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ABSTRACT

The giant Geode of Pulpı́ (Almerı́a, Spain) can be considered as one of the most significant recent mineralogical
discoveries in terms of geological heritage. Any tourist exploitation of this mining environment should be sustainable,
and the first step is to determine the feasibility of opening the interior of the geode to visitors. To achieve this objective it
was necessary to characterize the variation of physical parameters of the air and rock (gypsum crystals) during monitored
visits, similar to the hypothetical visits that would occur if the geode were opened to the public. The main environmental
impact of a continuous presence of people inside the geode is condensation on the surface of the gypsum crystals as a
result of increased temperature and water vapor caused by respiration. The phenomenon of condensation on the gypsum
crystals begins to occur with visits of two or three people for longer than 10 min. Condensation on the crystal surface
brought about by this human presence could lead to the corrosion of the crystals. The total recovery time required
after a visit of this type to resume the initial natural thermal and humidity conditions was 27 h. The results obtained
from the environmental monitoring of the geode suggest that it is not feasible to allow visits inside it because of the
mechanical impact of the visitors on the crystals and of the risk of condensation of water vapor. Copyright  2005 Royal
Meteorological Society.
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1. INTRODUCTION

The Geode of Pulpı́ (SE Spain) is a geological phenomenon unique in the world because of its size and
the perfect shape of the large crystals it contains (Calaforra and Garcı́a-Guinea, 2000; Garcı́a-Guinea and
Calaforra, 2001a). These crystals have high transparency and contain minor solid inclusions. Its discovery in
1999 by mineral collectors was widely publicized in the world media and it made news in some scientific
journals like Science (Vol. 286, 2000, p2120). It was found inside an old iron-and-lead mine, 50 m deep
(Figure 1) in Triassic dolomites that form part of the Betic Cordillera. The volume of the void of the
Geode of Pulpı́ is 10.7 m3; it is 8 m long, 1.8 m wide and 1.7 m high, and the average size of the
gypsum crystals is 0.5 × 0.4 × 0.3 m, with some crystals of 2 m in length. Mineralogenesis of the geode
can be summarized in four stages (Garcı́a-Guinea et al., 2002): (1) karstification of Triassic dolomites under
conditions of pronounced acidification and in the presence of hydrothermal fluids rich in hydrogen sulfide;
(2) deposition of fine needles of celestine in the walls of the void generated (SrSO4); (3) influence of the
freshwater–saltwater mixing zone in the carbonate aquifer and mixing with hydrothermal fluids (H2S); and
(4) gradual cooling with slow growth of gypsum crystals sealing in the fine celestine needles.

* Correspondence to: A. Fernández-Cortés, Water Resources and Environmental Geology Research Group, Department of Hydrogeology
and Analytical Chemistry, University of Almerı́a, 04120 Almerı́a, Spain; e-mail: acortes@ual.es
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Figure 1. Location, map of the mine and details of the Giant Geode of Pulpı́ (Almerı́a, Spain) (photos: P. Forti and authors)

The lack of internationally known references on gigantic geodes confers a uniqueness on the Geode of
Pulpı́. In Spain, there are abundant but smaller quartz geodes in the Cantabrian Cordillera and in Burgos
(Elorza and Rodrı́guez-Lázaro, 1984, 1987; Elorza and Garcı́a-Garmilla, 1993; Gómez-Alday et al., 1994,
2002). There are also geodes linked to the Late Hercynian, calcalkaline volcanism of Central Spain (Bustillo
et al., 1999).

Although geode formations have been described in other areas (Finkelma et al., 1974; Matsui et al., 1974;
Di Sabatino et al., 1996; Gilg et al., 2003), none is as large or unusual as the two previous internationally
known cases of the Naica region of Chihuahua (Mexico). One of these was discovered inside the ‘Cueva de
las Espadas’ mine (Foshag, 1927; Hill and Forti, 1997), which is an 80 m-diameter cavern with large prismatic
gypsum crystals of up to 2 m in length and 25 cm in diameter, but highly damaged over the years by the
activities of mineral collectors. Another one is the world’s biggest and purest gypsum crystals formation
(‘Cueva de los Cristales’), discovered in the same mining area. In this case, the gypsum crystals reach 10 m
in length and 2 m in diameter, but the present cave air temperature is close to 50 °C and humidity is at the
saturation point, making it unfeasible to open the cave to tourism because of the health risk to humans.

In the case the Geode of Pulpı́, its singularity, good state of conservation, and size make it a geo-heritage
feature requiring special protection. Nowadays two problems could signify the disappearance of the geode:
(1) pressure from mineral collectors and Natural Museums to dismantle it (Garcı́a-Guinea and Calaforra,
2001b) and (2) the scarce Spanish legislation dealing with this type of heritage. Spanish environmental
legislation can only assure the protection of the geode by means of ‘minor’ figures of protection such as
‘Natural Monument’, a juridical concept applied to geological features that are unique or significant from a
cultural, scientific, or landscape standpoint (Consejerı́a Medio Ambiente de la Junta de Andalucı́a, 1999).

