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Folia are speleothems that resemble bells, inverted cups, or bracket fungi, and whose origins
are still controversial. Cenote Zapote (an underwater cave) in the Yucatan Peninsula (México),
is home to some of the largest folia reported to date. These speleothems are currently
growing in an active underwater system, meaning this site offers an excellent opportunity
to constrain the different formation models proposed for folia, which have traditionally
relied on inactive examples. In Cenote Zapote, folia are closely related to bubble trails and
cupolas, suggesting an underwater CO,-degassing process. In thin section, they display a
succession of columnar-open and columnar-elongated endings in micrite-dendritic fabrics.
Our petrographic and geochemical results demonstrate the abiotic origin of these folia and
indicate carbonate precipitation from cold water by CO, degassing below the water table that
started at least 5,210 yrs BP. We conclude that these folia formed as a result of subaqueous
calcite precipitation around CO, bubbles trapped below overhanging walls of the cave. The
sequential alternation of columnar and micritic fabrics can be explained by changes in the
position of the halocline and H,S-rich water mass while the exceptional size is the result of
carbonate precipitation from waters saturated in CaCO; during thousans of years. Then we
propose the classification of these speleothems as a subtype of folia. This subtype could be
named Hells Bells, respecting its original description.
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INTRODUCTION

The origin of folia speleothems is still a matter of
debate among karst researchers (Kolesar & Rigg,
2004; Audra et al., 2009; Queen, 2009; Davis, 2012;
Stinnesbeck et al., 2018). Folia speleothems typically
resemble inverted rimstone dams, inverted cups,
bells, or bracket fungi growing downwards (Hill &
Forti, 1997; Audra et al., 2009; Davis, 2012) (Fig. 1)
and have been reported in at least 30 caves worldwide

*ralopezm@geologia.unam.mx

(e.g., Audra et al.,, 2009; Davis, 2012; Gazquez &
Calaforra, 2013; D’Angeli et al.,, 2015). They often
appear close to other subaqueous speleothems,
including calcite rafts, mammillary crusts, calcite
raft cones, and “mushrooms” (Gazquez & Calaforra,
2013; D’Angeli et al., 2015). Even though most
examples of folia have been reported in hypogenic,
hydrothermal caves, there are also some cases
described in epigenetic, cold-water caves (Plan &
De Waele, 2001).
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Fig. 1. Some examples of folia reported in caves around the world. A) Cueva de Santa Catalina, Cuba; B) Pal Volgyi Cave, Hungary
(A-B photographs by Philippe Crochet); C) Sima de la Higuera (Murcia, Spain; photograph by Andrés Ros); D) Grotta Acqua Mintina
(sulfur folia; photograph by Marco Vattano).

Past works

Though identification of folia is relatively simple
because of their typical shape, the mechanisms
involved in their genesis and classification are still
controversial. Indeed, Audra et al. (2009) proposed
that only calcite forms can be considered as real folia,
while Davis (2012) includes a variety of shapes and
mineral for the term. Despite most folia reported to
date being made of calcite, some examples of folia
composed of native sulfur have been described (Hose et
al., 2000, 2009; Lugli et al., 2017; D’Angeli et al., 2018).

At present, two main models explain the formation
of folia, including (1) precipitation at the air-water
interphase as a “border” speleothem and (2) underwater
formation througth CO, degassing, biologically, or
other processes. Davis (1997, 2012) explained the
growth of folia by accretion of particles at the air-water
interface, including calcite precipitation brought
about by CO, degassing and occasional evaporation.
As such, the water level fluctuations determine the
vertical distribution of the folia on the cave walls and
ceilings. More recently, D"Angeli et al. (2015) provided
robust geochemical and textural evidence for folia
precipitation at the air-water interface as “border”
speleothems in Santa Catalina Cave (Matanzas,
Cuba). Their results also allowed the reconstruction
of sea level variations and uplift rates in that region
(De Waele et al., 2017, 2018). A similar approach was
used to explain the formation of folia in the Devil’s
Hole (Nevada, USA) (Kolesar & Rigg, 2004).

