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Unusual amberine-coloured speleothems were recently found in El Soplao Cave (Cantabria, Spain). Chromophore elements such
as Fe, Mn, Cd, Co or Ti were not present in significant quantities. Rather, our data show that their colour comes from leachates
of fossilized organic material hosted in the carbonaceous Urgonian facies of the host rock. These leachates are related to the
Cretaceous amber deposit that has been recently discovered in the vicinity of El Soplao Cave. The presence of humic and fulvic acids
of fossil origin were confirmed by IR and Raman spectroscopic analysis of the carbonaceous strata and the speleothems. In addition,
the mineralogy of the amberine speleothems was studied. Alternating bands made of calcite and aragonite reveal that periods of

humidity and aridity occurred within the cave during the speleothem genesis.
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INTRODUCTION

The presence of organic compounds within
speleothems has revealed a new pool of climate proxies
based on cave sediments (Baker et al., 1993; Baker
et al., 1996; McGarry & Baker, 2000; van Beynen et
al., 2001). Earlier work in this field suggested that
differences in the colouration of bands within the
speleothems could be due to variations in the amount
of organic content (Caldwell et al., 1982). Attention
was also focussed on fluorescence and luminescence
of organic compounds in speleothems and their
possible application as a palaeoclimate proxy (Baker
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et al., 1993; Shopov et al., 1994; Baker et al., 1996;
White, 1997; van Beynen et al., 2001; Shopov, 2004;
Crowell & White, 2012).

Recently, biological compounds foundin speleothems
have been used as biomarkers of biological activity
in soils overlying caves (Xie et al., 2003; Blyth et al.,
2007, 2008); in some cases this has provided a record
of anthropic activities on the surface and even of fires
(Perrette et al., 2008).

Traditionally, the abundance of organic compounds
in speleothems has been related to leachates from the
soil profile overlying the cave. Some studies identified
these compounds as fulvic and humic acids, similar
to those found in coral skeletons and carbonaceous
marine sediments (Ramseyer et al., 1997).

In terms of the origin of organic compounds in
speleothems, Blyth et al. (2008) suggested four
potential sources: (1) aerial transport, which usually
leads to the incorporation of pollen and spores, (2)
transport of soil or host rock components dissolved
in the cave drip water, (3) incorporation of organic
material derived from subterranean fauna, (4) and
production of organic compounds in situ related to
biofilms.

Current investigations are also focussed on the
transport of organic matter in karstic water and
colloidal transport of inorganic ions linked to organic
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molecules, such as fulvic and humic acids from the
overlying soil (Lead & Wilkinson, 2006; Fairchild
& Hartland, 2010). Nevertheless, no work has yet
identified the carbonaceous strata of the host rock as
the main/only source of organic compounds.

The subject of the present paper is to describe
and to identify the origin of the rare dark colour in
recently-found amberine-coloured speleothems in El
Soplao Cave (northern Spain). Due to their unusual
coloration, the cave guides termed these speleothems
“amberine stalactites and stalagmites” (Gazquez et
al., 2010). The chromophore features that give colour
to the amberine speleothems were identified by
Raman and infrared spectroscopy. We also analyzed
the mineralogy of these rare speleothems, made of
alternating layers of calcite and aragonite in order to
be able to describe the palaecoenvironmental evolution
in El Soplao Cave over the genesis period of the
amberine speleothems.

Geological setting

El Soplao Cave (43°17°45, 42”N - 4°25°45, 76”W)
is located in the Sierra de Arnero, in the Escudo de
Cabuérniga mountain range (Cantabria, Northern
Spain). The Sierra de Arnero mountain chain runs
parallel to the Cantabrian Coast, between the
Bustriguado and Nansa valleys (municipal districts of
Valdaliga, Rionansa and Herrerias) (Fig. 1).

