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Granite massifs often contain caves, with dimensions ranging from a few meters up to 1,000
m, also referred to as pseudokarst. The speleothems in such caves are mostly composed
of either Si-rich (commonly opal-A) or Al-rich authigenic mineraloids. Whereas the formation
and geochemical composition of opal-A biospeleothems have been studied and are fairly
well understood, knowledge on the Al-rich analogues is scarce. This work reports for the
first time a study on the composition, accretion process, age and growth rate of an Al-rich
speleothem type flowstone from the A Trapa Cave System (Galicia, NW Spain), developed
in a granite cave. To understand the growth process, trickling water was analyzed and the
deposition environment inside the cave was characterized. We found that the speleothems
are alternating Si- and Al-rich layered deposits formed between 1,635 + 75 and 1,243 + 58 cal
BP by percolating water that carries underground mineral grains, dissolved ions, and organic
matter from soil and the weathered bedrock above the cave.
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INTRODUCTION

Caves in non-soluble rocks are referred to as
pseudokarst, and in general terms are considerably
smaller than those in limestone caves. The study of
cavities developed in granite rocks has particular
interests, such as the growth microorganisms,
the development of speleothems, or the presence
of archeological objects (Twidale & Vidal Romani,
2005; Vidal Romani & Vaqueiro, 2007; Sanjurjo-
Sanchez et al., 2013). Granite caves are relatively
frequent (Chabert & Courbon, 1997). Presently, the
longest known cave is the T.S.0.D. (New York, USA)
reaching almost 4 km (Chabert & Courbon, 1997,
Vidal-Romani & Vaqueiro, 2007). One of the most
interesting features of granite caves is the formation of
speleothems related to microbiological activity (Vidal-
Romani et al., 2015; Riquelme et al., 2015; Lavoie et
al., 2017; Gonzalez-Lopez, 2018; Gonzalez-Pimentel
et al., 2018; Filippi et al., 2020). Even though such
speleothems have rarely been studied, they may be
valuable archives of environmental change, and form
a habitat of unknown microbial species (Vidal-Romani
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et al., 2010, 2015; Sanjurjo-Sanchez & Vidal Romani,
2011; Filippi et al., 2020).

Due to the low porosity of fresh granitic rocks, the
opened fractures control the influence on weathering,
increasing permeability and porosity (Gustafson &
Krasny, 1993; Zhang et al., 2002). Thus, the growth
of speleothems in granite caves is related to water
pathways (percolation or seepage) through the fissures
of the host rock, and the resulting cave morphology
is linked to the massif’s structure. Rock weathering
occurs in relation to biological activity resulting in the
formation of small-sized speleothems linked to water
fluxes from the ceiling, floor, and walls of the caves
(Vidal Romani et al., 2010, 2015; Filippi et al., 2020).

Speleothems in granite caves

Several types of speleothems in granite caves
have been studied and classified according to their
shape, genesis, and composition. In general, the size,
shape, and genesis of speleothems are controlled
by their composition. Opal-A speleothems and Al-
rich speleothems with organic inclusions are the
most frequent (Vidal Romani et al., 1998, 2003,
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2010; Gonzalez-Lopez, 2018; Gonzalez-Pimentel et
al., 2018; Filippi et al., 2020). The development of
opal-A speleothems is linked to biological processes
(Aubrecht, 2008; Vidal Romani et al., 2010, 2015;
Barton et al., 2014; Sauro et al., 2018). Less attention
has been paid to the Al-rich speleothems, known as
aluminium-bearing organic compounds speleothems
(AOS), “pigotite” (Johnston, 1840; Vidal Romani et al.,
2010; Filippi et al., 2020), or allophane speleothems
(Hill & Forti, 1995; Filippi et al., 2020). They were
initially described in sea caves of Cornwall (UK) and
previously referred as “pigotite” by mineralogists
(Johnston, 1840), although there is no precise
information on their chemical and mineralogical
composition. This is because this type of speleothems
is composed of poorly-crystalline (“amorphous”)
materials that are originally highly hydrated, so that
the sample preparation process (i.e., dehydration) for
electron microscope observation, implies the virtual
destruction of the sample (Vidal Romani et al., 2010).
Johnston (1840) proposed that these speleothems are
generated by the decay of moist moorlands that overlay
the caves, through slow infiltration. The speleothems
can be as long as 1 m, and are formed by accretion of

AN g o

In the present study, we investigate AOS in a
system of granite caves. In particular, we provide
novel information on (1) the chemical composition of
the speleothems, (2) the content and characteristics
of the organic matter, and (3) the growth rates.
This information is then wused in combination
with radiocarbon ages to evaluate the potential
of these speleothems as environmental archives.
Environmental conditions (temperature regime)
inside the cave were monitored at the sampling
site and nearby, to better understand the growth of
speleothems and assess paleoclimatic reconstructions
(Fairchild & Baker, 2012).

