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Speleothems are secondary mineral deposits whose growth in caves can be studied by mineralogic tech-
niques. One of these techniques is the ontogeny of minerals, which is the study of individual crystals and
their aggregates as physical bodies rather than as mineral species. Ontogeny of cave minerals as a sci-
entific subject has been developed in Russia but is poorly understood in the West. This paper introduces
the basic principles of this subject and explains a hierarchy scheme whereby mineral bodies can be stud-
ied as crystal individuals, aggregates of individuals, associations of aggregates (termed koras), and as

sequences of koras (ensembles).

Speleothems are secondary mineral deposits that form in
caves (Moore 1952). This distinguishes them from primary
mineral bodies such as the bedrock that encloses the cave, min-
eral veins in the bedrock, and sediments accumulated in the
cave. These primary minerals are important as sources of
material from which new mineral bodies (speleothems) can
grow in response to specific physical and chemical processes
operating within the cave.

A cave mineral is a homogeneous solid having a definite
chemical composition and a 3-D ordered atomic arrangement,
growing naturally as a secondary mineral deposit within a
cave. More than 250 cave minerals are known (Hill & Forti
1997) but only 3 (calcite, aragonite, and gypsum) can be con-
sidered common. The term cave mineral refers to the mineral
species of a deposit, whereas speleothem terms (such as sta-
lactite, cave pearl, etc.) are used to describe their morphology.
Neither of these terminology systems defines the growth
mechanisms of speleothems or their genetic history.

The study of the origin and evolution of mineral bodies is
termed genetic mineralogy and includes nucleation, initiation
(on a growth surface), development, alteration, and disintegra-
tion. Genetic mineralogy was formulated in Russia as a sepa-
rate field of study within mineralogy during the 1920s
(Fersman 1935). By the 1950s, Grigor’ev had divided genetic
mineralogy into 2 separate branches: ontogeny and phylogeny
(these terms are familiar from biology and are used in a broad-
ly similar sense by Russian mineralogists). Ontogeny is the
study of individual crystals (mineral individuals), how these
crystals combine as aggregates, and their development as
physical bodies. Phylogeny is the study of mineral species and
their paragenesis (i.e., their association with contemporaneous
mineral species). Phylogeny closely corresponds to the
Western view of genetic mineralogy, whereas ontogeny (and
even the term itself) is unfamiliar to most Western mineralo-
gists. With the publication of 3 books devoted to the ontogeny
of mineral veins and ore deposits (Grigor’ev 1961; Grigor’ev
& Zhabin 1975; Zhabin 1979), this line of study has become a
well-established science in Russia.
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Although ontogeny as a subject has its origins in the
Russian mining industry, caves prove to be ideal for ontogeny
studies. There are few common mineral species, yet there is a
great variety in the speleothem forms that these minerals can
take. Also, the mineral-forming processes in caves are suffi-
ciently slow in most cases to promote the development of
clearly defined structures and textures. This has allowed far
more complex mineral bodies to be studied in caves than has
been possible in mines. The leading figure in this move to
cave-based research was Stepanov (1965, 1970, 1971, 1973,
1997) of the Fersman Mineralogical Museum in Moscow.
Other significant contributions have been made by Maleev
(1971, 1972), Moroshkin (1976, 1986), Slyotov (1985),
Korshunov and Shavrina (1998) and, most notably, by Maltsev
(1989, 1993, 1996a, b, c; 1997a, b, c; 1998). This paper is an
overview, based primarily on the ideas developed and promot-
ed by the late Victor 1. Stepanov, who died in 1988, and by
Vladimir A. Maltsev.

In the West, comparatively little work has been done on the
structure and texture of speleothems, and the papers that have
been published (e.g., Folk 1965; Folk & Assereto 1976;
Kendall 1977, 1985, 1993; Kendall & Broughton 1977, 1978;
Broughton 1983a, b, c; Jones & Kahle 1993) have neither a
unity of approach nor a common terminology. The Russians
have a considerable advantage in this respect, and it is one of
the main purposes of this paper to demonstrate the language
and conceptual framework of ontogeny, so as to make Russian-
authored work more accessible to Western scientists.

Ontogeny as a concept is important to mineralogy because
the same mineral species can display different physical forms,
depending on the specific environment in which growth
occurs. In caves, it is possible to study the different forms of
speleothems together with their depositional environments.
This has resulted in a large number of mainly descriptive min-
eralogy texts, as documented in Cave Minerals of the World
(Hill & Forti 1997). It is now necessary to study cave mineral-
ogy from a genetic perspective. Ontogeny explains not only
how speleothems grow, but why there are different speleothem

types.
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The terminology of ontogeny can seem difficult to under-
stand because it is unfamiliar to Western readers. Some terms
are the same as in the West, some terms are new, while a third
sort are familiar words that have been given a new and strictly
limited sense. When the term mineral is used, it can mean sev-
eral things. A mineral can be described by its chemical com-
position, its physical properties, or even its position in a clas-
sification scheme such as 4 System of Mineralogy (Dana
1837). Additionally, a view can be taken of minerals simply as
material physical bodies. According to the thinking of Russian
mineralogists, minor mineral bodies (MMBs) are physical
mineral bodies that can be studied by mineralogic techniques,
rather than by crystallographic or petrographic techniques.
Specifically, MMBs have a “through” structure and/or texture
and are a product of synchronous crystallization (or recrystal-
lization) in some geometrically defined space. By through it is
meant that the rules governing the growth of individual crys-
tals also apply to aggregates composed of those individuals,
and the rules that govern the growth of aggregates also apply
to the higher hierarchical levels, so that a continuity of struc-
ture or texture can be traced all the way “through” the object.
By synchronous crystallization it is meant that the crystalliza-
tion (or recrystallization or destruction) of the individuals or
aggregates that forms a MMB takes place at the same time
over the entire body of the MMB.

The terms structure and fexture have much tighter mean-
ings in ontogeny than in western terminology, and cannot be
used interchangeably or in a general sense. Structure describes
the physical nature of crystal individuals and their bonding.
Texture describes the geometric aspects of construction; i.e.,
the organization of mineral individuals or aggregates within a
minor mineral body (Stepanov 1970, 1997). In the hierarchy of
MMBs, structure and texture are contiguous regularities in that
“through” structure links individuals with aggregates made of
those individuals, while “through” texture can be traced from
aggregates to the higher hierarchy levels. This continuity of
structure and texture separates MMBs from more complex
mineral bodies that have no such regularities. In the language
of Russian mineralogy, such complex mineral bodies are
termed rocks and are studied by petrographic techniques.

HIERARCHY OF MINOR MINERAL BODIES

The formulation by Stepanov (1970, 1997) of a specific
and strictly defined term fexture in mineralogy, separate from
rock texture (as used in general geology), was a major advance
that led directly to the development of the MMB concept. In
turn, it became possible to see that MMBs could be organized
into a hierarchical classification scheme. In mineral veins, only
the first two hierarchy levels can easily be identified, but in
caves 4 levels are discernable. This larger hierarchy—evident in
the works of Stepanov (1971, 1997)-was outlined by Maltsev
(1996b, 1997b). In this paper, we discuss the constituent parts
of this hierarchy in more detail. This is not a complete analy-
sis, and a fuller treatment is planned for sometime in the future.
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Minor mineral bodies are classified according to their com-
plexity of structure and texture. Level is used when MMBs of
one level are built from MMBs of a previous level or levels.
Order is used as a subdivision within a level and shows the
level of complexity of the MMBs. Second-order MMBs are
built from MMBs of the previous level, but in a more compli-
cated manner than first-order MMBs. For example, multiag-
gregates (level 2, second order) are not built from aggregates
(level 2, first order); they are built from individuals (level 1,
either first or second order), but in a more complicated man-
ner.

