ARTICLES

CoOLOMBIAN TRAPICHE EMERALDS:
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Colombia is the traditional source of the world’s finest emeralds, including the famed trapiche crystals,
with their distinctive texture resembling a wheel with six spokes. This gemological curiosity, found ex-
clusively in the black shales of the country’s western emerald zone, is linked to the peculiar structural
geology of the deposits. The study presents a review and update on Colombian trapiche emeralds, fol-
lowed by a three-dimensional examination of the crystals combined with spectroscopic and chemical
analyses. The proposed formation model incorporates the structural geology of the deposits with the
formation of trapiche and non-trapiche emeralds. The fluid accumulation at the faults” tip in the black
shales leads to maximum fluid overpressure and sudden decompression and formation of the emerald-
bearing vein system. The authors show that trapiche emerald growth starts at the beginning of the de-
compression that is responsible for local supersaturation of the fluid. The hydrothermal fluid comes in
contact with the black shale matrix, favoring the formation of emerald seed crystals. During the growth
of these seeds, textural sector zoning occurs, sometimes associated with chemical sector zoning, along
with displacement of the matrix. Displacement growth occurs because the emeralds continue their
growth, pushing the matrix material away from the growing faces. An overgrowth, generally of gem
quality, can form after decompression, surrounding the core, the arms, and the dendrites, restoring the

emeralds’ euhedral habit.

olombian emeralds continue to set the stan-

dard as the finest and most spectacular crys-

tals unearthed (Ringsrud, 2013). Unique
mineralogical curiosities include the emerald gas-
tropods extracted from the Matecana mine in
Gachala (Vuillet et al., 2002) and the famous gem-
trapiche emeralds (figure 1) such as the 80.61 ct Star
of the Andes (Ward, 1993).

The past 25 years have seen major advances in our
understanding of the formation of Colombian emer-
alds (Ottaway et al., 1994; Cheilletz et al., 1994), but
the genesis of trapiche emerald remains unresolved
despite analytical and geological advances. This type
of emerald is very rare and has been recovered only
occasionally, from just a few mines on the western
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side of the Eastern Cordillera Basin. Named after the
Spanish word for the cogwheels used in sugar mills,
these mineral curiosities are prized by collectors. The
texture on a section perpendicular to the c-axis is
characterized by a central core, six arms, and den-
drites between the arms and around the core (figure
1). An overgrowth may also be present. The trapiche
texture can be observed in other minerals, such as ru-
bies, tourmalines, chiastolites, and garnets (box A).
Without a link between field observation and miner-
alogical studies, there is still no consensus on the
causes of the growth mechanism and texture acqui-
sition, or on the geological conditions necessary for
the formation of trapiche emerald.

This article provides an update on Colombian
trapiche emerald, with complete historical, geologi-
cal, mineralogical, gemological, and crystallographic
background. The review opens debate on the key
question of the geological conditions necessary for
the formation of gem-quality trapiche material. The
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ongoing research into the mineralogy, chemical com-
position, and crystallography of trapiche emerald is
connected with field expeditions conducted by
French and Canadian research teams during the
1990s that proposed the hydrothermal sedimentary
model now recognized by the scientific and explo-
ration communities (Maya et al.,, 2004; Mantilla
Figueroa et al., 2007). The scope is to propose a co-
herent mechanism for the formation of trapiche,
linking it for the first time to the genetic model of

COLOMBIAN TRAPICHE EMERALDS

Figure 1. Looking down
the crystal axis of a
backlit 58.83 ct trapiche
emerald from Pefias
Blancas (also featured
on the cover of this
issue). Photo by Robert
Weldon/GIA, courtesy
of Jose Guillermo Ortiz,
Colombian Emerald Co.

Colombian emeralds. Colombia offers a unique case
because other gem trapiches have not been studied
intensively in connection with their geological set-
ting. For the gemologist, this knowledge offers a bet-
ter understanding of the mineralogy of trapiche
emerald and a deeper appreciation of the complex ge-
ologic processes required to form such a peculiar
mineral texture. Geologic terms that might be unfa-
miliar to the reader are defined in the glossary and
italicized upon first mention within the text.
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BOX A: TRAPICHE VS. TRAPICHE-LIKE MINERALS

Win (2005) distinguished three types of trapiche miner-
als as a function of their appearance due to coloring el-
ements, other mineral inclusions, or intergrowth of the
same mineral. Schmetzer et al. (2011) improved this dis-
tinction, defining only two groups: “trapiche” minerals
and “trapiche-like” minerals (figure A-1).

Trapiche minerals are characterized by crystallo-
graphically equivalent growth sectors that are separated
by more or less sharp boundaries of inclusions (figure A-
1, left). The boundaries intersect in a central point or ex-
tend from the edge of a central core. Gems that belong
to this group include emeralds from Colombia, corun-
dum (e.g., Mullenmeister and Zang, 1995; Schmetzer et
al., 1996, 1998; Sunagawa, 1999; Garnier et al., 2002a,
2002b), tourmalines (Hainschwang et al., 2007; Schmet-
zer et al., 2011), chiastolites (Rice and Mitchell, 1991;
Rice, 1993), and garnets (Harker, 1950; Atherton and
Brenchley, 1972; Wilbur and Ague, 2006).

We also mention two examples of non-Colombian
trapiche emerald crystals, one from the Brazilian state
of Goias (DelRe, 1994) and the other from the Manan-
jary area in Madagascar (Johnson and Koivula, 1998).
The Brazilian crystal showed fibrous arms and a tapered
core. The specimen from Madagascar presented the
spoke-like texture associated with Colombian emerald.
The core was limited to a center point, while the den-
drites contained black material. These two gems refer
more to trapiche than trapiche-like emeralds, but they
cannot be compared with Colombian samples because
their geological formation is unknown.

Two other features observed in trapiche crystals
should be mentioned: symmetry and inclusions of or-
ganic matter. Trapiche minerals are always character-
ized by high symmetry: cubic for garnet, hexagonal for
emerald, and trigonal for corundum and tourmaline.
The only exception is chiastolite, which belongs to the
orthorhombic system but is pseudotetragonal (a ~ b).
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The symmetry affects the number of arms and dendrites
in the trapiche texture, as well as the directions where
the dendrites develop. Because high symmetry implies
that a certain number of directions are equivalent, the
positions of the dendrites can be predicted taking into
account the crystal system. For example, in emerald
there are six dendrites respectively along the positive
and negative sides of the a-axis, whereas in chiastolite
the four dendrites are along the a- and b-axes.

To the best of our knowledge, no trapiche texture
has been reported in minerals with low symmetry (or-
thorhombic, monoclinic, or triclinic), even though the
development of dendrites on the corners of minerals
with euhedral morphology such as olivine is already
known (Faure et al., 2003, 2007). This suggests that at
least two of the three basic vectors a, b, and ¢ have to
be equal (or, in the case of chiastolite, nearly equal) to
obtain the trapiche texture, and thus the role of symme-
try cannot be neglected.

The presence of transformed organic matter or
graphite is observed in trapiche minerals formed in differ-
ent geological environments—for instance, metamorphic
deposits such as ruby (Garnier et al., 2002a,b), chiastolite,
garnet (Rice and Mitchell, 1991), and tourmaline (Schmet-
zer et al., 2011). The role of carbonaceous materials in
trapiche formation was raised by Rice and Mitchell (1991)
and Rice (1993), referring to Burton (1986), who stated that
graphite can control the fluid composition and dictate the
mechanism and timing of mineral growth.

In trapiche-like minerals, the texture is caused by
the distribution of color-inducing elements or of inclu-
sions in alternating portions of the crystal (figure A-1,
right). This is the case with sapphire (Koivula et al.,
1994; Khotchanin et al., 2010; Kiefert, 2012), quartz
(Win, 2005), and aquamarine (Koivula, 2008; Befi, 2012).
Cordierite-indialite intergrowths also show a trapiche-
like texture, as described by Rakovan et al. (2006).

Figure A-1. Trapiche vs. trapiche-like
corundum. Left: Trapiche ruby origi-
nating from marble in Mong Hsu
(Myanmar). The trapiche texture is
characterized by dendrites and arms,
though the specimen lacks a central
core. Photo by V. Garnier. Right: A
pinacoidal section of a trapiche-like
blue sapphire from the Changle alkali
basalt (China), showing a hexagonal
core and outer zones with a fine oscil-
latory zoning. Photo by G. Giuliani.
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GEOLOGY OF COLOMBIAN EMERALDS:

AN UPDATE

Geological Setting. Located in the Eastern Cordillera
Basin, the Colombian emerald deposits consist of
two belts. On the western side lie the mining dis-
tricts of Muzo, Coscuez, La Pita, Pefias Blancas, and
La Glorieta—Yacopi. On the eastern side are Chivor,
Gachald, and Macanal (figure 2). The Eastern
Cordillera is a slightly folded belt overthrusting the
Llanos Foreland Basin to the east and the Middle
Magdalena Basin to the west. The belt resulted from
the tectonic inversion at the Middle Miocene (15
Ma), during the Andean tectonic phase, of the central
part of the subsiding marine basin. The major part
of the Eastern Cordillera is formed by thick folded
and faulted Mesozoic sedimentary series. Emerald
mineralization is hosted in the Neocomian series of
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the Lower Cretaceous (135-116 Ma). The sediments
are characterized by a succession of beds of sand-
stones, limestones, black shales, and evaporites.

The deposits from the eastern belt are contained
in the Berriasian limestone-black shale horizon (135-
130 Ma) of the Guavio Formation, which is overlain
by siliceous black shales of the Valanginian Macanal
Formation (130-122 Ma). In the Chivor mining dis-
trict, the host rocks comprise the Guavio Formation
shale sequences that contain intercalations of lime-
stone lenses and gypsum beds, as suggested by phan-
tom nodules, mesh and chevron textures, and
coquina limestone grading to black shales interca-
lated with olistostromes (Branquet, 1999).

The deposits from the western belt are contained
in the black shales and intercalated dolomitic lime-
stones of Valanginian-Hauterivian age (130-116 Ma)
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corresponding to the Rosablanca and Paja Forma-
tions. The lithostratigraphic column, from bottom to
top, is formed by dolomitic limestones from the
Rosablanca Formation, calcareous carbon-rich black
shales from the Hauterivian that are the main emerald-
bearing horizon, siliceous black shales (Hauterivian),
and mudstones of the Barremian-Aptian Paja Forma-
tion (116-108 Ma).

The ages of emerald formation were obtained in-
directly by argon-argon dating of syngenetic green
muscovite. From this analysis, the first date was 65
Ma in the eastern zone, at the Cretaceous-Tertiary
boundary when the dinosaurs disappeared (Cheilletz
etal., 1997). The second date was between 38 and 32
Ma in the western zone, at the time of the Eocene-
Oligocene boundary (Cheilletz et al., 1994).

Emerald Mineralization. In the two mineralized belts,
emerald-bearing veins are spatially associated with
stratiform breccias and white or black albitites, the
latter resulting from the albitization of the black shales.
The veins are parallel, en echelon, or conjugate arrays

In Brief

e Trapiche emeralds are found in the black shales of a
few Colombian mines, in the western belt of the East-
ern Cordillera Basin. They are characterized by a tex-
ture, visible perpendicular to the crystal’s c-axis, that
usually consists of a central core, six arms, and den-
drites between the arms and around the core.

e While trapiche emeralds are formed from the same
fluid as gem-quality Colombian emeralds, their texture
results from a complex growth history characterized by
fluid pressure variations.

e The formation of trapiche emeralds is controlled by the
structural geology of the deposits and by the crystal’s
symmetry, which determines the number and the de-
velopment of growth sectors.

forming two successive stages of extensional vein
systems (Cheilletz and Giuliani, 1996). Stage 1 is ac-
companied by a bedding-parallel vein system filled
by fibrous calcite, pyrite, and green muscovite. It is
associated with the formation of décollement fault
planes that focused the hydrothermal fluids and in-
duced formation of albite and calcite in the black
shales. The sodium metasomatism led to leaching of
major (Si, Al, K, Ti, Mg), trace (Ba, Be, Cr, V), and rare-
earth elements from the enclosing black shales (Beus
and Mineev, 1972, Beus, 1979; Ottaway, 1991; Giu-
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Figure 3. Primary multiphase fluid inclusion trapped
in an emerald from EI Oriente mine in the Chivor dis-
trict. The cavity, 180 um long, contains (from right to
left) two cubes of sodium chloride (halite), a rounded
gas bubble, and two minute calcite crystals, with salt
water occupying 75 vol. % of the cavity. The cavities
usually contain only one cube of salt, but sometimes
two or three cubes crystallize during fluid cooling.
Photo by Hervé Conge.

liani et al., 1993; Mantilla Figueroa et al., 2007). Stage
2 is characterized by faulting and folding associated
with extensional vein sets and hydraulic breccias
filled with calcite and dolomite, pyrite, muscovite,
albite, bitumen, and the precipitation in drusy cavi-
ties of fluorite, apatite, parisite, dolomite, emerald,
and quartz (Hall, 1993).