The cave entrance is 540 m a.s.l. and extends over
15 km, with barely 50 metres variation in altitude. The
total length of the cave, including the mining galleries,
is approximately 20 km. New galleries have recently

been discovered fact that significantly increases the
known development of the cave. The cave passages
are oriented mainly NW-SE, with a secondary axis
along NE-SW. An artificial cave mouth excavated
parallel to the Isidra gallery serves as entrance for
touristic visits. In addition, there are two natural cave
entrances: Torca Ancha and Torca Jufiosa, but access
is difficult. Preliminary studies (unpublished data)
inside and outside the cave suggest other entrances
may exist, which influence the microclimate dynamics
and cave environment. El Soplao Cave was opened as
a show cave in 2005.

The cave is excavated in the Florida Formation, a
shallow platform carbonate rocks of Early Cretaceous
(Aptian) age. Important deposits of lead and zinc
sulphides occur in the Florida Mine and in the El
Soplao Cave itself (Quesada et al., 2005; Lopez-
Cilla et al., 2009; Lopez-Horgue et al., 2009). The
stratigraphic sequence indicates levels of fossilized
organic material of Lower Cretaceous age (Urgonian
facies) as well as fusinites related to the burning
of Cretaceous forests (Menor-Salvan et al., 2010).
Around El Soplao Cave, an amber deposit related to
those strata and containing abundant bioinclusions
has been recently discovered (Najarro et al., 2009).

MATERIALS AND METHODS
Sample description and sample pre-treatment
Representative samples of broken amberine
speleothems (Fig. 2A) and carbonaceous Urgonian
strata were taken from El Soplao Cave (Fig. 2B). The
criterion for selecting samples of speleothems was
based on colour, taking only those
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Figure 1. Location and geological setting of El Soplao Cave, and a plan view of part
of the cave. The circle shows the location of the amberine speleothem formation.
Cartography modified from IGME (1976); cave topography courtesy of El Soplao S.L.

of darker colour.

Sample SPLAMB-01 is a dark,
strongly coloured stalactite
fragment, almost black in colour;

this colouration is an unusual
characteristic for this type of
speleothem, especially when

compared to the whitish aragonite
speleothems that coat the galleries
of the cave (Gazquez et al., 2011).
The central feeding canal that is
characteristic of stalactites was
perfectly conserved and there were
no signs of recrystallization. The
outer layers consist of powdery
calcite lamina (Fig. 2C).

Sample SPLAMB-02 is a fragment
of an amberine stalactite cut
longitudinally, perpendicular to its
growth axis (Fig. 2D). Its mineralogy
is based on alternating layers of
calcite and aragonite, confirmed by
Raman and IR spectroscopy. The
sample preserves the central feeding
canal and the outer layers have a
whitish colour, similar to sample
SPLAMB-01. Sample SPLAMB-03
is a stalactite 20 cm in length; the
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Figure 2. A. Formation of amberine stalactites in El Soplao Cave; B. Urgonian horizon of carbonaceous material and fusinites within the
cave; C. Amberine stalactite sample SPLAMB-01; D. Amberine stalactite sample SPLAMB-02 with alternating layers of amberine calcite
and aragonite; E. Amberine stalactite sample SPLAMB-03 with alternating layers of amberine calcite and aragonite. The arrows indicate the

direction growth of the stalactites.

longitudinal section reveals alternating layers of
calcite and aragonite (Fig. 2E).

The transition metals and rare earth elements that
are typically chromophore are below the detection
limit of the techniques employed in this work.
Elements such as Ce, Sc, V, Pr, Nd, Sm, Eu, Gd, Th,
Dy, Ho, Er, Tm, Yb, and Lu appear below 0.01 ppm.
Concentrations of Fe, Y, Nb, Ta, Hf, Tl, Pb and Th,
are lower than 0.1 ppm whereas Co, Zn, and Ni are
around 1 ppm (Gazquez et al., 2010).

Samples of Urgonian carbonaceous material were
taken from the wall of the gallery containing the
amberine speleothems (SPLMOC-01) (Fig. 2B and Fig.
6A, B), and from other sites in the cave, as well as
from strata outcropping at surface close to the amber
deposit (SPLMOC-02 and SPLMOC-03).