In contrast, some authors have proposed a formation
model for folia that involves subaqueous carbonate
precipitation tens of centimetres to metres below
the water surface. These include the underwater

precipitation model proposed by Green (1991, 1997),
later adopted by Audra et al. (2009) that conceives
folia as subaqueous speleothems in the strict sense.
In particular, Green (1991; 1997) claimed that the
genesis of folia is directly related to the accumulations
of CO, bubbles stemming from the degassing of
thermal water that gets trapped by wall irregularities
with calcite precipitation downwards around the
bubble-water interface. A similar approach was used
by Audra et al. (2009) to interpret the formation of
folia and bubble pockets in Grotte de I’Adaouste
(Provence, France) as well as in other caves worldwide.
These authors highlighted the importance of cave wall
geometry, as it plays a decisive role in controlling the
genesis of folia.

As the debate is still ongoing, Davis (2012)
challenged the scientific community to find (1) active
folia sites with evidence of deeper bubble degassing
(to rule out the possibility of surface degassing) and
(2) brine/fresh-water mixing environments with no
precipitation of calcite rafts. Here we present field and
petrographic folia results from Cenote Zapote (Yucatan
Peninsula, México) that fulfill these requirements.
These speleothems were first studied by Stinnesbeck
et al. (2018), who developed a genetic model based on
biological-mediated processes (excellent videos about
diving in Cenote Zapote are available at: https://
www.youtube.com /watch?v=28qQz0Q36sXc).

Although these authors did not refer explicitly to
the term folia, their morphologies match those of folia
speleothems. We aim to (1) demonstrate the abiotic
origin of folia in Cenote Zapote speleothems and (2)
shed light on the general genetic model of folia and
their relationship with bubble trails.
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GEOLOGICAL SETTINGS AND SITE
DESCRIPTION

The Yucatan Peninsula is a shallow carbonate
platform composed of a >3000 m thick limestone
sequence (Lopez-Ramos, 1983; Ward et al., 1985,
1995). The whole peninsula has been affected by
intense karstification processes, resulting in a high
density of karst systems, including the most extensive
underwater caves in the world (Sac Actun Cave is
368 km in length) (https://caves.org/project/qrss/
arlongesp.htm).

The genesis and enlargement of these caves came
about as a result of two speleogenetic processes:
dissolution at the halocline (seawater-freshwater
mixing) (Beddows, 2004; Smart et al., 2006) and
oxidation of organic carbon (Gulley et al., 2016).
Cenote Zapote (Fig. 2) is a typical vertical pit-cenote,
about 20 km inland in Quintana Roo state, México.
It was first surveyed by Vicente Fito, who discovered

the speleothems and named them as “Hells Bells”
(Stinnesbeck et al., 2017).

The cenote is about 60 m deep (50 m infilled by
water) with an “hourglass” shape. A narrow vertical
conduit connects two large voids, and no horizontal
passages exist. In the central part, there is a massive
accumulation of debris, as a result of the roof
collapsing, accompanied by a large amount of organic
matter, including leaves and remains of an ancient
ceiba tree (Ceiba pentandra) dated to 3,568-3,453 cal
yr BP (Stinesbeck et al., 2018).

Cenote Zapote hosts a stagnant water body with a
stratified water column that can be divided from top
to bottom into fresh oxygenated water (0-30 m); brine
water with a sulfide cloud (30-40 m) and briny oxygen-
depleted waters at the bottom (40-50 m). A detailed
description of the water chemistry can be found in
Stinnesbeck et al. (2018) and Ritter et al. (2019). Folia
appear at a depth ranging from ~29 to ~36 m, but some
initial stages of growth were documented at ~39 m.
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Fig. 2. A) Location and map of Cenote Zapote in the Yucatan Peninsula. Cenote Zapote is located near Puerto Morelos in the Mayan “Ruta
de los Cenotes”; B) Note the hourglass shape of the cenote and the water-column stratification, including the mixing zone with hydrogen
sulfide; C) General view of the folia on the overhanging wall; D) The bottom is covered with an extensive debris cone of organic matter,
including leaves and wood, which is the source of the hydrogen sulfide. The map of the cenote was modified from Stinnesbeck et al. (2017).
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METHODS

Documentation and sampling of the folia were
conducted in July 2015 with typical cave diving
procedures. Three small samples of the folia at different
growth stages were taken from non-visible locations
to avoid deterioration of the cave. Morphologies and
structures were measured in situ and documented by
photography and video.