The hierarchy scheme of MMBs is not the same as the clas-
sification of speleothems into types and subtypes (e.g., Hill &
Forti 1997). “Speleothem” is a descriptive term and can only
be used to indicate the morphology of a MMB. In ontogeny,
speleothems can appear on different organizational levels; i.e.,
they can be composed of individual crystals, crystal aggre-
gates, or groups of aggregates. For example, selenite needles
are individuals, flowstones and coralloids are both aggregates,
but stalactites are multiaggregates.

(0) ZERO LEVEL: Subindividuals. The fundamental
building block for all minor mineral bodies is the mineral indi-
vidual (level 1). Simple (first-order) individuals are single
crystals having no structure other than a crystallographic net-
work. More complex (second-order) individuals, on the other
hand, are composed of a number of different crystalline units
known as subindividuals. Subindividuals also have no struc-
ture except for their crystallographic network, but they are at
least partly separated by free space or a line of dislocation from
neighboring crystal blocks. Inasmuch as subindividuals do not
exist independently from each other, they are ascribed to a
hypothetical “zero level” in the MMB hierarchy. A zero level
is needed because complex (second-order) MMBs of the first
level must be formed from MMBs of a previous level, not from
first-order MMBs of the same level. Subindividuals (in the
sense used here) are termed crystallites by some mineralogists,
but in ontogeny the preferred use of this term is for the initial
stage of crystallization of mineral individuals.

(1) FIRST LEVEL: Mineral Individuals. Individuals are
mineral bodies that grow from a single crystal nucleus or
embryo (crystallite), during one phase of crystallization, and
which have a “through” crystallographic structure (Godovikov
et al. 1989). Crystallites are minute crystal grains that repre-
sent the initial stage of crystallization, and which act as seeds
for further crystal growth (Fig. 1). When crystallites are wide-
ly separated from each other, they grow freely into separate
first-level mineral individuals. But when they grow close
together, there is competition for growth space and a second-
level MMB (a mineral aggregate) is formed. It should be
emphasized that mineral individuals are not speleothems
(except in a few special cases). They are the building blocks
from which speleothems are made.
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Figure 1. Calcite crystallites grown in the laboratory from
a supersaturated solution by the degassing of CO:. SEM
photomicrograph by Art Palmer.

(1.1) First-Order Individuals. In the simplest case, min-
eral individuals are single crystals having no other structure
except a standard crystallographic network, which is deter-
mined by the mineral species itself. First-order individuals can
be described by their isometric, columnar, acicular, filamen-
tary, or tabular habit, or by their euhedral, subhedral, or
anhedral form. First-order individuals can, in some cases, be
considered speleothems; for example, calcite, gypsum or fluo-
rite crystals that have grown alone and independently from a
hydrothermal water (Fig. 2A: p. 145) or subaerial environment
(Fig. 2B: p. 145).

(1.2) Second-Order Individuals. Second-order individu-
als are single crystals that subdivide or split into a number of
subindividuals, single crystals that have their growth inhibited
on some crystal faces or edges, single crystals that incorporate
crystallites into their crystal lattice, or single crystals that are
twinned (Shafranovskiy 1961). In some cases second-order
individuals can look as if there is a co-growth of several crys-
tals, but this is an illusion. Subindividuals of second-order
individuals are not separate from each other. They grow from
the same nucleus and have a joined crystallographic network
(Fig. 3: p. 145). Second-order individuals grow in response to
certain environmental conditions, particularly oversaturation —
a common occurrence in caves due both to CO2 loss and evap-
oration of thin films. Many of the different subdivisions in this
category depend on the degree of separation between subindi-
viduals (Godovikov et al. 1989).

(1.2.1) Split Crystals. When a crystal individual splits
apart during growth, it forms a number of subindividuals, a
sheaf-like structure, or in its final form, a spherulitic structure
(Fig. 4). Different minerals have a different “splitting ability”
depending on their crystal structure. For example, aragonite
has a higher splitting ability than calcite under usual cave con-
ditions, and therefore it is almost always found in caves as split
acicular crystals. Splitting in also quite common in calcite, but
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Figure 4. Drawing of successive stages of splitting during
crystal growth: a = no splitting, b and ¢ = simple splitting,
d = “sheaf” structure, e = spherulite. From Grigor’ev
(1961).

this splitting is not easily seen with the naked eye. Gypsum
needs a rather high oversaturation to become split, but splitting
can occur in some cases (€.g., growth from a porous sediment).
Splitting may be due to a crystal receiving extra molecules in
its layers (mechanical splitting), or to when certain ions (e.g.,
Mg as well as Ca) are present in the parent solution (chemical
splitting) (Grigor’ev 1961). According to the level of supersat-
uration or impurity concentration (which can change during
growth), splitting will take on different grades, which results in
a number of subforms for split crystals (Fig. 5: p. 146).

(1.2.1A) Spherulites. Spherulites are second-order indi-
viduals having either a radial or curving radial structure due to
the splitting of crystals. If growing in free space, they are
spherical in form (Fig. 6: p. 145); if nucleated on a substrate,
they grow as hemispheres (see Fig. 9a). Spherulites are com-
posed of straight subindividuals, but often the subindividuals
themselves continue to split. Constraints of growth space
around the central axis of the crystal then direct this splitting
outward to produce a curving radial structure (seen in the
“twin leaf” splitting of Fig. Sc: p. 146). The shape of such
spherulites is a property of both the crystal nucleus and its split
branches. If part of the growth surface becomes mechanically
blocked, the unobstructed “rays” will continue their growth in
the form of a new spherulite (Fig. 7). This composite body is
still a mineral individual, not an aggregate. Spherulites are
widespread in caves as components from which many
speleothems are built.

Figure 7. Spherulites encountering obstacles: (a) when a
subindividual passes through a hole, it spreads out and
grows into a new spherulite, and (b) when a spherulite is
only partially obstructed, growth “goes around” the obsta-
cle. From Maleev (1972).
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Figure 9. Comparison of spherulites and spheroidalites. (a - top)
Spherulites are composed of straight subindividuals. If splitting
occurs mostly at an early growth stage, a radial structure is pro-
duced. If there is continuous splitting, then structural lines will
curve away from the central axis because of intense crowding of
subindividuals (e.g., as in Fig. 5c). (b - bottom) Spheroidalites are
composed of curved subindividuals and display asymmetric
growth and growth layers of unequal thickness.

(1.2.1B) Spherulite Bunches. Spherulite bunches may be
thought of as three-dimensional sectors of spherulites (their
incomplete development being due to a strongly directional
supply scheme). The subindividuals growing from a single
nucleus form a stalk (a well connected bunch) or a splay of
crystals (a poorly connected bunch). This shape depends on the
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growth speed of crystals. Slow growth results in well connect-
ed bunches, fast growth in poorly connected splaying bunches.
Examples of speleothems built from spherulite bunches are
most kinds of helictites and some kinds of anthodites and frost-
work. Spathites and beaded helictites are sequences of
spherulite bunch splays, with new bunches growing from
subindividual “rays” of the previous bunch in the manner of a
daisy chain (Fig. 8A, B: p. 146). If more than one “ray”
becomes a focus of new growth, then branching will occur.

(1.2.1C) Discospherulites. Discospherulites are
spherulites that have preferred crystal growth in two, rather
than three, dimensions. Some kinds of cave rafts display dis-
cospherulitic growth, where the surface of a cave pool confines
crystal growth to a plane. However, the supersaturation grade
must be high enough to allow for split growth, or other types
of rafts will form.

