pre-
senta un pequeño desfase (0,62–0,75%) respecto al valor que le correspondería por la composición isotópica 
del agua de goteo; esto indica que los efectos cinéticos durante la precipitación de la calcita son limitados, por lo 
que ésta conserva la señal de la lluvia, especialmente en invierno.

Palabras clave: señal isotópica del oxígeno; calcita espeleotémica; monitorización de cuevas; Norte de la 
Península Ibérica.
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in each cave (sites LV1 and LP2 in Fig.1c), and two 
sensors of temperature and RH in La Viña Cave 
and three in La Paz (sites  LV1, LV2, LP1, LP2 and 
LP3, in Fig. 1c). Drip water was sampled manually 
for  isotopic analysis (δ18O) every three months, in 

the middle of the corresponding season (November, 
March, May and August): two sites (LV1a and LV2) 
were sampled in La Viña Cave and three sites (LP1, 
LP2, and LP3) in La Paz Cave (Fig. 1c). Speleothem 
calcite records were obtained by precipitation on 

Fig. 1.— Geographic and geological setting of the Ortigosa de Cameros cave system (a). Aerial photograph with the location of the 
caves (La Paz Cave has two entries) (b). Scheme section of the Encinedo Mountain and location of the study sites (c).
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glass plates placed under dripping points, nearby 
the water sampling sites (one per dripping site), 
and removed every three months, at the end of the 
corresponding season (December, March, June and 
September); the precipitated calcite was analyzed 
for oxygen isotopic composition (δ18O).

Rain water isotope oxygen and hydrogen analyses 
were carried out at the IACT-CSIC in Granada, in 
a Finnigan Delta Plus XL mass spectrometer. Water 
samples were equilibrated with CO2 for the analysis 
of δ18O values (Epstein & Mayeda, 1953), while the 
hydrogen isotopic ratios were measured on H2 pro-
duced by the reaction of 10 μL of water with metallic 
zinc at 500 °C, following the analytical method of 
Coleman et al. (1982). The results are expressed as 
δ18O and δD‰ V-SMOW.

Drip water oxygen was determined at the 
Department of Environmental Sciences of the J. 
Stefan Institute in Ljubljana (Slovenia). The water 
samples were poisoned with a solution of HgCl2 
immediately after sampling to prevent biological 
activity before the analysis. The results are also 
expressed as δ18O‰ V-SMOW.

Calcite oxygen isotope composition was deter-
mined by using a Thermo Finnigan MAT252 mass 
spectrometer coupled with a CarboKiel-II carbonate 
preparation device at the Scientific and Technological 
Centers form the University of Barcelona. The 
results are reported as δ18O‰ V-PDB.

Results

Environmental conditions

Regional climate is of continental Mediterranean 
type, with a mean annual temperature of 9 °C and a 
mean annual precipitation of 630 mm. During the mon-
itored time the mean temperature was of 9.93 °C and 
the annual precipitation of 522.48 mm. Precipitation 
occurs mainly in autumn and spring, although there 
were some important events in July 2012 (Fig. 2).

Internal parameters

In La Viña Cave only the LV1 sensor has recorded 
the whole monitored time span, with a mean daily 
temperature of 12.17 °C and extreme values of 
11.91 °C (June 29, 2012) and 12.46 °C (August 26, 
2012). The extreme values of the incomplete record 

of LV2 sensor are 11.95 °C (March 28, 2012) and 
13.36 °C (August 22, 2012).The RH is 100%, invari-
ably, for both LV1 and LV2 sensors.

In La Paz Cave the LP2 and LP3 sensors supplied 
complete records through the monitored time. The 
mean daily temperature recorded by sensor LP2 was 
11.43 °C, with extreme values of 11.16 °C (March 2, 
2012) and 11.60 °C (August 30, 2012); LP3 recorded 
a mean daily temperature of 10.99 °C, with extreme 
values of 9.29 °C (March 29, 2012) and 12.2 °C 
(September 22, 2012). The LP1 sensor only recorded 
since March 2012, with extreme values of 11.27 °C 
(March 22, 2012) and 11.89 °C (September 30, 
2012). The average RH values were 100% for LP2 
sensor and 98.11% for LP3 sensor.

Temperature variations inside the caves are small. 
The main difference among sensors corresponds to 
LP3, which shows the widest temperature range. This 
fact has been explained, in a previous work (Muñoz 
et al., 2012), by its position, close to the surface and 
to one of the entrances. The seasonal changes in tem-
perature (differences between three-month means) in 
LV1 and LP2, the sites where the drip rate of each 
cave was measured, are 0.1  °C and 0.2 °C respec-
tively. This is coherent with a higher thermal inertia 
in La Viña Cave than in La Paz Cave, related to the 
deeper position of La Viña Cave and the thicker rock 
roof above it, that slows down the heat transference 
from the outside (Muñoz et al, 2010).

