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Many speleothems can be assigned to one of two morphological groups: massive speleothems, which consist of 
compact bulks of material, and coralloids, which are domal to digitate in form. Faster growth on protrusions of 
the substrate occurs in the typical growth layers of coralloids (where those layers are termed “coralloid accretions”), 
but it is not observed in the typical layers of massive speleothems, which in contrast tend to smoothen the 
speleothem surface (and can therefore be defined as “smoothing accretions”). The different growth rates on different 
areas of the substrate are explainable by various mechanisms of CaCO3 deposition (e.g., differential aerosol 
deposition, differential CO2 and/or H2O loss from a capillary  film of solution, deposition in subaqueous 
environments). To identify the causes of formation of coralloids rather than massive speleothems, this article 
provides data about δ13C and δ18O at coeval points of both smoothing and coralloid accretions, examining the 
relationship between iso topic composition and the substrate morphology. In subaerial speleothems, data show 
enrichment in heavy isotopes both along the direction of water flow and toward the protrusions. The 
first effect is due toH2O evaporation and CO2 degassing during a gravity driven flow of water (gravity stage) and is 
observed in smoothing accretions; the second effect is due to evaporation and degassing during water movement by 
capillary action from recesses to prominences (capillary stage) and is observed in subaerial coralloids. Both effects 
coexist in smoothing accretions interspersed among coralloid ones (intermediate stage). Thus this study supports 
the origin of subaerial coralloids from domi nantly capillary water and disproves their origin by deposition of aerosol 
from the cave air. On the other hand, sub aqueous coralloids seem to form by a differential mass transfer from a still 
bulk of water toward different zones of the substrate along diffusion flux vectors of nutrients perpendicular to the iso 
depleted surfaces. Finally, this isotopic method has proved useful to investigate the controls on speleothem 
morphology and to obtain additional insights on the evolution of aqueous solutions inside caves.
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1. Introduction

Speleothems are mineral deposits that are chemically precipitated in 
caves, and they include flowstones, stalactites, stalagmites, and many 
other less familiar but diverse forms (Hill and Forti, 1997). Most 
speleothems consist of sequences of layers readily recognizable in 
sections perpendicular to their growth surface. Petrographic 
observations of these sections reveal two specific types of the growth 
surface progres sion through time, leading to two very different 
morphologies of the resulting speleothem. To distinguish between 
these two specific patterns of growth and their relationship with time, 
this paper will distinguish between smoothing and coralloid 
s 
1) 
to gly.uga.edu (L.B. 

it (F. Frau).
“accretion” refers to the material deposited in a single speleothem during
fixed period of time, which can be a continuous or discontinuous laye
because it is defined as a temporally bounded, rather than physical
bounded, entity. “Smoothing accretion” will refer to an accre tion that 
uniform or thinner on protrusions than in depressions of its substrat
tending to smooth any pre existing topography and to form a compa
bulk of material (Fig. 1a). On the other hand, “coralloid accretion” w
refer to an accretion that thickens gradually from the depression
toward the protrusions of the substrate and thus imparts domal 
digitate forms to the resulting speleothem (Fig. 1b).

Sequences of coralloid accretions are usually defined as coralloid
(Figs. 1, 2) or by the colloquial name “popcorn” (Hill and Forti, 1997). O
the other hand, sequences consisting mostly of smoothing accretion
have been designated as massive speleothems (Alonso Zarza et al., 201
or bulk speleothems (White, 2012). These are further differenti ated in
various types, depending on their location and general



 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 1. Sketches illustrating a massive speleothem (a) and a speleothem consisting of 
coralloids (b). Both sketches show the accretions (material deposited in a single speleothem 
during a fixed period of time). Massive speleothems are sequences of typical smoothing 
accretions which do not grow faster on substrate protrusions than on substrate depressions 
(a). Coralloids are sequences of typical coralloid accretions growing faster on substrate 
protrusions than on substrate depressions (b).
morphology (e.g., flowstones, stalactites, stalagmites). Depending on 
the prevalent type of accretion, especially in the proximity of the 
speleothem surface, the resulting form of the speleothem can also 
be intermediate between a massive and a coralloid type (Stepanov, 
1997). Many stalagmites or stalactites, including stalagmites used 
in paleoclimate research (Fairchild and Baker, 2012), are indeed 
intermediate forms, because they show a complete or partial 
corrugated surface and consist of assemblages of smoothing and 
coralloid accretions (Fig. 2e and f).

To explain the cause of the growth pattern of coralloids and its 
deviance from that observed in massive speleothems, various hypothe 
ses have been advanced. Coralloids can form both subaerially and 
subaqueously and, in theory, by different mechanisms. Subaqueous 
deposition of coralloids seems comparatively straightforward, in that 
the source of constituents surrounds the growing speleothem. On the 
other hand, subaerial deposition of coralloids in the absence of 
standing or flowing water is more problematic and has been 
explained by two very different mechanisms. One is deposition from 
aerosols, either as solid material (Cser and Maucha, 1968; Klimchouk 
et al., 1995; Dublyansky and Pashenko, 1997) or as hydroaerosols 
from splashes (Perna, 1989), wherein the tips of coralloids grow faster 
because they are fed by aerosol particles coming from a wider angular 
range com pared to the re entrant parts of the coralloids' surface (Fig. 
3a). The second is deposition from a thin capillary film of 
supersaturated solution (Serban et al., 1961; Moroshkin, 1976; 
Maltsev, 1993, 1994, 1997; Stepanov, 1997, 1999; Self and Hill, 2003). 
This solution could have, in turn, various sources that include splash 
effects of dripping water (Balch, 1948), seepage through the cave 
bedrock, and condensation (Stepanov, 1999). The latter could result 
from cycles of condensation and evaporation (Istvan and Micle, 1994).