Petrography and mineralogy

We analyzed longitudinal and cross thin-sections
of samples under an Olympus BX51 microscope.
In addition, thin sections were examined under
epifluorescence of 590 nm for the detection of organic
compounds such as fulvic acids (van Beynen et al.,
2001; Brennan & White, 2013). For the description
of fabric, we adopted the terminology of Frisia et al.
(2000) and Frisia (2014), whereas for layer boundaries
we used the terminology of Railsback et al. (2013).

We selected four samples (Fig. 3) at different stages
of folia growth for mineralogical analysis by powder
X-ray diffraction at the National Laboratory of
Geochemistry and Mineralogy (LANGEM), part of the
Institute of Geology, National Autonomous University
of México (UNAM), México. We used an EMPYREAN
XRD diffractometer operating with an accelerating
voltage of 45 kV and a filament current of 40 maA,
using CuKa radiation, nickel filter, and PIXcel 3D
detector. The sample was scanned in the 20 angle
range of 4-70° measured with a step size of 0.04° (26)
and 40 s scan step time. The diffraction patterns were
analyzed with version 4.5 of the HighScore program
with reference patterns from the ICDD PDF-2 and
ICSD databases.

Fig. 3. Position of the samples used for X-ray diffraction and stable
isotope analysis. Zap 2 represents the initial growing phase, whereas
Zap 1 shows the well-developed crystals. Sample Zap 2A was
selected for U/Th dating.

Geochemical analyses

Four powder subsamples (~0.9 mg) were extracted
from sample Zapl and Zap2 using a micro drill (Fig. 3)
and analysed for stable carbon and oxygen isotopes
(63Ce, and 6'0,,,) at the National Laboratory of
Geochemistry and Mineralogy (LANGEM), part of the
Institute of Geology, National Autonomous University
of México (UNAM), México. The carbonate was
reacted with orthophosphoric acid at 25°C for 54 h

under vacuum conditions following the guidelines of
McCrea (1950). After that, the released CO, was
analysed by a Thermo Finnigan MAT 253 mass
spectrometer coupled with a Gas Bench II. Results
are reported in per mil versus V-PDB (Vienna Pee
Dee Belemnite) with reproducibility within 0.2%o0 for
67Cearp and 8'*Ocqp,-

The age of the inner part of sample Zap 2A (Fig. 3)
was determined by U-Th dating, using a Thermo-
Finnigan Neptune Plus at Centro de Geociencias,
Juriquilla Campus, UNAM (Querétaro, México),
following the conventional method described
elsewhere (McCulloch & Mortimer, 2008; Hernandez-
Mendiola et al., 2011).

RESULTS

Morphologies
Bubble trails and cupolas

Bubble trails were first recognized in the karst
literature by Chiesi & Forti (1987) and are closely
related to folia (Audra et al., 2009). They are small
subaqueous channels carved into the carbonate host
rock of the cave wall, as a result of dissolution due to
the rise of CO, bubbles (Audra et al., 2009). In Cenote
Zapote, some morphologies are the result of such a
process, including bubble trails, and cupolas (Fig. 4).

Morphologies vary from certain structures
resembling inverted rillenkarren, trittkarren, and
kamenitza (Fig. 4A-C) to channels (Fig. 4C-E) (see
examples of these structures in subaereal conditions
in picture 4.11, page 48, and picture 4.46, page 135
of Veress, 2010). Channels are straight to slightly
curved depending on irregularities and variation of
the slope of the overhanging walls. Width generally
decreases upwards, with a maximum of 25 cm.
Fig. 4C shows the relationship between bubble trails
and cupolas in Cenote Zapote, where small channels
(arrow 1) feed a cupola (arrow 2). Beyond the point
where the cupola cannot store all the gas supplied by
these feeding channels, a decantation runnel allows
the excess gas to escape (arrow 3).

Folia

In Cenote Zapote, folia occur on the overhanging
walls (Fig. 2), and their lengths vary from 1-2 cm to
up to 2 m. Their cross-sections can be seen as arch
shapes with various degrees of amplitude (Fig. 5A, B).
Nonetheless, they do not grow around the entire
circumference from the beginning, as displayed in
Fig. 5C, where 1-5 represent different stages of growth.