Study area and cave description

We focus on a deposit from A Trapa Cave System
(Tui, Pontevedra, NW Spain, Lat. 42.3 N, Long. -8.82
E), close to the Portuguese border. The studied cave
system formed in a granitic-gneissic rock and has
a water course that flows through part of it. This is

Fig. 1. Examples of Al-rich speleothems in the A Trapa Cave System. A

water-saturated layers composed of alternating Al-rich
and Si-rich materials. These seem to correspond to
seasonal variations in the environmental parameters
accumulations (Vidal Romani et al., 2010). AOS are
frequent in granite caves, being reported all around
the World (Hill & Forti, 1995; Vidal Romani et al.,
2010; Filippi et al., 2020), where they are often found
as stalactites, stalagmites, columns, and flowstones
(Fig. 1). Investigations on the composition, structure,
the growth rate of AOS speleothems, and their ages
are scarce. Indeed, Filippi et al. (2020) reported that
“it is difficult to find a more precise characteristic
of pigotite in the existing literature”. Regarding
the formation rates, the only dates obtained in a
speleothem from O Folon System and A Trapa Cave
System (Galicia, Spain) by radiocarbon analyses
of organic constituents ranged from 1,500 to 3,000
years BP. This is a growth rate that appears to be
higher than that of calcite speleothems in limestone
caves (Vidal Romani et al., 2010). Organic matter is
relatively abundant in the AOS, ranging from 1 to 10%
(Vidal Romani et al., 2010; Filippi et al., 2020), but
this organic matter has not been investigated in detail
to date.

) Flowstones; B) Detail of a cross-section of a naturally broken flowstone.

one of the most important European granite caves,
being the second longest (1,590 m) after Boda Grottor
Cave (Imgesund, Sweden). The cave is located in Serra
do Galineiro, where altitudes range between 600
and 700 m a.s.l. and is in the close proximity of the
Atlantic coast. The rock is a S-type granite intruded
in the Upper Carboniferous (IGME, 1971; Lagarde et
al., 1992) and the landform was formed during the
Cenozoic (Vidal Romani, 1989).

The A Trapa Cave System is a group of granite
cavities that drains underground the watercourse of
the San Simoén River in a section of 250 m, with 102
m altitudinal difference between the sinkhole and
the emergence (mean watercourse slope 27°). It is
associated with a reverse fault of N125° E direction,
which coincides with the main underground channel.
During peak discharge of the river (winter) a surface
water flowing channel is observed. This channel
is dry during the dry season (summer), with the
underground channel within the cave the only one
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Genesis of Al-rich speleothems in a granite cave 27

flowing. The complete passages and galleries of the
cave were mapped with a difference in height of 94 m
between the highest and the lowest levels (Fig. 2A). The
sector called Féveros, located at the middle section of
the system (depths referred to the sinkhole between

A shink-hole
Sector Upper Shelters
Sector
> Pozo |
 Sector

25 and 50 m), shows the most complete sequence
of forms and speleothems. For more information on
the geological background and morphology of the
A Trapa Cave System, refer to Vaqueiro-Rodriguez
et al. (2015).
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Fig. 2. A) Map of the A Trapa Cave System (with inset of cave location and geological map of Spain); B) Plant view of the
cave in different levels with the position of data loggers, sample sites, and pottery fragments; C) Cross sections A-A’ and B-B’

showing in detail the location of the studied speleothem.
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METHODS

Monitoring of environmental conditions

The thermal dynamics of the cave were modeled
through temperature records obtained with several
data loggers distributed at four different levels: SUP
(0.2 m from the entrance and 25 m below the surface),
PAL (3.6 m from the entrance and 28 m below the
surface), TL (5.65 m from the entrance height and 34
m below the surface) and PIG (7.1 m from the entrance
and 44 m below the surface). Data were recorded
every hour during a period of 2 years and 6 months.

External temperature data were obtained from the
nearest meteorological stations to the cave (Mount
Aloia Station Lat. 42.08 N, Lon. -8.68 E; 2.48 km
and Areas Station Lat. 42.03 N, Lon. -8.67 E; 8.43
km) and compared with the cave data. In this area,
air temperature conditions strongly change over short
distances due to seaside effect and relief. The daily
mean temperatures from Surface Air Temperature (SAT)
at 0.1 m and Ground Surface Temperature (GST) at 0.1
m below surface at the nearest meteorological station
and the daily mean cave temperature were compared.

Younger

Older

Sampling procedure

A flowstone with an approximate thickness of 12.3
cm was carefully collected and transported to the
laboratory, where it was preserved in a closed bag in
the dark at 4°C, to avoid drying, which would cause
the sample to disintegrate easily into powder.

A complete flowstone similar but smaller than the
one shown in Figure 1 was studied. The flowstone
was soft, similar to a clay deposit. A subsample of
the speleothem (comprising several bands) was then
taken for bulk analyses (chemical and mineralogical),
whereas another part was sliced to obtain a
longitudinal cross section. Figure 3 shows bands
that form a rhythmic-like structure. This pattern of
approximately 30 bands reflects the stratification
and accretion process of the speleothem. Each band
was sampled, using a scalpel, under the stereoscopic
microscope. Two of the bands (PO7 and P21) were also
separated for analyses of organic constituents. These
bands were selected as representative of two different
deposition stages, based on their yellow-brown
appearance, average chemical and mineralogical
composition, and on sample availability.

1243158 BP

1337143 BP

163575

Fig. 3. Section of the laminated flowstone showing the radiocarbon ages. Numbers refer to sample labels
used in the text (e.g., P07, P21). The speleothem broke during sampling into two fragments (A and B).

Water samples associated with the speleothem were
also collected for analyses. One represents drip water
trickling from above the speleothem (ATP-1) whereas
the other is water from the cave floor below the
speleothem (ATP-2).

Finally, a sample of soil overlying the cave was also
collected. This is a very thin soil cover (3-4 cm) with
scarce vegetation mostly composed of mosses, and
with unweathered granite directly underneath.

Petrographic and mineralogical analyses

The longitudinal section of the sampled speleothem
was divided in two parts. One part was dried under
vacuum conditions and soaked with an epoxy resin,
and then cut to obtain both polished surfaces to be
observed using a Nikon 512005 optical polarizing
stereoscopic microscope and for preparation of thin
sections for petrographic analyses. A Nikon HS550S
magnifier was also used to observe macroscopic details
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Genesis of Al-rich speleothems in a granite cave 29

of the texture of the sample. Microscopic observations
provide information on the size and arrangement of
the bands (or rhythms), on texture and the mineral
components (major, minor and trace minerals) and
speleothem genesis.