Dawkins (1874) already concluded that coralloids start to grow 
from a slight elevation of the substrate, probably because of greater 
evapora tion of water there than from the surrounding recessive 
portions. Thrailkill (1965) attributed the origin of cave popcorn to the 
deposition of CaCO3 mainly driven by CO2 loss from a thin film of 
solution. Slyotov (1985) identified a geometric advantage for 
protruding regions to grow by mass transfer with the medium. If, 
along the mass transfer pathway between a point on a growth surface 
and the air, there is another growth surface which can lose H2O or CO2 

molecules from its capillary film, the two surfaces exchange an 
amount of these molecules and thereby inhib it each other's growth 
by increasing the concentration of H2O or CO2 molecules in the 
intervening space. This effect, of course, should be greater as the two 
branches of coralloids approach each other. Accord ing to Slyotov 
(1985), this is why a gap is sustained between the two surfaces, rather 
than a joining of the two (Fig. 3b).
In light of the apparent importance of solute supply and substrate control 

to the hypothesized origins of the various kinds of speleothems, this
paper reports measurements of δ13C and δ18O from samples positioned
sequentially along growth layers (accretions) in various speleothems.
These measurements allow estimation of the varying extent of degassing
and evaporation from water moving across the speleothems, and thus
allow evaluation of the hypothesized origins of these varied speleothems,
and especially of coralloids.

2. Speleothems studied

To compare isotopic characteristics of coralloid and smoothing
accretions, we analyzed subaerial coralloids, subaqueous coralloids, a
stalactite on which coralloids have formed, a flowstone, and a stalagmite
with coralloids on its flanks. With the exception of the last one, these
speleothems come from Is Zuddas Cave in Sulcis, the southwestern region 
of the Mediterranean island of Sardinia, the more northwestern of Italy's
two large islands. The cave lies in dolomitized carbonate rocks of the
Lower Cambrian Gonnesa Group (Bechstadt and Boni, 1996). This cave
is about 1500 m long and is characterized by a succession of rooms
connected by narrow natural tunnels. In this cave a wide variety of
speleothem types has been identified, including flowstones, stalactites,
stalagmites, subaerial and subaqueous coralloids, pool spar, frostworks,
helictites and many others (Caddeo et al., 2008a, 2008b). Designations
of these speleothems all begin with “IZ” for “Is Zuddas”.

The stalagmite with coralloids on its flanks, which comes from the
collection of Prof. George A. Brook of the University of Georgia (U.S.A.),
was collected from Drotsky's Cave, located in the Gcwihaba Hills of the
Ngamiland District of northwestern Botswana, within the Kalahari Desert
(Africa). Drotsky's Cave is a little over 400 m long and lies in dolomitic
marble of the upper Proterozoic Otavi Group or Damara Sequence
(Railsback et al., 1994). Speleothems observed in this cave are most
commonly stalactites and stalagmites, and the stalagmites like the one
studied here have locally been coated with subaerial coralloids. The
designation for this stalagmite begins with “DR” for “Drotsky's”.

3. Methods and materials

Powders were drilled from sequential locations along the stratification 
of the layers in 6 speleothems. Layers were selected for (i) homogeneity, 
with no variation in mineralogy along the layer; (ii) sufficient distinction 
to allow clear identification; and (iii) sufficient thickness for extraction of 
samples. The latter is problematic because layers in coralloids are 
commonly very thin in the re entrants between projections. Powders for 
X ray diffraction (XRD) and isotopic analyses were sampled using a 
dental drill. Cutting of the speleothems, preparation of thin sections, and 
optical studies by conventional petrographic microscope were performed 
both at the Department of Chemical and Geological Sciences of the 
University of Cagliari (Sardinia, Italy) and at the Department of Geology of 
the Univer sity of Georgia (Athens, Georgia, USA). The mineral phases 
were also determined (Table 1) at both departments, respectively 
using an X ray diffractometer Panalytical X'Pert Pro, operating at 40 
mA and 40 kV with monochromatic CuKα radiation, and a Scintag X ray 
diffractometer operating at 40 mA and 40 kV with monochromatic CoKα 
radiation.

Carbon and oxygen stable isotope analyses were performed at the 
Department of Geology of the University of Georgia (Athens, USA) by 
a method modified from McCrea (1950). About 5 mg of powder for 
each analysis point was reacted under vacuum in 100% phosphoric 
acid at 50 °C. The resulting CO2 was extracted on a conventional 
vacuum line and analyzed on Finnigan MAT Delta E and MAT 252 
mass spec trometers. Laboratory standards were prepared and 
analyzed with each batch of samples. Standards have been calibrated 
to NBS 19 (δ13C = +1.95,  δ18O = −2.2‰ relative to VPDB) and 
NBS 18 (δ13C = −5.0 and δ18O = −23.0‰ relative to VPDB). Isotopic 
results are normalized to the lab standards using a two point scale, so 
that all δ13C and δ18O values herein are reported relative to VPDB. 
The 2 sigma error of the combined extraction and analysis is 0.04‰ 

for δ13C and 0.05‰ for δ18O.



Fig. 2. A variety of coralloids in Is Zuddas Cave (Sardinia, Italy). (a) Subaerial coralloids growing from a wall. Note some evidence of water flowing by gravity along  the  wall where subaerial  
coralloids form (arrows). (b) Subaerial coralloids growing from a wall. The white substance on the coralloids' surface is moonmilk of metastable huntite which usually forms as product of ex-
treme evaporation. Similar white deposits are also visible along the section of a studied specimen (Fig. 8a) where they consist of secondary protodolomite. (c) Subaerial coralloids growing on a 
floor. In this case the supply solution probably feeds the coralloids by a splash effect. (d) Subaqueous coralloids inside an almost-drained pool. The old level of the water table in the pool is well 
evident and marked by two arrows. (e) Stalactites consisting of assemblages of smoothing and coralloid accretions, which are locally coated by coralloids. Note that coralloid crusts tend to in-
crease their thickness in the lower parts of both stalactites and wall, probably because of a more frequent occurrence of capillary water. A preferential development is also evident in more evap-
orative sides of some stalactites. (f) Stalagmite consisting of assemblages of smoothing and coralloid accretions, which is locally coated by coralloids.

Fig. 3. Models previously proposed to explain the morphology of coralloids, which have layers thicker on outer margins and thinner between them. (a) Greater angular range at tips of
coralloid (broader angle) than on recesses between coralloids (smaller angle) allowing greater aerosol or hydroaerosol flux to tips of subaerial coralloids and thus faster growth in
more exposed areas. (b) Flux of CO2 away from tips of coralloids, leading tomutual suppression of growth onflanks of coralloidswith CO2 trapped between them (an indirect competition).
Both models (a and b) favor faster growth on tips of coralloids and thus toward free space.