The organic matter was isolated from the powdered
samples using a separation method based on acid
digestion adapted from Ramseyer et al. (1997). Two
samples weighing 5 g were extracted from two spots
in stalactite SPLAMB-01 (near to the central canal
and just below the outer whitish layer) and one from

stalactite SPLAMB-02 (from the darker part). These
were reacted with excess HCI (12 M) over 24 hours at
ambient temperature, maintaining an acid pH in the
solution. The solutions were neutralised with NaOH
(1 M) and centrifuged. Later, the residues were rinsed
several times in distilled water and finally dried. The
extracts thus obtained were labelled as SPLMOC-04,
SPLMOC-05, and SPLMOC-06.

Spectroscopic and mineralogical analysis (FTIR and
FT-Raman)

Solid-state Fourier-transform infrared spectra
(FTIR) of less than 0.5 mg of each powdered sample
(SPLMOC-01, SPLMOC-02, SPLMOC-05, SPLMOC-04,
SPLMOC-05 and SPLMOC-06) were recorded on a
Perkin Elmer Spectrum 100 FT-IR spectrometer in
reflectance mode. Samples were scanned over the
550-4000 cm! range, with 25 iterations. Spectral
resolution was 0.4 cm™, wavelength precision, 0.008
cm! at 2000 cm™, and wavelength accuracy, 0.02 at
2000 cm™.

Raman spectroscopy analysis was performed using
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a FT-Raman Bruker instrument (model RFS100/S).
The coherent laser was a Compass 1064-500 model
(Nd:YAG, 1064 nm, 500 mW). The CCD Bruker used
was a D418-T model, operating in the range 851 —
1695 nm. The spot diameter was 100 micrometers,
using a spectrometer aperture of 7 mm and a scanning
velocity of 7.5 KHz. Spectral resolution was 4 cm .
The obtained spectra were compared with the RRUFF
Raman mineralogical database standard (http://
rruff.info/) for calcite and aragonite. Both techniques
were carried out in the Unidad Asociada UVA-CSIC-
CAB of the University of Valladolid, Spain.

RESULTS

The stalactite sample SPLAMB-01 was identified
as calcite by IR and Raman spectroscopy, both in
the amberine calcite and the external whitish crust.
In contrast, calcite and aragonite was detected
in samples SPLAMB-02 and SPLAMB-03. In
SPLAMB-02, aragonite was limited to the innermost
layer, the two minerals occurred in alternating layers
in SPLAMB-03. Signals other than calcite or aragonite
were not identified in any of the carbonate samples.

IR signals appeared at 2923 and 2847 cm’!, both in
the carbonaceous strata and in the stalactite extracts,
except in sample SPLMOC-06. The wide signal at
around 3403-3170 cm! is related to the stretching
band of the O-H water bond, due to the hygroscopic
nature of the organic material. Subsamples extracted
from the speleothems (SPLMOC-04, SPLMOC-05, and
SPLMOC-06) produced intense, narrow signals at
594, 670, and 1094 cm!. Signals between 1544-1643
cm™ and between 1373 and 1436 cm™ were detected
in all samples, although in the carbonaceous strata
samples there were also signals at around 1021 cm™
(Fig. 3).

The amberine calcite in the speleothems
(SPLAMB-01) produced Raman signals typical for
calcite at 157, 253, 713, and 1087 cm™. In addition,
there were weak signals at around 1021, 1301, 1705,
2852, and 2885 cm'. The carbonaceous sample of
the stratum from inside the cave (SPLMOC-1) gave an
intense signal around 1496 cm' and weaker, wider
signals around 1696, 1621, 1592, 1318, 1273, and
1102 cm™. Extract SPLMOC-4 produced an intense
signal at 1496 cm™ and weak Raman signals around
1656, 1621, 1465, 1314, 1266, 1017, and 925 cm!
(Fig. 4). Unfortunately, due to the dark colour of these
samples and their fluorescent nature, it was not
possible to obtain good-quality Raman spectra for the
remaining extracts. Finally, the white crust coating
the speleothems shows typical peaks for calcite, in
addition to the weak ones around 1021, 1444, 1497,
and 1754 cm!.