The concept of Natural Monument in Spain carries with it an expectation of sustainable tourist use of the
landform. This alternative might be viable, given the accessibility and environmental conditions of the geode
and, further, tourist exploitation might be a means to assure its conservation because it would add economic
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and cultural factors to the list of reasons in support of its protection. One project proposes the geode and its
surrounding mining environment as a site of Natural Geological Heritage (Calaforra et al., 2001), forming
part of a network of sites protecting relics of the former mining industry in the southeastern Iberian Peninsula
(Martı́nez-Frı́as, 1999).

However, before any adaptation for tourism is attempted, it is first necessary to characterize the natural
microclimatic conditions inside the geode and to understand the risks to the geode that visits to it would
entail. This paper defines what kind of visits (number and modulation of visitors) to the geode could have an
impact on its natural environment. Gypsum solubility increases with the increase in temperature and with the
presence of water unsaturated in this mineral (Klimchouck, 2000). One of the most important impacts to the
gypsum crystals is the presence of unsaturated water vapor condensed on their surface, which could provoke
corrosion by gypsum dissolution in the crystal discontinuities. The human presence inside the geode increases
the water vapor content and temperature of the air, turning the crystal into a surface capable of condensation.
Using observations recorded from a number of monitored visits, different situations were simulated with
varying numbers and frequency of visitors to predict what could happen if the geode were opened to tourists.

2. METHODOLOGY

The monitored visits were characterized by a restricted number of people spending a limited time within
the geode and coming into direct contact with the air and crystals within the geode. Thirty experimental
visits were made, with groups of between one and three people remaining inside the geode for between 5
and 30 min (Table I). The low intensity visits consisted of one or two people spending 5 min. The medium
intensity visits were between one and three people for 10 min. The high intensity visits comprised a maximum
of three people (given the dimensions of the geode −10.7 m3) spending a considerable period within it (longer
than 10 min). A customized data logger, with special sensors designed for the narrow range of measurements
expected, was installed to measure the physical characteristics of air temperature, temperature at the crystal
surface, relative and absolute humidity, dew point, atmospheric pressure, and rate of airflow. Temperature and
relative humidity of the air were measured by a Vaisala Humicap humidity and temperature probe HMP45A
(Humicap180 and Pt100 sensors), rate of airflow was measured by a hot film anemometer model EE70
(E + E Elektronik Ges.m.b.H), air pressure by a silicon, capacitive, absolute pressure sensor model PTB101B
(Vaisala Barocap), temperature at the crystal surface by a self adhesive patch Pt100 sensor (Labfacility
Ltd.), and the absolute humidity and dew point by the model EE30EX (E + E Elektronik Ges.m.b.H), which
combines a humidity sensor HC1000-40 (measuring range 0 to 100% RH and accuracy ±2%, between 0
and 90% RH, and ±3%, between 90 and 100% RH) and a temperature sensor Pt1000 (measuring range
−40 to 60 °C and accuracy ±0.2 °C). The technical data of the sensors and their location inside geode are
represented in the Figure 2. Temperature and humidity of the cave air change as a result of the transfer of
sensible and latent heat and moisture between the air and the surrounding surfaces. The net effect of these
processes on air temperature and humidity depends on the temperature and humidity of the air entering the
cave, the temperature and vapor concentration gradients between the air and cave surfaces, and the moisture
state of the cave environment (De Freitas and Littlejohn, 1987). Although the absolute humidity depends on
air temperature and moisture content, this variable was measured as a critical factor to determine the water
vapor increases inside the geode by human respiration. Variables that are relatively accurate and simple to
measure (such as temperature) and the calculated recovery time following monitored visits form very useful
tools for determining the possibility of visiting a reduced space like the geode.

Measurement and recording took place every minute and was the same for all visits, and this meant that
the stages of impact and recovery of each parameter could be studied in detail. To set off recording and to
download the measurements of the environmental variables, data communication cables of a sufficient length
were used to permit the collection of data from outside of the geode, thus avoiding the need to enter the
geode during these operations. In this way, the natural regime of the geode was not altered in the run-up to
the experiments of the controlled visits.