Table 1
Mineralogy (Cc = calcite, Ar = aragonite) and stable isotope data reported in ‰ vs. VPDB, 
relative to the six analyzed specimens.

Speleothem type Specimen XRD Sample δ13C δ18O

Flowstone IZFL Cc
F1 6.83 3.52
F2 6.92 3.36
F3 7.08 3.64
F4 6.82 3.40
F5 6.88 3.49
F6 6.96 3.51
F7 6.79 3.35
F8 6.92 3.37
F9 6.81 3.37
F10 6.83 3.35
F11 6.47 3.25
F12 6.54 3.26
F13 6.59 3.21

Stalactite IZST Cc
S1 4.56 5.45
S2 4.26 5.23
S3 3.57 4.77
S4 3.89 5.03

Stalagmite DRSG Cc
G1 6.80 7.10
G2 7.30 7.55
G3 7.50 7.65
G4 7.70 7.85
G5 7.20 7.80
G6 6.70 7.50
G7 6.30 7.00
G8 4.90 5.90
G9 5.90 6.70
G10 6.70 7.20
G11 6.50 7.30
G12 4.50 5.50
G13 5.14 5.77
G14 4.03 4.85
G15 3.90 4.89
G16 6.33 6.74

Subaerial coralloids IZAC Ar
A1 5.47 0.28
A2 4.73 0.29
A3 3.80 0.41
A4 4.54 0.39
A5 5.15 0.42
A6 5.90 0.23
B1 5.31 0.05
B2 4.51 0.47

Subaqueous coralloids IZWC1 Cc
C1 8.07 4.15
C2 7.96 4.60
C3 8.07 4.47
C4 8.10 4.12

Subaqueous coralloids IZWC2 Cc
D1 9.67 5.37
D2 9.47 5.32
D3 9.49 5.37
D4 9.44 5.15
4. Results

4.1. Overview of results

The values of δ13C and δ18O measured in the speleothems 
examined in this study vary greatly, with δ13C varying from−9 to
+6‰ relative to the VPDB standard and δ18O varying from −8 to 0‰ 
relative to VPDB (Fig. 4). The resulting ranges, 15‰ for δ13C and 8‰ 
for δ18O, exceed those commonly seen in other studies of multiple 
kinds of speleothems from a single cave (Fig. 4). The speleothems 
examined in this study show a positive correlation between 
δ13C and δ18O, both collectively and with regard to all of the 
individual speleothems studied, other than the subaqueous coralloids 
(Fig. 4).

4.2. Flowstone

Speleothem IZFL is a piece of a long flowstone that covers tens of 
square meters of the sloping irregular floor in the first room of Is 
Zuddas Cave. The piece was detached with explosives by quarrymen 
in 1968, but its shape is sufficiently distinct to allow inference of its 
original position and thus the direction of the flowing water from 
which it formed. In the laboratory, the flowstone was cut along the 
line of greater slope and along the direction of flow of the 
precipitating water. Samples for stable isotope analysis were taken 
along a smoothing accretion of pale gray calcite that shows no change 
in thickness corresponding to the substrate morphology. Where 
possible, samples were positioned to alternate between prominences 
and recesses of the underlying substrate (Fig. 5a).

The ranges of both δ13C and δ18O in this flowstone layer are small 
(0.6‰ and 0.4‰, respectively) compared to ranges of isotopic 
composi tions of other speleothems examined in this study (Fig. 4). 
Between adjacent points, differences are only 0.0 to 0.3‰ (Fig. 5b). 
Slightly larger variations can occur between more distant points, up to 
0.6‰ for δ13C and 0.4‰ for δ18O. Thus, in this speleothem there is no 
evident control on C or O isotopic composition by the substrate 
morphology. More interestingly, both δ13C and δ18O increase in the 
direction of water flow: the mean δ13C and  δ18O for the six most 
downstream samples are −6.69‰ and −3.30‰, respectively, 
whereas the mean values in the six most upstream samples are 
−6.92‰ and − 3.49‰ (Fig. 5b). This enrichment in 13C and  18O in 
the direction of flow can be explained by degassing of CO2 and 
simultaneous evaporation of H2O during the movement of water from 
upstream to downstream, and thus by the evolution of individual 
units of water during its flow downstream.

4.3. Stalactite with coralloids

Speleothem IZST, which was found on the floor of Is Zuddas Cave, is 
a fragment of a stalactite on which coralloids have formed. The 
speleothem was cut along a longitudinal section, following the axis of 
the stalactite. Because the specimen is a stalactite, the downward flow 
direction of the original feeding water is clearly known (Fig. 6a). Coral 
loid accretions are visible, but none of them were sufficiently thick 
and homogeneous for sampling. Instead, four stable isotope analyses 
were performed on a smoothing accretion of gray and pure calcite 
developed on a very corrugated substrate. One analyzed location, S3, 
is on a prom inence, whereas S2 and S4 are located in adjacent 
concavities (Fig. 6a).

The ranges of both δ13C (1.0‰) and δ18O (0.7‰) in this smoothing 
accretion are greater than those observed in the Flowstone IZFL. 
Values of δ13C and δ18O show a positive correlation, and both 
δ13C and δ18O increase in the direction of water flow, suggesting both 
degassing and evaporation over time as the solution moved down the 
stalactite (Fig. 6b). Both δ13C and δ18O reach their maxima on the 
prominence (Point S3) and are greater by 0.69‰ and 0.46‰, 
respectively, compared to those at Point S2. Fractionation at S3 is also 

greater than S4 despite the fact that a gravity effect should favor 
greater values at the down stream point. Thus, in this speleothem, 
convex topography of the
substrate has an effect on isotopic composition. The substrate also 
seems to affect the change in isotopic composition between Points S1 
and S2, even if δ13C and δ18O increase from a prominence (S1) to a 
concavity (S2). This is because, if the increase from S1 to S3 were only 
due to the gravity, the values at S2 would presumably be the means of 
the values at S1 and S3. However the values at S2 are less than those 
means. This shows that the values of δ13C and δ18O at S2 are the result 
not only of gravity control but also of substrate control.