The Colombian emerald deposits were previously
thought to be associated with mafic or granitic intru-
sions (Beus and Mineev, 1972; Ulloa, 1980). Detailed
geochemical studies undertaken in the 1990s led to a
hydrothermal model involving the circulation of hot
basinal brines (Kozlowski et al., 1988; Ottaway, 1991
Giuliani et al., 1991; 1992, 1995; 2000; Cheilletz et
al., 1994; Ottaway et al., 1994; Banks et al., 2000;
Mantilla Figueroa et al., 2007). The fluids trapped by
emerald are three-phase or multiphase fluid inclu-
sions (figure 3) characterized by the presence of a cube
(or occasionally two or three cubes) of halite (NaCl).
At room temperature, the fluid inclusion cavities
contain 75 vol. % salty water—in other words, a brine
(liquid H,0, 10 vol.% gas corresponding to the vapor
bubble, and 15 vol.% halite daughter mineral). The
mineralizing solutions are basinal brines that inter-
acted with evaporites. The H,0-NaCl-CO,-(Ca-K-Mg-
Fe-Li-SO,) fluids (Banks et al., 2000) are NaCl-saturated
[~40 wt.% equivalent NaCl] and were trapped at ap-
proximately 300-330°C (Roedder, 1984; Ottaway et
al., 1994). The CO, densities of fluid inclusions range
from 0.02 to 0.25 g/cm?® and indicate that emerald
crystallized under variable fluid pressure. The in-
crease of CO, pressure caused fluid overpressure in
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Figure 4. Tectonic settings
of Colombia’s western
emerald zone (modified
from Brangquet et al.,
1999a). A: Structural Io-
cation map of the emer-
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regional structures, from
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(1994). B: Lithostrati-
graphic column of the
emerald-bearing forma-
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top: lowermost Creta-
ceous rocks, Valanginian-
Hauterivian dolomitic
limestone, Hauterivian
calcareous carbon-rich
black shale, Hauterivian
siliceous black shale, and
Barremian-Aptian mud-
stones. The red dotted line
represents the décolle-
ment zone. C through E:
Emerald deposits of
Coscuez, Quipama, and
Tequendama mines
(Muzo district).

the black shales and consequent fracturing and brec-
ciation (Ottaway et al., 1994). The high-salinity brines
interacted with calcareous shales rich with black or-
ganic matter. Sulfate ions (SO,*) in minerals of evap-
oritic origin were reduced by organic matter in the
black shale to form hydrogen sulfide (H,S) and bicar-
bonate (HCO, ), which are responsible for the crystal-
lization of pyrite and carbonates, respectively, with
bitumen in the veins being derived from the organic
matter.

The thermal reduction of sulfate by organic mat-
ter, at 300°C, released the chromium, vanadium, and
beryllium in the black shale, which in turn enabled
emerald formation (Ottaway et al., 1994; Cheilletz et
al.,, 1994).

Structural Setting and Type of Mineralization. De-
tailed structural mapping and geometric analysis
suggest that structural controls on mineralization are
drastically different between the western and eastern
sides of the Colombian emerald belt (Branquet, 1999;
Branquet et al., 1999a,b). Muzo and Coscuez are char-
acterized by compressive structures formed along
tear faults (figure 4), whereas the eastern emerald de-

COLOMBIAN TRAPICHE EMERALDS

posits such as Chivor present extensional structures
branched on a brecciated evaporitic level that acted
as a local, gravity-driven detachment (Branquet et al.,
2015). These tectonic structures are synchronous
with the circulation of the hydrothermal fluids and
emerald deposition.

On the western side, the deposits measure about
100 meters across and display numerous folds,
thrusts (Pogue, 1916; Scheibe, 1926), and tear faults
(Laumonier et al., 1996). At Muzo, thrusts are evi-
denced by the presence of calcareous black shales
over siliceous black shales. All the tectonic contacts
are marked by centimeter- to meter-thick hydrother-
mal breccias called “cenicero” (ashtray) by the local
miners (Scheibe, 1926). These white or red breccias
outline the thrust planes, which are associated with
intense hydraulic fracturing due to overpressured flu-
ids (Giuliani et al., 1990; Ottaway et al., 1994; Bran-
quet et al., 1999b). The breccias are cataclasites, with
clasts of calcareous black shales and white albitite
within a carbonate-albite-pyrite cement. Multistage
brecciation corresponds to successive fault-fluid flow
pulses, and dilatant sites result from shear-fracturing
synchronous to the thrust-fault propagation. Each
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Figure 5. Geological map of the Muzo mines, with the
height of each mining site reported in bold. Modified
from Barriga Villalba (1948).

pulse is associated with (1) emerald-bearing banded
carbonate vein-like structures present throughout the
breccia; (2) emerald-bearing thrust-associated carbon-
ate veins occurring in the wall rocks formed of cal-
careous black shales, called “cama” by the local
miners; (3) emerald-bearing carbonate dykes escaping
from the breccia zone and crosscutting the wall rocks;
(4) en echelon sigmoidal tension gashes; and (5) drag
folds indicating shearing in the roof of the breccia
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zones. All these tectonic structures are associated
with fluid circulation in the calcareous carbon-rich
black shale, inducing intense albitization, carbonati-
zation, and pyritization. The siliceous black shales,
called “cambiado” by the local miners, have no min-
eralization (Oppenheim, 1948).

From a geological study in 1914-1915, Pogue
(1916) described the trapiche texture but did not pro-
vide the precise location of the source. Scheibe (1926,
1933) identified the disseminations of trapiche emer-
ald in the black shales from the Banco Amarillo.
(“Banco” refers to a mineralized level, and “amarillo”
is Spanish for yellow; here the yellowish color is due
to pyrite alteration.) The geological map of Banco de
la Republica (Barriga Villalba, 1948) indicates that
Banco Amarillo was formed by the breccia zone, al-
bitites, and the emerald-bearing veins (figure 5). The
geological map by Laumonier et al. (1996) shows that
a preserved remnant of the Banco Amarillo level (fig-
ure 6) is located under the administration building of
the Muzo mine and corresponds to a klippe of the
calcareous black shale that overthrust the siliceous
black shale. Since 1948, this emerald-bearing forma-
tion has been exploited further to the southwest up
to the Gallinazo, Zincho, and Malvinas mining
workings (compare figures 5 and 6). Furthermore, Ot-
taway (1991) reported that “more recently trapiche
have been found in the shale adjacent to larger bodies
of Cenicero.”

In the Coscuez deposit, the lithostratigraphic col-
umn is formed, from bottom to top (Branquet, 1999),
by dolomitic limestone forming the peak of El Reten,
calcareous carbon-rich black shale, and siliceous
black shale. The folds and thrusts were guided by the
Coscuez tear fault, which acted as a vertical conduit
for the mineralizing fluids developed in the calcare-
ous carbon-rich black shale (figure 4B). Breccia, formed
by opening of dilatant sites related to fluid pressures
and hydrothermal replacement, are similar to those
described for the Muzo deposit (Branquet et al.,
1999Db). Trapiche emeralds have been found at
Coscuez but have never been described by geologists.

In conclusion, the deposits on the western side
formed as the consequence of a compressive phase
characterized by folding and thrusting along tear
faults at the time of the Eocene-Oligocene boundary.
These complex structures imply the existence of a
basal regional décollement fault at a level of evapor-
ites (Branquet et al., 1999b). The fluid circulation is
linked to the thrust-fault propagation.

On the eastern side, the mines are scattered along
a regional white-brecciated level that contains emer-
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ald (Branquet, 1999; Branquet et al., 1999a, 2015). The
brecciated level in the Chivor area, more than 10 km
long and 1-10 meters thick, is stratiform (i.e., parallel
to the sedimentary strata) and largely made of hy-
drothermal breccia formed by fragments of the hang-
ing wall (carbonated black shale, limestone, and
whitish albitite), cemented by carbonates and pyrite.
Its formation is related to the dissolution of an evap-
oritic horizon. All the mineralized structures are
branched from the brecciated level. In the Chivor
mines, emerald is located in centimeter- to decime-
ter-thick carbonate- and pyrite-bearing Iistric faults,
meter-wide extensional fractures injected with hy-
drothermal breccia, and extensional sets of fractures
in the calcareous carbon-rich black shales of the
Macanal Formation. According to a member of the
family that has owned the Chivor mines for many
years, trapiche emeralds have never been found there
or anywhere else in the eastern zone of the Eastern
Cordillera (D. Oswaldo, pers. comm., 2014). Never-
theless, Nassau and Jackson (1970) claimed to have
studied a thousand trapiche emeralds from these
mines, and their article raised the question of Chivor
origin. In conclusion, the brecciated level, the hy-
drothermal fluid circulation and emerald formation
occurred at the same time, at the Cretaceous-Tertiary
boundary (~65 Ma), during an extensional tectonic
event linked to evaporite dissolution and driven by
gravity (Branquet et al., 1999a, 2015).

Therefore, trapiche emeralds are only found in the
deposits on the western side (Muzo, Coscuez, and
Penas Blancas) of the Eastern Cordillera Basin. The
trapiche emerald-bearing deposits are formed along
thrust and fault planes associated with fluid circula-
tions, intense hydraulic fracturing of the enclosing
black shales forming breccias, and carbonate veins.
Trapiche and non-trapiche emeralds are associated
with these compressive structures.

EMERALD: STRUCTURE AND HABIT

Emerald is a gem variety of beryl, a cyclosilicate with
the ideal formula Be,Al Si O . Its structure is char-
acterized by six-membered rings of silica tetrahedra
lying in planes parallel to (0001). The rings are linked
laterally and vertically by two kinds of coordination
polyhedra, both distorted: BeO, tetrahedra and AIO,
octahedra (figure 7). The stacking of these six-mem-
bered rings forms large open channels parallel to the
c-axis with nonuniform diameter, consisting of cav-
ities with a diameter around 5.1 A separated by bot-
tlenecks with a diameter of about 2.8 A. The
channels may be filled by alkali ions (such as Nat,
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Figure 7. The structure of beryl, as seen in an apical
view (A) and a lateral view (B). In the apical view,
hexagonal silicate rings stacked parallel to the c-axis
(normal to the drawing) are held together by AI** (oc-
tahedral site) and Be* (tetrahedral site). The lateral
view, which is perpendicular to the apical view,
shows the hexagonal silicate rings and the bottleneck
(2b site) and open-cage (2a site) structures. From
Charoy (1998).

Li*, K*, Rb*, and Cs*) that are needed to balance the
positive charges when cation substitutions occur in
the structure. For example, Be?* can be substituted
with Li* (Aurisicchio et al., 1988), whereas Al is
generally replaced by Fe**, (Mg, Mn?*|, Cr¥*, V¥, or
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Ti* (Groat et al., 2014). Variable amounts of neutral
H,0 and CO, molecules (Wood and Nassau, 1968)
and noble gases such as argon, helium (Damon and
Kulp, 1958), xenon, and neon (Giuliani et al., 2005)
are also normally present in the channels.