For instrumental analyses a portion of the
dried samples was separated and homogenized.
Mineralogical composition was also determined by
means of X-ray diffraction (XRD) of bulk samples
taken from the studied speleothem. Samples
were analyzed using a D5000 Siemens powder
diffractometer with Ni-filtered CuKa radiation.
Measurements were performed at 40 kV, 30 mA, with
a step size of 0.050° and step time of 2.5 s, a 2q range
of 2-80°. Bulk samples showed very small peaks that
correspond to quartz. To check for possible clays,
poorly-crystalline and scarce minerals, fine grains
were separated (by sedimentation) and analyzed
by XRD.

In order to identify poorly -crystalline phases,
Fourier-Transform Infrared Spectroscopy (FTIR) in
attenuated total reflectance (ATR) mode was applied
to powders of bulk samples (100 mg) using a Bruker
Vector 22 spectrometer equipped with a diamond
crystal (Golden Gate, Specac), where pellets of
sample and reagent-grade KBr were pressed to form
a transparent pellet with a diameter and thickness
of 80 mm and 1 mm, respectively. The spectra were
obtained for the 400-4000 cm' range at a spectral
resolution of 2 cm™.

Thermal analyses were used to obtain complementary
information including thermogravimetric (TGA) and
differential thermal analysis (DTA). Between 30 and 50
mg of the powdered samples were placed in alumina
cups in a Thermal Analysis SDT2960 instrument. The
samples were heated to 1,100°C at a rate of 10°C/
min, under oxidizing conditions. All the analyses were
performed at the University of A Coruna.

Elemental composition of inorganic matter

It is not possible to observe a speleothem cross-
section with Scanning Electron Microscopy (SEM)
and carry out analyses by Dispersive Energy X-ray
Spectroscopy (EDS) because the sample must be
dehydrated for observation and the dried sample
breaks down into a powder (as reported in Vidal
Romani et al., 2010). An attempt was made on thin
sections but no layers were observed under the SEM,
and EDS only provided signals of C, Si, and Al, without
meaningful variations between layers. Therefore,
chemical analyses were used to assess the content
of elements in the bulk speleothem, granite rock,
and a soil sample. Additionally, subsamples from
30 individual bands, obtained using a stereoscopic
microscope and a scalpel followed by drying, grinding,
and homogenization, were analyzed to study the
variability across the entire speleothem (Fig. 3). The
major and minor element composition was assessed
by X-Ray Fluorescence Spectrometry (XRF) using a S4
Pioneer fluorescence spectrometer (Bruker-Nonius)
of wavelength dispersion under helium purge on
powdered samples (>63 mm size) at the University of
A Coruna.

Characterization of organic matter

The elemental composition of the organic matter
(C, H, N, and S) in the powdered bulk sample of the
speleothem, and individual bands, was measured
by a ThermoQuest Flash EA 1112 and a Carlo Erba
(model EA 1108) instruments at the University of A
Coruna. Approximately 5 mg of sample was used.
The first analysis (ThermoQuest device) consisted
of combustion in Ag capsules to obtain total C, H,
N, and S. The second analysis (Carlo Erba device)
removed inorganic carbon with HCIl followed by
combustion to determine organic carbon. More details
of the procedures are described in Nieuwenhuize et
al. (1994).

The molecular composition of the organic matter
was assessed using analytical pyrolysis coupled to
gas chromatography and mass spectrometry (Py-GC-
MS). We analyzed samples of selected bands (PO7
and P21), which were considered representative of
early and late formation. Initial analysis of untreated
bulk samples provided unsatisfactory pyrolysis
chromatograms, probably due to low organic matter
content and interference of minerals (catalyzing
or inhibiting different pyrolytic pathways, and
retention of pyrolysis products) (Miltner & Zech,
1997). Therefore, we applied mild acid etching to
remove reactive mineral constituents that may
interfere with the pyrolysis reactions, following the
recommendations of 2% HF treatment by Zegouagh
et al. (2004). Approximately 1 mg of HF-treated
sample was inserted into fire-polished quartz tubes
positioned with quartz wool. The pyrolysis of samples
was performed at 750°C for 10 seconds with a heating
rate of 10°C/ms using a Pyroprobe 5250 resistive
heating Pt-filament instrument from CDS Analytical.
The pyrolysis products were transferred into a 6890N
gas chromatograph (Agilent Technologies) by He flow
(1 ml/min), separated on a HP-SMS polysiloxane-
based column (temperature program 60-325°C at
20°C/min, 5 min dwell time) and identified using
an Agilent 5975B mass spectrometer operating in
70 eV electron impact mode. The main peaks were
listed and identified on the basis of the NIST 05
library and compared with previous samples analyzed
under the same analytical conditions. This resulted
in a list of 141 pyrolysis products, which were semi-
quantified using their dominant fragment ions (m/ 2).
Relative proportions were calculated as percentage
of total quantified peak area (% TQPA). This is a
semi-quantitative exercise that improves the level of
interpretation in comparison with visual inspection of
pyrolysis chromatograms.