Compared to Flowstone IZFL, Specimen IZST displays greater in 
creases in δ13C and δ18O in the direction of water flow and shows 
more the marked increases in δ13C and δ18O on the substrate's 
prominences. This amplification of effects in Specimen IZST, the 
stalactite on which coralloids have formed, may be the result of a 
lesser flow rate of the nurturing solution over the stalactite than over 
the flowstone.



4.4. Stalagmite with coralloids on its flanks

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Section B, where both δ13C and δ18O are greater in Sample B1 than in 

Fig. 4. Carbon and oxygen isotope composition of all samples from the six specimens 
analyzed in this study. Gray fields represent data obtained in other stable isotope studies of 
assorted speleothems (Gonzalez and Lohmann, 1988; Baker et al., 1997; Frisia et al., 2002). 
Note the large difference in the isotopic composition between subaerial coralloids (Specimen 
IZAC) and the other types of speleothems, including subaqueous coralloids.
Stalagmite DRSG, which was collected for paleoclimate study
(Railsback et al., 1994), was cut along a longitudinal section
containing the stalagmite axis. Most layers of the stalagmite have a
smooth crest, but some become more corrugated on the stalagmite's
flanks to give coralloid forms there. Sixteen points were analyzed
along one smoothing accretion of white calcite from the stalagmite's
crest to its flank, with samples from both prominences and
concavities. Because the sample is a stalagmite, the downward flow
direction of the original feeding water is clearly known, from sample
G1 to G16 (Fig. 7a).

Values of δ13C and δ18O along the smoothing accretion have large
ranges (3.8‰ and 3.0‰, respectively), and together they show a strong
positive correlation (Fig. 7b). Like the smoothing accretions in
Speleothems IZFL and IZST, the analyzed smoothing accretion of
the Stalagmite DRSG exhibits enrichment in heavy isotopes in the
direction of liquid movement (Fig. 7b). In addition, as in Stalactite
IZST, substrate morphology controls isotopic composition. For
example, rela tive maxima of both δ13C and δ18O at Points G8, G12 and
G15 are located on the highs of the substrate, whereas relative minima
of δ13C at Points G10, G13 and G16 and relative minima of δ18O at
Points G13 and G16 are located in lows (Fig. 7a  and
b). Thus, except the value  of δ18O in the  point G11, all relative
maxima are in protruding zones and all relative minima are in recesses
of the substrate. In general, Fig. 7 shows a good correspondence
between the morphology of the substrate and isotopic composition. Of
course, some local effects can also affect the isotopic com position,
distorting a little its pattern with respect to the substrate morphology.
For example, in each protruding zone the downstream side is always
more enriched in heavy isotopes than the upstream one, suggesting a
greater exposure to an air current in that side. This is also shown by
the preferential growth direction of some coralloids formed on the
flank of the stalagmite (see arrows in Fig. 7a). To summarize, iso  topic
compositions in this specimen seem to be controlled by a gravity
effect, a substrate effect, and a third factor, an effect resulting from air
flow, which may have been accentuated because of the position of
Stalagmite DRSG near the entrance of the cave.

4.5. Subaerial coralloids

Specimen IZAC of subaerial coralloids formed on a wall along a
corridor between two larger rooms of Is Zuddas Cave. The specimen
was first cut along a plane containing the growth direction and passing
through two branches (Fig. 8a). The resulting section, designated as
Section A, shows a sequence of coralloid accretions. Alternating with
layers of aragonite and Mg calcite in this section are some white
pseudoaggregates of protodolomite (Fig. 8a). The morphology of the
pseudoaggregates suggests that the protodolomite formed by replace
ment of some metastable minerals of an original moonmilk. Moonmilk
is a white and soft substance formed as the final product of evaporative
sequences, because it precipitates from very residual and Mg rich
solutions (Cabrol, 1978). In Is Zuddas Cave, moonmilk consists
prevalently of Mg carbonates huntite or hydromagnesite (Caddeo,
2011) and it is readily visible on the surface of some growing subaerial
coralloids (Fig. 2b). Thus the metastable minerals of moonmilk are
probably the pre cursors of the pseudoaggregates of protodolomite
recognized in the Spec imen IZAC. The recrystallized moonmilk is a
potentially important clue in understanding the genesis of the Subaerial
Coralloids IZAC.

Stable isotope analyses along one coralloid accretion of parallel
acicular aragonite needles reveal very high values of δ13C (+3.8 to
+5.9‰relative to VPDB) and δ18O (−0.4 to almost 0‰ relative to
VPDB), much higher than those measured in common speleothems
(Fig. 4). Values of δ13C vary with position along the accretion, with the
greatest on the protrusions of the coralloids, where the accretion is
thickest (Samples A1 and A6 in Fig. 8a and c), and least in the recesses,

where the accretion is thinnest (Samples A2 to A4). The same 
relationship of thickness and isotopic composition can be seen in a 
second section, designated as
Sample B2 (Fig. 8b and c).
4.6. Subaqueous coralloids

Subaqueous coralloids designated as IZWC1 (Fig. 9a) and IZWC2 
(Fig. 9b) were collected from two different rooms in Is Zuddas Cave. 
They were located in two pools, above the present water levels of 
each. In these pools, the upper boundaries of the coralloids are 
marked by even horizontal lines (Fig. 2d) at the same level as 
nearby shelfstones. Thus, those upper boundaries mark old levels of 
the water surface in the pool, under which coralloids formed in the 
past. Specimen IZWC1 formed from a submerged wall (Fig. 2d), but 
Specimen IZWC2 formed on some submerged stalactites, as the 
horizontal section in Fig. 9b shows. Growth had ceased in both 
coralloids when they were collected.