(1.2.1D) Spheroidalites. Spheroidalites are spherulites
with nonsymmetrical structure (Godovikov ef al. 1989). They
have elongated and curved subindividuals, whereas spherulites
have straight subindividuals (Fig. 9). Asymmetric growth of
the fibers of a spheroidalite causes angular unconformities
between the fiber orientations in different growth zones.
Because of this asymmetry, growth layers in spheroidalites are
of unequal thickness, whereas growth layers in a spherulite are
always of the same thickness and display spherical concentric
zonality. Most coralloids display spheroidalitic growth.

(1.2.1E) Spherocrystals. Spherocrystals are chemically
split second-order individuals, so perfectly split that bound-
aries between subindividuals are at a molecular level, and
physical properties (such as cleavage) become generalized
across the whole crystal (Shubnikov 1935). This results in
growth surfaces that are smooth and bright in appearance (e.g.,
botryoidal malachite or chalcedony; Fig. 10: p. 147). Although
spherocrystals are composed of subindividuals, the separate
fibers are not visible even under microscopic examination.
However under crossed nicols (polarizers), spherocrystals dis-
play a “Maltese cross” extinction.

(1.2.2) Skeleton Crystals. Skeleton crystals are second-
order individuals where preferred growth occurs along crystal
edges or corners rather than on crystal faces (Fig. 11: p. 147).
Such a growth pattern makes these crystals appear “lacy” or
empty inside (e.g., “hopper” crystals). Skeleton crystals form
where the supersaturation grade is high enough to promote
rapid growth, but where the supply of material is insufficient
to allow massive growth. For carbonate speleothems, it is pos-
sible to get skeleton growth without a high grade of supersatu-
ration if CO:2 loss is oscillatory or periodic—for example, the
actively dripping tips of stalactites (see Fig. 34: p. 150).

(1.2.3) Twin Crystals. A twin crystal begins as a simple
individual, but at some point it continues its growth as two (or
more) parts reflected across some definite plane called a twin
plane. One part continues the “parent” crystallographic net-
work, while the other(s) grows from the twin plane(s) with a
reflected crystallographic network. Twin crystals typical of a
cave environment are selenite needles (Fig. 12: p. 147) and the
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Figure 13. Scanning electron micrograph of an aragonite
helictite from a cave in France, diameter 2 mm. Note how
the split crystals are symmetrically screwed around the
axis of the helictite. Photo by Patrick Cabrol.

twinned branches of gypsum chandeliers. (Note: There are
other types of twins that look like an intergrowth of two or
more individuals, but even these are thought to begin from a
single nucleus.)

(1.2.4) Screw Crystals. Screw crystals are the result of
screw dislocations in the crystallographic network where mol-
ecular layers have small regular rotations along a crystallo-
graphic plane so as to produce spiral layers (Fig. 13). In screw
crystals, subindividuals cannot be separated because the dislo-
cation is continuous (rotational around the greatest growth
vector), and each molecular layer is a new crystal block frac-
tionally rotated on the previous molecular layer. Screw dislo-
cations are most common among filamentary crystals (e.g.,
gypsum cotton and selenite needles), but they can also occur in
some types of helictite.

(1.2.5) Block Crystals. Block crystals (sometimes called
“mosaic growth”) are crystals whose separate parts (known as
blocks) are slightly rotated in relation to each other (Grigor’ev
1961) (Fig. 14). When spatial nucleation continues around a
growing crystal, crystallites of several-molecule size can
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Figure 14. Schematic structure of a block crystal. The lat-
tice of one “block” passes continuously into the lattice of
another through a zone of dislocation. From Grigor’ev
(1961).

become closely aligned to the growing crystal by electrostatic
forces (Jushkin 1973). The crystallites become incorporated
into the main crystal, with the crystallographic network of one
block passing continuously into that of the next through a zone
of dislocation. Block crystal growth is common for vein min-
erals such as pyrite and for subaquatic hydrothermal
speleothems. Such mosaic growth has also been found in cal-
cite and gypsum speleothems that have precipitated under nor-
mal cave conditions (B. Onac, pers. comm., 2002).

(1.2.6) Complex Individuals. In some cases second-order
individuals display two or more structural features at the same
time. Dendrites display a branching pattern due to both crystal
splitting and skeletonization (i.e., they are composite split-
skeleton crystals; Fig. 15). In caves, dendritic crystals (e.g.,
frostwork and cave coral) usually form in the high evaporation
conditions of a capillary film environment. Selenite needles
are also complex individuals, inasmuch as they are skele-
tonized, twinned, and split-all at the same time (Maltsev
1996c¢).

(2) SECOND LEVEL: Mineral Aggregates. Mineral
individuals very seldom occur singly; they grow multiply over
a substrate surface as mineral aggregates. Aggregates are
much more than simply a group of individuals of the same
mineral species growing together. Interaction between individ-
uals directly affects and limits the growth of each crystal.
During such “group” or “common” growth, there is competi-
tion between the mineral individuals constituting the aggre-
gate. Most speleothems are mineral aggregates.
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Figure 15. Longitudinal (a - left) and transverse (b - right) sections of dendritic structure in an aragonite helictite, Cave of
the Winds, Colorado, 20x, viewed in cross-polarized light. The “branches” are due to crystal splitting and skeletonization.
Note the roughly triangular central feeding channel, which shows that this helictite is an aggregate of three crystals. Photos
by George Moore.

Most aggregates form where growing individuals compete
for space by physically contacting one another. In such a situ-
ation, contact faces (also called induction surfaces) develop
between neighboring individuals, leaving a group growth front
comprised of the crystallographic terminations of many indi-
viduals (Fig. 16: p. 147). However, aggregates do not neces-
sarily have to be in direct physical contact for competition to
occur. An example of indirect competition for the supply solu-
tion is when growth is in a plastic substrate such as porous
clay, where interaction between crystals is due to the closure of
feeding pores in the clay as a result of crystallization pressure.
When growth is in a capillary film environment, there is com-
petition for the loss of solvent molecules and interaction is by
convection of water vapor and CO: between individuals. The
mineral individuals constituting an aggregate have contact
faces when they are in direct competition, but display true
crystal faces when they are in indirect competition.

Competitive growth on a substrate surface normally leads
to a reduction in the number of individuals constituting the
aggregate, a situation called selection. The main selection
mechanisms are:

(1) Geometric selection: The mineral individual whose
greatest growth vector during competitive growth is best
aligned for mass-transfer with the environment is the one that
will continue its growth at the expense of neighboring individ-

uals of other orientations.

(2) Substrate selection: The mineral individual (or mineral
aggregate) growing from a convex substrate protrusion during
competitive growth will continue its growth at the expense of
its neighbors growing from flat or concave surfaces.

(3) Primogeniture selection: The mineral individual (or
mineral aggregate) that nucleates on a substrate first has a bet-
ter chance of continued growth than one that nucleates later.

(4) Random selection: In some cases, a mineral individual
(or mineral aggregate) experiences a cessation of growth when
it has no obvious natural disadvantage compared to its neigh-
bors. Such selection is unpredictable.

The most influential process during the early stages of
crystal growth is geometric selection. The crucial elements of
this selection process are: (1) initiation of separate centers of
crystallite growth; (2) the beginning of competition of these
crystal individuals for growth space; (3) selection and a reduc-
tion in the number of competing individuals according to a
geometric rule; and (4) continued growth with no further selec-
tion because the geometric rule forbids it (Fig. 17). There are
several geometric rules for selection, but perpendicularity to
the substrate is the most common. This rule applies to most
mineral veins and to many common varieties of speleothems
(e.g., dripstone, flowstone, pool spar).
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Figure 17. Geometric selection on a flat growth surface.
From Kantor (1997).