Emerald is defined by Schwarz and Schmetzer
(2002) as “the yellowish green, green or bluish green
beryl which reveals distinct chromium and/or vana-
dium absorption bands in the red and blue violet
ranges of their absorption spectra.” The quantitative
ranges of the Cr and V substitutions are between 25
ppm (Wood and Nassau, 1968) and 3.4 wt.% (Andri-
anjakavah et al., 2009) for Cr,O,, and between 34
ppm (Zwaan et al., 2012) and 2.44 wt.% (Rondeau et
al., 2008) for V,0,. Emerald crystallizes in the hexag-
onal system with cell parameters a = 9.218(2) A, ¢ =
9.197(2) A, o = B = 90°, and ¥ =120°, and its space
group is P6/mcc (Artioli et al., 1993). Its typical habit
is prismatic (figure 8), characterized by eight faces
and their corresponding growth sectors: six {1010}
first-order prismatic faces and two pinacoidal {0001}
faces. Small additional {1012} and {1122} faces may
also be present in some crystals.

TRAPICHE COLOMBIAN EMERALD: A REVIEW

Colombian trapiche emeralds were first described by
the French mineralogist Emile Bertrand (1879), in a
meeting at the Société Géologique de France, in
which he presented “curious crystals of emerald...
from Muso, New Granada.” All 40 samples displayed
a nearly colorless hexagonal center surrounded by a
green portion. The latter is described as having stri-
ations parallel to the sides of the central hexagon and
with “modifications” in the directions tangential to
the sides of the hexagon. No further information was
added about the composition or the nature of the
“modifications.” Bergt (1899) described a cut trapiche
emerald from Muzo received by the geologist Stiibel
in 1868. Similar emeralds were reported by Codazzi
(1915) in an accurate listing of Muzo’s minerals.
These emeralds were reported to have a cyclic twin-
ning, as observed in aragonite. This contradicted the
optical observations of Pogue (1916), who stated that
these emeralds were not twinned. According to
Pogue, the presence of re-entrant angles was due to
“the effect of solution, the disposition of carbona-
ceous inclusions and the crystallizing forces, as
shown also, for example, in chiastolite.” It is worth
noting that the Pogue study contained the first men-
tion of inclusions of carbonaceous matter in the
emeralds, “arranged in a six-rayed centering about a
tapering hexagonal core.”
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During a geological study of Muzo in 1914-15,
Scheibe (1926, 1933) collected several emeralds from
the Banco Amarillo in the calcareous carbon-rich
black shales of the Lower Cretaceous (again, see fig-
ure 5). These emeralds appeared very different from
those usually found in the veins, and for this reason
they were analyzed in detail by Bernauer (1933). Dif-
ferent morphologies were observed, as shown in fig-
ure 9: euhedral hexagonal prismatic emeralds (figure
9A), but also crystals with signs of corrosion along
the edges of the prism (figures 9B to 9E). The emer-
alds showed dark, fibrous inclusions between the
prismatic edges, starting from the middle of the crys-
tal and enlarging toward the prism’s corners. The in-
clusions, which seemed to be emphasized by the
corrosion, were composed of quartz, muscovite, car-
bonates, pyrite, and a dark carbonaceous matter
(probably with an organic or bituminous origin),
sometimes with biotite and kaolin. Multiphase in-
clusions with liquid, vapor, and solid phases were

o

COLOMBIAN TRAPICHE EMERALDS

also observed. The core of the emeralds had the shape
of two opposite hexagonal pyramids with their ver-
tices located in the middle of the crystal. Sometimes
these pyramids were so unevenly developed that the
core resembled a column. The core was richer in in-
clusions, some of them more darkish to black, than
the rest of the crystal. In fact, it can be surrounded
by the dark inclusions (figure 9B), entirely composed
of the dark inclusions (figure 9D), or formed by sev-
eral parallel crystals separated by dark inclusions (fig-
ure 9C). In some emeralds the inclusions can be
whitish instead of dark, due to the presence of albite
and kaolin.

Although Bernauer (1933) suggested that these
trapiche emeralds were due to cyclic twinning as in
cordierite, chrysoberyl, aragonite, or other minerals,
he emphasized that the growth rates in the different
crystallographic directions played an important role
in the incorporation of the dark inclusions and, thus,
in the formation of these emeralds. Nevertheless,

Figure 9. Different mor-
phologies of trapiche
emeralds from the
Muzo mine, described
by Bernauer (1933). A:
Euhedral hexagonal
prismatic crystals with
no sign of corrosion. B
through E: Crystals
showing different de-
grees of corrosion along
the prism’s edges.
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Barriga Villalba (1948) described the unusual trapiche
emeralds from Muzo as aragonite-type twins of sci-
entific interest but no gemological value. Studying
the mineralogical features of Muzo emeralds, Barriga
Villalba (1948) pointed out the special aspects of the
core in crystals of different sizes. The gem core was
formed by pyramidal and hexagonal cones presenting
a three-dimensional geometric shape that tapered
smoothly from the pinacoid to the vertex. These gem
cones, sometimes of high quality, were extracted
from the emerald crystal.

The 1960s saw further studies on Colombian
trapiche emerald, with the discovery in 1963 of new
material in the Penas Blancas mines (Tripp and Her-
nandez, 1970). In 1964, McKague introduced the term
“trapiche” to name the unusual Colombian emerald
whose crystal habit was similar to the cane-crushing
gears used by farmers. According to McKague,
trapiche emerald was characterized by four morpho-
logical elements:

1. A central deep green hexagonal prism tapered
toward one end and without inclusions

2. Six trapezoidal-shaped prisms extending from
the {1010} faces of the central prism and con-
taining opaque inclusions

3. A colorless fine-grained beryl occurring be-
tween and within the six trapezoidal prisms
but also in the central prism, with opaque min-
erals (probably altered in limonite) observed on
and between the beryl grains

4. An overgrowth separated from the six prisms
by scattered patches of opaque inclusions

McKague was the first to propose a genetic model
for the formation of trapiche emeralds. In this model,
the central prism formed first. A change in pressure,
temperature, and chemical composition or a combi-
nation of these parameters caused the formation of
the trapezoidal prisms. A further change in the sys-
tem led to the overgrowth’s formation. At the end, a
more drastic change occurred and the trapezoidal
prisms were partially converted into fine-grained
beryl at the intersections of the {1010} faces.

In 1967, Leiper examined unusual trapiche emer-
alds reportedly from the Chivor mine. The core and the
six arms branching from it were emerald of good qual-
ity, while the material between the arms was a whitish-
greenish beryl. This low-quality material was compared
to the fine-grained beryl described by McKague,
usually called “moralla” by the local miners.

In 1968, Schiffman analyzed trapiche crystals to
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identify them as natural or synthetic. The presence
of channels, three-phase fluid inclusions, and solids
(organic matter, possibly graphite, as well as quartz
and albite) confirmed their natural origin. Chaudhari
(1969) described the emeralds with the unusual gear-
shaped pattern as composite crystals made of two
distinct entities: a hexagonal pale green core and a
dark green overgrowth on the prism faces. Around
the core, the sectors were separated by a very fine-
grained clay-like matrix (containing abundant
quartz). Some of the sectors were irregular and
formed by stringers that grew from the core to the
faces. Small stringers of emeralds at 60° angles to
each other in the matrix were also described, but
only in the gaps between the sectors. According to
Chaudhari, the sawtooth contact between the matrix
and the sectors with the stringers indicated that sev-
eral changes occurred in the chemical and physical
conditions during trapiche growth.

Nassau and Jackson (1970) marked a real advance
in the understanding of trapiche formation after
Bernauer (1933). Nevertheless, this work raised a ques-
tionable point on the origin of trapiche material. The
authors claimed to have studied a thousand trapiche
emeralds from Chivor and only two from Muzo. Be-
tween 1963 and 1970, trapiche emeralds came only
from the Penas Blancas and Muzo mines. Leiper (1967)
had not specified the provenance of his samples, lead-
ing to a series of misunderstandings in subsequent bib-
liographic citations. But Leiper’s photos of the trapiche
emeralds resembled those presented by Tripp and Her-
nandez (1970) for the Penas Blancas mine. Samples
from Penas Blancas were given to Leiper by M. Ander-
ton, manager of the Chivor emerald mine, and this is
probably the source of the confusion over the origin
of the stones studied by Nassau and Jackson. Finally,
Sinkankas and Read (1985 clarified the provenance of
the trapiche emeralds described by Nassau and Jack-
son, asserting that they were from Penas Blancas.

Examinations of cross-sections of single crystals
have shown considerable variation in the structure
of trapiche emerald; see figure 10. Nassau and Jack-
son (1970) used the terms “core,” “arms,” and “two-
phase region.” The hexagonal core may or may not
be present (figure 10C), and it is usually of good-qual-
ity emerald, but it is possible to find samples with
one end as in figure 10B and the other as in figure
10C. The core usually has a taper, as previously
noted by Pogue (1916), Barriga Villalba (1948), and
McKague (1964). The emerald formed on the prism
faces of the core are named “arms,” because their
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Figure 10. Schematic cross-sections of different trapiche
emeralds described by Nassau and Jackson (1970).

shape is not always trapezoidal (as described in pre-
vious works). Moreover, the arms may be asymmet-
rical (figure 10F). The material observed between the
arms as well as between the core and the arms can
be white/gray or dark. The white to gray material is
formed by a mixture of emerald and albite, while the
dark material is carbonaceous, even if it contains al-
bite. Trapiche emeralds with a core completely com-
posed of this dark material have also been reported.

Nassau and Jackson (1970) rejected the hypothesis
of twinning to explain trapiche formation. They pro-
posed two mechanisms, one for the samples purport-
edly from Chivor and one for the Muzo samples. In
the “Chivor” samples, the central core formed first,
followed by beryl growth on its prism faces. Simulta-
neously, a dendritic growth of both beryl and albite
under eutectic conditions occurred at the corners of
the central core. The presence of beryl-albite can be
also related to an abrupt increase in the growth rate of
the arms. In fact, this favors the trapping of the foreign
phase (albite in this case) at the interface between the
growing “arms.” According to the authors, all Chivor
samples are grown “in the same time, in the same or
similar environments, in a relatively small region.”
To explain the formation of Muzo samples, they sug-
gested instead an abrupt decrease in the growth rate
of the arms and/or an increased concentration of car-
bonaceous material in the growth medium.

In 1971, O’'Donoghue synthesized the work of
Nassau and Jackson (1970) and remarked that the
whitish gray or dark inclusions are not randomly dis-
tributed but follow the “hexagonal axis,” i.e., the
<100> directions in the hexagonal system (a-axis).

COLOMBIAN TRAPICHE EMERALDS

Two decades later, Van der Giessen (1994) reported
several Colombian trapiches, among them a special
sample with two hexagonal cores surrounded by eight
trapezoidal sectors (figure 11). This sample seems to
be a rare case of contact twinning in trapiche emer-
alds. According to the author, the formation of the
trapiche is related to sector zoning. This peculiar ex-
ample is perhaps closer to the unusual double-
trapiche emeralds from Muzo reported by Hsu (2013),
which consist of twelve fine arms intersecting in a
central point. These samples are described as “com-
posed of two six-ray stars shifted slightly from each
other,” though one might think they are twinned.

Ohnenstetter et al. (1998) studied Colombian
trapiche emeralds from Muzo, Coscuez, and Penas
Blancas. The cores were colorless, and the trapezoidal
growth sectors were colored with vivid green over-
growths. Cathodoluminescence underlined the chem-
ical zoning due to variations of vanadium (V) and
chromium (Cr). The first published microprobe data
on trapiche emerald confirmed that the green zones
were V-rich (0.5 <V,0, < 0.79 wt.%) and relatively Cr-
poor (0.35< Cr,0, < 0.39 wt.%). The colorless hexago-
nal prism was a Cr- and V-free beryl. Scanning electron
microscope observation of sections perpendicular to
the c-axis showed streaks along the trapezoidal growth
sectors and a feathery aspect to the inclusions in the
arms of the crystals. The arms were formed mainly of
albite and beryl, with some apatite and pyrite. The au-
thors thought that trapiche emeralds resulted from a

Figure 11. Schematic cross-section of an exceptional
trapiche emerald examined by Van der Giessen
(1994). The emerald is characterized by two hexago-
nal cores surrounded by eight trapezoidal sectors.
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BOX B: CRYSTAL NUCLEATION, GROWTH, AND TEXTURE

Sunagawa (1987, 1999) proposed that crystal morphology
depends on the degree of supersaturation (also called un-
dercooling) that conditioned the driving force and ex-
plained the evolution of crystal habit by changes in
growth mechanism. Figure B-1 presents the driving force
versus the growth rate anisotropy. The driving force is
characterized by two critical points (X and Y) where the
predominant growth mechanism changes: spiral growth
for a low driving force, two-dimensional nucleation
growth (2DNG) for an intermediate driving force, and an
adhesive growth mechanism for a high driving force. The
expected morphologies change from polyhedral to hopper
or skeletal and then to fractal, spherulitic, and dendritic.