In order to compare the data from the interior of the geode, the air inside the mine, and the outside
air, records from the ‘Virgen de Fátima-Cuevas de Almanzora’ meteorological station, controlled by the
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Table I. Sessions of monitored visits to the interior of the Giant Geode of Pulpı́

Type of visit No people Length of visit (min) No repetitions Lapsed time (min)

Low intensity 1 5 5 20 Time between repetitions
2 5 5 20 20

Medium intensity 1 10 5 20 20
2 10 5 20 20
3 10 5 20 20

High intensity 3 15 1 Time since the previous visit
3 30 1 120 120
3 25 1 10 10
2 13 1 5 5
2 10 1 5 5

Variable

Variable
Variable

Variable

Variable

Air temperature (°C)

Relative Humidity (%)

Range
-39.2-60.0

0.8-100

Accuracy

Accuracy

±0.2

±2
±0.05 ± 5%

measured value

±0.2

±0.2
±0.2

±0.2
or ±3%measured value (90-100%RH)

±2%measured value (0-90%RH)

Resolution

Resolution

0.001

Resolution
Resolution

Resolution

0.001

0.001

0.001
0.001

0.01

0.1

Temperature surface of
gypsum crystals (°C)

Range

-50-150

Rate of airflow (m/s)

Range
Range
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0-2
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600-1060

-80 -60
0-150Absolute humidity (g/m3)
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0 2 m
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Figure 2. Scheme of the Giant Geode of Pulpı́ and the environmental control system installed

‘Consejerı́a de Agricultura y Pesca de la Junta de Andalucı́a’ (Spain) and situated 6.3 km far from the mining
area containing the geode, were employed.

We have considered that the most important microclimatic factor, when considering the conservation of the
geode, is the risk of corrosion of the gypsum crystals due to water vapor condensation (Fernández-Cortés,
2005). Condensation is the dynamic process of the flow of water vapor between the air and a solid surface,
a process that is a function of the vapor gradient between these two surfaces. The flow varies with time and
implies alternating condensation and evaporation of water, depending on the direction of the vapor gradient
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between the air and the surface. When condensation in a given period exceeds evaporation of the condensed
water over the same period, condensation will accumulate on the surface.

The condensation phenomenon in caves has been mentioned in earlier descriptive studies of relationships
between macroscopic variables such as the volumetric heat content of the dry and moist air, the specific
heat and density of the air (Eraso, 1969), specific humidity, saturation humidity, and air speed (Mucke
et al.,1983); or the relationship between absolute humidity inside and outside of cavity (Dublyansky and
Dublyansky, 1998, 2000). Nevertheless, these studies are significant only in a wide spatiotemporal scale and
do not take account of the thermal conditions of the air in terms of a specific condensation surface. The
phenomenon of condensation is controlled by the microclimatic processes taking place within the cave and
plays a principal role in karstification and speleogenesis (Decu et al., 1982; Jameson, 1991, 1995; Calaforra
et al., 1993; Horoi, 1994; Sarbu and Lascu, 1997; Tarhule-Lips and Ford, 1998). Recently De Freitas and
Schmekal (2003) studied condensation in caves as a microclimatic process, developing a method to quantify
the condensation water, with the aim of calibrating a theoretical physical model for its calculation. This model
of condensation in caves is defined by the vapor gradient between the air and the condensation surface and
a coefficient of transfer of water vapor by convection.

Accordingly, the thermal equilibrium in the geode, consisting of a positive thermal difference between the
gypsum crystal surface and the air, could be altered as a result of heat and water vapor exhalation generated
by human presence within it. The potential condensation of water vapor in the geode will be produced when
the thin film of air in contact with the crystals becomes saturated (relative humidity of close to 100%)
and the dew point is equal to or higher than the temperature of the crystal surface. The exchange of water
by condensation/evaporation between the air and the crystal surface will depend on air movement and the
roughness of the condensation surface. These factors are combined in the model proposed by the coefficient
of humidity transfer by convection (De Freitas and Schmekal, op. cit.) and have been applied in this study.

The ratio of effective condensation under favorable thermal conditions (potential condensation) depends on
the specific humidity of the air and the condensation surface, according to the equation:

C = (qr − qa) × kv

where C (g/m2·s) is the ratio of condensation, qa (g/kg) is the specific humidity of the air, qr (g/kg) is the
specific saturation humidity at the temperature of the gypsum crystal surface, and kv (g/m2·s) is the coefficient
of transfer of water vapor by convection. The coefficient C represents a dynamic exchange of humidity by
condensation/evaporation between the gypsum crystal surface and the air, such that condensation occurs when
C is positive and evaporation occurs when C is negative. The overall balance of C for a given period will
indicate the net flow of water vapor between the surface of the crystals and the air.