(2.1) First-Order Aggregates. In ontogeny, first-order
aggregates are simply termed aggregates, while second-order
aggregates are termed multiaggregates. For cave minerals,
aggregates can be defined as: “intergrowths or co-growths of
individuals (either first- or second-order) of the same mineral
species, which develop simultaneously on a common growth
surface and which possess a homogeneous texture.” (Note:
aggregates can also form in free space by crystallization from
viscous solutions and melts, but this is not relevant to
speleothems in caves.) It is important to stress here that only
simultaneous growth of similar individuals of the same miner-
al species can form first-order aggregates. Most speleothems
are aggregates. Aggregates can be subdivided according to the
different textures that are produced by competitive growth.

(2.1.1) Parallel-Columnar Aggregates. Examples of par-
allel-columnar texture, sometimes known in the West as “pal-
isade fabric” (Folk 1965), dominate the collections of amateur
mineralogists. Mostly these are groups of crystals with well-
formed terminations, taken from vugs in simple mineral veins.
If visible to the naked eye, these crystal aggregates are called
druses, where each crystal is a mineral individual within a
composite aggregate of crystals. These individuals only have
crystallographic faces on their end terminations, with their
sides being contact surfaces with other individuals (Fig. 17).
Each druse crystal has had to compete with other individuals,
and is a survivor of geometric selection at the aggregate druse
growth front.
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Figure 19. Diagram showing the group growth of
spherulites on an irregular substrate: I) Growth of discrete
spherulites; II) substrate selection between competing
spherulite individuals; and III) geometric selection
between competing subindividual spherulite rays. From
Grigor’ev (1961).

Parallel-columnar aggregates grow by geometric selection
perpendicular to nominally flat substrates, as described above
and as shown in Figure 18 (p. 147). But in the natural world
the substrate is seldom perfectly flat, and so a more complicat-
ed selection scheme operates. Geometric selection at first
favors growth perpendicular to each irregularity of the sub-
strate, but as the individuals reduce in number and increase in
size, the most successful are those oriented toward the bulk
volume of the solution. Where there are major irregularities of
the substrate (compared with the size of the growing crystals),
substrate selection also operates, and crystals growing in hol-
lows become entrapped in the bulk growth of those growing
from ledges and protrusions. The overall effect is a leveling out
of the growth front and a progressive trend toward more close-
ly parallel growth of the surviving crystals. When the individ-
uals are themselves split, geometric selection determines
which subindividuals survive at the growth front while sub-
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Figure 20. Cross-section of a cave pearl (a core spherulite)
showing a radial arrangement of individuals due to geo-
metric selection. Photo by Paolo Forti.

strate selection determines from which individuals they derive
(Fig. 19).

(2.1.2) Spherulitic Aggregates. Spherulitic texture is a
variant of parallel-columnar texture whereby the substrate,
instead of being flat or slightly irregular, is sharply convex.
Geometric selection produces crystals growing perpendicular
to the substrate, but the curvature of this substrate produces a
radiating fan of crystals rather than a roughly parallel growth
of crystals. It is important to distinguish between spherulitic
structure in mineral individuals (which is the result of crystal
splitting) and spherulitic fexture in mineral aggregates (which
is the result of geometric selection). These are very different
effects, and the term “spherulitic” simply refers to the external
form of these quite different minor mineral bodies. Of the sub-
types of spherulitic aggregates, the following two are particu-
larly important:

(2.1.2A) Core Spherulites. Core spherulites are aggre-
gates of mineral individuals growing in a radial manner away
from a growth center (Godovikov et al. 1989). This radial
arrangement is due to geometric selection between multiple
individuals where only those crystals survive whose direction
of maximum growth coincides with the radius of the core
nucleus (i.e, a core spherulite is a spherical aggregate around a
nucleus). A prime example is a cave pearl with a grain of sand
at its center (Fig. 20).
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Figure 21. Polarized thin section of spherulitic aggregate
texture in a calcite flowstone, Wind Cave, South Dakota.
Note the repeated episodes of geometric selection after
growth interruptions. Photo by Peg Palmer.

(2.1.2B) Irregular Spherulites. If the substrate is irregu-
lar, geometric selection causes a spherulitic texture to appear
in the aggregate around each substrate protrusion. Such
spherulitic crusts can develop in a subaqueous environment
(e.g., pool spar) or in a subaerial environment (e.g., flowstone).
If the supply of material is by diffusion of solute or by laminar
flow of the feeding solution, the thickening crust will trend
toward parallel-columnar growth (Fig. 21). This is normal in
the case of pool spar and for flowstone deposited on very gen-
tle slopes. On steeper slopes, turbulent flow promotes rapid
growth on substrate protrusions and the development of micro-
gours. On steep walls, the seepage water collects into rivulets
that (because of an increased feeding rate) produce a locally
thicker crust or even draperies.

(2.1.3) Radial-Fibrous Aggregates. Radial-fibrous aggre-
gates are an important variation on both parallel-columnar and
spherulitic aggregates where some (or all) of the individuals
have begun to split. They make up the texture of many
speleothem types, including flowstone and dripstone.
Commonly they are interlayered with parallel-columnar (or
spherulitic) aggregate crystals in these speleothems (Folk &
Assereto 1976; Kendall & Broughton 1977, 1978; Kendall
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Figure 23. An early stage of branching of coralloids show-
ing their subindividual structure in a thin-section photo
(crossed polarizers, 24 mm across). Calcite cave coral from
Soldiers Cave, California. Photo by George Moore.

1985) (Fig. 22: p. 148). The change to radial-fibrous texture is
due to a decrease in solution supply, the mass-transfer of solu-
tions changing from gravitational flow to a gravitation-influ-
enced capillary thin-film flow. If the solution supply decreases
further, radial-fibrous texture may lead to interruptions in
growth.

(2.1.4) Branching Aggregates. A great variety of branch-
ing aggregates grow by evaporation in a capillary film envi-
ronment. These include corallites, crystallictites, and many
intermediate forms. Branching aggregates are aggregates of
crystals displaying a compound branching form (Fig. 23).
They are not the same as dendritic individuals (section 1.2.6),
which display a branching pattern due to the splitting and
skeletonization of crystals (compare Figs. 15 and 24, p. 148).

The competition in the case of branching aggregates is
indirect and includes competition between nearby branches on
the same bush. Molecules of solvent (water vapor and COz2)
leaving one branch adhere to neighboring branches, thus slow-
ing their growth. For this reason, competing branches never
touch each other and the strongest growth is always out
towards the open void of the cave (Fig. 24: p. 148). For a sin-
gle aggregate, there is competition between individuals but not
selection. The situation changes when these aggregates grow
together in close proximity. Substrate selection very strongly
favors growth from protrusions (Fig. 25: p. 148), and aggre-
gates situated there develop rapidly (Slyotov 1985). Less
favorably situated aggregates find it increasingly difficult to
lose solvent molecules, and their growth is suppressed or dis-
torted away from nearby large bushes. The effect of substrate
selection is very much stronger in the capillary film environ-
ment than in the subaqueous environment because of this need
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Figure 27. Scanning electron microscope image of individ-
ual filamentary crystals of cave cotton, Mammoth Cave,
Kentucky. Photo by Will White.

to lose solvent molecules. If solvent is not lost, the capillary
film cannot supply new solution (and new solute) and the
aggregate cannot grow.

(2.1.4A) Corallites. Corallites are aggregates composed of
spheroidalite individuals and so have a rounded form and a
branching pattern due to the uneven growth and bent splitting
of spheroidalites (Fig. 23). They are the product of thin capil-
lary water films that have a condensation origin or appear
because of the slow spread of water due to very weak trickling.
Prime examples of corallites are thin-film-generated varieties
of coralloids (popcorn and cave coral). Note that corallite is an
ontogeny term and should not be confused with the speleothem
type “coralloid” of Hill & Forti (1997).