Fig. 2.— Local mean daily temperature and rainfall in La Viña 
and La Paz Caves during the monitored time period.
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Other factors, mainly the visitor entry, have been 
observed to affect the cave temperature, mainly due 
to lighting and ventilation. In fact, radon and CO2 
monitoring have shown that ventilation is more 
efficient in La Viña Cave than in La Paz Cave, in spite 
of the former having a thicker rock roof and only one 
entrance (Muñoz et al., 2012). Nevertheless, both the 
small variation of temperature and relative humidity 
inside the caves over the year, as well as the lack of 
asymmetric development of current erratic forms, for 
instance, botryoidal forms, point to a limited effect 
of ventilation, at least in the sampling and measure-
ment cave areas, far enough from the entrances.

Water dripping inside the caves is irregular and 
responds to the local rainfall events. In summer, drip-
ping decreases, and even ceases, in the two caves. If 
the drip rate records of both caves are compared with 
the local rainfall record (Fig. 3), it can be observed 
that, in general, rain events are almost immediately 
followed by an increase in the drip rate, except in 
autumn. Over this season there is a delay between the 
rainfall events and the resume of the dripping inside 
the caves, which starts in mid-October/beginning of 
November in La Paz/La Viña Caves. This delay is 
likely related to the response time of the karstic sys-
tem after the summer. For the rest of the year, rainfall 
events are quickly reflected in the dripping in both 
caves, although in La Paz Cave the dripping mimics 
the rainfall more closely, whereas in La Viña Cave 
dripping rates are more moderate and even dripping 
continues after the rain ceases, i.e. the response to 
rainfall events is slower. The dripping rates do not 
reflect the intensity of rainfall events with the same 
magnitude, most likely because in some cases, during 
particularly intense events, rainfall water is partially 
lost through run-off, which reduces the infiltration 
into the epikarst.

The lack of water dripping record in La Viña Cave 
during most of the winter 2012 is due to technical 
problems of the sensor.

Isotopic composition

Rainfall

Isotopic composition of rainfall is plotted in Fig. 4. The 
δ18O values span from −3.01‰ V-SMOW to −14.48‰ 
V-SMOW, with a mean value of −7.41‰ V-SMOW, 
and δD spans from −21.48 to −105.13‰ V-SMOW, 

Fig. 3.— Seasonal comparison between rainfall events and drip 
water rates in La Viña and La Paz Caves; vertical scales are 
different for each season.

http://dx.doi.org/10.3989/egeol.41730.319
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with a mean value of −50.13‰ V-SMOW. Deuterium 
and oxygen analysis of rainfall plot around the Global 
Meteoric Water Line (GMWL) and the Western 
Mediterranean Meteoric Line (WMML) although with 
a lower slope (GMWL: δD=8×δ18O+10; WMML: 
δD=8×δ18O+13.7; this work: δD=6.23×δ18O−4.1) 
(Fig. 4). There are not remarkable differences among 
values of rainfall of different seasons, although win-
ter values tend to be lower. Snow precipitation, more 
frequent in winter and spring, can be significant: the 
average of snow δ18O of the studied year is −9.19‰ 
V-SMOW, assuming the precipitation occurs when 
the mean daily temperature is below 4 °C. Taking 
into account the wind direction during the precipita-
tion, the lowest isotopic values correspond to NNW 
to WNW wind directions (mean δ18O=−8.86‰ 
V-SMOW) and the highest to S-SSE wind directions 
(mean δ18O=−4.74‰ V-SMOW), whereas WSW-
SSW wind directions show intermediate values 
(mean δ18O=−6.94‰ V-SMOW). Snow precipitation 
occurs under NNW to WSW wind directions.

Dripping water and precipitated calcite

Average isotope composition is δ18O=−8.39‰ 
V-SMOW in drip water, and δ18O=−6.83‰ V-PDB in 
the glass-precipitated calcite. The evolution of oxygen 
isotopes of both dripping water and calcite precipitated 
in glass plates is plotted in Fig. 5. They display parallel 
trends, with lower values in winter and spring than in 

summer and autumn; in these seasons, displaying the 
highest δ18O values, water dripping was scarce and only 
one site could be sampled for water in La Paz Cave. In 
La Viña Cave the two measurement sites yield similar 
values through the monitored time, whereas in La Paz, 
closer to the surface, values are higher in autumn and 
summer and lower in winter and spring.

Discussion

From rainfall to dripping

Rainfall is the primary source for the water in 
the speleothemic process, and the final drip water 
isotopic signal will depend both on the isotopic 

Fig. 5.— Seasonal evolution of average oxygen isotope signals of 
dripping water and speleothem calcite.