The specific humidities qa and qr are a function of the vapor pressure and can be calculated as follows
(Neiburger et al., 1982):

qr = 0.622 × esr

qa = 0.622 × e

where esr (hPa) is the saturation vapor pressure at the temperature of the condensation surface and e is the
vapor pressure of the air. The vapor pressure (e) is directly dependent on temperature (T in K), according to
Badino (1995):

e = 10y+5

where y = 20.211 − 4.5 × log(T ) − (2980.5/T ) − 0.00278T + 2.825 × 10−6T 2, while the saturation vapor
pressure is calculated from (Badino, op. cit.):

esr = 6.112 × e[17.62∗t)/(243.12+t)]

where t is the temperature in degrees Celsius.
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The combined coefficient of transfer of water vapor by convection (kv) is a function of air movement and
the roughness of the condensation surface. A simple expression for its calculation is as follows:

kv = hv/λ

where hv (W/m2) is the secondary coefficient of convection and λ (J/g) is the latent heat of condensation
(or evaporation) at the air temperature. The latent heat of vaporization (λ) is part of the specific enthalpy
of the air at a given temperature. Thus, the specific enthalpy (h, in J/kg) is a measure of the heat energy
(specific plus latent) of 1 kg of dry air plus the associated water vapor, relative to a temperature of 0 °C and
containing nil humidity. The specific enthalpy for each temperature is tabulated empirically in psychrometric
diagrams, and there are specific programs to calculate it for a wide range of temperature, relative humidity,
and air pressure (Linric Company, 1998; http://www.linric.com). Using the specific enthalpy (h) it is possible
to calculate the latent heat on the basis of Dalton’s law of partial pressures:

h = h1 + h2 + h3

where h1 is the specific enthalpy of the proportion of dry air (h1 = kgdry air × specific heat of the air × �

temperature away from 0 °C), h2 is the specific heat of the humidity content of the air (h2 = kgvapor/kgdry air ×
specific heat of the water vapor (1.89 kJ/kg·K) × � temperature away from 0 °C) and h3 is the energy of
vaporization/condensation at constant temperature of the water at more than 0 °C (h3 = kgvapor/kgdry air × λ

at temperature T ).
The coefficient hv is calculated according to Pedro and Gillespie (1982):

hv = 1.07 × (λ/ca) × hc

where ca (J/kg·K) is the specific heat of the air (practically constant, 1004.6 J/kg·K, for the range of air
temperatures in the geode) and hc is the primary coefficient of convection:

hc = 5.9 + 4.1 × v × [511 + (294/511 + T )]

where v is the air speed (m/s) and T , the air temperature (K). Rate of airflow within the geode oscillated
from 0 to 0.002 m/s, with a single maximum of 0.034 m/s under the regime of monitored visits, so that hc

was establish from 5.9 to 8.0.

3. RESULTS

3.1. Microclimate behavior under natural conditions

Under natural conditions, the ambient parameters in the geode remain practically constant through time,
since the structure is situated between 50 and 60 m below ground and any meteorological changes outside
are buffered by the outermost galleries of the mine. In fact, the microclimate of the galleries surrounding the
geode entrance is also very constant, with air temperatures of between 16 and 16.5 °C and a relative humidity
of around 65%, on average. The hydrothermal oscillations are even smaller inside the geode than immediately
outside it, since it is effectively an isolated space within the mine. Moreover, exchange of air between the
geode and its exterior is hampered by the narrow access to the geode, which includes an L-shaped elbow
only 0.5 m in diameter.

Figure 3 shows examples of the evolution of environmental variables inside and outside geode under natural
conditions, for two periods (summer and winter). In summer, the temperature outside the mine is around
18.5 °C, higher than in parts of the mine close to the geode. Air temperature inside the geode is practically
constant at around 19.3 °C (Figure 3(a)). The temperature of the surface of the crystals is markedly higher
(by around +3.1 °C) than the dew point temperature of the air under natural conditions (16.3–16.5 °C), the
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Figure 3. Evolution of the main environmental variables inside and outside of the geode, under natural conditions: (a) summer regime
and (b) winter regime (temperature outside the mine as mean daily values)

latter parameter remaining practically constant throughout the summer. These thermal characteristics of the
air and the crystal surface within the geode reflect a stable microclimate in which conditions do not favor the
condensation of water vapor on the crystal surface. In winter, the outside temperature is less than that inside
the mine or the geode. Temperatures of the air and the crystal surface in the geode are similar to those recorded
in the summer, around 19.3 °C and 19.6 °C respectively (Figure 3(b)). Both the air temperature in the mine
and dew point show considerable temporal variation in comparison to the summer situation, in line with the
daily thermal variations outside. This means that the difference between temperature of the crystal surface and
dewpoint temperature of the air within the geode reach their annual maxima, with a mean difference of 10 °C.