Crystals demonstrating rapid growth textures are
found in many rock types and geological environments:
pillow basalts (Bryan, 1972), granites and pegmatites
(London, 2008), magmatic olivine (Faure et al., 2003),
chiastolites and garnets in metamorphic environments
(Burton, 1986; Rice, 1993), metasomatic tourmalines
(Byerly and Palmer, 1991), and finally in trapiche emer-
alds and rubies (Sunagawa et al., 1999).

As stated by Nassau and Jackson (1970) for Colombian
emerald, trapiche starts to grow as a beryl in the core, and
then as coeval albite and beryl in the dendrites and
stringers in the arms. Based on this mineralogical evidence
with the simultaneous growth of both albite and beryl, the
growth of trapiche emerald could be interpreted as a eu-
tectic binary system (Nassau and Jackson, 1970), though
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such a system of albite and beryl has not been investigated
up to now. In the same way, Sunagawa et al. (1999) also
considered the dendritic morphology and mineral compo-
sition (corundum and carbonate) of trapiche ruby that was
formed under eutectic growth conditions.

Despite the fact that Colombian trapiche emerald is
related to basinal fluid circulation, the association of al-
bite-beryl in a H,0-NaCl +(CO,) fluid seems to be simi-
lar to paragenesis in low-temperature H,O-saturated
pegmatites. In such a magmatic system, supersaturation
is the driving force of the crystallization, and so the rate
of nucleation and growth is driven by supersaturation in
the solution. In a binary diagram of temperature and
composition, the displacement of the liquidus (the tem-
perature above which a magma is molten) may occur in
response to changes in pressure, temperature, or compo-
sition (London, 2008). A decrease in pressure such as a
drop in the H,O fluid pressure in an H,O-saturated melt
will provoke a decompression, providing the driving
force of crystallization with dendritic textures (London,
2008). In the case of Colombian emerald, the decompres-
sion phenomena by a drop of H,O (and CO, ) fluid pressure
at the tip of the faults induced a huge supersaturation that
provided the driving force to initiate crystallization of the
dendrites of trapiche emerald composed of albite and
emerald. The predominance of albite over emerald in the
dendrites indicates a great undercooling that promoted
the crystallization first of albite and then emerald.

Figure B-1. This diagram shows
the three types of crystal growth
mechanisms (Sunagawa, 1999):
spiral growth (blue curve), two-
dimensional nucleation growth
(2DNG:; red curve), and adhe-
sive growth (green curve). The
nature of the interfaces is classi-
fied as either rough or smooth.
The growth rates are deter-
mined by the state of the inter-
faces, which are classified as
either rough or smooth. The in-
creasing intensity of the driving
force is presented between the
critical points X and Y, where
nucleation occurred. A rough

> interface is expected above Y

#

Fractal

X Y

DRIVING FORCE

and smooth interface below X,
where dislocation occurred.

Sunagawa et al. (1999) compared the formation of
trapiche emeralds to trapiche rubies in light of crystal

rapid and skeletal growth, complicated by interactions
between the hydrothermal fluids and the black shales.
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growth mechanisms, presenting evidence of many
parallels (box B). Two main differences were pointed
out: the typical absence of the core in rubies, and the
dissimilar geological settings. However, the forma-
tion mechanism seems to be the same for both min-
erals: if a core is present, it is formed at first by
layer-by-layer growth under small driving force con-
ditions. When the driving force increases, a dendritic
multiphase growth occurs around the core. Then, a
decrease of the driving force leads to layer-by-layer
growth and the formation of the ruby or emerald sec-
tors. The contemporaneousness of the two last stages
is not ruled out by Sunagawa et al. (1999).

In the past decade and a half, the main features of
Colombian trapiche emeralds have been revisited in
an exhaustive work by Hochleitner (2002); Giuliani et
al. (2002) added that they are only found on the west-
ern side of the Eastern Cordillera Basin as material
“disseminated in black shales or albitized black shales
near emerald-bearing veins.” Garnier et al. (2002)
compared the geological setting of trapiche rubies
from Mong Hsu in Myanmar with that of Colombian
trapiche emeralds; the results underscored the differ-
ences in deposit type, fluid circulation, and P-T con-
ditions of formation. Hainschwang et al. (2007) and
Schmetzer et al. (2011) compared Zambian trapiche
tourmalines to Colombian trapiche emeralds. Their
studies suggested similar formation, depending on the
growth rates of different sectors of the crystals. Both
minerals contain dark carbonaceous inclusions along
the a-axis, but the main visual difference is the tour-
maline’s three-sectored core due to the trigonal system
of crystallization (space group R3m).

NEW SCIENTIFIC ADVANCES ON THE
COLOMBIAN TRAPICHE EMERALDS

Material and Methods. The twelve trapiche emeralds
examined in this study were provided in 1998 by
Omar Bustos Santana, manager of Sociedad Esmer-
alda Ltda. (figure 12; table 1). The samples came from
three Colombian mines: Coscuez (figures 12A-12C),
Penas Blancas (figure 12D), and Muzo (figures 12E~
12L). These samples were stubby and small; their di-
ameters varied from approximately 4.0 mm to 1.2 cm,
generally with lengths of a few millimeters, with the
exception of one sample approximately 1.1 cm long
(figure 12I). The habit of the trapiche emeralds could
not be well defined owing to the presence of a whitish
or dark material; nevertheless, the pinacoidal {0001}
faces and first-order prism {1010} faces were recogniz-
able in many of them. The color varied from one sam-
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ple to another, but also within different portions of
the same sample (from pale to deep green). The sam-
ples were prepared either as polished sections for elec-
tron microprobe analysis (EPMA), scanning electron
microscopy (SEM), and cathodoluminescence analy-
sis, or cut and polished on both sides to a thickness
of 150-200 um for microscopic examination. The
main source and features of the crystals, and the dif-
ferent analytic methods applied for each trapiche
emerald, are reported in table 1.

EPMA was performed at the University of Lor-
raine in Nancy’s SCMEM laboratory on a fully auto-
mated Cameca SX100. The detection limits for trace
elements in mass percentage were 715 ppm for Mn,
500 for Na and Si, 300 for Mg and Al, 110 for K, 40
for Ti, and 100 for V, Cr, and Fe. Data reduction was
performed with the PAP program (Pouchou and Pi-
choir, 1991). Chemical formulas of emerald were cal-
culated on the basis of 3 Be and 18 O apfu. BeO was
determined by stoichiometry and H,O by the equa-
tion derived from experimental data (Giuliani et al.,
1997): H,O (in wt.%) = (0.84958 x Na,O (in wt.%) +
0.8373).

Cathodoluminescence (CL) and back-scattered
electron (BSE) images were recorded at the SCMEM
laboratory using an FEG JEOL J7600F SEM with an ac-
celerating voltage of 15 kV and a beam current of 10
to 20 nA for the X-ray analysis and 2 nA for the CL
images. This SEM is equipped with a Gatan MonoCL2
system with three diodes measuring the intensity of
light in different wavelength regions, so the observed
colors correspond to those of the visible spectra. CL
images were also obtained under a Technosyn cold
CL device, where the electrons are generated by an
electric discharge between two electrodes under low
gas pressure.

Trapiche emeralds were investigated by X-ray dif-
fraction topography (XRDT) at the University of Bari,
Italy, to obtain the spatial distribution and full char-
acterization of the crystal defects in the whole sample
volume (Lang, 1959). Topographic images were taken
in transmission geometry using a conventional Lang
camera (Rigaku ME110ED) with monochromatic
MoKo, radiation (A =0.709 A) and a micro-focus X-ray
tube. To minimize the X-ray absorption according to
the Beer-Lambert law, the optimum kinematic diffrac-
tion condition ut ~ 1 (u = linear absorption coefficient;
t = crystal thickness) must be followed. Diffraction
contrast was recorded on Kodak SR photographic film.
The structural defects were characterized by applying
the extinction criteria to their diffraction contrasts, ac-
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Figure 12. The Colombian trapiche emeralds studied in this work originate from the Coscuez (A-C), Pefias Blancas
(D), and Muzo (E-L) mines. The sample sizes are reported in table 1. Shown are samples T2 (A), T3 (B), T4 (C), T5
(D), T6 (E), T7 (F), T8 (G), T9 (H), T10 (I), T11 (]), T12 (K), and T13 (L).

cording to kinematic and dynamic X-ray diffraction
theories (Authier and Zarka, 1994).

X-ray computed tomography (CT) scanning is a
non-destructive technique used in this study to reveal
3D interior details of trapiche emeralds. Images were
made with a Phoenix Nanotom S scanner, using a res-
olution of 3.4 nm/voxel and a nanofocus X-ray tube
tension value of 100 kV. Virtual cross-sections from
all axes were extracted from the volume to observe
the physical structure (e.g., inclusions and porosity)
and to detect the presence of phases with different
densities in the samples. The Nanotom scanner pro-
duces files with voxel (3D pixel) resolutions between
30.0 and 0.6 pm as a function of sample size. X-ray
computed tomography has already been used for geo-
science applications (Breeding et al., 2010; Tsuchiyama
et al., 2005; Cnudde and Boone, 2013; Jia et al., 2014)
but never previously for colored gems, because the
X-ray exposure can strongly modify their colors. Here
the technique was applied for the first time to ana-
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lyze emeralds with satisfactory results and above all
without color modification.

RESULTS

In figure 13A, two sections of a trapiche emerald, per-
pendicular and parallel to the c-axis, are illustrated
schematically: one can distinguish the central core,
the arms, the dendrites, and the overgrowth. It is
worth noting that the trapiche emeralds are more de-
veloped perpendicular to the c-axis rather than along
the c-axis. For this reason, it is rare to observe a sec-
tion parallel to the c-axis, such as the example shown
in figure 12I. Such sections are usually not available
for scientific study, as trapiches are cut as cabochons
that display their particular texture for jewelry.

The spatial relationships between the core, arms,
and dendrites are visible in three perpendicular sec-
tions obtained by X-ray computed tomography (fig-
ure 14). Each aspect of the trapiche texture is
described in detail below.
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TABLE 1. Features and properties of the 12 trapiche emeralds investigated in this study.