Specimens IZWC1 and IZWC2 both consist of sequences of 
coralloid accretions of calcite, with crystals perpendicular to the 
substrate be cause of geometric selection (Grigor'ev, 1961). The 
variation of thick ness in synchronous deposits in these subaqueous 
coralloids is similar to the pattern variation in subaerial coralloids. 
However, these subaque ous coralloids do not have large values of 
δ13C and δ18O (not exceeding

−7.9‰ and −4.1‰, respectively). Furthermore, δ13C and δ18O show 
little variation within individual accretionary laminae and thus show 
little response to the morphology of the substrate (Fig. 9c). 
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Fig. 5. (a) Section of the Flowstone IZFL, cut along the original water flow direction, which is indicated by the dashed arrow. Circles indicate the points in a smoothing accretion of calcite
from which powders were sampled by a dental drill for stable isotope analysis. (b) Variation in δ13C and δ18O along one smoothing accretion of the Flowstone IZFL.
4.7. Synthesis of isotopic results

Taken together, the data reported above show a consisten
relationship between δ13C and the extent of substrate control. If the
difference between δ13C of prominences and adjacent recessed area
(Δδ13C) is used as a measure of substrate control on isotopic composition
then the extent of substrate control is strongly correlative with enrichmen
in 13C in the speleothems from Is Zuddas Cave (Fig. 10). Both parameter
prog ress from subaqueous coralloids, precipitated in water of pools
where maximal values of Δδ13C are only 0.1 to 0.2‰ and δ13C in
recesses is
−8.0 to −9.5‰ relative to VPDB, to flowstones and stalactites precipitated
from films of flowing water, and finally to subaerial coralloids, presum ably
precipitated from capillary waters, where maximal values of Δδ13C are
2.2‰ and δ13C in recesses is+3.8‰ relative to VPDB. Both parameters
thus seem to show a pronounced relationship to the abundance and
behavior of the waters from which precipitation occurred, with greates
values in the least abundant and slowest moving water. 

Another common characteristic in the data reported above is an
increase in δ13C and δ18O in the direction of flow for the three studied 
smoothing accretions in which flow is relevant (the flowstone, 
stalactite, and stalagmite) (Fig. 11). This trend is least evident in the 
flow stone, where water was probably most abundant, and most 
evident on the flanks of the stalagmite, where water was probably 
least abun dant. Positive excursions within these trends are evident at 
promi nences in the speleothems' surfaces (Fig. 11).
Fig. 6. (a) Longitudinal section cut along the axis of the Stalactite IZST. The dashed arrow
indicates the general flow direction of the feeding water. Circles indicate the locations
along one smoothing accretion of samples for stable isotope analysis. (b) Variation in δ13C
and δ18O along the studied smoothing accretion of the Stalactite IZST; dashed lines indicate
the overall linear trends of the data, illustrating the variation in isotopic composition along
the overall direction of the water flow.
5. Discussion

5.1. A model for solution transfer in the growth of subaerial speleothems

To account for both the increase in δ13C and δ18O in the direction of 
flow and the localized increase in those parameters at prominences on 
smoothing accretions (from flowstone, stalactite, and stalagmite), one 
can envision the supply of water on the speleothem surface as a 
succession of many inputs. These inputs range between two end 
members. In one end member, water is sufficiently abundant to flow 

by gravity,
during a “gravity stage” of deposition (Fig. 12a), and in the other 
water is sufficiently scarce that it forms a very slow moving capillary 
film, during a “capillary stage” (Fig. 12c). During gravity stages the 
solution becomes richer in 13C and 18O with increasing distance from 
the water source and increasing degassing and evaporation, but flow 
makes the solution uniform over prominences and recesses. On the



 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

other hand, during capillary stages the solution becomes more
enriched on prominences of the spelean surface, for at least two
possible reasons. Firstly, faster water evaporation on the prominences
induces water to move from the depressions toward the tips (Badino et
al., 2011), where water arrives more enriched than in the surrounding
zones. Secondly, if degassing and evaporation are greater from the
promi nences, kinetic fractionation is also greater in those areas. Thus
the signature of gravity stages in a deposit is the trend of increasing
δ13C and δ18O with distance from the water source, whereas the
signature of capillary stages is relative maxima of the
δ13C and δ18O on the  substrate protrusions.

In the continuum between gravity and capillary stages, one can
further envision an intermediate mode of water movement in which
gravity flow predominates between protrusions but capillary
movement occurs toward prominences (Fig. 12b). Intermediate stages
can explain the coexistence of gravity and capillary control in the
smoothing accretions of Stalactite IZST and Stalagmite DRSG. Stages
nearer the gravity end of the continuum would favor filling re-entrants
with smoothing accretions, giving to the speleothem an overall
massive form, in part because the material needed to enhance a
concave surface is less than that needed to enhance a convex one. On
the other hand, stages nearer the capillary end of the continuum would
enhance the topography of the surface, because in that case the
deposition rate seems mostly controlled by localized degassing and/or
evaporation, rather than the supersaturation in background. This is
supported by Fig. 10, where the parameter that quantifies the extent of
the substrate
Fig. 7. (a) Longitudinal section along the axis of the Stalagmite DRSG. The labeled areas indicate
dashedwhite arrow indicates the flow direction ofwater, solid red arrows indicate a possible pr
fractionation in the downstream side of the prominences. (b) Variation in δ13C and δ18O along t
linear trends of the data, illustrating the variation in isotopic composition along the overall d
substrate morphology (alternating highs and lows) and the isotopic composition pattern (alte
legend, the reader is referred to the web version of this article.)
control (Δδ13C) is strongly correlated with both the decrease in water 
availability and with δ13C, which can be assumed as a measure of an 
increasingly evolved and less supersaturated solution. Among the 
subaerial speleothems studied here, Flowstone IZFL would have 
resulted mostly from gravity stages, whereas Subaerial Coralloids 
IZAC by a dom inance of capillary stages. On the other hand, the 
sequence of smoothing and coralloid accretions in Stalagmite DRSG 
and Stalactite IZST could be explained by alternation between two 
conditions, one in which fluctua tion between gravity and 
intermediate stages prevails and another in which fluctuation 
between intermediate and capillary stages prevails.

The continuum from gravity to intermediate to capillary stages, 
the predominance of which can change through time, thus explains 
how speleothems with an earlier overall smooth surface can become 
coated with coralloids (see Fig. 2e and f). More generally, it provides a 
unifying model of the growth of massive, coralloid and intermediate 
forms of subaerial speleothems. The growth of coralloid accretions 
during some intermediate stages is also possible and would explain 
the genesis of hybrid speleothems, which are a particular case of 
intermediate forms (Stepanov, 1997). These have been described as 
a sort of coralloids growing in a constant intermediate stage, 
during which a residual gravitational control persists through time.