Throughout the year the air in the mine is more humid than the air within the geode, registering a difference
in relative humidity of approximately 5%. During summer the relative humidity in the mine is 25% higher
than the outside air under natural conditions (Figure 3(a)), and it is nearly constant at 85–90% throughout the
mine. Meanwhile, during the winter, the relative humidity outside is higher than within the mine and in the
geode, with values never exceeding 80% (Figure 3(b)). In the summer, humidity in the mine and inside the
geode are unaffected by diurnal meteorological changes. The density of water vapor in the interior (absolute
humidity) is also very stable – between 13.5 and 14 g/m3 inside the geode. In contrast, the relative humidity
of the mine and of the geode oscillates with the same periodicity as the humidity fluctuations outside, from 30
to 60%. However, the relative humidity of the air inside the mine is 10% higher than in the geode itself. This
behavior of air humidity indicates the predominance of cold, dry air entering the mine and the geode. For this
reason, the absolute humidity in winter inside the geode falls to its annual minimum of between 5 and 10 g/m3.
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3.2. Environmental response to low- and medium intensity visits

Low intensity visits: The mean temperature increase of the air inside the geode caused by a visit by
one person for 5 min was 0.37 °C. Recovery to ambient temperature was complete after this type of visit
(Figure 4(a)). However, during the second series of visits by two people for 5 min there was a progressive
accumulation of heat of 0.1 °C, with a mean increase in temperature per visit of 0.74 °C. During both these
series of visits, the surface temperature of the gypsum crystals remained around 19.5 °C – their normal
temperature under natural conditions, though small increases in temperature were recorded after visits by two
people. After these visits, the air temperature at some points exceeded that of the crystal surface, although
the latter remained above the dew point. In summary, the thermal recovery of the geode was instantaneous
after this type of visit, except for the dew point, which increased from 15 °C (natural conditions) to 16.6 °C
as a consequence of the human presence (Figure 4(a)).

Entry by one person into the geode hardly affects relative humidity of the air. In contrast, water vapor
content per unit volume of air in the geode (absolute humidity) did show a mean increase per visit of 0.3 g/m3,
with an overall accumulation of 0.2 g/m3 after successive partial recoveries (Figure 4(a)). When the number
of people was raised to two, relative and absolute humidity in the geode increased. Both parameters showed
progressive accumulation, with mean increases per visit of 1.9% for relative humidity and 0.5 g/m3 for
absolute humidity. In both cases, initial values were not recovered after the last visit.

Medium intensity visits: As the residence time of visitors inside the geode was increased from 5 to 10 min the
destabilization of its microclimate became more significant, with an overall rise of 0.05 °C in air temperature,
10% in relative humidity, and 1.5 g/m3 in absolute humidity (Figure 4(b)). In contrast, the dew point remained
3 °C below the temperature of the gypsum crystal surface.

The thermal impact on the geode starts to be quite considerable after visits over this period by two people
for 10 min (Figure 4(b)). The thermal accumulation was 0.1 °C with mean increases of 0.65 °C per visit. The
dew point of the air trended upwards to 19 °C, very close to the temperature of the crystal surface of 19.5 °C.
Relative humidity rose by 12% and absolute humidity by 1.7 g/m3.

During the series of visits by three people for 10 min, a total thermal increase of 0.2 °C was recorded, with
mean temperature rises of 0.94 °C in this group. After this series of visits, the dew point remained 0.5 °C
below the surface temperature of the gypsum crystals. Relative humidity fluctuated between 96 and 100%,
so that the increments per visit were small. Saturation of the air inside the geode (100% relative humidity)
was reached during the third visit of three people for 10 min, corresponding to a vapor content of 16.2 g/m3.

3.3. Condensation of water vapor on the gypsum crystal surface

Having determined the environmental response of the geode to these pre-established visits (number of
repetitions, time spent in the geode, number of people, and interval between visits), it is interesting to
determine the behavior of its microclimate to an extreme event. Such an event corresponded to visits of five
groups of two to three people for longer periods, always more than 10 min (High intensity visits), until the
appearance of point condensation was observed on the surface of the gypsum crystals.

Ambient conditions prior to this series of visits were as follows: air temperature in the geode, 19.3 °C;
temperature of the crystal surface, 19.5 °C; and dew point, 16.3 °C (Figure 5(a)). Temperature outside the
geode was constant and 2.5 °C lower than that inside. Relative humidity was greater in the interior (85%)
than in the exterior (65%) and absolute humidity within the geode was a constant 13.5 g/m3.