Initially, folia growth starts as an inverted “knobby
stalagmite” (Fig. 5C). As it continues growing, it
develops a “stem” (Fig. SD). After that, the outer part
of the stem grows faster while the inner is laggard,
leading to the formation of an apex. During the last
formation stage, well-developed crystals precipitate
on the surface, very similar to phreatic overgrowth
(Fig. 5D). Generally, well-developed folia display a
composite pattern, with numerous small folia growing
over bigger ones (Fig. SE). Note that moving up the
wall, folia decrease in size until they disappear. They
also tend to be flatter in shape. (Fig. SF).
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Fig. 4. Morphologies of bubble trails. A) General view of the relationship between folia and bubble trails; B) Detailed view
of picture A. Note the similarity between the inverted rillenkarren, trittkarren and kamenitza; C) Morphologies of bubble
trails and their relationship with cupolas. Arrow 1 denotes bubble trails feeding a cupola (arrow 2) and arrow 3 points to a
decantation runnel which allows the excess gas to escape. Arrow 4 indicates a gas bubble product of the diving activity;
D-E) Details of the bubble trails on the upper part of the roof (see arrows). Note that moving up the wall, the folia size
decreases, until only bubble-trails appear.

Textural observations and mineralogy

The studied folia display irregular alternate
banding of white (spar) and dark (micrite) laminae
(Fig. 6A, B). In the longitudinal section, laminae are
thick along the growth axis and become thinner to
both sides (Fig. 6A). This part of the stem resembles
a stalagmite, although the first can be observed in
the cross-section of the apex (Fig. 6B). Here, the first
steps of speleothem growth show a “flower” pattern
with multiple nucleation centers and the first steps
of preferential growth in one direction. Small dots,
mainly concentrated in the micritic parts, are made
of pyrite (FeS,) and siderite (FeCO;), as confirmed by
XRD analyses (Table 1).

The growth succession starts with columnar-
open fabric, continues with columnar-elongated,

and ends with micritic-dendrite fabric (Fig. 6C).
The columnar-open fabric displays a series of well-
formed calcite crystals with different orientations
and high inter-crystalline porosity (Figs. 6D, E, 8A).
Under epifluorescence, the crystals exhibit bands
with different degrees of fluorescence (Fig. 6E).
We observed that the crystals display flat-convex
surface terminations (Fig. 8B, arrows 1 and 2). These
terminations are typical of growth at an air-water
interface along which the air limits the development
of crystals (e.g., Kovacs et al., 2017b).

The columnar-open fabric to columnar-elongated
(Ce) fabric transition displays large calcite crystals
following a preferential growth direction and some
slightly divergent crystallites (Fig. 7A). This fabric
exhibits blade termination (Fig. 7B) covered with

International Journal of Speleology, 49 (3), 173-186. Tampa, FL (USA) September 2020
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Fig. 5. Details of folia morphologies. A) Vertical downward view. Note the different morphologies from full circumference to semi-circumference

with coiling edges; B) Features of the typical folia resembling inverted rimstone; C) Various growth stages of folia (1-5) starting from a “knobby
stalagmite” and finishing in a well-developed circular folia. Some cupolas are full of gas; D) Details of the first stages of the folia. On the left side is
the stem and apex of the folia, while on the right is the crystalline phase; E) Folia speleothems at different development stages. Number 1 indicates
the “knobby” part with apex development, whereas 2 shows the full folia in the crystalline phase, and 3 shows a composite type, with small folia using the
bigger ones as a substrate. Note that folia grow in the opposite direction to the substrate, which can be the wall or other folia; F) Higher up the wall,
the folia decrease in size, and their shapes tend to be flatter. Scales are approximate due to various depths of field in photos in A, B, C, E, and F.

Table 1. Mineralogical and isotopic composition of the studied samples.