5.2. The genesis of subaerial coralloids in capillary stages

Several lines of evidence from Specimen IZAC support the genesis of 
subaerial coralloids from capillary stages. Firstly, the correlation of
the locations of samples for stable isotope data along a smoothing accretion of calcite. The
evalent air current direction favoring greater growth rate of coralloids and greater isotopic
he analyzed smoothing accretion of the Stalagmite DRSG. Dashed lines indicate the overall
irection of the water flow. Labels above the plot show the good correlation between the
rnating maxima and minima). (For interpretation of the references to color in this figure
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substrate morphology, variation in thickness of accretions, and δ C
(Fig. 8) indicate that the solution moved from the base toward the
prominences of the subaerial coralloids, increasing both it
depositional rate and fractionation along the way. Secondly, values o
δ13C and δ18O from Specimen IZAC are by far the greatest found in thi
study (Fig. 4), suggesting that this speleothem was deposited from
very evolved and fractionated solutions, highly affected by both CO
degassing and H2O evaporation. Thirdly, the genesis o
pseudoaggregates of moonmilk during the growth of the subaeria
coralloids in Specimen IZAC (Fig. 8a) suggests that solids were
deposited on the coralloids surface from very evolved Mg rich
solutions, under extreme evaporative conditions (Gonzalez and
Lohmann, 1988; Onac and Kearns, 2000). All these findings point to
a very slow moving capillary film of solution.

Conversely, the relationship between δ13C and substrate
morphology in Specimen IZAC disproves the hypothesis of some
authors that cor alloids form by deposition of solid particles from the
air, as an aerosol, because it is very unlikely that aerosol particle
having heavier C isotopes go only to the tips of coralloids, and tha
those having lighter C isotopes go to the rest of the surface. The
hypothesis of aerosol depo sition is additionally disproved by the
ordered structure of the aragonite aggregates, which consist of acicula
crystals that are perpendicular to the substrate as the result o
geometric selection (Grigor'ev, 1961). That pattern is very differen
from the disordered pseudoaggregates (Self and Hill, 2003) that are
expected from aerosol deposition.
Coralloids like Specimen IZAC cover large portions of some walls a
well as some stalactites and stalagmites in Is Zuddas Cave (Fig. 2a, b, e
Fig. 8. Section A (a) and section B (b) of the Subaerial Coralloids IZAC. Marked and named areas i
Other labels indicate the mineralogically different layers (Cc = calcite, Ar = aragonite, Pd = pro
moonmilk. Arrows indicate some concavities and convexities located in protruding and sheltered
Section B of Specimen IZAC.
and f). However, along walls where coralloids formed, some evidence o
flowing water is locally recognizable (Fig. 2a). This suggests that durin
some inputs, the rate of water supply was sufficient to favor movemen
by gravity in that zone, indicating flowing water as the original sourc
of the feeding solution. This further supports the notion of a fluc tuatin
boundary between gravity, intermediate and capillary stages throug
time discussed above. However, the dominance of coralloids suggest
that during most inputs, the solution arriving in that zone did not mov
anymore by gravity because of a strong reduction in volume due t
extensive previous evaporation. Thus, during most inputs, a cap illar
film existed on the coralloids and their base. Because of the differ enc
in evaporation rate between the tips and the surrounding zones
solution moved on the coralloids from the base toward the prom
nences, where the liquid path reached its terminus (Fig. 13).

5.3. Relationships between δ13C and δ18O in subaerial speleothems

Relationships between δ13C and  δ18O differ between smoothing an
coralloid accretions of the subaerial speleothems studied. The thre
smoothing accretions (from flowstone, stalagmite, and stalactite) show
a consistent relationship between δ13C and δ18O, with a slope of about 
within each group, suggesting a strong correlation between CO
degassing and H2O evaporation (Fig. 4). Modeling by Gat an
Gonfiantini (1981) indicates that δ18O increases sharply early in th
evolution of a cave water, when most of the arriving liquid remains t
flow onward (Fig. 14, left side). The covariance of low values of δ13

and δ18O observed in the smoothing accretions, both along flowpaths
ndicate the points sampled for stable isotope data along one coralloid accretion of aragonite.
todolomite). Note that protodolomite has been found on various portions of recrystallized
zones, respectively, of the substrate. (c) Variation in δ13C and δ18O data from Section A and



 
 
 
 
 

Fig. 9. Section of the Subaqueous Coralloids IZCW1 (a) and section of the SubaqueousCoralloids IZCW2 (b).Marked areas indicate thepoints sampled for stable isotopedata along coralloid
accretions of calcite. Both specimens have been cut along an originally horizontal plane. (c) Variation in δ13C and δ18O data from Specimens IZCW1 and IZCW2.
and in response to substrate prominences, therefore suggests both 
degassing and evaporation from little evolved waters moving over 
those speleothems.

Stable isotope data from the coralloid accretion of the Subaerial 
Coralloids IZAC differ from the data relative to the smoothing 
accretions in showing considerable variation in δ13C but little 
variation in δ18O (Fig. 8), even though the values of both are quite 
large (Fig. 4). This is an interesting result, in that deposition driven by 
extreme evaporation might be expected to result in extreme 
fractionation of oxygen isotopes. The modeling by Gat and Gonfiantini 

(1981) discussed above, however,

Fig. 10. Plot summarizing the carbon isotope data reported in this manuscript. For each
accretion studied, the plot shows on the vertical axis the greatest difference in δ13C between
aprominence andanearby recessed region,whereas δ13C in that recessed region is shownon
the horizontal axis. The gray shading encloses data from accretions from Is Zuddas Cave. The
lines and labels indicate the conditions under which the different accretions formed and the
resulting type of accretion.
shows that when evaporation proceeds in an atmosphere with high
humidity, like that of a cave, δ18O of the water reaches a steady state
value if a considerable amount of fluid has already been lost to evaporation
(Fig. 14, right side). This would exactly be the case with subaerial
coralloids, where capillary movement of previously evolved cave water
reaches its terminus and cave humidity is high (humidity in Is Zuddas
Fig. 11. Plot of δ13C and δ18O of smoothing accretions as a function of distance along the
direction of flow of the precipitating water.