During the visit of the first group of three people for 15 min, the air temperature and dew point rose by
+0.8 and +2.4 °C, respectively. The difference between the temperature of the gypsum crystal surface and
the dew point was +1 °C, due to the fact that the crystals in the geode increased in temperature by only
0.2 °C. The recovery time following this visit was 2 h and 16 min, before allowing the following four groups,
each lasting more then 10 min. Over this period, the air temperature of the geode recovered after 1 h and
13 min, but the dew point presented a recovery of only 25%. Both relative and absolute humidity within the
geode showed a behavior similar to that of dew point (Figure 5(a)) and the starting condition had not been
completely recovered by the time of the subsequent groups’ visits. Relative humidity rose by 10%, while the
water vapor content in the geode increased by 2 g/m3.
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Figure 4. (a) Evolution of the main microclimatic variables in the geode during visits by one to two people, lasting 5 min each.
(b) Evolution of the main microclimatic variables in the geode during visits by groups of one to two and three people, lasting 10

minutes each

The microclimatic conditions within the geode that favor the onset of condensation of water vapor were
reached when a number of visits lasting more than 10 min were made without allowing for a recovery
period between visits. Conditions for potential condensation were rapidly satisfied, 7 min into the subsequent
visit by a second group of three people. At this instant, the air temperature was 19.9 °C and the dew point
exceeded 19.5 °C. This visit of three people lasting 30 min provoked saturation of the air (100% relative
humidity) during the first 5 min of being in the geode, with the maximum absolute humidity (17.5 g/m3)
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Figure 5. (a) Evolution of temperature, dew point, relative and absolute air humidity in the geode during the visits of groups of two and
three people lasting more than 10 min each. (b) Potential risk of water vapor condensation (obtained by the monitoring of the thermal
difference between the gypsum crystals and the dewpoint of the air) and effective condensation ratio, considering a primary coefficient

of convection of 5.9 (continuous line) or 8.0 (discontinuous line)
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being registered after 20 min (Figure 5(a)). The subsequent visits (three people/25 min and two people/13
and 10 min) meant that the conditions favorable to potential condensation were maintained, while the water
vapor content of the air oscillated between 17 and 17.5 g/m3.

The duration of effective condensation of water vapor on the gypsum crystals corresponds to the length
of time the condensation ratio (C = (qr − qa) × kv) was positive. The effective condensation lasted 1 h and
4 min, the water vapor content of the air inside oscillating between 16.4 and 17.4 g/m3 during the presence of
two to three people (Figure 5(b)). The temperature difference between the crystal surface and the dew point
was at its greatest over this period; in other words, the thermal gradient and the vapor pressure between the
crystal surface and the air was at a maximum.

The highest condensation ratio (between 3.0 and 4.1 g/m2·h) occurred during the visit of the last two
groups (of two people for 13 and 10 min), despite the fact that these visits were by fewer people and over
shorter time. This indicates that the condensation phenomenon is the cumulative result of increases in heat
and humidity inside the geode. The period when the highest condensation rate was reached corresponds to a
relative minimum in absolute humidity, since condensation causes water vapor deposition as small droplets
on the surface of the gypsum crystals (Figure 5(b)).

Equally, the positive increments in the condensation rate caused an increase in the proportion of water
vapor condensed with respect to absolute humidity (Figure 5(b)). In general, this proportion was low (less
than 1.2% in all cases), since the condensation occurred at the same time as the production of excess water
vapor due to human respiration, which increased the absolute humidity of the air.

It is estimated that the effective condensation caused the deposition of 1.55 to 2.10 g/m2 water on the
crystal surface, taking into account the condensation rate for each minute-long interval. The period of effective
condensation (C > 0 g/m2·h) is followed by a period of evaporation of the mass of condensed water. The
conditions conducive to evaporation (C < 0 g/m2·h) lasted approximately 35 min, although the calculated
value of 1.55 to 2.10 g/m2 would mean it would evaporate after only between 3 and 4 min given a high
evaporation rate (C from −50 to −70 g/m2·h).

3.4. Admissible visitor capacity and recovery times

Precise evaluation of the admissible visitor capacity of the geode could only be estimated by forcing the
appearance of condensation for each type of visit. This type of assessment is not feasible from the point of
view of conserving the geode, given the elevated risk of corrosion of the crystals caused by condensation.
The solubility of gypsum at 20 °C is 2.531 g/l (or 14 mM/l), and this increases with temperature, pressure,
and in the presence of certain dissolved ions that are not gypsum (NaCl or Mg(NO3)2). Likewise, solubility
decreases as the grain size of the gypsiferous mass increases (Klimchouck, 2000).

It is possible to estimate the increase in air temperature per unit time caused by each person inside the
geode, using the microclimatic data series recorded at the same time as the individual visits made to install
the monitoring equipment, such as in the series of visits by one person for 5 min. Other cave microclimate
studies have estimated that the metabolic heat produced by one person is between 70 and 100 kcal/h, of
which 70% is emitted by radiation and 30% by convection (Villar et al., 1984a). The loss of metabolic heat
depends on body weight, gender, and age. The heat produced by a person also depends on the duration and
intensity of physical activity. The metabolic requirements of a person can be calculated as a function of the
level of physical activity, the period over which the person is exerted, and the person’s body weight. The
expression used to calculate energy consumption according to the type of physical activity undertaken is as
follows (Food and Agriculture Organization of the United Nations, 1990):