Calcite Siderite Quartz Pyrite 81:C 8t0

(%) (%) (%) (%) (%o) (%o)

Zap 1A 99.5 - 0.5 - -12.5 -5.2
Zap 1B 100 - - - -12.7 -5.1
Zap 2A 99.1 0.9 - - -12.4 -5.2
Zap 2B >99 Traces Traces Traces -11.9 -5.3
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Fig. 6. Petrography of the folia from Cenote Zapote. The arrow indicates the growth direction. A) A longitudinal cut through the stem of the folia.
The light laminae are formed of spars, while the dark ones are micrite. Note how the laminae are thicker in the growth axis and thinner to the
sides, similar to stalagmites; B) Cross-section of the apex. Small dots of pyrite and siderite appear within the micritic bands; C) Evolution of the
calcite fabrics from columnar-open to columnar-elongated and finally micritic-dendrite fabric. The arrow indicates the growth direction; D) Columnar-
open fabric under planar polarization; E) The same fabric subject to epifluorescence of 590 nm. Note the different fluorescence grades related to
the presence of organic substances with low molecular weight.

a dark micritic fabric (M). The elongated columnar
and micrite displays a Type-E contact (dissolution-
erosion), according to Railsback et al. (2013), with
the presence of micro-cavities (Fig. 6C) and coated
particles along the border (Fig. 7D).

The micrite fabric is dark under plane polarization
and is variable in width, from very thin (as in Fig.
7B) to a more developed band. This is a result of a
destructive process of micritization of the previous
fabric (mainly elongated columnar). Micrite is more
luminescent under UV light, suggesting the presence
of soil-derived organic compounds (e.g., fulvic acid) at

the time of formation. Within the micrite layer, some
examples of dendritic fabric (D) with typical scaffold-
like morphology have been found (Figs. 7H, 8C, D).
In places, the formation of in situ micrite (particle
size less than 2um) from the destruction of columnar
fabric can be observed (Fig. 8D-F).

Geochemical analyses

The 6'Cyppg values of the studied samples range
from -11.9 to —-12.7%o0, whereas the 6®¥0,pps values
vary from -5.1 to —-5.3%o0 (Table 1). The inner part of
sample Zap2 2A is 5,210 £ 140 yr BP (Table 2).

International Journal of Speleology, 49 (3), 173-186. Tampa, FL (USA) September 2020



180

Lépez-Martinez et al.

Fig. 7. Petrography of the folia from Cenote Zapote. A) Columnar-elongated fabric (cross-polarisation); B) The columnar-elongated
fabric ends in a blade shape alternating with a micritic zone; C) Dissolution micro-cavities in contact with the columnar-elongated fabric
and micrite zone; D) Coated particles along the contact between both fabrics; E-F) Contact between well-developed crystals and
micrite viewed in plan polarized (E) and under epifluorescence (F) light. Note the micritization process is destroying the crystal. The
epifluorescence shows a more fluorescent micrite due to the presence of organic compounds; G) Greater detail of the micritization
process; H) Dendritic fabric with the typical scaffold-like morphology.

International Journal of Speleology, 49 (3), 173-186. Tampa, FL (USA) September 2020
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Fig. 8. SEM observation of the studied folia samples. A) General view of the columnar-open (Co) and columnar-elongated (Ce)
fabrics; B) Details of the crystallites in the columnar-open fabric. Arrow 1 indicates the flat termination surface of the fabric, while
arrow 2 shows a crystallite with convex shape growing from the near-flat surface; C) Micritic fabric with the details of the scaffold-
like morphology; D) Broken edges of calcite crystals with the formation of in situ micrites (particle size less than 2 um); E) The same
process of micrite formation (M), starting from columnar fabrics (C); F) Details of dissolution features (D) in the columnar fabrics

leading to the creation of micrite particles.

Table 2. U-Th dating data for sample Zap 2A.