Water analyses

Thewater pH was measured with a Hamilton electrode
mounted on a Metrohm Titrando 808 equipment.
Selected anions (F-, ClI, NO,, NO;, Br, PO,*>, and
S0,*) were determined by ion chromatography using
an 850 Professional IC Metrohm. Furthermore, NH,*
was also determined by colorimetry with a Labmedics
QquaKem 205. The total organic carbon concentration
(TOC) was estimated from total and inorganic C
contents and dissolved organic C (DOC) determinate
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from the difference between total DOC and dissolved
inorganic C measured in a Shimadzu TOC 5000A
after filtration with a Millex-HN membrane (0.45
pm, Millipore). Finally, total P content and metallic
elements (Mg, Si, Al, Mn, and Fe) were measured by
Inductively Coupled Plasma - Mass Spectrometry
(ICP-MS) using a Magnetic Sector Mass Spectrometer
(Thermo Finnigan ELEMENTXR), at the University of
A Coruna.

Radiocarbon dating

Three selected bands spanning the whole speleothem
(P7, P13, and P22 in Fig. 3) were separated after
organic carbon analyses. About 2 g of the samples
were removed with a spatula avoiding the band edges,
dried, and kept in Eppendorf tubes. A standard
acid-base-acid treatment and graphitization process
was conducted in the labs of Beta Analytic, where
the radiocarbon dating was performed using an
accelerator mass spectrometer (AMS). Ages were
calibrated with the INTCAL13 database (Reimer et al.,
2013) and Oxcal 4.1 (Bronk Ramsey & Lee, 2013).

RESULTS AND DISCUSSION
Cave environment

Table 1 summarizes the time data in hours in
each recording station, with mean, maximum,

minimum temperatures and the temperature range
(one measurement per hour). The data shows a
quasi-synchronous behavior with outer climatic
oscillations (Fig. 4). The temperature follows, in an
attenuated manner, the outside variations at each
studied cave level. However, this behavior does not
correspond to classical thermal diffusion models.
We attribute this to the fact that A Trapa is a cave
of blocks (large blocks), consisting of irregular
galleries, and irregular cave walls. Therefore, the
underground temperature is, as expected, the result
of convective and diffusive processes, with a thermal
unbalance between the surface and the cave (Badino,
2004). Since the cave environment reflects the outer
climate, it is expected that the speleothems reflect
these variations. However, the small topoclimatic
changes observed nearby the studied flowstone
(T = 7-17°C and high relative humidity) prevent
the speleothem from drying. Such ranges are not
very different compare to other limestone and
pseudokarst caves (Veiten et al.,, 2016; Kasing &
Lenart, 2020). Condensation on the cave walls
and surfaces supply additional water that keep
the speleothem hydrated. This is crucial for the
preservation of the flowstone and the use of both
siliciclastic components and organic matter as
possible environmental records, likewise in calcite
speleothems.

Table 1. Datalogger stations, location, and major statistical data of the obtained temperature measurements.

. Recorded Depth (Referred to the | Max. Temp. | Min. Temp. | Temp. Range | Mean Temp.
Station | ;e (n) |Localdepth(m)| T llow hole) (m) (°C) (°C) (°C) (°C)
SUP 577 0.2000 25 20.5 8 12.5 12.14
PAL 4871 3.6147 28 21.5 3.5 18 10.47
TL 11927 5.6477 34 18 6.5 11.5 11.84
PIG 8501 7.1010 44 17 6 11 12.63
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Fig. 4. Temperature values recorded over 30 months (2014-2016) at surface (SAT and GST) and in the cave at 0.2 m
(SUP) and 7.1 m (PIG) below surface, respectively. The speleothem was collected near PIG.
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Structure and mineralogy of the speleothem

The studied speleothem consists of alternating
bands of yellow and brown with brown boundaries.
Macroscopically, the bands can be easily
observed (Fig. 3). The thickness of yellow bands
ranges from 0.2 to 1.0 cm, whereas the black ones
are between 0.2 and 0.5 cm. Under the stereoscopic
microscope, the yellow bands appear to be composed
of very fine wavy laminae whose color alternate from
yellow to brown (Fig. S5A). These wavy features

6 mm

are not observed in the black bands. Under the
petrographic microscope, thin sections show that they
are alternating yellow and red thin laminae that form
the bands (Fig. 5B). The laminae are mostly formed
of amorphous material. Patches of black material,
probably corresponding to organic matter are also
observed (Fig. 5B). The thickness of such laminae
ranges from 17 to 33 mm. Counting of bands showed
that their frequency ranges between 30-40 and 50-60
laminae/mm.

1mm

1mm

Fig. 5. Microscope images of the studied speleothem. A) Wavy thin laminae observed under stereoscopic microscope;
B) Petrographic microscope image of thin section featuring alternating bands from the central part of the cross section
showed in Figure 5A; C) Close up view of an amphibole silt size mineral; D) Detail of silt-sized biotite.

Thin sections provided evidence of the presence
of some silt size grains of chloritized amphibole
(hornblende; Fig. 5C), biotite (Fig. SD), pyroxene
(ortho and clino), zircon, quartz, and feldspar
(mostly plagioclase). These mineral grains were
likely transported by water from the soil overlying
the cave (weathered granite) and incorporated in the
flowstone’s layers. Crystalline authigenic minerals
are not present.

In an attempt to quantify detrital grains, the 30
separated bands of the sample were sieved. The
analysis showed that most of the material (60 to
85%) corresponds to fine-grained size with a diameter
<0.06 mm, except for the black bands, in which ca.
95% of the material consists of silt size minerals. The
remaining fraction corresponds to fine sand (diameter
<0.3 mm), whereas material >0.3 mm was scarce,
from 0.3 to 7%.

XRD analyses only indicate quartz peaks, which
is why fine grains were also separated and analyzed

to identify clay and poorly crystalline phases. No
evidence of other crystalline minerals than quartz
exist, which is in agreement with observations of thin
sections under petrographic microscope. In previous
studies, Vidal-Romani et al. (2010) and Filippi et al.
(2020) reported the difficulty of analyzing this kind of
speleothems, due to their amorphous nature.