DISCUSSION
Colour of the amberine speleothems
The colouration of the amberine speleothems from
El Soplao Cave is a singular case in the field of calcite
speleothems. Our starting hypothesis pointed to
leachates of organic compounds containing abundant
fossilized plant remains (Fig. 5) from strata overlying
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Figure 3. IR spectra of samples of carbonaceous materials and
extracts of amberine speleothems from El Soplao Cave: (a)
carbonaceous strata overlying speleothems (SPLMOC-01), (b)
and (c) carbonaceous strata outcropping outside of the cave
(SPLMOC-02 and SPLMOC-03), (d) and (e) extract of sample
SPLAMB-01 (SPLMOC-04 and SPLMOC-05), (f) extract of sample
SPLAMB-02 (SPLMOC-06).
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Figure 4. FT-Raman spectra of a coal sample from the Florida
Formation (SPLMOC-1) and of an extract of organic material from
an amberine stalactite (SPLMOC-4).
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Figure 5. Conceptual scheme for the disposition of carbonaceous
strata inside El Soplao Cave: The formation of amberine
speleothems occurred beneath the Urgonian facies strata that
contain abundant organic material and are associated with
deposits of Cretaceous amber.

the cave, which are also visible at certain locations
within the cave (Fig. 2B).

The IR spectra of the extracts obtained from the
stalactites (SPLMOC-4, SPLMOC-5 and SPLMOC-6) are
similar to each other and to samples of carbonaceous
strata of the host rock (SPLMOC-1, SPLMOC-2 and
SPLMOC-3; Fig. 3). Characteristic signals of organic
compounds, such as those at 2923 and 2847 cm-
!, relate to aliphatic C-H stretching appear in all
samples except SPLMOC-6 (carbonaceous material
at the ground surface). Likewise, the signals between
1544 and 1643 cm are related to the presence
of C=C double bonds and H linked to C=0, which
are typical of aromatic compounds. The signals
in the 1373-1436 cm™ range are due to symmetric
stretching of the COO- functional group (Rosaleen et
al., 2004). This pattern of functional groups coincides
with mixing of fulvic and humic acids identified in
previous work dealing with the spectroscopic signal
of these compounds (Lebron & Suarez, 1996; Yang
& Wang, 1997; PospiSilova et al., 2008). Part of the
residue recovered corresponds to silicate minerals
(clays and quartz grains from the host rock) that were
incorporated in the calcitic layers, as indicated by the
signal at 1021 cm in all the FTIR spectra observed.

The Raman spectra for the carbonaceous stratum
(SPLMOC-1) and the speleothem extract (SPLMOC-4)
are somewhat similar, which confirms their shared
structural composition (Fig. 4). Well-defined signals
around 1290 and 1592 cm in the samples of the
carbonaceous stratum correspond to bands D and G
of the C-C bond, respectively. These signals have been
previously identified in graphite, weathered coal, and
in humic acids from natural waters (Yang & Wang,

1997). The narrow, intense signal around 1496 cm!
is unequivocally due to the C-H stretch vibration and
the C-H bending vibration (Yang & Wang, 1997). In
the sample of amberine speleothem extract, the same
intense signal at 1496 cm! is clear, whilst the signal
at 1592 cmis slightly weaker, revealing the presence
of C-C bonds.