(2.1.4B) Crystallictites. Crystallictites are branching
aggregates built from faced crystals (Serban er al. 1961;
Moroshkin 1976). They form in a capillary film environment
as an analog of corallites, but without the splitting of individ-
uals that is characteristic of corallites. The branching of crys-
tallictites is usually noncrystallographic—it is due to branching
of the aggregates themselves. However, a full range of inter-
mediate forms exists between corallites and crystallictites (Fig.
26: p. 148), displaying different degrees of crystal splitting.
Also, there can be interconversions between corallites and
crystallictites. Because the type and propensity for crystal
splitting depends on mineral species, crystallictite aggregates
are typical for minerals such as gypsum and aragonite, where-
as corallite aggregates are more characteristic of calcite.
Aragonite frostwork is a prime example of a crystallictite (Fig.
24: p. 148).

(2.1.5) Fibrous Aggregates. Fibrous aggregates are built
from filamentary individuals (Fig. 27), and grow from a
porous substrate that may be solid (such as the cave walls or
breakdown blocks within a cave) or plastic (such as cave sed-
iments, particularly clays). In the West, fibrous aggregates
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have many fanciful names such as “hair”, “cotton” (Fig. 28: p.
149), “beards”, “flowers”, and “needles” (Hill & Forti 1997),
but in Russia they are known collectively as “antholites” (not
to be confused with the speleothem type “anthodite”). Fibrous
aggregates are always composed of soluble minerals such as
gypsum, epsomite, mirabilite, or halite. The reason why no
calcite “flowers” and “needles” exist is because carbonate
solutions simply do not carry enough solute.

The growth mechanism of fibrous aggregates is purely by
evaporation of the solvent and takes place close to the ends of
pores in the substrate. The unique feature of fibrous aggregates
is that they grow from the base, with new growth pushing the
previous growth out into the cave void (Fig. 29: p. 149). This
growth mechanism means that selection between individuals is
impossible and there is only competition between pores. For
growth from a solid substrate, the pores feeding the center of
an aggregate often have a stronger supply than those feeding
the periphery, leading to different growth rates. For well con-
nected aggregates such as gypsum flowers, this causes the
aggregate to burst into separate curving “petals”. For loosely
connected aggregates such as hair, the fibers may become tan-
gled and form beards.

For growth from a plastic substrate such as cave clay, com-
petition between pores leads to a very different situation. The
capillary pressure and the crystallization pressure together
press the substrate, causing only certain favorable pores to
remain open while other surrounding pores collapse. This is a
very specific type of selection for plastic substrates and
explains the wide separation between individuals (e.g., selen-
ite needles) in this environment compared with growth from a
solid substrate (e.g., beards).

(2.1.6) Interactive Aggregates. The growth of any aggre-
gate depends on environmental factors that are local to the
growth front of the individuals of which it is composed. In
most cases, these environmental factors are identical to those
affecting other nearby aggregates, so we can talk of a parent
environment controlling mineral growth over a significant part
of a cave. However, not all mineral aggregates are passive
products of a parent crystallization environment. There is a
class of minor mineral bodies, called interactive aggregates,
which grow under local conditions that the MMB itself creates.
These local conditions are significantly different from the gen-
eral environmental conditions of the crystallization space as a
whole. In the case of helictites (and shields), a high capillary
pressure is maintained in their central channels, which results
in solute deposition when the feeding solution loses pressure in
the open void of the cave. For this reason, helictites grow with-
out regard to the force of gravity or the direction best suited for
evaporation in the capillary film environment.

There are many different types of eccentric MMBs that are
included in the speleothem term ‘“helictite” (Hill & Forti
1997). In a detailed study (Slyotov 1985), one particularly
common type was shown to be a parallel co-growth of
spherulite bunches, tightly bonded and growing in strictly
defined sectors (Figs. 15 and 30, p. 149). A fine central chan-
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Figure 31. The “behavior” of helictites when meeting an
obstacle: (a) reflection, (b) rounding, (¢) sliding without
separation, and (d) sliding with separation. From Slyotov
(1985).

nel supplies a local capillary film spot on the helictite’s tip,
where there is competition for solute between the sectors but
not selection. Small local variations affecting the wetted spot
promote different growth rates between the sectors, but the
sector boundaries are strictly maintained. This results in sud-
den changes in growth direction for the aggregate as a whole
(so helictites can twist or turn in any direction). Moreover
these variations are unique to each helictite; when groups of
ordinary calcite helictites were studied by Moore (1954, 1999),
their growth-front azimuths proved to be random.

Interactive aggregates have a most peculiar additional
property termed behavior when interacting with obstacles.
According to Slyotov (1985), when a growing helictite makes
a perpendicular impact on an obstacle, growth is stopped. If
the approach is oblique, the aggregate may show reflection,
rounding, or adherence to the obstacle’s surface (Fig. 31). The
reason for this may be found in a property of spherulite indi-
viduals, whereby when their growth surface is mechanically
blocked (see section 1.2.1A, Fig. 7), the unobstructed rays of
the spherulite serve as the focus for new growth. Exactly the
same thing happens for spherulite bunches. In the case of
helictites, changes in the growth of the bunch impacting an
obstacle causes a change in growth direction for the aggregate
as a whole.

For most aggregates, interaction only occurs between indi-
viduals (in the form of competition). For branching aggregates,
there is some limited interaction with obstacles in that mineral
growth slows down and stops before impact (due to an inabil-
ity to lose solvent molecules). Interactive aggregates, howev-
er, are fully interactive with the general environment in which
they grow, because their growth processes are not directly con-
trolled by that environment.

(2.1.7) Other Aggregates. In addition to the main aggre-
gate types described above, we will briefly mention some oth-
ers. Granular aggregates form when a mineral species (or
mineral habit) has similar growth speeds in different direc-
tions, or when frequent interruptions of growth combine with
recrystallization or new nucleation to subvert the role of geo-
metric selection. Granular aggregates commonly occur during
bulk crystallization from viscous solutions and melts, whereas
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Figure 32. Drawing of a multicorallite bush: (1) calcite
popcorn, (2) aragonite crystallictite needle, (3) hydromag-
nesite efflorescence. By Vladimir Maltsev, from an unpub-
lished manuscript.

in caves with seasonal humidity cycles, they can be found in
the evaporative deposition of soluble species such as gypsum.

Ice is a common cave mineral, forming many of the aggre-
gate types described above. Ice can also form sublimation
aggregates, which are built from skeleton crystals but
branched in a special manner. Plastic-substrate aggregates of
ice or gypsum have special textures and grow deep within clay
sediments. Monocrystalline aggregates are the result of total
recrystallization into one single individual; flaws within the
new individual often retain traces of the previous aggregate
texture. Hybrid aggregates have textures intermediate between
the main types described above; they will be discussed later
(section 2.2.3).

In all the above examples, crystallization takes place on an
inert substrate. For controlled-nucleation aggregates, the ori-
entation of individuals is predetermined. One example is
autoepitaxial growth on a textured substrate (e.g., gypsum
growing from gypsum crystals in the wall rock, typical for the
caves of Podolia, Ukraine). Another is the growth of some
varieties of cave rafts, where individuals align perpendicular to
the surface because of electric forces associated with surface
tension. This category is not so important for cave mineralogy,
but growth on textured substrates is very important in ore min-
eralogy.

(2.2) Multiaggregates. Multiaggregate is a new category
in minor mineral body hierarchy. It was first introduced by
Maltsev (1996b), although the concept was originally suggest-
ed by Stepanov (1973) as “typical paragenetic pairs of aggre-
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gates.” Multiaggregates are an intergrowth or co-growth of
different types of aggregates that form simultaneously and
syngenetically in the same crystallization environment. They
are either polymineral or polytextural, as compared to simple
aggregates, which are always monomineral and texturally
homogeneous.