FTIR performed on the fine-grained fraction of the
bulk flowstone (Fig. 6) showed several bands with C,
N, and S (wavelengths 2,400-1,995, 2,650, and 1,350
cm), other organic compounds (3,500-3,200, 2,920-
2,505, and 1,000-910 cm™), Al-O, Fe-O, and Fe-OH
bonds (700-463 cm™) and the possible presence of
opal-A (1,105 cm™!) OH bonds are abundant probably
due to the Al-hydroxides (3,340 cm!). These results
fit with the absence of crystalline minerals that was
observed by XRD and petrographic microscopy, and
allow identifying non-crystalline or poorly crystalline
components. Some of them, such as Fe-oxides were
previously observed by Vidal Romani et al. (2010).
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Fig. 6. FTIR spectra of a fine fraction of the bulk flowstone (blue line) and a sample of soil overlying the cave
(red line). The identified bonds and their corresponding wavelength (cm) are marked above each main peak.
Finally, TG-DTA did not provide additional previous studies indicated the presence of aluminum

information on the mineralogical composition of the
samples. A bulk sample was analyzed and a mass loss
of about 25% was observed (Fig. 7). Most of the mass
loss occurs below 180°C (around 13%) due to the
(endothermic) dehydration reaction. An exothermic
peak is observed round 350°C with a mass loss of
about 11% between 240 and 500°C, which can be
attributed to the oxidation of organic matter. Above
600°C, no mass loss was observed. Although some

oxides, opal, or gibbsite in similar speleothems (Vidal-
Romani et al., 2010; Filipi et al., 2020), no peaks
corresponding to these phases were observed.

Evidence combined shows that the flowstone was
mainly composed of poorly crystalline or amorphous
phases (dominantly Al-oxides) that could have not
been identified. Such observations fit the previously
reported results by Vidal-Romani et al. (2010) and
Filippi et al. (2020).
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Fig. 7. TG-DTA plot of the bulk sample taken from the Al-rich speleothem. Loss of water

and organic matter are observed.

Chemical composition

The bulk speleothem has a remarkably high Al
content (>60% of Al,O;) and lower Si content (<25% of
Si0,). The values of Si and Al in the parent rock and soil
overlying the cave are those expected in granite areas
(Table 2). Due to such low SiO,/Al,O; ratio (<2.5), the
speleothem has an allophane-like composition (Wada,
1980). Speleothems with similar constitution have
been reported to originate from leaching of organic-

rich soils overlying granite caves (Webb & Finlayson,
1984; Parfitt, 2009; Filippi et al., 2020).

The speleothem is also enriched in S and P, as
well as in Mn and CI. Both S and P have previously
been observed in allophane (Al-rich) speleothems
(Ghergari & Onac, 1993; Webb & Finlayson, 1984).
We suggest that they originate from the overlying soil
environment. Mn is highly soluble and it can come
from weathering of pyrolusite in granite. In addition,
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CIl can also be associated with the sea spray. Contrary
to the composition of bedrock and soil samples, the
speleothem is depleted in K, Ca, Na, Mg, and Ti. Such
elements are mostly present in silicate minerals such
as feldspars, amphibole, pyroxene, and mica. They
are scarcely observed within the speleothem layers
as silty-sized grains. This explains their low content
within the flowstone layers. Compared to previous

studies, the elemental composition of the AOS is
similar to those cited by Vidal-Romani et al. (2010)
and Fillipi et al. (2020). However, Vidal Romani et
al. (2010) reported Al,O; concentrations around 30%
whereas our AOS shows 66.5%. This is probably due
to the fact that the authors considered a 50% of loss
on ignition. Correcting these data, their estimated
Al,O; concentration would have been ~60%.

Table 2. Results of bulk XRF, Instrumental analyses (*) and Organic Carbon (OC) analyses
(*) of a soil sample overlying the cave and the studied speleothem.

Oxides (%) Rock Overlying soil Studied speleothem
SiO, 74.1 61.65 21.7
AlLO; 13.3 19.8 66.5
K,O 7.5 7.2 0.18
Na,O 2.5 5.25 -
Fe,0; 0.59 1.65 0.97
CaO 0.40 1.35 0.076
SO; 0.33 1 2.6
P,0s 0.24 0.555 6.3
MgO 0.19 0.43 -
TiO, 0.13 0.35 0.081
MnO - - 0.12
Cl - 0.082 0.16
Rb,O 0.051 0.06 -
PbO 0.044 -
ZnO 0.010 0.028 0.019
CuO 0.010 0.027 0.024
SrO 0.007 0.007 0.066
ZrO, 0.011 0.011 0.011
Br - 0.008 0.32
As,0; - - 0.057
Y,0; - - 0.016
N* - 1.012 0.402
C* - 15.20 10.92
H* - 1.84 4.54
ocC* - 14.86 10.51

Despite the homogeneous composition observed
in the bulk sample, if we consider our results and
those of Vidal-Romani et al. (2010), the XRF analyses
carried out in 30 different bands show a variability in
the content of several oxides. In general, an inverse
relationship between Si and Al content was observed.
Also, a correlation in the contents of Si, Fe, K, Ti, and
Mn exist (Fig. 8). This could be related to a higher
detrital content in some layers, corresponding to
feldspars and heavy minerals. However, these are not
observed when individual bands were investigated
by means of XRD and FTIR. An explanation for this
is that the concentration of such minerals is very
low, i.e. below detection limits. Such changes in the
concentration of detrital grains in the bands could be
related to minor changes in the flow of percolating
water that in turn affects the transport mechanisms.
During high flow rates, more detrital components could
be carried and deposited into the flowstone, causing
higher concentrations of Si, Fe, K, and Ti. Under
drier conditions, less detrital grains are transported,
and a decrease in such elements and a concomitant
increase in Al (mostly transported in solution) would
be observed. Hence, the observed chemical changes

could serve as an environmental record, at least for
the precipitation regime outside the cave. However,
a more detailed chronology is needed for a detailed
reconstruction, but this is beyond the scope of this
work.