Due to the high SO, * concentration in the stalactites
(up 10.000 ppm in some spots analyzed by electron
microprobe) (Gazquez et al., 2010), sulphate minerals
(bassanite and gypsum) were precipitated during
the extraction of organic material. As a result,
signals were recorded at 594, 670, and 1094 cm,
corresponding to vibrations of the S-O bond in the
SO,* (Berenblut et al., 1971). Meanwhile, the wide,
ill-defined signal that peaks around 3403-3170 cm™
is related to the stretching band of the O-H bond of
the water hygroscopically attached to the organic
material, and due to structural water of gypsum and
bassanite formed during the drying phase of sample
preparation. Noteworthy is another well-defined
Raman signal in this extract at 1017 cm!, which
relates to the principal vibration (u,) of the SO,*
(Takahashi et al., 1983), suggesting the presence
of residual sulphate precipitated during the sample
preparation and treatment.

In general, high-grade coal (anthracite) includes few
C=0 groups or isolated C=C bonds, and it lacks triple
bonds. The presence of carbonyl and carboxyl groups
is usually due to lignin, derived from the vegetation
that formed the coal, which is easily oxidised (Hatcher
et al., 1990). During the early stage of coalification,
the decayed organic material of higher plants is
condensed into humic acid-like substances (del Rio
et al., 1994). Data suggest that the low-grade coal
present in the Florida Formation is the precursor of
the humic and fulvic acids found in the amberine
speleothems. Evidence of low-grade metamorphism
is also suggested by the existence of well-preserved
fossilised pollen grains in the coal strata (Fig. 6C).
Small differences found between the samples analysed
could be due to variations in the degree of maturation
of the fossilised organic material.

The microcrystalline texture observed in the
amberine calcite of these speleothems accords with
their high organic content. The layers of calcite are
formed by crystals with numerous defects that usually
reflects a variable water flow and the presence of
growth inhibitors (Frisia et al., 2000). The inhibitory
effect of organic material on the growth of the calcite
was tested by Lebron & Suarez (1996) who showed
that when the concentration of organic compounds
in the water is high, the growth rate decreases. As a
result, incorporation of organic compounds, even of
large size, is favoured. This phenomenon is the cause
of the characteristic dark colouration of the amberine
speleothems.

Although Richter et al. (2004) demonstrated that
the presence of rare earth elements and Mn?' related
to high infiltration events can produce colouration
in calcite speleothems, the analytical techniques
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Figure 6. A. Urgonian carbonaceous material of the Florida Formation in El Soplao Cave; B. Woody veins of fossilized wood that are the
precursor of coal in El Soplao; C. Fossilized pollen grain in the coal; D. Contact between aragonite and amberine calcite layers in sample
SPLAMB-02; E. Alternating layers of amberine calcite due to precipitation of moonmilk; F. Subeuhedral calcite crystals in the outer layers
of altered amberine calcite affected by dissolution and re-precipitation; G. Biogenic calcite in the outer layers of altered amberine calcite;
H. Longitudinal section of sample SPLAMB-02 showing the core of aragonite enveloped by amberine calcite; |. Alternation of light and dark
layers in the central canal of stalactite SPLAMB-03. The E layers (formed through degassing and evaporation) exhibit a relief that causes
slight narrowing of the orifice, whilst the surface of the D layers (formed mostly by degassing of CO2) is smooth.

employed in the present study mean that chromophore
elements can be excluded as the cause of the strong
dark colour of the stalactites examined. In the case
of the amberine speleothems from El Soplao Cave,
mobilization of fulvic and humic acid from Urgonian
carbonaceous strata has been identified as the
mechanisms that coloured these rare speleothems.

Evolutionary mechanism and
palaeoenvironmental implications

The evolution of the amberine stalactites examined
was clearly polyphasic and controlled by the El Soplao
Cave microclimate over their period of formation.
Three main periods can be distinguished. During the
first, conditions favoured formation of an aragonite
soda straw. In the second phase, amberine calcite was
precipitated, rich in organic compounds that were the
precursors of the characteristic colouration of these
speleothems. Most recently, in an on-going process, a
crust of white calcite that lacks chromophore organic
compounds has formed.