(2.2.1) Polymineral Multiaggregates. A typical multico-
rallite is a branching MMB that is formed of calcite popcorn
from which grows aragonite frostwork that is often tipped with
a soluble mineral such as hydromagnesite (Figs. 32 and 39, p.
152). All three mineral species form simultaneously from the
same capillary solution and in the same crystallization envi-
ronment. However, because of evaporation the Mg/Ca ratio of
the capillary film steadily increases from the base of each mul-
ticorallite branch toward the tip. In this way, a multicorallite
changes the chemistry of its feeding solution, giving rise to
changes in morphology, crystal-splitting grade, and even the
mineralogy of the crystals being deposited. In such
speleothems, continuous recrystallization clearly also takes
place, otherwise hydromagnesite would coat all the surface of
the aragonite needles and not just remain on the growing nee-
dle tips. Because of continuous growth throughout all parts of
the multicorallite, magnesium is also redissolved in the root
part of each branch. This recycling of the Mg ion, even if from
a rather low original concentration, creates the conditions
whereby aragonite growth becomes possible (inasmuch as the
Mg ion promotes aragonite growth but is not significantly
incorporated within the mineral itself). Complete evaporation
of the remaining solution on the tips of the aragonite needles
allows high-Mg minerals such as hydromagnesite or huntite to
be deposited.

Another example is a pseudohelictite, a type of solid quill
anthodite consisting of a central aragonite needle sheathed in
spherulitic aggregate calcite (Fig. 33: p. 150). Both minerals
grow simultaneously. The aragonite needle defines the general
geometry of the multiaggregate and the branching directions,
while the calcite overgrowth suppresses the crystalline defects
of the needle and, thus, limits the branching frequency.

(2.2.2) Polytextural Multiaggregates. Multiaggregates do
not need to involve the co-growth of different mineral species.
There are also monomineral multiaggregates that are polytex-
tural. The most common example of this is the ubiquitous
cone-shaped calcite stalactite. This speleothem contains the
mineral calcite simultaneously growing as a “crown” of skele-
ton crystals that forms at the tip of the stalactite from drip
water due to mechanical agitation and COz2 loss during drip-
ping (Fig. 34: p. 150), a monocrystalline tube that forms by
recrystallization of these skeleton crystals, and a spherulitic
aggregate outer layer that is deposited as a result of regular
degassing of CO2 (Maltsev 1997c). Soda straw stalactites are
also multiaggregates since they contain both skeleton crystals
and monocrystalline growth. It is important to note that coni-
cal stalactites are not soda straws overgrown by a later surface
crust—the three textures form together and simultaneously.



(2.2.3) Hybrid Multiaggregates. One of the central tenets
of ontogeny is that the texture of a minor mineral body is
directly related to its crystallization environment. However,
the boundary between different crystallization environments is
not always clearly defined. For example, corallites grow in the
capillary film environment by evaporation. If the feeding sup-
ply is sufficiently strong to cause slow dripping from the
aggregate, a hybrid MMB (a corlactite) may form with features
of both a corallite and a stalactite—the branches of the corlac-
tite are partially cemented together, and the statistical trend of
their orientation shows a weak gravitational control.
Crystallictites similarly hybridize with stalactites, to form
crystlactites. Names for these hybrid textures were first pro-
posed by Victor Stepanov in 1983, but only appeared in print
when part of his archive was published posthumously
(Stepanov 1997).

If significant evaporation occurs in a gravitational water
environment, similar hybrid textures may be expected.
However, conical stalactites are multiaggregates of three tex-
tures, not all of which are available for hybridization. Only the
outer spherulitic aggregate part can hybridize with corallites
(or crystallictites), so the resulting MMB looks somewhat like
a corlactite but with a soda straw inside (Maltsev 1997¢). By
contrast, stalagmites are simple spherulitic aggregates and so
can fully hybridize with corallites. Depending on the balance
between dripping and evaporation, a range of hybrid forms
from almost “pure” stalagmite to almost “pure” corallite is
possible. Hybridization between helictites and soda straws is
also known.

Hybridization of texture is an important concept because it
explains how some of the most interesting and unusual
speleothems grow (Fig. 35: p. 150). However, speleothems can
change texture as a result of a change in environmental condi-
tions. Care needs to be taken to distinguish between true
hybridization caused by a combined (or mixed) environment,
and a sequential change of texture.

(2.3) Pseudoaggregates. Some speleothems are disordered
and have no “through” structure. They cannot be considered as
true aggregates and do not fit into the hierarchy of MMB.
However, these anomalous mineral bodies can take part in the
formation of higher levels of the MMB hierarchy (koras and
ensembles), and so behave as if they were some form of aggre-
gate. Such anomalous mineral bodies are called pseudoaggre-
gates.

A consistent feature of pseudoaggregates is that the origi-
nal place of nucleation of any crystal individual is different
from its final resting place on a substrate. This produces a
chaotic arrangement of crystals, for which there can be no
“through” structure. For tufaceous deposits and chemogenic
moonmilk, the crystallization displacement is usually quite
small. But in the case of cave cones, where sunken cave rafts
accumulate at the bottom of a pool, this distance can be mea-
sured in meters. Cave rafts are true aggregates, having struc-
tural and textural regularities. A jumbled pile of rafts does not
collectively possess these features, but a cave cone does have
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a definite morphology that repeats itself in the cave environ-
ment (which itself is a textural feature). It clearly forms from
the same crystallization conditions as rafts and shelfstone, and
so can join with those speleothems in the higher levels of
MMB hierarchy.

(2.3.1) Tufaceous Mineral Bodies. Some of the most mas-
sive stalactites, stalagmites, and flowstones in caves are
formed not of hard crystalline calcite, but of a light and porous
calcareous material composed of disordered microcrystals. It
is common to find such tufaceous material alternating with
crystalline layers. Such speleothems may be of a purely min-
eral (nonorganic) composition, but they commonly have a sig-
nificant organic (bacterial or algal) content, particularly in the
daylight zone of caves where calcite deposition is aided by
photosynthesis. Tufaceous deposits in caves are usually made
of calcite, but in metaliferous mines many other mineral
species have been identified.

Tufaceous mineral bodies tend to grow massively and
rapidly, with new nucleation outpacing the development of
“through” structure. Such bodies are formed from turbulent
gravitational water streams, where oversaturation of the feed-
ing solution is caused by mechanical agitation and CO2
degassing. This leads to nucleation of calcite crystals within
the feeding solution, mainly around cavitation bubbles, rather
than directly on the substrate surface. There is no opportunity
for competition to start (such competition would lead to the
formation of a regular aggregate), and the crystals coagulate
together in a disorderly manner, producing light and porous
speleothems. The nature of the dripping water environment
allows the morphology of these tufaceous MMBs to mimic
those made from crystalline material, so all of the common
(laminar flow) gravitational water speleothems have their tufa-
ceous analogs. In addition, most rimstone dams (gours) are
built of tufaceous calcite because turbulent flow over their
rims causes mechanical agitation and rapid degassing.
Tufaceous mineral bodies can also form as a result of sudden
pressure or temperature changes, for example from crack-fed
solutions in artificial structures such as tunnels, bridges, etc.
(Fig. 36: p. 151).

(2.3.2) Moonmilk. Moonmilk is a microcrystalline to
nanocrystalline coagulation of disordered acicular individuals,
porous and plastic in nature, and containing 40-80% water by
weight. Moonmilk may be of biogenic origin, chemogenic ori-
gin, a residual precipitate of bedrock or speleothem weather-
ing, or of mixed origin (Hill & Forti 1997). Moonmilk deposits
are often composed of calcite, but they can also be composed
of other carbonate, sulfate, phosphate, or silicate minerals.
Chemogenic moonmilk forms under conditions of high over-
saturation in a dripping/flowing water environment, and so can
form speleothems similar (but on a far smaller scale) to tufa-
ceous deposits (Fig. 37: p. 151).