Water analyses show pH values around 6 with some
differences between the water sampled upstream
(5.93) and downstream (6.14) with respect to the
speleothem. The concentrations of NO, and SO, are
1.66-1.07 mg/L and 1.13-1.18 mg/L, respectively.
The Cl concentration is considerably lower below the
speleothem (7.95 mg/L), compared with the 13 mg/L
estimated in the above water sample (Table 3). NO;,
P, Br-, and F- were below the detection limit (<0.06
mg/L). This is an interesting result, because although
the concentration of P in the speleothem is high, it
appears that is not precipitated from the dissolved P.
Regarding the C supply to the speleothem, in the water
that drips out of the flowstone, the concentrations of
total carbon (TC) and dissolved carbon (DC) is below
the detection limit of 0.5 mg/L, whereas in the water
sample from the cave floor, values were higher (0.62
mg TC/L and 0.59 mg DC/L) (Table 3). This confirms
that organic C from soil overlying the cave is poorly
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Fig. 8. Changes in the chemical composition of the speleothem as determined by XRF. The radiocarbon ages are also shown.
transported by infiltration water. Concentrations this value (Thomas, 1994). The solubility of Si is
of dissolved metallic ions (Mg?*, Al**, Si**, and Mn?') minimal at pH values below 9, but higher than the
are low (0.3 mg/L) and similar for both samples, and solubility of aluminum oxides and hydroxides. This
dissolved Fe®" is below the detection limit (<2 g/L). The can explain the increase of Al with respect to Si in
concentrations of Si** and Mg? in the water exceed the speleothem. Other ions, such as Ca?*, Mg?", Fe®",
that of Al®*. The Al®** concentration in the water below Na*, and Ti** have also low solubility as oxides in
the studied speleothem is twice that of the water from aqueous solution of pH around 6. This may be the
the ceiling. Al is the main element present in the cause of accumulation of Al oxides in the speleothem
speleothem. This means that there is a mechanism (Krauskopf, 1967). Note that both the water pH and
that concentrates Al within the speleothem layers. composition are similar to that observed by Filippi et
If we consider the measured pH values of around 6, al. (2020) in the seepage inflow water in the granite
the solubility of aluminum oxides and hydroxides is Gobholo Cave (Eswatini, Africa), located in a humid
minimal, and would be higher at pH above and below subtropical climate.

Table 3. Results of analyses of ions and some elements present in the studied water samples.

Sample/Location
ATP-1 ATP-2
Component Above speleothem Below speleothem

pH (25°C) 5.93 6.14
F- (mg/L) <0.06 <0.06
Cl (mg/L) 12.0 7.95
NO, (mg/L) <0.06 <0.06
Br (mg/L) <0.06 <0.06
NO; (mg/L) 1.66 4.07
PO,* (mg/L) <0.15 <0.15
P* (mg/L) <0.008 <0.008
S04% (mg/L) 1.13 1.18
NH,* (mg/L) <0.05 <0.05
TC (mg/L) 0.62 <0.50
TOC (mg/L) <0.50 <0.50
DC (mg/L) 0.59 <0.50
DOC (mg/L) <0.50 <0.50
Mg (mg/L) 0.30 0.29
Al®* (mg/L) 0.092 0.183
Si** (mg/L) 1.7 1.7
Mn?*+ (mg/L) 3.6 2.8
Fe3* (ug/L) <2.0 <2.0
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Molecular composition of organic matter

The C, N, S, and organic C (OC) contents of the
overlying soil and the studied speleothem show that
OC and N content are more abundant in the soil than
in the speleothem (Table 2).

Figure 9 shows the total ion current chromatograms
of the analyzed speleothem samples. The pyrolysis
products were categorized according to chemical
structure and tentative source in the following
groups: monocyclic aromatic hydrocarbons (MAHs;
benzene and alkylbenzenes), polycyclic aromatic
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carbohydrate products (cyclopentenones., furans,
furfurals, 1,6-anhydrosugars, benzofurans), phenols,
methylene chain compounds (MCC; n-alkanes,
n-alkenes, n-alkanoic acids, n-alkylamides,
n-alkylnitriles), other N-containing compounds
(pyrroles, pyridines, benzonitriles, indoles,
acetamidofurans, diketopiperazines), lignin products
(guaiacols and syringols), and “other” products
(including unidentified ones), as shown in Table 4.
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Fig. 9. Total ion current chromatograms obtained by Py-GC-MS of selected bands from the studied
speleothem (after HF treatment). Pyrolysis product identifications of major peaks are indicated,
with color schemes according to most likely source (blue: carbohydrates, red: monocyclic aromatic
hydrocarbons, purple: phenols, orange: lignin, green: protein, pink: methylene chain compounds).

Table 4. Pyrolysis product categories (in bold font) and individual compounds, obtained from organic matter of the
speleothem samples analyzed. MCC = methylene chain compounds, MAHs/PAHs = monocyclic/polycyclic aromatic
hydrocarbons; RT = retention time, mass-to-charge ration (m/z) represents ion fragments used for semi-quantification.