Initially, the environment under which speleothems
developed was characterized by restricted movement
of the air masses (Fig. 7A). These conditions led to
relatively high humidity, high CO, partial pressure,
and low evaporation rates. As a result, the degree
of oversaturation of the solution and the nucleation
rate were low. Under conditions of near-equilibrium
in terms of saturation, precipitation of aragonite is
favoured over that of calcite (Frisia et al., 2002). It is
also worth noting that the high concentration of Mg
inhibited nucleation of calcite (Bischoff & Fyfe, 1968;
Burton & Walter, 1987). Frisia et al. (2002) identified
an inverse relationship between the Mg/Ca ratio and
the drip rate, which suggests that slow drip rate and
high saturation can cause aragonite precipitation.
The saturation state could be increased by enhanced
dissolved inorganic carbon in dripwater, due to
increased sulphide oxidation of the minerals in the
surrounding host rock.

In the amberine speleothems, the first acicular
crystals of aragonite were precipitated around
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water drops on the roof of the cave, in a similar
process to that responsible for the precipitation of
aragonite eccentrics that cover large parts of the
roof and walls of the cave (Gazquez et al., 2011). The
crystalline structure of the aragonite does not allow
coprecipitation of many organic molecules (Ramseyer
et al., 1997), which explains why the aragonite layers
lack colouration.

The structure of the aragonite crystals is acicular,
and it forms elongated conical aggregates. If the drip

rate is sufficiently high, the diameter of the tube
tends to increase gradually, as the acicular crystals
grow (Fig. 7B). Since this process is relatively slow,
the aragonite acicular crystals grow around the water
drop. Capillarity means that the drop is generated
at the tip of the longest needles, so that growth is
directed away from the centre of the tube (Fig. 7C).
As a consequence, the diameter of the tube increases
and the morphology of the stalactite as well, leading
to a wavy aspect of the speleothems surface.
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Figure 7. Sketches showing the genesis of amberine stalactites in El Soplao Cave: A. Precipitation of aragonite needles around a drop on the
roof of the cave due to diffusion of CO,; B. Afalling drop leaves the central canal free; C. Growth of acicular aragonite crystals along c-axis;
D. Precipitation of aragonite by diffusion of CO, and evaporation; E. Precipitation of aragonite due to diffusion of CO,; F. The aragonite soda-
straw is precipitated as cycles of diffusion and evaporation alternate; G. Superficial flow over the amberine speleothems; H. Precipitation
of amberine calcite; |. Precipitation of moonmilk and degradation of organic compounds causes an increase in the acidity of the micro-

environment triggering the decay of speleothems.
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Seasonally, the rate of water supply falls and the
drip rate decreases; the process of evaporation is
activated and may even become dominant. As a
result, oversaturation and rate of nucleation increase
(as well as the Mg/Ca ratio) and the diameter of
the tube narrows slightly (Fig. 7D). When the water
supply is re-established, the process of diffusion
again dominates over that of evaporation and the
degree of oversaturation decreases: the size of the
aragonite needles increases and the orifice gets
bigger (Fig. 7E). It is clear that in El Soplao, the rate
of evaporation oscillated cyclically. The alternating
cycles of diffusion and evaporation were probably
determined by seasonal factors, as suggested by
the orderly succession and dimensional constancy
of these coupled-layers along the length of the tube
(Fig. 6H, and Fig. 6]). Alternation of coupled layers in
speleothems has been related to annual cycles (Finch
et al., 2001; Baker et al., 2003; McMillan et al., 2005),
or to periodic ones (Finch et al., 2001; Treble et al.,
2003) similar to those that occurred in the amberine
speleothems.

At a certain stage in the cave’s evolution, the
composition of the drip water changed and the level
of dissolved inorganic carbon in the water increased
considerably. This was probably caused by an
increase in the rate of dissolution of the host rock due
to acidification liked to oxidation of sulphides in the
formation. Consequently, oversaturation increased
when water in the cave started to degasify. Under
such conditions, calcite precipitation was favoured
and layers of this mineral precipitated over the surface
of the soda-straw (Fig. 7G).