Locality ~Sample Geometric pattern  Diameter ~ Section Trapiche ~ Composition (wt.%) Solid Microscopy SEM EPMA XRDT CT CL
(mm) c-axis  matrix inclusions
(V,0,) (Cr,0,)
Coscuez T2  Hexagonal crystal 8 L None  ¢:0.13-0.15 0.00-0.04 Ab, Qtz, Brl, Ank, v /7 / v
with core, arms, Dol
dendrites and d:0.16-0.20 0.02-0.03
small overgrowth a:0.22-0.62 0.02-0.03

0g: 0.62-0.90 0.05-0.90

Coscuez T3  Center, arms 6 1 AbBS Ab, Dol, Brl, Cal, v v
Qtz, Fap, Fe(O,0H),
Ank, Py
Coscuez T4  Small core, arms, ~ Arm up to 1 AbBS  ¢:0.12-0.14 0.12-0.14 Ab, Cal, Brl, Tur, Rt, v o/ v
dendrites 10 mm Mca, Fap, Po, Zn,

d:0.20-0.30 0.18-0.19 Dol KIn
a:0.20-0.30 0.15-0.20

Pefias T5  Hexagonal green 4 1 AbBS  ¢:0.68-0.72 0.30-0.40 Kin, Fe(O,0H), Ab, v o/ v
Blancas core with green +clays ) Rt, Brl, Zrn, Po, Cal,
arms, dendrites d:1.17 0.68 Dol, Fap, Mca
a:0.90-1.16 0.0-0.90
Muzo T6  Center, Arm up to 1 None v v
asymmetricarms 3.5 mm
Muzo T7  Small core, arms, 10 1 None Mca, Kin, Tur, Dol, v v
small overgrowth Cal, Ank, Rt,
Fe(O,0H), Qtz, FI,
Fap, Ab, Py
Muzo T8  Hexagonal crystal 10 L Nome  ¢:0.02-0.03 0.00-0.02 Ab, Qtz, Mca, Rt, v /7 / v
with hexagonal Claysin Dol, Brl
core and deep fractures & 0.02-0.06 0.00-0.06
green overgrowth 0g: 0.62-0.64 0.31-0.72
Muzo T9  Hexagonal green 5 1 AbBS Brl, Mnz, Qtz, Pt, v v v
core and green +clays Fap, Ab, Mca, Rt,
arms Fe(O,0H), Po
Muzo T10  Bipyramidal core, 10 [ None  ¢:0.15-0.26 0.02-0.12 Ab, Kin, Fap v /
ams 2:0.15-023 0.02-0.09
Muzo Ti1  Largegreencore, 8, with 1 AbBS  ¢:059-0.75 0.49-0.62 Brl, Qiz, Rt, Ab, v / v
I ~3 | Kin, Dol, P
small arms core ~3 mm +clays d0.02-112 0.09-0.99 n, Dol, Py
a:0.91-1.09 0.73-0.89
Muzo T12  Small hexagonal 12 1 AbBS
core, arms
Muzo T13  Core, arms 5 1l Ab

¢ = core; d = dendrite; a = arm; og = overgrowth; AbBS = albitized black shale, Ab = albite; Cal = calcite; Qtz = quartz; Brl = beryl (emerald); Ank = ankerite;
Dol = dolomite; Fap = F-apatite; Py = pyrite; Fe(O,0OH) = iron oxides and hydroxides; Tur = tourmaline; Rt = rutile; Mca = muscovite; Po = pyrrhotite;
Zrn = zircon; Kin = kaolinite; Fl = fluorite; Mnz = monazite; || = section parallel to crystal’s c-axis; L = section perpendicular to crystal’s c-axis.
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Figure 13. A: Schematic diagrams of trapiche emerald
sections, perpendicular to the c-axis (top left) and par-
allel to it (top right). The sections show trapiche emer-
ald’s central core, arms, dendrites, and overgrowth
zones. B: Aspect and variations of the core, which has
a hexagonal bipyramidal shape. Its size varies as a
function of the sections perpendicular to the c-axis:
largest if the section is cut at the base of the pyramid,
smallest near the pyramid’s vertex.

Core. The central core may or may not be present in
a trapiche emerald. The core is bounded by pina-
coidal faces [0001] (see figures 12A, 12D, 12G, 12],
and 12L) and has the shape of two opposite hexago-
nal pyramids (figures 121 and 13) corresponding to
the pinacoidal growth sectors. The presence and the
size of the core depend on the position of the cross-
section along the bipyramidal shape, as illustrated
in figure 13B. If the trapiche’s growth is homoge-
neous in both positive and negative directions of the
c-axis, the two hexagonal pyramids will develop
similarly. If the growth is inhomogeneous (due to
limited space in the growth medium, for example),
one pyramid will be more developed than the other,
as in figure 121. Moreover, in the sections perpendi-
cular to the c-axis, the core is largest if the section
is cut at the base of the pyramid, and smallest near
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Figure 14. X-ray computed tomography images show-
ing the spatial relationships between the core, arms,
and dendprites in a trapiche emerald from Muzo.

the pyramid’s vertex (figure 13B). This is confirmed
by X-ray computed tomography: Figure 15A shows
that the size of the core decreases from the top to the

Figure 15. X-ray computed tomography images of a
trapiche emerald from Muzo. A: The size of the core
decreases from the top toward the bottom of the crys-
tal. B: The dendrites around the core develop laterally
and penetrate into the arms. C: The spatial distribu-
tion and morphology of solid inclusions in the sam-
ple. D: The elevated porosity (in blue) of the whole
sample in a section perpendicular to the c-axis.

FaLL 2015
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bottom of the trapiche. When a section is cut be-
tween the vertices of two opposite pyramids, the core
is absent and the arms and dendrites intersect in a
central point, as in figures 12B, 12E, 16C, and 16D.
This explains why some trapiche samples show a
hexagonal core on one end (figure 16A) but no core
on the other end (figure 16B). The color of the core
can vary from very light to deep green, reflecting dif-
ferent quantities of the chromophores V3 and Cr?*
(see the “Trace-Element Analysis” section below).
The core is surrounded by dendrites that can also
replace it completely or partially, as described by
Bernauer (1933). The replacement gives the core a dark
aspect, as shown in figure 16E. The dendrites around
the core develop laterally and penetrate into the arms,

COLOMBIAN TRAPICHE EMERALDS

Figure 16. Core images
of several trapiche
emeralds. Samples
showing the upper part
of the cabochon cut
with the hexagonal
core (A), and with only
a central point (B); opti-
cal (C) and SEM (D)
images of a sample
with no core, the den-
drites and arms cross-
ing in the central point;
an example of a hexag-
onal dark core (E); signs
of fracturing and disso-
lution in a core, attest-
ing to a complex
growth history (F).

as demonstrated by the density contrast in the tomo-
graphic images (figures 14 and 15B).

Optical observations of the sections perpendicular
to the c-axis under cross-polarized light confirm that
the core cannot be completely extinct, but a kind of
wavy extinction, as in quartz, is made visible by
turning the stage of the microscope. It follows that
the core may be plastically deformed during or after
its formation. This particular optical feature was
mentioned by Bernauer (1933), who wrote of “listas
onduladas,” and Chaudhari (1969), who described “a
sort of grating structure” in the core.

Signs of dissolution are observed in the core of
two samples. For example, figures 17A and 17B
show that the core’s edges are not straight, due to
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Figure 17. A: An SEM image of the spatial relationship between the core, dendrites, and arms in the sample from
figure 12C. The inset shows the whole sample, along with the Iocations of images A and B. The wavy contact be-
tween the core and the dendrites indicates a previous dissolution of the core by the fluids. The dendrites are
formed mainly by calcite and albite sometimes associated with beryl. B: A microscopic image of the dendrites and
the arms of emerald (Brl), which formed simultaneously, though the arms were affected by dissolution and frac-
turing (see the aspect of the core and arms). The microscopic image shows that the fracture crosscutting the arm is
filled by calcite (Cal) and + albite associated with tiny beryl crystals (around ten microns).

etching, and are partially covered by the arms. In
figure 16F, dissolution also occurred during the
core’s complex growth history. During its forma-
tion, the core underwent a deformational event
marked by two main fractures coeval with the den-
drites’ development. The fractures are filled by the
same minerals found in the dendrites: albite, pyrite,
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quartz, carbonates, fluorite, and phyllosilicates.
Some of the fractures are filled by fluid inclusions,
indicating fluid circulation and consequent dissolu-
tion of the edges and corners of the core. The effects
of dissolution are marked by the modification of the
core’s shape from hexagonal to oval, and by the ir-
regular etched borders. During a second stage, core

Figure 18. Optical im-
ages of growth arms in
trapiche emeralds. A
and B: The arms are
characterized by bun-
dles of straight disloca-
tions perpendicular to
the {1010} faces. C: Di-
rection of propagation of
the dislocations in two
adjacent growth sectors.
Along these dislocation
zones and at the contact
of the dendrites, the
crystals trap solids and
cavities of fluid inclu-
sions. D: Primary fluid
inclusion trails are par-
allel to the dislocations.
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growth resumed and the pseudo-hexagonal shape
was restored.

Rare multiphase fluid inclusions are observed in
the core. They are similar to those found in the arms,
indicating that the fluid composition was the same.
However, multiphase fluid inclusions in the core are
pseudo-secondary because they are often associated
with fracturing.

Armes. Six arms with nearly identical size surround
the core. They appear elongated in the (110) directions
and are bounded by the {1010} faces. Sometimes a few
arms are larger than others (figures 12E and 12F), mak-
ing the trapiche asymmetric.

The color of the arms, like that of the core, can
vary from pale (figures 12E and 12F) to intense
green (figures 12D, 12H, 12K, and 12L) as a function
of chemical composition (see “Trace-Element
Analysis”).

COLOMBIAN TRAPICHE EMERALDS

Figure 19. These multiphase
fluid inclusions trapped in
the arms of trapiche emer-
alds contain liquid (L) and
vapor (V) phases as well as
solid-phase daughter miner-
als (H = halite, Cb = carbon-
ates, Syl = sylvite). A: This
primary multiphase inclu-
sion exhibits stretching and
necking-down phenomena.
B: Alignment of multiphase
fluid inclusions along the
dislocation plane of the
arm. C: A multiphase fluid
inclusion trapped at the end
of a dendrite (on the right)
and parallel to the disloca-
tions. D: A large cube of
halite in a fluid inclusion
cavity formed at the edge of
the dendrites. E: Trails of
multiphase fluid inclusions
affected by necking-down.
Re-equilibration of the cavi-
ties occurred during cooling,
and some of the primary
fluid inclusions became
monophase (L or V) or
biphase (V + L or L + H) cav-
ities. F: Typical primary
multiphase fluid inclusion
in trapiche emerald, similar
to those trapped by non-
trapiche emerald.

20 pm

In each arm, bundles of straight dislocations de-
velop perpendicular to the {1010} faces (figures 18A
and 18B). This indicates that they formed during the
growth, in the direction of minimum elastic energy
(Authier and Zarka, 1994). The direction of propaga-
tion of the dislocations in two adjacent growth sectors
can be observed in figure 18C. Only in the trapiche of
figure 12E do the dislocations appear slightly curved
on the border of the largest arm. This is probably due
to a change in the direction of minimum energy dur-
ing the “anomalous” growth of this arm.

Solid and multiphase fluid inclusions are found in
the arms. They are parallel to the dislocations (figures
18D, 19B, and 19E) and all located in proximity to the
dendrites. The solid inclusions are similar to those
found in the dendrites (see “Dendrites” below). The
fluid inclusion cavities follow the extension of the
dendrites in the arms. They are multiphase fluid in-
clusions containing daughter minerals, mainly halite
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but also carbonates and sylvite, liquid and vapor
phases (figures 19A, 19C, and 19F). They belong to the
H,0-NaCl + (CO,) system already characterized for
Colombian emerald-bearing veins (Roedder, 1963;
Touray and Poirot, 1968; Kozlowski et al., 1988; Ott-
away, 1991; Giuliani et al., 1991; Cheilletz et al.,
1994). Sometimes, the multiphase fluid inclusions can
be concentrated in certain portions of the arms, form-
ing trails (figure 19E).

Evidence of heterogeneous trapping is observed in
some multiphase fluid inclusions at the contact be-
tween dendrites and arms. This trapping is character-
ized by the presence of a large cubic crystal of halite
(figure 19D) occupying more than 15 vol. % of the cav-
ity and up to 70 vol.% (see “Emerald Mineralization”
above).

Monophase fluid inclusions with highly irregular
dendritic morphologies (figures 20C and 20D) are pres-
ent in the arms. They do not contain solid or vapor
phases. Similar inclusions were described in quartz
crystals by Invernizzi et al. (1998) and interpreted as
earlier-formed inclusions re-equilibrated at conditions
of high internal underpressure. The dendritic mor-
phology “results from the closure of the original in-
clusion void and preservation of fluid in long dendritic
dissolution channels” (Invernizzi et al., 1998).