Q = f × P × t

where Q is the consumption of energy (kcal or kJ), P is the body weight (kg), t the duration of physical
activity (min) and f (kcal/kg·min or kJ/kg·min) a factor of physical activity which is taken from a table
showing different activity types (WHO, 1985). In the case of individual visits inside the geode, it is possible
to determine the amount of heat contributed by each person (Q) by monitoring the variation in temperature
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and air humidity (ratio of mixture = kg vapor/kg dry air). Bearing in mind that the visits by individuals
do not generate a change in the phase of the water vapor (by condensation), it is possible to quantify the
increase in heat of the air within the geode as a consequence of human presence, by calculating the increase
in specific enthalpy (h = mass × specificheat × � temperature) of both the dry air mass and the water vapor.
The quantity of heat generated will correspond to the heat contributed by one person of weight P (in kg)
who undertakes physical activity (f ) for a period t , such that:

Q = [mdry air(kg) × ca dry air(kJ/kg·K) × �T (K)] + [(kgvapor/kgdry air) × ca vapor(kJ/kg·K) × �T (K)]

= f (kJ/kg · min) × P(kg) × t (min)

where ca dry air = 1.0046 kJ/kg·K, the specific heat of the dry air, and ca vapor = 1.89 kJ/kg·K, the specific
heat of the water vapor, over a temperature range determined by �T .

Once Q and t are known it is possible to calculate the factor for physical activity (f ) for a person of weight
(P ), which indicates the exertion resulting from accessing and staying inside the geode chamber. Using the
above expression, one calculates:

f = �T × [(mdry air × ca dry air) + ((kgvapor/kgdry air) × ca vapor)]/P × t

This gives a factor for mean physical activity of 0.0854 kJ/kg·min (≈0.0204 kcal/kg·min) for a visit by
one person. The calculation of Q did not take into account the heat generated by visitor that contributed to
the temperature increase of the gypsum crystals, since this thermal increase is insignificant for a visit by one
individual, as demonstrated in earlier paragraphs. According to this factor of physical activity, the amount of
heat released to the geode by a person weighing 70 kg for 1 min, is between 5.4 and 6 kJ.

Once the heat produced by one person inside the geode has been calculated, it is possible to determine
theoretically the thermal effect of each visit type (no of people, their body weight, and length of stay). By
this means, the admissible visitor capacity to the geode can be estimated as a function of the heat generated
by each group of visitors, in order that the thermal conditions favorable to condensation of water vapor inside
the geode are never reached. According to the experimental data from the monitored visits during which the
appearance of condensation of water was forced, one can deduce that it is necessary that the dew point of
the air (the critical parameter) increases by 3.1 to 3.9 °C to reach conditions favorable for condensation on
the gypsum crystals. The theoretical risk of condensation in the geode can be determined using an easily
measured parameter (air temperature): by taking the ratio between air temperature and vapor pressure, given
that the latter parameter is related to the dew-point temperature according the following expression (Sonntag,
1990):

Dew point (°C) = 243.12 × [ln(ev/6.112)/(17.62 − ln(ev/6.112))]

where ev is the vapor pressure (mbar).
According to the above relationships, the range of critical increase of the air temperature of the geode

is 3.2 to 4.1 °C. Knowing this range of critical increase of the air temperature, together with the mean air
mass contained in the geode and the ratio of the mixture kg vapor/kg dry air, the amount of heat that a visit
must generate in order that the dew point is raised above the temperature of the gypsum crystals (onset of
potential condensation) was calculated to be approximately 43 kJ. Having calculated the critical input of heat,
a visit regime can now be established, which identifies the maximum number of visits that can be made while
avoiding the onset of condensation (Villar et al., 1984a, 1984c):

Qcritical = N × t × Qunit

where N is the number of people, t , the time spent (min) and Qunit, the heat contribution by a generic visit by
one person weighing 70 kg for 1 min inside the geode, which was estimated previously to be 5.4 and 6 kJ.
Using the previous equation, the admissible capacity that the geode can support under a regime of visits is
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found to be one person/8 min, two people/4 min or three people/23 min, assuming a mean body weight of
70 kg. However, this regime, determined so as not to allow the onset of condensation within the geode, could
be made more flexible, since the temperature increase at the crystal surface has not been taken into account.
Any thermal increase at the crystal surface would allow the maximum length of the stay to be increased, since
there would be a longer period to eradicate the thermal difference between the dew point and the temperature
of the surface of the gypsum crystals.