In addition, a change in the outside environment
towards wetter conditions, took place during the
precipitation phase of the amberine calcite, as
deducted from the presence of stalactites lacking
internal aragonite tubes. This indicates that calcite
precipitation was a consequence of increased
infiltration into El Soplao Cave, possibly caused by
wetter conditions at surface. In this relatively humid
period, precipitation of amberine calcite was favoured
over aragonite (which is usually an indicator of
relative aridity in caves; Finch et al., 2001; Frisia et
al., 2002). Precipitation of calcite was almost constant
along the whole length of the speleothems (Fig. 2D).
Thus, the speleothems grew lengthwise, whilst their
diameter remained relatively narrow. This process
allows us to propose that thee external surface in the
form of rings was determined by the original structure
of the central aragonite soda-straw (Fig. 7H). During
this phase, the central canal of many of the stalactites
narrowed and even closed completely locally, so that
growth of the stalactite became mostly superficial.

The outermost layer of the amberine stalactites has a
different colour compared to the rest of the speleothem.
This external layer is deposited over clearly altered
layers ofamberine calcite (Fig. 6E). These alterations let
see subeuhedral calcite crystals (Fig. 6F), alternating
with others of a markedly biogenic nature (Fig. 6G).
Probably, when the mining galleries intercepted the

cave during the last century, the conditions in the
vadose zone were disrupted. Consequently, the water
flow on the speleothems diminished dramatically due
to decreasing air humidity. This is why the amberine
stalactites are inactive at present. Nevertheless, the
surface of the speleothems continued to be wet and
slowly, they became covered in a layer of calcite
moonmilk of biological origin, as demonstrated by the
presence of like-biological structures in this layer (Fig.
6l and Fig. 7I). This type of alteration is frequent in
speleothems and is often related to microbial activity
(Northup & Lavoie, 2001).

It is proposed that, during the process of alteration,
fulvic and humic acids trapped in calcite came into
contact with the cave atmosphere and were oxidised
to CO,, thus preventing further chromatic effects on
the newly-deposited moonmilk. The excess CO, could
have been the main factor responsible for additional
dissolution of the amberine layers (Fig. 6E). We
consider that the presence of organic matter (fulvic
and humic acids) may be also a source of food for
these bacteria (Fig. 71).

Opening of the mine triggered changes in the
ventilation regime of the natural galleries, and this
may have led to colonization of the surface of the
stalactites by allocthonous bacteria. On the other
hand, it could simply be that the newly oxygenated
environment, and the temperature changes produced
as a result of the mining exploitation, favoured the
activity of microorganisms already present in the cave
to flourish.

CONCLUSIONS

The strong dark colour of the El Soplao amberine
speleothems is not related to the presence of
chromophore trace elements, but to organic material
derived from Cretaceous strata rich in fossil organic
material, and to locally-abundant quantities of
amber. Raman and IR spectroscopy analyses on the
carbonaceous material in the bedrock and material
extracted from the stalactites demonstrate that the
compounds responsible for their colouration are
humic and fulvic acids derived from the carbonate
strata. This formation is the first reported evidence
of such a source of organic matter in speleothems.
We suggest that future research should investigate
the contribution of the host rocks and interlayer
coal strata to the presence of organic compounds in
speleothems.

The mineralogy of the amberine speleothems
indicates that significant changes occurred in
the subterranean environment of El Soplao Cave.
Precipitation of aragonite was related to relatively dry
periods that increased the Mg/Ca ratio in the drip
water. In contrast, under the more humid conditions
oxidation of sulphide minerals was favoured.
The increase in dissolved inorganic carbon in the
water could have caused precipitation of amberine
calcite, but at a relatively low growth rate because
of the presence of organic compounds. Lastly, the
precipitation of moonmilk over the surface of the
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speleothems led to the alteration of the outer layers
of amberine calcite by bacteria produced CO, that
degraded the organic material that had been trapped
in the speleothems.
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