238U 232 230Th/232Th 230Th/ 238U 234U/238U 5234Um 234 o Age (ka) Age (ka)
Sample (ng/g) Th (ng/g) (activity) (activity) (activity) (%0) 52U, (%) Uncorr. Corr.
Zap 2A | 644.8+£0.30.3913£0.1004 | 252+9 | 0.047£0.001 | 1.02+0.001 | 22.6+1.3 | 23+1.3 | 521+0.14 | 5.19+0.14
DISCUSSION Owing to hydrostatic pressure, CO, in underwater

Bubble trails-folia connection and conditions for
subaqueous calcite precipitation in Cenote Zapote

Previous studies suggested that all the folia formation
stages in Cenote Zapote occurred underwater and that
the vertical variations of the halocline is connected to
regional recharge of the aquifer during storms which
affected their growth (Ritter et al., 2019). However,
these authors did not note the presence of bubble
trails, which are closely related to folia formation in
this cave.

environments generally remains dissolved at depths
>40 m (Audra et al., 2009). Once the pressure decreases,
it tends to escape from solution and forms small
bubbles. The CO, bubbles are channelled along bubble
trails, move upwards, and dissolve the limestone cave
walls, which releases the Ca?" necessary for secondary
carbonate precipitation. The CO, degassing from the
bubbles occurs by diffusion to the water surrounding
the bubble, triggering calcite precipitation along its
edge. The flat-curved edge of some crystallites (Fig. 8B)
is typical of crystals growing at the air-water interface

International Journal of Speleology, 49 (3), 173-186. Tampa, FL (USA) September 2020
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(e.g., calcite rafts; Kovacs et al., 2017b) and supports
the hypothesis of calcite growth in connection with
CO, bubbles. As a result, folia usually occur along the
edges of bubble trails and cupolas (Fig. 9A, B) that are
located below overhanging walls, as observed in other
caves (Audra et al., 2009). No evidence for biologically-
mediated calcite precipitation has been detected (e.g.,

oA deg i

b Cay I

.-

N\.\C ,Q\‘

Id-r

mineralized microbes, stromatolitic structure, etc.;
Jones, 2001), which means that the formation of
folia in Cenote Zapote is an abiotic mechanism. This
contrasts with previous studies that classified these
folia as “biothems” (Stinnesbeck et al., 2018), which
in our view, is not correct and agree with results of
Ritter et al. (2019).

Fig. 9. Relationship between the growth of folia (F) and dissolution structures, including cupolas (C) and bubble trails. A-B) on the upper part of the
wall, folia are scarce, and it is possible to observe the relationship more clearly. Folia appear more commonly on the upper part of the cupola, but

small forms also appear to the sides of the bubble trails.

The 6'80yppg values of the carbonate (5.1 to —5.3%o)
indicatethatthese speleothems precipitated from fresh-
water (88O ~—4 to —=5%o, relative to the international
standar V-SMOW) at a relatively low temperature
(~20°C) ruling out hydrothermal/hypogene calcite
precipitation, that usually gives rise to lower 6¥Oyppg
values (e.g., Gazquez et al., 2018). In addition, the
63Cyppg values (-11.9 to —12.7%o) indicate that the
primary source of carbon for carbonate precipitation
was the decay of organic matter, including the organic
debris in the bottom and leaching from the soil above
the cave, rather than CO, from hypogenic processes
(Gazquez et al., 2018). Likewise, the §%*U of 22.69 +
1.34%o0 does not point toward seawater contributions
(6%**U,., of 146.8 + 0.1%0; Andersen et al., 2010)
during calcite precipitation, but crystallization from
a fresh-water lens. Our U-Th dating results show
that the Cenote Zapote folia grew at least as early as
5,210 = 140 yr BP. Stinnesbeck et al. (2018) reported
slightly younger ages (<4,500 yr BP) for the same
speleothems. Accordingly, it is possible to extend the
record of these folia by ~1,000 years.

Evolution model of folia formation

The evolution of the Cenote Zapote folia involves
a complex mechanism that combines carbonate
dissolution and precipitation. Initially, the roof of
the cenote collapsed, allowing the input of a large
amount of organic matter into the stagnant water.
Organic matter oxidation led to the consumption
of dissolved O, in the lower water lens and due to
bacterial sulfate reduction processes, CO, and H,S
are produced. The CO, bubbles trapped in some
wall irregularities produce a water-gas interface
and CO, degassing, leading to calcite precipitation
along the edges of the bubble in a tangential position
(Fig. 10A, B). The studied samples display nucleation
centres corresponding to the top of the bubble.

This process also explains the circular shape of
the folia.