Another critical microclimatic parameter for defining the admissible visitor capacity is the water vapor
content of the air, which shows a similar evolution over time as difference between the dew point and the
temperature of the gypsum crystal surface. The dimensions and the limited ventilation inside mean that the
geode would be extraordinarily sensitive to the presence of people, especially with respect to the critical
increase of humidity in this space. During the series of visits in which the appearance of condensation was
forced, the absolute humidity of the air inside the geode rose by 3.1 g/m3 above its natural state (13.5 g/m3).
This increase in water vapor content of the air can be considered as the minimum humidity input caused by
visits, associated with the thermal increase, for the onset of condensation on the gypsum crystals to appear. It
is sufficient to consider a visit by one person, whose metabolic heat causes the elimination of water vapor at
a rate of 0.07% of their body weight per hour (approximately one-third over the skin surface and two thirds
in the breath (Marion, 1985). In a series of continuous visits, even though the number of people decreases
from one to the next, absolute humidity increases as the visits become longer, allowing evaporation and
ventilation with the exterior to be disregarded for the visit’s duration. Bearing in mind the volume of the
geode (V = 10.7 m3), the saturation humidity (�H in g/m3) varies as a function of the number of people in
the visit (N ), their body weight (P , in g) and the length of the stay (t , in minutes), according to the following
expression (Villar et al., 1984b)

�H = (1.171 × 10−5 × N × P × t)/V

considering that ventilation of the geode through the duration of visits is practically nil.
According the above equation, and taking into account the absolute humidity required for the appearance

of condensation (�H = 3.1 g/m3), the admissible visitor capacity is calculated as 2 people/20–21 min, 3
people/13–14 min, or 4 people/10–11 min, assuming a mean body weight of 70 kg. This regime of visits
thus obtained agrees with the results obtained during the monitored visit experiment when condensation on
the crystals was observed. The maximum carrying capacity derived as a function of the absolute humidity is
greater than that estimated as a function of the increase in the dew point temperature, since the bias of the
temperature increment on the gypsum surface is eliminated.

The recovery time of the geode void must be established as a function of the thermal difference between
the dew point temperature of the air inside the geode and the temperature of the gypsum crystal surface. This
is the critical parameter that determines whether water vapor begins to condense. Following termination of
condensation in the geode, the total recovery time is calculated to be 27 h (Figure 6). Any subsequent visit
that begins before this period has transgressed, increases the risk of condensation of water vapor. At the very
least, it would be necessary that subsequent visits involve fewer people staying in the geode for a shorter
period – in order that the thermal conditions for potential condensation are not reached.

4. CONCLUSIONS

The risk of condensation of water vapor upon the gypsum crystals of the geode is directly related to the
visitor regime that might be imposed (length of stay and recovery period required between visits). In general,
an increase in the number of people (from one to two people) or the length of visit (from 5 to 10 min),
keeping a constant recovery period of 20 min between visits, causes the temperature difference between the
crystal surface and the dew point to be eliminated (conditions favorable for potential condensation). Visits of
one or two people for 5 min reduce this thermal difference to 2.5 °C, far from cancelling out. Increasing the
length of the stay within the geode to 10 min, as well as the number of people and the number of visits, each
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and the surface temperature of the gypsum crystals) after the environmental impact of vapor condensation caused by visits of two and

three people for more than 10 min

separated by 20 min intervals, reduces this thermal difference to barely 0.4 °C, a value that is very close to
the threshold limit for the onset of condensation.

The microclimatic conditions favorable for unleashing condensation were reached during the last series of
monitored visits. This series was characterized by a maximum of three people, a residence in the geode of
25–30 min, and a thermal recovery to 25% with respect to the previous visit, bearing in mind the difference
between the temperature of the crystal surface and of the dew point.

The results obtained from the environmental monitoring of the geode suggests that it is undesirable to allow
visitors inside it, not only because of the mechanical impact of the visitor on the crystals but also because of
the risk of condensation of water vapor and consequent corrosion of the gypsum crystals. In any case, in situ
visits to the geode seem to be ruled out because of the long recovery time between visits that would be
necessary to avoid the appearance of condensation. These recommendations have been made to the Spanish
environmental authorities.
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Eraso A. 1969. La corrosión climática en las cavernas. Boletı́n Geológico y Minero 80(6): 564–581.
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Policromos. Influencia de la presencia humana y criterios de conservación, Cultura MD (ed). Monografı́as del Centro de Investigación
y Museo de Altamira n° 11: Madrid, Spain.

Villar E, Bonet A, Dı́az-Caneja B, Fernández PL, Gutiérrez I, Quindós LS, Solana JR, Soto J Transactions of the British Cave Research
Association. 1984c. Ambient temperature variations in the hall of paintings of Altamira Cave due to the presence of visitors. Cave
Science 11(2): 99–104.

World Health Organization (WHO). 1985. Energy and Protein Requirements. World Health Organization (WHO): Geneva, Italia.

Copyright  2005 Royal Meteorological Society Int. J. Climatol. 26: 691–706 (2006)