The arms contain elongated voids perpendicular
to the growth front and thus parallel to the disloca-
tions (figures 20A and 20B). Figure 20A shows that
the formation of the elongated voids is related to the
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Figure 20. Elongated
voids observed in the
arms, perpendicular to
the growth front and par-
allel to the dislocations.
A: An elongated fluid in-
clusion cavity that
formed parallel to the dis-
location plane and after
subsequent trapping of a
solid inclusion (the black
solid on the upper part of
-~ the cavity). B: Trails of
" voids parallel to the dislo-
cation planes. C: Mono-
phase fluid inclusions
with highly irregular den-
dritic morphologies in the
arms. D: Flat monophase
fluid inclusions that de-
veloped along the disloca-
tion planes.

-~

presence of solid inclusions. The voids resemble those
described in Colombian emerald-bearing veins
(Touray and Poirot, 1968) and in trapiche tourmaline
(Schmetzer et al., 2011). Nevertheless, these voids
may also have formed by dissolution along disloca-
tion bundles if the supersaturation decreased after
crystal growth (Scandale and Zarka, 1982; Authier
and Zarka, 1994).

The arms are sometimes affected by fractures,
filled by albite and small euhedral beryl crystals (fig-
ure 17B), that are synchronous with the arms’ forma-
tion. The growth of the arms is not perturbed,
because there is no discontinuity between the albite
in the fractures and the albite in the dendrites on
both sides of the arms.

In some emeralds, the arms have a fibrous texture
like that of beryl in the dendrites (figure 21A), but in
others they are not fibrous and appear similar to the
core. Their different textures can reveal important
information about the growth rates of the arms.

Dendrites. In trapiche emeralds, dendrites surround
the core (figures 21B and 21F) and develop along the
a-axis from the corners toward the outer edge with a
herringbone texture (figure 21C). In particular, the
dendrites may be larger near the edge, where they as-
sume a characteristic fan shape (figures 21B and 21E).
In some samples, the herringbone texture is not de-
veloped and the fan shape starts directly on the cor-
ners of the core. In this case, the dendrites are larger
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and contain stringers of emerald intersecting at 60°
angles (figure 21A), as described by Chaudhari (1969).
The dendrites may be present even in the arms (fig-
ures 12D and 12F) and parallel to the extension of the
arms (figure 21D).

The dendrites are developed on albitized and calci-
tized black shales (figures 22.A, 22B, 22D, and 22E), and
sometimes rounded remnants of albitite are included
in the calcite-bearing dendrites (figure 22C). In addition,
variable quantities of organic matter are found in the

COLOMBIAN TRAPICHE EMERALDS

Figure 21. A: An SEM
image of dendrites con-
taining stringers of
beryl intersecting at 60°
angles. B: The dendrites
are enlarged near the
edge of the crystal,
where they assume a
characteristic chevron
shape (see also images
C-E). C: An SEM image
of the typical herring-
bone texture of den-
drites. The crystal
formed on an albitized
black shale matrix (on
the left side of the
image). D: This SEM
image shows the pres-
ence of dendrites in the
arms. E: Aspect of the
dendrites from the core
to the edge of the emer-
ald crystal in a special
section where the core
is represented by a cen-
tral point. The arms in-
clude albitized black
shale (right side of the
image), part of the ma-
trix that supports the
emerald. F: An SEM
image of dendrites sur-
rounding the core.

500 p

200 pm

albitites as well as in the dendrites (figure 22D), explain-
ing why they often appear dark (figures 12B, 12C, and
12K). The X-ray computed 3D tomography image (fig-
ure 15D) of the trapiche emerald from figure 12H per-
mitted the calculation of the dendrites’ volume. The
sample’s total volume is 64.75 mm?, of which 18% is
occupied by the dendrites and 81% by the core and the
arms, with the remaining 1% representing the porosity.

The dendrites contain mainly the albite and
emerald assemblage, which explains why the den-
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drite zones were also called “two-phase regions” by
Nassau and Jackson (1970). The high quantity of al-
bite (with or without calcite) makes the dendrites
whitish, as shown in figures 12D and 12J. Quartz and
dolomite complete the main paragenesis (figures 23A
and 23B). Other solid inclusions characteristic of
Colombian emeralds are found in minor amounts
(figure 23C): rutile, carbonates (dolomite, ankerite,
siderite), muscovite, fluorapatite, pyrite, pyrrhotite,
zircon, fluorite, tourmaline, and minerals containing
rare-earth elements such as monazite and parisite.
Muscovite and rutile are V-bearing, and tourmaline
usually shows complex zoning (figure 23D). The
pyrrhotite forms framboidal polycrystalline aggre-
gates typical of sedimentary sulfides.

Secondary alteration can affect the dendrites. The
formation of clay minerals (mostly kaolin) and iron
oxides/hydroxides modifies their original dark/whitish
color to a brownish one (figures 12H and 12L). The
typical evidence of alteration is the pseudomorphic
replacement of framboidal sulfides by iron oxides/
hydroxides. The alteration is favored by the elevated
porosity of the dendrites, which is visible in the tomo-
graphic images of figure 15D.
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Figure 22. A: Microscopic
image of dendrites formed
on albitized (+ calcitized)
black shales (BS). The
chevron-like habits charac-
teristic of trapiche contain
albite (Ab), emerald (Brl),
and calcite (Cal). B: SEM
image of the albitized black
shale with albite, zircon
(Zrn), calcite, pyrite (Py),
and pyrrhotite (Po). C: SEM
image of sample T4 showing
the arm formed by emerald
with dendrites on both
sides. The dendrites are
formed by calcite + albite
and emerald. The arm and
the dendrites formed on al-
bitite (Abt), a rounded rem-
nant of which is included in
the dendrite on the left side.
D: SEM image of the albitite
containing zircon, emerald,
pyrrhotite with framboidal
polycrystalline aggregates,
rutile (Rt), and organic mat-
ter (Om). E: Morphology
and size of albite crystals
from the albitite, showing
the rock’s high porosity.

dendrite

Overgrowth. Overgrowth is not always present in
trapiche emeralds. Its color is different from that of
the adjacent arms, and it can be paler (figure 12F) or
darker (figures 12A and 12G). The color difference in-
dicates variations of V,0, and Cr,O, contents in the
growth medium during the formation of the over-
growth (see “Trace-Element Analysis”). If many
chemical changes occurred, the overgrowth becomes
zoned, as in the trapiche shown in figure 12G. The
contact between the overgrowth and the arms is
often marked by the presence of inclusions.

X-ray Diffraction Topography. Even though X-ray dif-
fraction topography is particularly suitable to inves-
tigate the strain associated with extended defects and
to reconstruct the growth history of minerals (Agrosi
et al., 2006; Agrosi et al., 2013), it has not been used
until now to study trapiche emerald. This is probably
because the technique requires the cutting of thin
slices to minimize X-ray absorption, a drawback
given the rarity of trapiche material. X-ray topo-
graphic images of trapiche emeralds are shown in fig-
ure 24. The samples’ limited thickness kept us from
preparing slices with different orientations, and only
slices perpendicular to the c-axis were cut.

Gems & GEMOLOGY FALL 2015



e [ Cavity.

Topographic images taken with diffraction vec-
tors g of type hki0 show a strong diffraction contrast
for the arms, while the core is almost invisible (fig-
ures 24A and 24C). In all arms, the presence of bun-
dles of dislocations running perpendicular to the
prismatic growth fronts is confirmed by the topo-
graphic images (figure 24). It was impossible to char-
acterize these dislocations, because the orientation
of the slices did not permit us to obtain topographic
images with reflections suitable to determine the
Burgers vectors applying the extinction criterion.
The extinction criterion can be explained only refer-
ring to the diffraction contrast origin. The contrasts
observed in the topographic images are due to the
different intensities of diffraction between regions
characterized by strain fields associated to the de-
fects (kinematical effects) and almost perfect regions
(dynamical effects). The diffraction contrasts can be
extinct if the scalar product between the diffraction
vector g and the vector representative of the strain
field associated to the defect is equal to zero. In the
case of dislocations, the extinction criterion is based
on the scalar product g x b = 0, where b represents
the Burgers vector. It follows that the dislocations
are out of contrast when g is perpendicular to b.

COLOMBIAN TRAPICHE EMERALDS

Figure 23. SEM images of in-
clusions found in dendrites
at the contact with trapiche
emerald arms. A: Aspect of
the cavities filled by solids
in the dendrites. The assem-
blages are formed by rutile
(Rt) + quartz (Qtz), and
quartz + emerald (Brl) +
muscovite (Mca). B: Other
mineral assemblages
formed by dolomite (Dol) +
albite (Al) + quartz + mus-
covite (Mca). C: Aspect of a
dendrite cavity filled by al-
bite, calcite (Cal), ankerite
(Ank), muscovite, quartz,
pyrrhotite (Po), fluorapatite
(Fap), and rutile. The differ-
ent solids are coeval, and
the limits of some minerals
show the presence of small
fluid inclusion cavities, in-
dicating that a fluid was
bathing the whole cavity
during dendrite formation.
D: An SEM image of a tour-
maline (Tur) crystal in-
cluded in calcite.

No diffraction contrast corresponding to the
growth sector boundaries can be seen in the topo-
graphic images. Thus, the boundaries between the
adjacent arms can be recognized only by means of
the lack of contrast corresponding to the dendrites or
by the directions of propagation of the dislocations
in each arm (for example figures 24E, 24F, and 18C).
This indicates that in trapiche emeralds there is a
good interconnection between the different arms.

Topographic images taken with diffraction vectors
inclined with respect to the c-axis (e.g., g = 1231) show
that the hexagonal core is also visible (figures 24B and
24D). The fact that both core and arms are visible in
these topographic images indicates crystalline continu-
ity between them, despite the presence of the dendrites.

The presence of dislocations in the core cannot be
excluded, because the diffraction contrast observed
(figure 24B) is not solely due to the fractures (slightly
visible in figures 24A and 24C). It is worth noting that
the contrast of these dislocations is always extinct on
the topographic images with g = hki0. On the basis of
the extinction criterion, the b vector should thus be
parallel to the c-axis, and one may suppose that the
dislocations in the core are of screw type. This could
be verified by a topographic study of the sections par-
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Figure 24. A to D: MoKQ,
X-ray topographic im-
ages of the trapiche
emerald from figure 12G,
taken with the diffrac-
tion vectors g = 1010 (A),
g=1231(B), g=0110(C)
and g=1321(D). Eto F:
X-ray topographic im-
ages of the trapiche
emerald from figure 13E,
taken with the diffrac-
tion vectors g =1010 (E)
and g = 3121 (E).

allel to the c-axis, but unfortunately it was not possi-
ble to cut sections parallel and perpendicular to the
c-axis from the same sample. For this reason, the pres-
ence of screw dislocations has not been confirmed.

Cathodoluminescence. CL images of the trapiche
emerald samples exhibited several distinct features.
The cold CL images obtained on the Penas Blancas
crystal (see figure 12D) show a crimson color due to
the presence of Cr** and V3 ions acting as the main
CL activators (figure 25C). The cold CL image of the
Mugzo crystal (figure 25D) illustrates the color homo-
geneity of the core and the different textural and
color aspect of the arms. These fibrous dendrites
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show variations in the reddish hue. Cold CL images
obtained on the Coscuez crystal indicate that the
core and arms have the same CL colors, but the den-
drites formed by a fine intergrowth of albite, calcite,
and emerald (figure 25D) have different CL colors for
each: orange, yellow, and dark crimson for albite, cal-
cite, and emerald, respectively. These CL colors
could be explained by the presence of Mn in calcite
(Ohnenstetter et al., 1998) and of Fe substituting Al
in albite (Geake and Walker, 1975; White et al., 1986;
Gotze et al., 2000).

Trace-Element Analysis. Six sections of trapiche
emerald from Coscuez, Penas Blancas, and Muzo
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TABLE 2. Representative chemical composition of trapiche emeralds from Coscuez, Muzo, and Pefas Blancas,

obtained by electron microprobe analysis.