At present, only chemogenic carbonate moonmilk has been
studied from an ontogenetic perspective (Stepanov 1997). A
case could be made for considering speleothems of biogenic
origin as a specific environment within ontogeny, but this is a

Journal of Cave and Karst Studies, August 2003 » 141



How SPELEOTHEMS GROW: AN INTRODUCTION TO THE ONTOGENY OF CAVE MINERALS

debate for the future. Weathering residues are sediments and
therefore cannot be studied in ontogeny.

(3) THIRD LEVEL: Assemblages of Aggregates. The
division of physical mineral bodies into individuals and aggre-
gates is an 18th Century concept. However, aggregate was
then a very broad term, even including rocks within its scope.
This situation was not resolved until Stepanov (1970) found a
new formulation of aggregate texture that excluded rocks. This
led directly to the concept of minor mineral bodies and the
understanding that an aggregate is a relatively low-ranking
MMB within a larger hierarchy. This larger hierarchy is still
poorly known among mineralogists, even in Russia, inasmuch
as it has been derived mainly from observations of
speleothems in caves. Above the level of aggregate, there
seemed to be a class of MMB that had the same sense of tex-
ture as an aggregate, but lacking the structure of an aggregate.
This new and more complicated type of MMB was given the
name kora by Russian speleologists.

(3.1) Koras. Kora is a Russian word meaning “crust” in a
broad sense. For Russian mineralogists, the term has two
meanings: As an aggregate term and as a hierarchy term.
(“Crust” is also used more loosely in English texts as a
speleothem term; Hill & Forti 1997.) Here, we use kora strict-
ly as a hierarchy term.

A kora is an assemblage of texturally similar aggregates,
growing together at the same time and in the same crystalliza-
tion space, and forming from the same environmental condi-
tions. The concept was first suggested by Fersman &
Shcherbakov (1925) as a term uniting the different forms of
stalactites, stalagmites, draperies and flowstones that grow
together in a dripping water environment—they called this “the
stalactite-stalagmite kora of calcite” (Fig. 38: p. 151).
Stepanov’s great contribution was to extend the concept of
kora to other aggregate assemblages. Examples include the
tufaceous calcite kora, the corallite kora, the antholite kora,
etc. (Stepanov 1971, 1997).

A strict definition of kora was given by Stepanov (1997):
“A kora is an association of aggregates that appears in all the
space of synchronous crystallization, during episodes of the
crystallization cycle when the phase state of the crystallization
medium remains constant for significant intervals of time.” In
current usage, aggregates, multiaggregates and pseudoaggre-
gates can all be included in koras, because at this level there is
no distinction between them. We must note that for koras, the
concept of “through” structure no longer applies—only
“through” fexture. In the case of polytextural multiaggregates
such as conical stalactites, the dominant spherulitic aggregate
texture is kora-forming and allows them to join with stalag-
mites and flowstones (which have only this texture).

The great advantage of studying koras, as compared to
aggregates, is that variations in structure become apparent
when the whole crystallization space is studied as a unit. For
example, in a capillary film environment crystallictites may
grow in one part of a chamber, corallites in another part, and
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intermediate forms in between. Without the kora concept, this
would seem to be two groups of aggregates with some hybrid
forms. With the kora concept, it becomes obvious that coral-
lites and crystallictites are texturally the same and that the only
difference between them is the degree of crystal splitting in the
structure of the individuals that form the aggregate. This is an
example of variations of structure within a crystallictite-coral-
lite kora.

The concept of kora denotes the union of texturally similar
crystallization products generated together by the same envi-
ronment. However, over very long periods of time the cave
environment can change. As different mediums of crystalliza-
tion replace one another, new koras can be generated thereby
initiating a change in textures throughout the whole space of
synchronous crystallization. For example, corallites growing
on stalactites and corallites growing from rock walls can
together form a corallite kora (if they are of the same genera-
tion), but the stalactites themselves are not part of that
kora—they are from an earlier stalactite-stalagmite kora.

(4) FOURTH LEVEL: Assemblages of Koras. A fourth
hierarchy level in mineral ontogeny was first suggested by
Stepanov in a series of lectures given at Moscow State
University during the 1970s. He named this new and more
complex minor mineral body an ensemble. Some years after
Stepanov’s death, the term was introduced into print by
Maltsev (1993).

(4.1) Ensembles. The ensemble concept is fundamentally
different from that of other terms used in MMB hierarchy. The
factor of a regular change is involved. Crystallization environ-
ments evolve over long periods of time, becoming successive-
ly drier until a new wet phase marks the start of the next crys-
tallization cycle. These cycles are not always complete, but the
sequence remains the same (Stepanov 1971). For the first three
levels in MMB hierarchy, the mineral bodies form in a stable
crystallization environment during a single episode and from
one feeding mechanism. To study an ensemble, we must exam-
ine all the mineral growth of the current crystallization cycle;
i.e., since the last general inundation of the crystallization
space, or its last general drying out. For ensembles, the concept
of “through” texture is different because it involves a sequence
of textures evolving through time (Fig. 39: p. 151). An ensem-
ble is usually described by a “diagnostic set” of minerals or
speleothems and can include any MMB.

In many limestone caves fed by meteoric water, the crys-
tallization cycle begins with stalactites, stalagmites, and flow-
stone. Later in the cycle, this dripstone and flowstone may
become overgrown by knobby popcorn concretions. Here a
stalactite-stalagmite kora is replaced by a corallite kora as a
dripping (gravitational) environment dries out and becomes a
capillary film (evaporitic) environment. The overgrowth may
be sharply defined, as in this example, or it can be a gradual
transition (crystalline stalactite-stalagmite kora, seasonal over-
growth of radial-fibrous aggregates, continuous radial-fibrous
aggregates, corallite kora).



Each cave or cave system, because of its own particular set
of environmental parameters, has only a limited number of
ensembles. Generally, these are different for different caves,
although some ensembles may be typical for an entire cave
region. For example, the caves of the Guadalupe Mountains,
New Mexico, were developed in dolomitic limestone by a sul-
furic acid mechanism. In these caves, there is a particularly
well-displayed ensemble comprising gypsum blocks deposited
during the original sulfuric acid speleogenesis episode, and
younger gypsum stalactites (chandeliers) and stalagmites
derived from reworked material (Fig. 35: p. 150). The caves of
Crimea (Ukraine) are typical of limestone caves fed by mete-
oric water, and are abundantly decorated by speleothems
showing the following sequence: tufaceous stalactite-stalag-
mite kora, crystalline calcite stalactite-stalagmite kora, coral-
lite kora, antholite kora (Stepanov 1971).

An ensemble is, therefore, very different from other
MMB:s. It is an expression of the mineralogic landscape of a
cave or cave passage. Because of differences in the chemistry
of the host rock or the mineralizing solution, a great many pos-
sible ensembles can be found in caves. However, within any
one cave, or within a small karst region, they are relatively few
in number. One weakness of the ensemble concept is that it is
not transitive; i.e., in different cave regions the crystallization
products and their evolution are different. A stalactite is much
the same in all caves, as is a multicorallite or an antholite kora.
Ensembles rarely repeat themselves exactly.

Ontogeny is concerned only with minerals deposited dur-
ing a single crystallization cycle. Very old speleothems,
formed during several cycles of deposition, have no “through”
regularities and are not MMBs. The separate phases of deposi-
tion can be studied using ontogeny techniques (e.g., Stepanov
1971), but such speleothems as a whole must be classed as
rocks and studied by petrographic techniques.