Pyrolysis product identification RT (min) m/z PO7 P21
Carbohydrate products > 34.4 37.5
Lignin products > 2.6 3.9
McCC > 14.7 11.2
MAHSs > 15.1 16.2
N-containing products > 19.2 15.6
PAHs Y 2.8 1.8
Phenols > 6.0 6.7
Other compounds > 5.3 7.2
Methyl-iodide 1.693 142, 127 1.9 1.4
C,-cyclopentadiene 2.060 79, 80 0.6 0.4
C,-cyclopentadiene 2.420 79, 94 1.2 1.0
Chlorocyclohexene 2.981 81,116 0.0 0.0
Acetophenone 4.749 105, 77 0.7 0.7
Benzoic acid 5.756 105, 122 0.7 3.5
Unidentified compound 7.535 124, 166 0.1 0.0
tert-dibutylphenol 7.833 191, 206 0.2 0.2
C,-tert-dibutylphenol 7.924 205, 220 0.0 0.0
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The pyrolyzate compositions of the two bulk
samples (P07 and P21) are similar, with the
carbohydrate products accounting for 34 and 38%
of the total quantified peak area (TQPA), respectively.
Levoglucosan is the most abundant, followed by
several furans, furaldehydes, and pyranones (Pouwels
et al., 1989). The methoxyphenols (guaiacols) and
dimethoxyphenols (syringols) accounted for 2.6-3.9%
of TQPA in the bulk samples. These compounds
are markers of vascular plant-derived organic
matter. Guaiacols predominate over syringols, and
4-vinylguaiacolis particularly abundant. This suggests
that the methoxyphenols originate from a combination
of lignin and lignin-like phenolic acids, the latter of
which are abundant in herbaceous vegetation (Ralph
& Hatfield, 1991). The MCC account for 11-14% and
are dominated by n-alkanoic acids and homologous
series of n-alkanes and n-alkenes. These compounds
may originate from many aliphatic precursors, such
as free fatty acids, waxes, suberin and cutin (Nierop,
1998). Nitrogen-containing compounds account
for 15-19%. The origin of this set of compounds is
diverse: (1) acetamide and acetamidofurans originate
from the chitin in fungal cell walls or perhaps guano
of insectivorous animals (Stankiewicz et al., 1996), (2)
cyanobenzenes and diketopiperazines are primarily
protein products (Tsuge & Matsubara, 1985), (3)
n-alkylamides and n-alkylnitriles may be secondary
rearrangements between inorganic N and n-alkanoic
acids or occur as such (Nierop & Van Bergen, 2002),
(4) benzonitriles may originate from protein and
pyrogenic material (Kaal et al., 2008), and (5) other
products such as pyrroles, pyridines and indoles are
not specific of a given precursor. The presence of
chitin (N-acetyl-glucosamine polymer) markers, and
high proportion of N-containing pyrolysis products in
general, are strong indications that microbial and/or
arthropod tissues form a major fraction of the organic
matter. They also indicate that a large proportion
of the carbohydrate markers, especially the furans
and furaldehydes (Stankiewicz et al., 1996), but
potentially levoglucosan as well (Vancampenhout et
al., 2008), originate from chitins. The MAHs account
for 15-16%, the vast majority of which corresponds
to toluene. The abundance of N-containing products,
suggests that toluene originates mainly from (possible
chitin-entangled) proteinaceous material (Tsuge &
Matsubara, 1985). PAHs account for 1.8-2.8%. They
may originate from Black C (pyrogenic material, for
instance charcoal residues) (Ross et al., 2005), but
matrix effects cannot be ruled out (Miltner & Zech,
1997) and the abundance of C,- and C;-indenes and
-naphthalenes suggest that resin-like components
can be a significant alternative source of the PAHs
(Gonzalez-Pérez et al., 2014; Kaal et al.,, 2019).
Phenols account for 6.0-6.7%. Similar to the MAHSs,
these phenols are undiagnostic compounds, which
in this case might primarily correspond to protein-
and lignin-derivatives. Among the “other” compounds
benzoic acid is the most abundant, especially in
sample BU-21, but its source is unknown.

In conclusion, Py-GC-MS showed that the
speleothem organic matter is comprised, in decreasing

order of (1) microbial tissue (carbohydrates, chitin,
and proteins), (2) plant-derived polyphenols (lignin)
and polysaccharides, (3) aliphatic and possibly some
(4) resinous material from an unknown source,
and (5) pyrogenic matter (Table 5). These results
are in agreement with the carbon analyses of the
overlying soil sample, the speleothem, and water
samples. There are no signs of significant transport
of dissolved organic matter in the infiltrating water.
The phenolic compound distribution (4-vinylphenol,
4-vinylguaiacol and propenylguaiacol) is not
consistent with that of dissolved organic matter
(phenol, phenols and simpler guaiacols) (Kaal et al.,
2017), which implies that infiltrating water from above
the cave is an unlikely source of the lignin (Kaal et al.,
2017). Hence, the detection of vascular plant-derived
compounds (lignin) is an unambiguous evidence of
the presence of traces of exogenous organic matter,
but likely not transported into the cave as dissolved
but as suspended/colloidal matter. It has also been
suggested earlier that the microbial biomass is the
main component of the organic matter in speleothems
of granite caves (Vidal Romani et al., 2015).