Coscuez Muzo Penas Blancas
Oxides (Wt.%)  T4-6 T4-1 T4-14  T11-1 T11-32 T11-23 | T8-2 T8-11 T8-4 T8-13 T5-1 T5-10  T5-11
a d c a d C og og a C a d C
SiO, 66.28 65.16 66.81 65.22 66.52 65.87 | 65.97  66.90 65.57 66.17 65.55 66.26  65.25
AlLO, 17.26 17.27 17.61 15.19 17.18 16.77 16.62  17.69 17.56 17.80 16.28 15.22 15.77
Cr,0, 0.17 0.18 0.12 0.80 0.95 0.62 0.29 0.72 0.05 0.02 0.90 0.68 0.30
Fe,O, 0.20 0.12 0.08 0.37 0.08 0.12 0.07 0.04 0.03 0.03 0.19 0.56 0.16
V,0, 0.27 0.27 0.14 1.08 0.82 0.67 0.64 0.30 0.05 0.03 0.87 1.17 0.68
BeO calc.? 13.79 13.56 13.90 13.57 13.84 13.71 13.73  13.92 13.64 13.77 13.64 13.79  13.58
MgO 0.58 0.53 0.55 1.28 0.33 0.65 0.99 0.29 0.73 0.69 0.71 1.40 1.47
Na,O 0.56 0.50 0.45 0.98 0.27 0.49 0.97 0.25 0.45 0.43 0.61 0.59 0.76
H,O calc.’ 1.31 1.26 1.22 1.67 1.07 1.31 1.66 1.04 1.22 1.20 1.35 1.34 1.48
Total 100.42 98.85 100.88 100.16 101.06 100.21 |100.94 101.15 99.30 100.14 |100.10 101.01 99.45
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 1.841 1.874 1.864 1.647 1.826 1.800 1.782 1.870 1.894 1.902 1.756 1.624 1.709
Cr 0.012 0.013 0.009 0.058 0.068 0.045 0.021 0.051 0.004  0.001 0.065 0.049 0.022
Fe’* 0.014 0.008 0.005 0.026 0.005 0.008 0.005 0.003 0.002 0.002 0.013 0.038 0.007
V3 0.020 0.020  0.010 0.080 0.059 0.049 0.047 0.022 0.004  0.002 0.064  0.085 0.050
Be?*P 3.000 3.000  3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Mg 0.078 0.073 0.074 0.176 0.044 0.088 0.134 0.039 0.100 0.093 0.097  0.092 0.041
Na 0.098 0.089 0.078 0.175 0.047 0.087 0.171 0.043 0.080 0.076 0.108 0.104 0.135
Total 11.063 11.078 11.040 11.161 11.050 11.077 | 11.159 11.027 11.083 11.077 | 11.103 11.089 11.125
V/Cr 1.58 1.49 1.16 1.34 0.86 1.07 2.19 0.41 0.99 1.49 0.96 1.71 2.25

2 Amount of Be inferred from stoichiometry zones of the trapiche emerald: a = arm; d = dendrite; ¢ = core; og = overgrowth.
b Calculated following the equation H,O = (0.84958)(Na,O) + 0.8373 (Giuliani et al., 1997).

were analyzed by EPMA and with elemental compo-
sitional EDX maps in order to evaluate chemical
composition, zoning, and color variations in the core,
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dendrites, arms, and overgrowths (tables 1-3). Over-
all, the emeralds contained relatively low concentra-
tions of Fe,O,, from 200 to 5700 ppm. The Na,O

Figure 25. A and B: SEM and
CL images of a Muzo sam-
ple show that under CL, the
core is homogenous and ap-
pears crimson-colored due
to the presence of Cr* and
V3 ions acting as the main
CL activators. The arms, on
the other hand, are fibrous
and show variations in the
reddish hue. C: The cold CL
image of a Penias Blancas
sample shows the homo-
geneity of its red color due
to the presence of the V and
Cr chromophores. D: The
cold CL image of a Coscuez
sample reveals different CL
colors: orange for albite, yel-
low for calcite, and dark
crimson for emerald.
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TABLE 3. Representative chemical composition of trapiche emeralds from Coscuez and Muzo?, obtained by

electron microprobe analysis.

Coscuez Muzo
Oxides Wt.%) T11-25 T11-20 T11-33 T11-28 T11-1  T11-4 | T10-1 T108 T10-12 T10-7 T10-5 T10-3 T10-16
C c d d a a center cS cN as as as aN

SiO, 66.36 65.37 66.07 65.59 65.22 65.34 66.50 65.50 66.21 66.38 66.57 65.71 66.29
AIZO3 16.49 16.15 15.87 16.32 15.19 16.15 18.20 16.20 17.26 17.68 17.37 17.41 17.93
Cr,0, 0.60 0.49 0.87 0.63 0.80 0.73 0.09 0.12 0.05 0.05 0.11 0.03 0.03
Fe,O, 0.10 0.11 0.19 0.09 0.37 0.21 0.08 0.51 0.10 0.13 0.23 0.26 0.20
V,0, 0.72 0.59 0.89 0.58 1.08 0.87 0.15 0.26 0.13 0.20 0.21 0.21 0.20
BeO calc. 13.81 13.60 13.75 13.65 13.57 13.60 13.84 13.92 13.78 13.81 13.85 13.67 13.79
MgO 0.75 0.98 1.21 0.67 1.28 0.86 0.67 1.48 0.90 0.57 0.87 0.82 0.67
Na,O 0.66 0.78 0.86 0.55 0.98 0.64 0.56 1.13 0.63 0.39 0.69 0.67 0.56
H,0 calc.c 1.39 1.49 1.56 1.30 1.67 1.38 1.31 1.79 1.87 1.10 1.42 1.40 1.31
Total 100.88 99.56 101.27 99.38 100.16 99.78 [101.40 100.91 100.93 100.31 101.32 100.18 100.98
Si 6.000  6.000 6.000  6.000 6.000 6.000 | 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 1.757 1.747 1.699 1.760 1.647 1.748 1.935 1.749 1.843 1.883 1.845 1.874 1.913
Cr 0.043 0.036 0.062 0.046 0.058 0.053 0.006 0.009 0.004 0.004 0.008 0.002 0.014
Fe’+ 0.007 0.008 0.013 0.006 0.026 0.015 0.005 0.035 0.007 0.009 0.016 0.018 0.014
A% 0.052 0.043 0.065 0.043 0.080 0.064 0.011 0.019 0.009 0.014 0.015 0.015 0.015
Be** b 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Mg 0.101 0.134 0.164 0.091 0.176 0.118 0.090 0.202 0.122 0.077 0.117 0.112 0.090
Na 0.116 0.139 0.151 0.098 0.175 0.114 0.098 0.201 0.111 0.068 0.121 0.119 0.098
Total 11.076 11.107 11.154 11.043 11.161 11.111 |11.146 11.215 11.096 11.056 11.121 11.139 11.144
V/Cr 1.19 1.20 1.02 0.91 1.34 1.18 1.66 2.15 2.58 3.97 1.90 6.95 6.62

2 Analyses on Coscuez samples were performed on a section perpendicular to the c-axis. Analyses on Muzo samples were conducted on a section

parallel to the c-axis.

b Amount of Be inferred from stoichiometry zones: a = arm; ¢ = core; d = dendrite; S = southern part of the crystal; N = northern part of the crystal.
¢ Calculated following the equation H,O = (0.84958)(Na,O) + 0.8373 (Giuliani et al., 1997).

concentrations were between 1400 and 15,500 ppm,
which corresponds to a calculated H,O in the chan-
nels between 0.95 and 2.15 wt. %, following the equa-
tion proposed by Giuliani et al. (1997). In terms of
chromophores, V was the main element; the highest
concentrations in V,0, and Cr,0, were 11,700 and
9,700 ppm, respectively. The V/Cr ratio was between
0.42 and 6.9 (tables 2 and 3). Some of the emeralds
were Cr-free, with V,0, content up to 1.17 wt.%
(sample in figure 12D; table 2). The Mg contents were
between 2,300 and 14,800 ppm.

Chemical compositional EDX maps of trapiche
from Muzo (sample T8 in figure 12G) were obtained
on a section perpendicular to the c-axis (figure 26A).
This sample contained a colorless to very light green
core rimmed by dendrites and six colorless arms (fig-
ure 12G). The arms were rimmed by deep green over-
growth zones. All the chemical elements of emerald
were distributed homogenously in the EDX-map of
the core and arms. The dendrites were characterized
by Na anomalies that correspond to minute crystals
of albite formed during their growth. The overgrowth
zones were richer in Mg and Na, with important Cr
and V anomalies, than the core and arms. The con-
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tact zone between the arm and the overgrowth was
sharp and distinguished by a Cr-rich zone (figure
26F). The Al anomalies detected at the border and
within the fractures of the crystal were due to
argillites that formed during a late meteoric water
stage.

The distribution of the different chemical ele-
ments in the various maps were coupled to the chem-
ical distribution of Cr and V (in wt.%). EPMA
analyses presented in table 2 show that the arms were
richer in Cr and V than the core. The contact zone be-
tween the arms and the overgrowth was sharp and in-
dicated by a Cr-rich zone in the EDX image (figure
26F). The Cr,0, and V, 0O, contents calculated by EDX
reached 0.72 and 0.64 wt.%, respectively.

Sample T10 is a section parallel to the c-axis of a
V-rich greenish trapiche emerald from Muzo (figure
27A). The chemical composition of the center, the
core, and the rims are reported in table 3. The spatial
distribution of V and Cr in the longitudinal section
showed a positive correlation between these two el-
ements for the center and the core (figure 27B). The
arms from both sides of the crystal had a restricted
V,0, range (table 3).
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DISCUSSION

The formation of trapiche emerald was approached
by a combination of previous and new experimental
data on the trapiche texture with the constraints of
tectonics and basinal fluid circulation in a sequence
of black shales of the western emerald zone in
Colombia’s Fastern Cordillera.

Growth History. While many hypotheses have been
proposed, how and why trapiche emeralds formed
will be elucidated on the basis of new experimental
data presented in this work. These data further con-
firm that trapiche emeralds are neither composite
(Chaudhari, 1969) nor twinned crystals (Codazzi,
1915; Bernauer, 1933). The possibility that trapiche
emeralds are made of three intersecting crystals elon-
gated in the <110> directions and that the spaces be-

COLOMBIAN TRAPICHE EMERALDS

Figure 26. A: An SEM view
of sample T8 from Muzo
(shown in figure 12G). B-F:
EDX elemental maps show
the distribution of sodium
(B), magnesium (C), alu-
minum (D), vanadium (E),
and chromium (F). Brighter
color corresponds to a
higher concentration of the
element being imaged.
Image B shows a very high
concentration of Na in the
dendrites where albite is
present. Image C shows a
slight increase of Mg in the
overgrowth zone. Image D
shows important concen-
trations of Al in the frac-
tures filled by clay
minerals during late mete-
oric fluid circulation. Im-
ages E and F show that
there is no chemical differ-
ence in the distribution of
V and Cr between the core
and the arms: Both areas
are very poor in chro-
mophores (Cr and V <600
ppm), although the over-
growth zone is very rich in
V and Cr: This area has the
“green grass” color of Muzo
emeralds. The emerald
zone in contact with the
arms is Cr-rich (up to 7200
ppm), while the outer zone
is V-rich (up to 6400 ppm).

tween them are filled by dendrite material is ex-
cluded by the presence of the dendrites around the
core (see, for example, figures 14 and 15). Moreover,
X-ray topographic images show crystalline continu-
ity between the arms and the core, indicating they
are not several crystals but portions of the same
emerald. The trapiche emerald is thus a unique crys-
tal formation, as already stated by Nassau and Jack-
son (1970). Furthermore, the presence of multiphase
fluid inclusions in the trapiche emeralds similar to
those observed in non-trapiche Colombian emeralds
suggests that they formed from the same fluid in the
system, H,O-NaCl = (CO,).