On sub-vertical walls, the most efficient CO,
degassing and calcite precipitation occurs in the outer
part of the bubble (as opposed to the wall) because
there is more space for crystal development (Fig. 10B).
In contrast, bubbles trapped in an almost horizontal
position develop without a preferential growth
direction and display near-circular shapes (Fig. 10A).
In summary, the morphology of the substrate on
which folia form controls their shapes.

Subsequently, precipitation of columnar-open fabrics
changes to columnar-elongated fabrics. The exposition
of the columnar-open fabric to the calcium carbonate
saturated fresh-water lens leads to the growth of large
crystals typical of the columnar-elongated arrangement
(Fig. 10F). This crystal development is interrupted
by the periodic elevation of the halocline (Fig. 10G).
During this time, the columnar fabrics are partially
dissolved by calcium carbonate unsaturated water,
which is slightly acidic because of the presence of H,S.
At this stage, micrite calcite forms. As evidenced
by the Iluminescence, soil-derived compounds
are incorporated into the calcite at this stage, which
are probably more abundant in the water lens under
the halocline. Additionally, this process occurs in
oxygen-depleted water, leading to the precipitation of
pyrite and siderite. The presence of pyrite and siderite
within the micrite bands is a strong evidence that its
formation is influenced by microbial activity in low-
oxygen conditions similar to those described in marine
environments (Wilkin et al., 1997; Wignall et al., 2010;
Nunez-Useche et al., 2016; Martinez-Yanez et al.,
2017). Once the mixing zone moves back to a deeper
position, the micrite fabrics become exposed to the
saturated fresh water lens and act as nucleation points
for the development of new columnar fabrics (Fig. 9G),
as observed elsewhere (Dickson, 1993).
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Fig. 10. Genetic model of folia formation in Cenote Zapote and the calcite precipitation process occurring in the gas bubble, depending on the wall
morphology. At this stage (A), the precipitation of the columnar-open fabrics occurs along the horizontal parts of walls. In this case, calcite crystals
precipitate around the bubble, leading to the formation of circular folia; B) In sub-vertical walls, the calcite crystals tend to precipitate along the
boundary of the bubble-wall zone; C-E) The shape of the folia is related to the wall inclination and morphology. It can vary from circular (C, D) to
slightly flat (E); F) Once exposed to calcite saturated fresh water, the columnar elongated crystal grows out from the previous open-elongated.

G. The rise of the halocline due to seasonal or sporadic events (e.g., storms or hurricanes) exposes the calcite crystals to non-saturated waters
leading to dissolution. This process produces micrite fabrics; H) Once the halocline returns to normal levels, the micritic fabrics act as a precipitation
nucleus for a new generation of columnar elongated calcitic fabric. The repetition of these process within saturated and stagnant waters allow the
rapid growth and exceptional size of the folia in the Cenote Zapote.
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CONCLUSIONS

The Cenote Zapote offers an excellent opportunity
to view the constraints on the genesis of folia. Our
morphological observations suggest that there is a
close relationship between folia and bubble-trails,
as previously proposed in hypogenic and eogenetic
environments. Folia form in subaqueous conditions
(tens of centimetres to metres below the water table)
from calcite precipitation around CO, bubbles. The
wall geometry plays a decisive role in controlling the
shape of these speleothems.

The petrographic observations reveal abiotic calcite
precipitation that includes a succession of columnar-
open fabrics, columnar-elongated fabrics, and micritic
fabrics. The columnar-open fabric corresponds to
the first crystals precipitated along the edges of the
gas bubble. The columnar-open fabrics changes to
columnar-elongated as a result of being exposed to
the calcium-carbonated saturated waters. The growth
of columnar-elongated fabrics is interrupted and
they are partially dissolved when the halocline rises.
The crystals are subsequently exposed to calcium-
carbonate unsaturated water, rich in H,S that favours
the formation of micritic fabrics. After that, because
of the lowering of the halocline, the micrite is exposed
once again to calcium carbonate saturated waters,
leading to the growth of new columnar-elongated
fabrics. The exceptional size of the folia in Cenote
Zapote can be explained with the general model of folia
plus some factors like the halocline position and special
conditions of calcium-carbonate equilibrium. Then we
propose to clasify these speleothems as a subtype of
folia and preserve the original name of “Hells Bells”.
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