CONCLUSION

In this paper, we have shown how crystal individuals com-
bine together to form aggregates, and how associations of
aggregates build the higher levels of the minor mineral body
hierarchy—koras and ensembles. These more complex MMBs
are best understood by building parallels to regular mineralo-
gy. Multiaggregates may be viewed as the MMB equivalent of
paragenesis, koras of associations, and ensembles of
sequences.

Curiously, the higher levels of the MMB hierarchy are
readily understood by non-mineralogists. Most members of the
general public know that stalactites and stalagmites “go
together”, which (with textural considerations) is the kora con-
cept. Experienced cavers will describe stalagmites covered
with popcorn corallites as “old-looking”, this being the ensem-
ble concept of one kora replacing another as a crystallization
cycle progresses. The historical problem for cave scientists has
been how to deconstruct the mineralogical landscape, to break
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it down into simpler units. But without the concepts of ontoge-
ny, any studies of MMB texture suffer greatly, as was the case
for the first thorough study of speleothems (Prinz 1908).

Another apparent problem for studies of ontogeny is that
the detailed structure and texture of speleothems can only be
seen by microscopic examination of cut sections. However,
once this determination has been made and described, the spe-
cific form of many common speleothems can be recognized
simply by eye. Cavers with a small amount of mineralogic
experience are, therefore, able to accurately identify the stage
in a development cycle of the mineral growth in any newly dis-
covered cave passage.

Ontogeny of minerals is not simply a new classification
system for minerals. It is a method by which past crystalliza-
tion environments can be interpreted from the mineral bodies
that were deposited. The structure and texture of minor miner-
al bodies can be directly related to environmental factors, and
speleothems are ideal subjects for this type of study.
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Figure 3. Thin-section photomicrograph of a split crystal of
aragonite growing from a single nucleus (the small round
structures in the photo are spherules of monohydrocalcite).
Precipitation was achieved under laboratory conditions.
From Polyak (1992).

(! : Figure 6. Spherulites of wavellite, an aluminium phosphate
4%'3‘& mineral (non-cave photo). From Kantor (1997).
Figure 2. (A - top) A single spar crystal of hydrothermal
calcite on a passage wall, Carlsbad Cavern, New Mexico.
Photo by Cyndi Mosch. (B - bottom) Gypsum individuals
on the side of a pseudohelictite, Cupp-Coutunn Cave,
Turkmenistan. Photo by Vladimir Maltsev.
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Figure S.

Photos and representative drawings of :
(A - top) late stage simple splitting of a
quartz crystal;

(B - center) early stage “sheaf” splitting of
a quartz crystal,

(C - bottom) “twin leaf” continuous split-
ting of stellerite, a mineral of the zeolite
group (non-cave photos).

From Kantor (1997).

Figure 8.

(A - left) Growth of an arago-
nite beaded helictite,
Carlsbad Cavern, New
Mexico. Note the tip of the
helictite where split crystals
are poised to begin a new
bead. Photo by Cyndi Mosch.
(B - right) A pseudostalactite
(a type of aragonite spathite),
Cupp-Coutunn Cave,
Turkmenistan. Photo by C.
Self, courtesy of University of
Bristol Speleological Society.
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Figure 16. Thin-section photomicrograph showing crystal
terminations on the surface of a stalactite, ABC Cave, New
Mexico. From Polyak (1992).

Figure 10. The smooth, bright surface of malachite, which
is composed of several spherocrystals (not a cave photo).
From Kantor (1997).

Figure 18. Thin-section photomicrograph showing compet-
itive growth of calcite and a transition from randomly ori-
ented to parallel-columnar texture, from a cave in New
Mexico. From Polyak (1992).

Figure 11. A sublimation ice crystal aggregate,
Eiskogelhohle, Tennengebirge, Austria. Note the skeletal
nature of these crystals. The largest crystal on the left is ~9
cm in diameter. Photo by W. Hartman.

Figure 12 (left). A twin crystal of selenite (gypsum) from
Fort Stanton Cave, New Mexico. Note the symmetrical
growth around the “twin plane” (central line along the
crystal). The crystal is ~4 cm long. Photo by Alan Hill.
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Figure 22. Thin-section photomicrograph of parallel-
columnar texture (spar crystals at growth surface) chang-
ing to radial-fibrous texture (“felted” or “coconut-meat”
crystals overlying spar), from Endless Cave, New Mexico.
The horizontal “lines” may be due to interruptions of
growth where “dirt” accumulated on the surface of the
growing speleothem. From Polyak (1992).

Figure 24. Aragonite crystallictites growing from a stalag-
mitic floor crust, Cueva del Nacimiento, Spain. Note that
the separate branches never touch each other. Photo by C.
Self.
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Figure 26 (above). A calcite crystallictite overgrowth on a
stalactite, Cueva del Nacimiento, Spain. The curved crystal
faces are probably due to chemical splitting at the molecu-
lar level (in a similar manner to that of spherocrystals).
Photo by C. Self.

Figure 25 (left). Corallites growing on a bear’s skull, Piatra
Altarului Cave, Romania. Note that the strongest growth is
on the more convex surface at the back of the head. Photo
by Cristian Lascu.



Figure 28. Gypsum cotton (on ceiling) and hair (on and
over ledge) in a Grand Canyon cave, Arizona. Photo by
Alan Hill.

Figure 29. Epsomite (left) and gypsum (right) flowers in
Torgac Cave, New Mexico. Note the shard of rock (in cen-
ter of photo directly below caliper) that has been pushed
outward from the wall by mineral growth. Photo by Alan
Hill.
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Figure 30. (A - top) Aragonite “cut” helictites, The Blue
Cave (a Roman copper mine), France, showing parallel co-
growth of 4 spherulite bunches. Photo by Patrick Cabrol.
From Cave Minerals of the World, Second Edition
Copyright 1997, National Speleological Society, Inc. Used
with permission. (B - bottom) Sketch cross section of a
helictite built from 5 spherulite bunches (for clarity,
subindividuals are shown in only 1 of the 5 spherulite sec-
tors).
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Figure 33. Pseudohelictites with partial overgrowth of gyp-
sum crystals, Cupp-Coutunn Cave, Turkmenistan. Photo
by C. Self.

Figure 35. Gypsum chandeliers, Lechuguilla Cave, New
Mexico. Because gypsum is precipitated by evaporation,
not as a result of CO: loss during dripping, it is normal for
crystlactites to form rather than regular stalactites. Photo
by Urs Widmer.

Figure 34. The growth tip of a calcite stalactite from
Moravia, Czech Republic, showing skeleton crystals. Photo
by Igor Audy.
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Figure 36.
Tufaceous
calcite soda
straws in
the cellar of
a house in
Bristol,
England.
Photo by
Geoff
Wood.

Figure 38.
A “stalac-
tite-stalag-
mite kora
of calcite”,
Carlsbad
Cavern,
New
Mexico.
Photo by
Urs
Widmer.

SELF AND HILL

Figure 37.
A flowstone
“river” of
hydromag-
nesite
moonmilk,
Pink
Dragon
Cave, New
Mexico.
Photo by
Alan Hill.

Figure 39.
An ensem-
ble of a sta-
lactite-sta-
lagmite
kora over-
grown by a
corallite
Kkora,
Cupp-
Coutunn
Cave,
Turkmenist
an. Also
present in
the over-
growth are
multicoral-
lites, a
branching
aragonite
helictite
(left), and a
multicoral-
lite/pseu-
dostalactite hybrid (right). The presence of pseudostalac-
tites (a type of spathite) growing independently on the
cave roof suggests that the progression from a gravita-
tional to a capillary film environment is not yet complete.
Photo by C. Self.

Journal of Cave and Karst Studies, August 2003 » 151