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

difference in outgassing of CO2 along the surface of these speleothems, 
a d th t

Fig. 12. Cross-sections showing idealized conditions of water films moving on the surface
of a speleothem. These conditions include movement by gravity (a), capillary movement
(c), and an intermediate condition (b) in which gravity control occurs on the re-entrant
surfaces and capillary action moves water to prominences from which evaporation is
enhanced. Note that changes in water supply through time will cause repeated changes
among these three conditions. Thick solid black lines show variation in δ13C and δ18O
along the deposited layer of calcium carbonate in three subsequent points, the second of
which is on a prominence. Values are expressed with respect to the horizontal Cartesian
axis at the bottomof the sketch, onwhich δ13C and δ18O increase to the left. For the central
sketch, the dashed thick black line shows δ13C and δ18O variation considering a second
point not in the prominence but in the adjacent re-entrant surfaces behind or in front of
the plane of the sketch.
Cave ranges from 90% to 100%). This further supports our interpretation of
subaerial coralloids as resulting from highly evaporated, and
therefore capillary, water.

The very large values of δ13C, from +3 to +6‰ relative to VPDB, in
subaerial coralloids may further reflect the importance of extreme
evaporation in the formation of these digitate deposits. In most
spelean waters, the rate of CO2 degassing decreases quickly over time,
and an evolved solution tends to be already saturated and equilibrated
with respect to pCO2, especially in a very thin capillary film
(Dreybrodt, 1980, 1981). Evaporation, in contrast, can continue over
time, and it can increase the saturation state of the solution, especially
in advanced stages of evolution (Gonzalez and Lohmann, 1988). In
subaerial coral loids, greater growth rate on tips of protrusions
suggests that evapora tion causes greater supersaturation there. This
process may explain the very high values of δ13C in subaerial coralloids
and especially on their tips because, in a solution saturated with
respect to calcium carbonate, evaporation removes water molecules
and concentrates the solutes. The increase in concentration can lead to
precipitation of calcite or aragonite after the solubility product is
surpassed (Appelo and Postma, 1993). Calcium carbonate precipitation
occurs by the reaction:

Ca2þ þ 2HCO3
�→CaCO3 þ CO2 þ H2O

so that for each mole of deposited CaCO3, one mole  of CO2 is created and
the excess of CO2 must degas from the solution (Dreybrodt, 2008). In this
case the driving process for CO2 degassing is precipitation of CaCO3 which
depends, in turn, on the evaporation. Thus, with continuing evaporation,
resultant precipitation of CaCO3, and resultant precipitation driven
degassing, fractionation of 13C can increase continuously in the residual
solution, leading to values of δ13C much greater than those found in
CaCO3 deposited from less evolved waters.

5.4. Controls on mass transfer between a capillary film and the air

The results discussed above suggest that differences in
evaporation rate between tips and recesses of subaerial coralloids
seem to be the key mechanism in the growth of those speleothems.
The data further allow evaluation of two models accounting for
differential evaporation, one depending on substrate curvature and the
other on the more gener al form of the substrate.

The first of these models is that expressed by the Kelvin equation
(Badino et al., 2011), where the natural logarithm of the ratio of actual
vapor pressure to vapor pressure of a liquid at saturation is inversely
proportional to the radius of curvature of the surface of that liquid.
Thus evaporation is greater from a more tightly curved surface.
Because the tips of coralloids, where coralloid accretions are typically
thickest, have a comparatively small radius of curvature, the
relationship expressed by the Kelvin equation would seemingly hold
in the deposi tion of coralloids. However, the physical process
characterized by the Kelvin equation is not adequate to explain the
genesis of the Subaerial Coralloids IZAC (Fig. 8a). The substrate
curvature in this specimen is large at greater scale, and some small
variations of lesser magnitude are readily recognized at a smaller
scale. For example, some local small concavities are recognizable on
the protruding zones of the branches, and in the depressed zones
some small convexities are appar ent (see arrows in Fig. 8a). Despite
this, the thickness of the aragonite coralloid accretion is always greater
in the small concavities of protrud ing zones than on the convexities of
the depressed ones. This means that variation in thickness does not
follow the detailed concavities and con vexities of the substrate but
instead follows the larger scale substrate variations. It therefore seems
that the different growth rate along these coralloids is not controlled by
the Kelvin equation.

Rather than a model dependent on radius of curvature, both the
distribution of thickness of accretions and the stable isotope data in

Fig. 8 suggest a model governed by gradual change in the air along the 
growth surface. Slyotov (1985) suggested that differences in both
evaporation and degassing between the protrusions and depressed
zones can be explained by the presence of different sub environments
in the air over the coralloids. In this model, the coralloid morphology
itself induces heterogeneity in the air around the coralloids, because
the recesses are slightly more isolated from the cave atmosphere than
are the protrusions (Fig. 13). Even assuming that the relative humidity
(RH) in the cave atmosphere is on average less than 100%, very near to
the capillary film of solution a boundary layer of air has always a relative
humidity equal to 100% (Clark and Fritz, 1997). Thus a gradient of RH
exists in a transitional layer of air between the capillary liquid and the
bulk of the cave atmosphere. Through this transitional layer, vapor
diffuses from the capillary film to the cave atmosphere,
perpendicularly to the iso humidity surfaces. As schematized in
Fig. 13, these  iso humidity surfaces have a shape depending on the
vapor source mor phology, which is the capillary
filmwith the same shape as the substrate.  Fig. 13 shows that the
diffusion of H2O molecules occurs faster from the tips, above which the
iso humidity surfaces are more closely spaced than above the
reentrants. Fig. 13 also shows that in a given time, the total net
amount of vapor lost from the liquid surface in a depressed zone is
much less than that lost from a less extensive liquid surface in a
protruding region.

The same reasoning also works where CO2 degassing is the control
ling variable. In this case the curves represented in Fig. 13 would
describe the pattern of the pCO2 variation above the subaerial
coralloids. The analogous control of the substrate on CO2 degassing
and solvent evaporation helps explain why δ13C is correlated with
substrate shape in subaerial coralloids (Fig. 8), with greater δ13C at the
tips where degassing is more effective. The strong correlation of
δ13Cwith substrate  shape in subaerial coralloids (Fig. 10) can thus be
explained by a combi nation of three mechanisms: (1) degassing of
CO2 during movement of capillary water toward the tips of the
coralloids, (2) greater evaporation at the tips and thus more carbonate
precipitation and its required degassing of CO2, and (3) greater
degassing at coralloid tips into air less enriched in CO2 than the CO2

enriched air sequestered in the recesses between coralloids.