Age and growth rates

Three out of the 30 separated bands of the
speleothem sequence were dated by radiocarbon
analysis. Samples P7, P13, and P22 (Fig. 3) encompass
7.5 cm of the flowstone’s total thickness (12.31 cm)
and define a growth period of ~392+133 yr (Table 5).
As the thickness of the laminae that form the bands
ranges from 17 to 33 mm, it can be inferred that the
number of laminae in the 7.5 cm thick section of the
speleothem is around ~3,342+107. This corresponds
to the formation of approximately 8-9 laminae/year,
and a growth rate of 0.191+0.065 mm/yr, assuming
a continuous accretion model. Thus, the observed
laminae (rhythms) do not correspond to seasonal
but to continuous changes in the percolating water
flow. The climate of the area is humid, with a
short summer dry period and rainfall present most
of the year, without strong seasonality and high
yearly precipitation (around 2,000 mm/yr). As the
thickness of the bands range from 0.5 to 1.0 cm, they
should be formed in a period of approximately 40 to
100 years.

It can be concluded that the speleothem was formed
during Late Holocene. Radiocarbon ages of 1,500 to
3,000 years BP were obtained from similar flowstones
(Vidal-Romani et al., 2010), the latter age of which
corresponds to a different AOS from A Trapa Cave
System.

There are abundant recent environmental records
from studied continental deposits that correspond
to this period in NW Spain. These can be used to
cross-check the geochemical data derived from the
flowstone, and thereby to assess the potential of
such Al-rich speleothems as environmental archives.
The growth period of the studied flowstone spans
from the late Roman Period to the Dark Ages, also
referred as Late Antique Little Ice Age, a period that
is characterized by a cool and dry climate compared
to the previous Roman Period and later Middle Ages
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Table 5. *C AMS radiocarbon and calibrated ages.

Sampled band Distance from bottom (cm) Lab code Uncal. age (yr BP) Cal. age (yr BP)
P7 2.01 Beta-378982 1730+30 163575
P13 4.61 Beta-381222 1440+30 1337+43
P22 9.51 Beta-381223 1330+30 1243+58

Optimum (PAGES 2k Consortium, 2013; Buntgen
et al.,, 2016). Continental records from the same
region obtained from carbonate stalagmite analysis
(Railsback et al., 2011, 2017) and oceanic cores
(Bernardez et al., 2008) reflect such cold and dry
period in the area and Western Europe (Buntgen et
al., 2016). A more detailed age-depth model of the
flowstone could potentially provide a more precise
record of changes in rainfall in the area. However,
such a refined age model is not available at this time.

A particular question is the reason why the growth
of the speleothem ceased. One possible reason is
the lack of space for growth, as the speleothem
precipitated in a joint between two granite blocks.
There is not evidence of the possible causes, but the
space limitation appear to be a reliable hypothesis.

The obtained age of the studied speleothem also
raises a question whether the radiocarbon dating
of the organic matter provides reliable ages. The
Py-GC-MS data showed that most of the organic
matter corresponds to microbial tissue with minor
proportions of plant-derived polyphenols (lignin) and,
aliphatic and resinous material from (an) unknown
source(s). It seems obvious that the vascular plant-
derived organic matter corresponds to detritus that
formed before transport into the cave (from plant to
soil to the cave by percolating water fluxes), and then
deposited in the speleothem, allowing to radiocarbon
date the time when certain layers formed. If the
microbial content of the speleothem originates in
the soil, we can assume that its radiocarbon activity
would not bias the overall *C age of the speleothem.
However, if the microorganisms are active within
the speleothem matrix, they will incorporate new C
(and new '"C) to the speleothem. This would cause
an underestimation of the resulting "C age. The
pyrogenic organic matter, which is also derived from
the outside of the cave, is known to persist in soil for
many years due to its refractory nature, which may
therefore be a source of “over-aged” C (Ferro-Vazquez
et al., 2019), but its effects on average *C activity are
expected to be small due to its minor contribution, if
any. More detailed assessment of the organic matter
is needed to better understand the transformations of
organic matter within the speleothem. Alternatively,
optically stimulated luminescence dating can be
employed on the observed detrital quartz and feldspars
grains which originate from above the cave in order to
determine the chronology (Sanjurjo-Sanchez & Vidal
Romani, 2011).

CONCLUSIONS

The analyses of an Al-bearing organic-rich
speleothem of the A Trapa Cave System revealed that
the sources of these speleothems, which are often
found in granite caves, are related predominantly to

materials (dissolved ions, detrital mineral grains, and
organic matter) that are transported by infiltration
water from the soil covering the cave. However, they
may be influenced by the activity of organisms living
in the speleothem and probably also transported by
the percolating water.

Slow water infiltration transports some dissolved
ions (from weathered silicate minerals), detrital
mineral grains and organic matter from the soil above
the cave to form these speleothems by layer accretion,
which are preserved under high relative humidity
conditions. The accretion of laminae is possibly related
to changes in the flow conditions of the percolation
water, which are controlled by changes in rainfall and
soil moisture. Thus, the layers have the potential to
provide information on past environmental changes.

The molecular features of the organic matter found
within the flowstone allowed to unambiguously
identify exogenous sources (plant-derived lignin),
in addition to microbial organic matter which may
come from the soil environment or the speleothem
environment (in situ production).

The radiocarbon ages obtained for the speleothem
reveal a fast growth rate. The time span of the
speleothem formation is approximately ~392+133 yr.
The estimated growth rate is around 0.191+0.065
mm/yr, which corresponds to ca. 8-9 laminae
per year. Such laminae are grouped in bands that
represent timeframes of 40-100 years. This reveals
that theoretically they could be used as high resolution
records of environmental change. However, a higher
resolution and more precise chronology is needed
before such studies can be successfully completed.
In summary, this study adds new information on
the structure, composition, and growth of Al-rich
speleothem in granite caves, and discusses ways
future research can help better understanding these
under studied speleothems.
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