Fig. 4.— Rainfall δ18O and δD Ortigosa from October 2011 
to September 2012; Global Meteoric Water Line, Western 
Mediterranean Water Line and Local Meteoric Water Line.

http://dx.doi.org/10.3989/egeol.41730.319
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composition of rainfall and on the changes that rain 
water suffers along the pathways through the reser-
voir, until it reaches the cave. Moreover, the charac-
teristics and intensity of these transformations can 
vary through time and space (McDermott, 2004; 
Lachniet et al., 2009; Johnston et al., 2013; Feng 
et al., 2014).

The isotopic signal of rainfall depends very much 
both on the provenance of the precipitation and on 
the temperature. At Ortigosa location, due to the lati-
tudinal position and other geographic factors (alti-
tude, orography, etc.), precipitation generated by 
frontal depressions related to western Atlantic flows 
are predominant, although convective storms associ-
ated with eastern flows and cyclogenetic processes 
in the Mediterranean basin itself are also common, 
mainly in summer (Celle & Jeanton et al., 2001). 
Taking into account the wind direction associated to 
each precipitation event, the high values recorded for 
rainfall coming from S-SE wind directions, that is, a 
likely Mediterranean origin, are significant of this 
influence. Besides, the influence of snow precipita-
tion is limited, because the mean δ18O value of pre-
cipitation from NNW to WNW directions, excluding 
the snow (mean value =−7.47‰ V-SMOW), is still 
lower than the mean δ18O corresponding to the S-SE 
directions.

Thus, the “source effect”, although partially con-
cealed by the seasonality, would be one of the main 
influences in the final δ18O values of precipitation 
at this location. This effect is due to the different 
air mass histories and temperatures of the moisture 
sources (Craig, 1961; Dansgaard, 1964; Rozanski 
et  al., 1993; Araguás-Araguás et al., 2000) and 
would explain the seasonality of the rainfall isotopic 
composition represented in Fig. 6.

In the Ortigosa Cave System the relation-
ship between drip water rates and rainfall events 
(Fig. 3) suggests that rainfall water enters into the 
cave through the epikarst with almost no delay, 
except in autumn; therefore this is the only season 
in which significant changes in water from the rain 
to the dripping can be expected. Figure 7 shows 
the comparison between rainfall and drip water 
oxygen signal, taking the weighted mean of the 
rain events prior to the water sampling moment. In 
autumn, the isotopic composition of drip water is 
much heavier than the rain water, especially in La 

Paz Cave, in agreement with the time delay shown 
between rainfall and water dripping resuming 
after summer; this residence time allows a certain 
degree of isotopic change in water, by depletion in 
the lighter isotope (Feng et al., 2014; Genty et al., 
2014). Depletion in the light isotope can be abso-
lute, due to evaporation in the epikarst, or relative, 

Fig. 6.— Evolution of rainfall events and rainfall isotopic 
composition (δ18O and δ2D) during the monitored time period. 
The curve lines, obtained by a polynomial fitting, show the 
variation along the three-month periods linked to drip water 
and calcite sampling.

Fig. 7.— Comparison between rainfall and drip water oxygen 
isotopic composition. Rainfall values correspond to the weighted 
mean of the rain events prior to the water sampling of the season.
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8� M.C. Osácar, C. Sancho, A. Muñoz, M. Bartolomé, A. Moreno, A. Delgado-Huertas, I. Cacho

Estudios Geológicos, 70(2), julio-diciembre 2014, e021, ISSN-L: 0367-0449. doi: http://dx.doi.org/10.3989/egeol.41730.319

due to the input of the heavier isotope of the lime-
stone by dissolution (Fairchild et al., 2006).

In other seasons the isotopic signal in drip water is 
closer to the rain water. In winter the isotopic signal 
in drip water is the same as the rain water, in spring 
drip water is slightly lighter than rain water, and in 
summer is lighter in La Viña Cave and heavier in 
La Paz. Partial evaporation of rain water, prior to 
the analysis, can result in drip water lighter than the 
rainfall water from which it derives. In addition, the 
lost of the specific rainfall event which produced 
the sampled drip water can also yield drip water 
lighter than the measured rainfall water. In spring, 
most likely, some of the rainfall events contributing 
to the analysed drip water were missing. In summer, 
although all rainfall events related with the sampling 
drip water were analysed, drip water δ18O increases 
while rainfall δ18O decreases, with respect to the 
previous spring values; in La Paz Cave δ18O of drip 
water is even heavier than δ18O of rainfall. As rainfall 
in summer is scarce, water probably has remained in 
the epikarst for longer, before dripping, for which a 
certain degree of depletion in the lighter isotope can 
be expected.