5.5. A model for the genesis of subaqueous coralloids

The constant values of δ13C in our two specimens of subaqueous
coralloids, IZWC1 and IZWC2, demonstrate that there was no



 

 
 

 Fig. 14. Oxygen isotope composition of residual water (vertical axis) as a function of the frac-
tion of residual water during evaporation (horizontal axis) and humidity of air into which 
water evaporates (four dashed curves, and one solid line to emphasize its greatest applicabil-
ity to spelean conditions). Diagram has been modified from Gat and Gonfiantini (1981).
diffusion of CO2 did not affect the isotopic composition of the solution 
near the speleothem. These data, combined with the subaqueous 
setting of these coralloids, show that deposition was not the result of 
transport by a capillary film, and more generally not the result of 
transport along the speleothem's surface. Thus the growth of these 
subaqueous coral loids had to involve transport from the surrounding
medium beyond the spelean surface (Fig. 15) unlike the transport 
along the surface in ferred in subaerial coralloids (Fig. 13).

The growth of the subaqueous coralloids can be explained by 
different rates of diffusive feeding of solutes from the bulk solution to 
the different zones of the speleothem substrate (Forti and Perna, 
1982). Deposition of the speleothem requires depletion of solute from 
the surrounding solution, establishing a concentration gradient from 
the water's surface to the speleothem and thus causing diffusion of 
nutrient solute toward the growth surface. Fig. 15 shows a scheme 
wherein a depleted zone forms around growing subaqueous
coralloids, with diffu sion flux vectors of new nutrients perpendicular
to the iso depleted sur faces. As a consequence, the nutrient amount 
per unit surface area is greater on the prominences than in the 
recesses of the substrate. Thus a faster growth rate of subaqueous 
coralloids on the tips can result from simple diffusion of the solute 
toward the substrate in the water bulk in subaqueous conditions. This 
mechanism indicates that coralloid accretion in a subaqueous 
environment requires the presence of still water near the speleothem.
This is because, only if the water is still, there will be a gradient of 
nutrient depletion to favor faster growth on the prominences of the 
speleothem (Fig. 15). This also suggests that the growth of smoothing 
accretions in subaqueous conditions (e.g., formation of subaqueous 
crusts or mammillary deposits) would re quire a flowing and 
homogeneous bulk of surrounding solution.
 

5.6. Isotopic distinction between subaqueous coralloids and subaerial 
speleothems

Values of δ13C and δ18O of subaqueous coralloids are very different 
from those of subaerial ones. Most strikingly, values of δ13C and δ18O 
of subaqueous coralloids are 12 to 15‰ and 4 to 5‰ less, respectively,
than those of subaerial coralloids. This difference provides an 
important criterion to distinguish these two kinds of coralloids in 
ancient speleothems. Specifically, it can be useful in 

understanding the

Fig. 13. Sketch showing a model for the growth of subaerial coralloids compatible with the
isotopic data obtained in this study and with some genetic hypotheses formulated in the
literature. The iso-humidity (or iso-pCO2) curves are less widely spaced near the tips so
there the gradient of evaporation is steeper than from depressed zones of the coralloids
growth surface. Note that the rate of water loss from protruding regions in a unit of time is
much greater than that lost from a more extensive surface of the more depressed zones.
Faster evaporation on the tips can explain the movement of the capillary film toward the
tips. In addition, the difference in evaporation and CO2 loss between the protrusions and
the depressions can also explain the thickness variation in a coralloid accretion.
6. Conclusions

This study examines the relationship between the substratemorphol
ogy and the isotopic composition (δ13C and δ18O) of coeval CaCO3

deposits along typical growth layers of massive and coralloid
speleothems (smoothing and coralloid accretions). The results
lead to several conclusions:

1) Stable isotopedata suggest that transport of dissolved solids to subaer
ial speleothems can beusefully understoodby amodel involving input
of water in a continuum from gravity to intermediate to capillary
stages. Stages nearer to the gravity end of this continuum favor the

paleoclimatic significance of stalagmites in which coralloids are
present (e.g., Fig. B 11 of Railsback, 2000).
Fig. 15. Sketch showing a model for the growth of subaqueous coralloids compatible with
the isotopic data obtained in this study. The curves of iso-depletion in nutrients of the
solution are less widely spaced near the tips, so there the mass transfer by diffusion
from the water bulk is faster than toward the depressed zones of the growth surface.
Note that the net rate of nutrient flow to protruding regions in the unit of time is much
greater than that feeding a more extensive surface of the more depressed zones.



growth of massive speleothems, whereas stages nearer to the capillary 
end favor the growth of coralloids. Thus this study supports the 
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hypothesis that subaerial coralloids form by deposition from 
predominantly capillary waters, which leads to a greater depositional 
rate on the prominences. The fluctuation between capillary and 
gravity stages or various intermediate stages through time may 
explain how coral loids develop on the surface of previously massive 
speleothems.

2) Stable isotope data and petrographic observations from subaerial 
coralloids disprove previous hypotheses that subaerial coralloids form 
by deposition of solid particles from the air, as an aerosol.

3) Stable isotope data and variation in thickness of laminae suggest 
that subaqueous coralloids form in static, rather than flowing, 
pools of water.

4) Stable isotope data readily distinguish between subaerial and 
subaqueous coralloids, a critical distinction for paleoclimate 
study of speleothems in which coralloids are present.

5) In subaerial speleothems a greater evaporation rate from protrusions 
induces capillary water to move toward those areas. This is 
corroborated especially along smoothing accretions by the pattern 
of δ18O, whose large variation is made possible by evaporation 
from water that has previously undergone little evaporation. On the 
other hand, the relatively small variation in δ18O along coralloid 
accretions results from evaporation from water that has previously 
undergone extensive evaporation, according to the model of Gat and 
Gonfiantini (1981).

6) In subaerial coralloids, variation in thickness along accretions and a 
corresponding large variation in δ13C demonstrate that the coralloid 
morphology exerts a self reinforcing influence on growth by isolating 
in its recesses air that is slightly enriched in CO2 and water vapor 
compared to the general cave atmosphere, in agreement with the 
model of Slyotov (1985).  
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