From dripping water to speleothem calcite

In both caves RH is close to 100% during the 
whole year; besides, as it has been stated above, the 
measurement and sampling sites are placed in areas 
where ventilation is weak, therefore, its effects on 
the isotopic signature of speleothem calcite should 
be limited. Therefore, the isotopic composition of 
calcite depends only on the water isotopic composi-
tion and on the temperature dependant fractionation 
(Feng et al., 2014). In the Ortigosa Cave System the 
temperature oscillations through the year are very 
small (Muñoz et al., 2010), for which the primary 
control is the water isotopic composition. Thus, the 
environmental information is transferred to the spe-
leothem calcite, provided that the isotopic fraction-
ation process is reasonably free of kinetic effects.

To assess the oxygen isotopic fractionation in the 
speleothem calcite precipitation, its oxygen isotopic 
composition has been compared with the predicted 
values estimated from the formula by Tremaine et al. 
(2011):

1000 ln α = (16.1×103×T−1) –24.6

where α is the fractionation factor, which is esti-
mated from the measured temperatures; then, the pre-
dicted δ18O of calcite was calculated from the formula:

a’ = (δ18Ocalcite VSMOW+1000)/(δ18Owater VSMOW+1000)

The results show that measured calcite δ18O is, in 
general, less negative than the predicted δ18O; the only 
exceptions are two cases in La Paz Cave. The differ-
ences between measured and predicted values are in 
the range of the systematic offset values recorded in 
other monitored caves with the same or similar for-
mula (Tremaine et al., 2011 and references therein). 
The average offset is smaller in La Viña Cave (0.62‰) 
than in La Paz Cave (0.75‰), in agreement with the 
stronger covariation between the isotopic signals of 
drip water and calcite in La Viña (r=0.81, n=6) than 
in La Paz (r=0.58, n=7). In this situation the kinetic 
effects in calcite precipitation are limited (Feng 
et al., 2014) and it is commonly assumed that some 
environmental information is retained by the calcite 
(Tremaine et al., 2011, Wackerbath et al., 2010).

This is confirmed by the parallel evolution of oxy-
gen isotopic composition of drip water and calcite 
through the monitored period (Fig. 5). Nevertheless, 
in La Viña Cave, at the two sites (LV1a and LV2), 
values of both drip water and calcite are almost con-
stant, whereas in La Paz Cave site LP2 and, especially, 
site LP3, which is the closest to the surface, shows 
larger variations, with heavier values in autumn and 
summer. Site LP3 in La Paz can be reached even by 
water coming from low intensity rainfall events or 
partially evaporated water in summer. On the con-
trary, La Viña Cave, which is below La Paz, shows 
more homogeneous values and only the delayed iso-
topic effect observed in autumn and, partially, the 
depletion in the light isotope in summer water can 
be recognized. Thus, discarded the effect of ventila-
tion on the isotopic composition of speleothem cal-
cite, the differences in calcite can be explained by 
the composition of the drip water, which, in turn, is 
related with the relative depth of the drip points and 
the water residence time in the epikarst, above the 
caves. Differences in oxygen isotopic composition 
with depth in caves have been also recorded in other 
caves (Genty et al., 2014), which are also linked to 
the different composition of the water that reaches 
the different cave levels.

http://dx.doi.org/10.3989/egeol.41730.319
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In both caves, winter shows the lightest values of 
calcite δ18O, which agrees with both the drip water 
and the rain water, and it probably displays the best 
matching between drip water and precipitation, as it 
has been observed in other caves (Feng et al., 2014).

Conclusions

Several preliminary conclusions may arise from 
this one-year study (autumn 2011- summer 2012), 
tracking the oxygen isotopic signature from the rain-
fall to the speleothems in the Ortigosa Cave System:

1.	 Dripping inside the Ortigosa Cave System 
follows rainfall almost immediately in winter, 
spring and summer. In autumn there is a delay 
between rainfall and water dripping. This delay 
corresponds to the time needed for the surface 
water to reach the cave after summer, when the 
epikarst loses most of its water content.

2.	 Except in autumn, the water dripping keeps the 
rainfall isotopic signal with little or no change, 
especially in winter. In autumn the drip water 
isotopic signal is heavier than the corresponding 
rainfall; this divergence is likely connected to this 
season delay between rainfall and water dripping.

3.	 Differences in both drip water and calcite δ18O 
have been observed between the two caves, 
related to their depth.

4.	 Kinetic effects in calcite precipitation are small 
enough for the isotopic signal of calcite to retain 
the rainfall information, especially in winter, 
when the lowest values of δ18O are measured, in 
agreement with the rain water composition.

These preliminary conclusions cannot be consid-
ered definitive but only as a working hypothesis for 
subsequent research.
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