The chemical composition of the interstitial fluid,
the temperature (approximately 300-330°C), and the
bulk composition of the rocks (i.e., albitized black
shales) are the same for trapiche emerald and emerald-
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Figure 27. Variation of
vanadium (V,0,) and
chromium (Cr,O,) con-
tents (in wt. %) in the
trapiche emerald from
Muzo presenting a sec-
tion parallel to the c-
axis (see table 3). A:
The different points of
analyses are reported
from 1 to 16 in the core
(pts. 1, 8-10, 11-18, and
15) and the two arms
(pts. 2-7, 14, and 16). B:

[ T10a south
[l T10a north
/\T10c south
AT1 Oc north
| 770 center

Hg

V,0, (Wt.%)

bearing veins. The difference in the texture between
these two is due to extreme variation of pressure in
the history of their formation. That trapiche formed
before regular emerald is evidenced by field observa-
tion. Trapiche emerald developed on albitized black
shale that is crosscut by regular-emerald-bearing veins
and tension gashes. Some of the trapiche have an over-
growth zone that undoubtedly grew during the for-
mation of non-trapiche emerald. The tectonic
decompression increased the degree of supersatura-
tion, allowing the formation of trapiche emeralds,
whereas emerald overgrowths occurred at a lower de-
gree of supersaturation, until finally, at equilibrium
conditions, euhedral non-trapiche emerald grew in the
veins.

The trapiche emeralds started growing at the be-
ginning of the local decompression. The hydrother-
mal fluid came in contact with the albitized black
shale matrix, favoring the formation of seed crystals
of emerald. During the growth of these seeds, tex-
tural sector zoning—i.e., the accumulation of inclu-
sions derived from the matrix along the interfaces of
growth sectors (Andersen, 1984)—took place. This is
proved by the presence of dendrites all around the
core (pinacoidal growth sectors) and between the
arms (prismatic growth sectors).

Textural zoning can also occur with chemical sec-
tor zoning, in which the growth sectors have differ-
ent chemical compositions. In both cases, the growth
sectors can be easily recognized. They are separated
by inclusions in textural sector zoning, and by com-
position and color differences in chemical zoning.
This is the case with some trapiche samples analyzed
in this study showing different concentrations of V
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Variation of the V,0,

and Cr,O, contents in
the core and the arms
of the sample.

T 1
0.20 0.24 0.28

and Cr in the core and the arms (tables 2 and 3). Dif-
ferent amounts of chromophore elements can result
in different colors of various sectors, as in sample T4
(figure 12C), where the core is very pale green and the
arms are green (richer in both Cr and V). The higher
quantity of V and Cr also suggests that the arms grow
faster than the core. The faster growth causes the de-

Figure 28. Schematic representation of trapiche tex-
ture in Colombian emeralds, formed by textural sec-
tor zoning and displacement growth.

Matrixinclusions perpendicular
tothe growth front

Fan-shaped

Stringers
dendrite s

of emerald

Matrix
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pletion of Al in the fluid near the prismatic growth
fronts, allowing the incorporation of metal elements
in the octahedral site to allow the growth’s front to
advance. The faster growth of arms is supported by
the higher quantity of defects perpendicular to the
growth fronts such as bundles of dislocations and
solid and multiphase fluid inclusions (figures 20 and
24).

The overpressure and associated fluid supersatu-
ration allow emerald to continue its growth and favor
the displacement growth pushing the matrix mate-
rial from the growing faces (Yardley, 1974; Carstens,
1986; Riche and Mitchell, 1991). Two factors are nec-
essary for displacement growth: high fluid pressures
and slow growth (Yardley, 1974). Because the core
grows slower than the arms, it pushes away the ma-
trix material that accumulates around it as dendrites
(figure 28).

The matrix material is also displaced by the pris-
matic growth sectors. Nevertheless, the matrix can-
not be moved away as fast as these sectors grow. Thus
the matrix is trapped, forming dendrites within
and/or along the arms and perpendicular to the
growth fronts (i.e., parallel to the elongation direction
of the arms; see figures 12D and 21D). It should be
noted that the matrix material is trapped primarily
along the a-axis, forming dendrites whose size is a
function of the quantity of displaced material (figure
12). The crystallographic orientation of the dendrites
can be explained by the Berg effect (1938). Because the
driving force is higher on the corners than on the
faces, the emerald can grow so fast as to trap most of
the matrix material along the a-axis. The fan-shaped
dendrites observed in some trapiche emeralds are
common in trapiche chiastolites and garnets (Riche
and Mitchell, 1991; Rice, 1993) and are also known
as “re-entrants” (Pogue, 1916). Fan-shaped dendrites
are also considered nucleation zones for minor
growth (Rice, 1993), explaining why in some den-
drites the stringers of emerald develop parallel to the
edges of prismatic sectors and intersect at 60° angles
(figure 21A). This 60° angle is not arbitrary and indi-
cates that the emerald grows parallel to the two pris-
matic sectors delimiting the fan-shaped dendrite. The
rapid growth along the a-axis is also proved by the fact
that the stringers of emerald have a tree-like, fibrous
texture (figures 25A and 25C).

During displacement growth, the black shales
played a key role in the thermal reduction of sulfate
by oxidizing the organic matter. Oxidation generated
CO,, creating fluid overpressure in the black shale.
Such exothermic reactions produced hydrothermal
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carbon (bitumen), which can float in the fluid as a
syngenetic material and concentrate in the dendrites.
Overpressure can explain the presence of fractures
in the core and arms (see “Results” for details) filled
with the same materials observed in the matrix. It
can also account for the plastic deformation of the
core that results in an undulatory extinction under
cross-polarized light in some samples.

Overpressure can also cause a change in the
chemical composition of the growth medium, lead-
ing to the dissolution of the emerald not yet in equi-
librium with these new conditions. Consequently,
partial dissolution affects some portions of growing
crystals. This kind of “selective” dissolution (etch-
ing) has been described by Bernauer (1933) on some
trapiche emeralds from Muzo. It has been observed
by Lyckberg (2005a,b) on the prismatic faces of he-
liodor from Karelian, Russian, and Ukrainian peg-
matites, and by Tempesta et al. (2011) on beryl
crystals from Minas Gerais, Brazil.

After decompression and hydraulic fracturing, the
degree of supersaturation of the fluid decreased con-
siderably. This can favor the formation of an over-
growth surrounding the core, the arms, and the
dendrites. The lower degree of supersaturation can
also explain the formation of elongated voids in the
arms by dissolution along the dislocation bundles
(Scandale and Zarka, 1982; Authier and Zarka, 1994).

Geological History. The emerald-bearing veins in
Colombia’s western emerald zone formed in a con-
text of fluid pressure variations in tear faults and
thrusts affecting the Lower Cretaceous black shales.
Formed along tear faults were numerous veins and
hydraulic breccias. They resulted from the fracturing
of the wall rocks during a tear fault increment (a dis-
placement along the fault plane, likely inducing a
seismic event). This increment is responsible for de-
velopment of dilational jogs along several fault seg-
ments. As a result, the jogs caused a large fluid
pressure gradient and “pumped” the surrounding hy-
drothermal fluids. Blocks of black shales, white al-
bitite, and albitized and/or carbonatized black shales
simultaneously collapsed into the jog and were ce-
mented by carbonates and albite.

Along the thrust, the fault propagation is achieved
by shear-tensional failure caused by hydraulic fractur-
ing under supra-lithostatic fluid pressure and small
differential effective stresses (box C). The polygenetic
nature of the fragments of the breccia such as in the
tear faults, and the rotations and partial dissolution of
the elements, clearly indicate bulk transport of mate-
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BOX C: GEOLOGICAL MODEL FOR THE PROPOSED MECHANISM OF
TRAPICHE EMERALD FORMATION
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Figure C-1. Geological model for the proposed mechanism of the trapiche emerald formation from the western
emerald zone. A: Thrust propagation and failure. B: Nucleation and growth of core, dendrites, and arms of
trapiche emerald. C: Formation of trapiche overgrowths and regular emerald in veins. D: Cross-section of the

Tequendama mine. In the Mohr’s circle diagrams in A, B, and C, T = shear stress; on = normal stress; 01 and
03 = the main stresses.

rial during fluid flow (fluidization phenomena). The
cement is formed by carbonates, pyrite, and albite, cre-
ating the hydrothermal breccia called “cenicero.” The
fluidized breccias are associated with emerald-bearing

252 COLOMBIAN TRAPICHE EMERALDS

thrust veins, which are horizontal tension gashes in
this compressive tectonic context. The sealing of
faults by carbonate deposition and cementation of the
fluidized breccia depends on the elapsed time between
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The formation of Colombian trapiche emerald is closely
related to the structural geology history in the western
zone. The correlation between the formation of tear
faults under compressional stress and the growth of
trapiche emerald can be elucidated in the following
three steps (figure C-1: A, B and C):

e A: Thrust propagation and failure. The incremental
thrust propagation is related to the highest fluid pres-
sures, which caused the failure and propagation of
the fault (from point A to point A'). The failure oc-
curred in the hybrid-shear-extensional mode, the
thrust presenting a dilatant component. Physically,
the Mohr’s circle moved to the left and touched the
failure envelope of the black shale material.

B: Abrupt decompression of fluid pressure is related
to the opening of dilatant sites (i.e., high permeability
and porosity zones) along the thrust. Hypersaline Na-
bearing fluids responsible for strong albitization of
the hosting carbon-rich black shales are “pumped”
into those dilatant zones with high flow rates. As a
result, high fluid pressure gradients also triggered flu-
idization processes responsible for the formation of
polygenic breccia. Physically, the Mohr’s circle de-
scribes an incipient rightwards motion. This decom-
pression caused an increase of the driving force of the
emerald crystal growth. The emerald seed crystals
grew on albitized black shales. During the growth of
these seeds, textural sector zoning of trapiche emer-
ald took place with the dendrites all around the core
and between the arms.

e C: Formation of trapiche overgrowths and non-
trapiche emeralds during a progressive decrease of
pressure and flow (i.e., lower fluid pressure gradient
than in B). Non-trapiche emeralds are mainly hosted
within sub-horizontal extensional veins and flu-
idized hydrothermal breccias.

In diagram D in figure C-1, a cross-section of the
Tequendama mine following the geological map in fig-
ure 6 illustrates the relationship between structures and
trapiche growth. The cross-section shows the different
lithologies and tectonic structures described in the text.
The thrusts and tear faults (represented in figure 6) are
associated with the breccias, sub-horizontal extensional
veins, and potential zones related to trapiche emerald.

the drop and the following build-up of fluid pressure.
The thrusts propagate in a succession of faulting, fluid
flow (multistage events), hydrothermal alteration, and
emerald deposition (Branquet et al., 1999b).

COLOMBIAN TRAPICHE EMERALDS

Trapiche emerald (figure 29) formed when the fluid
pressure exceeded the lithostatic pressure (box C). The
local decompression induced the supersaturation of
the hydrothermal fluid and an increase of the driving
force of the emerald crystal growth (stage 1 under
““Emerald Mineralization”). The emerald seed crystals
grew on albitized carbon-rich black shale (see box C,
figure C-1) or albitite (the type seen at Pefias Blancas;
Vuillet et al., 2002), as argued by the presence of solid
inclusions and matrix around the trapiche cores
(Bernauer, 1933; Nassau and Jackson, 1970). Stage 1 is
also associated with the formation of tension gashes
and thrust-fluidized breccias (“cenicero”) and thrust
veins.

The hydrothermal fluid bathed each whole cavity,
and the precipitation of carbonates, pyrite, and albite
sealed the fault open spaces (hydrothermal breccia),
and emerald deposition occurred with its carbonate-
pyrite assemblage in the thrust veins (stage 2). Dur-
ing this last episode of emerald crystallization in the
veins, the degree of supersaturation of the fluid de-
creased considerably up until chemical equilibrium.
During this time, the trapiche emeralds probably ac-
quired their final deep-green overgrowths, also found
in non-trapiche emerald-bearing thrust veins.

CONCLUSIONS

Trapiche emeralds occur in association with black
shales in the western emerald zone of Colombia’s
Eastern Cordillera Basin. They formed in a geological
context of fluid pressure variations along faults and
thrusts affecting the Lower Cretaceous sedimentary
series. The fluid accumulation at the faults’ tip led to
maximum fluid overpressure and subsequent decom-
pression. The rocks failed, and trapiche emerald
formed in the albitized black shale host rock, followed
by the crystallization of emerald in carbonate veins.

Trapiche emeralds from Muzo, Coscuez, and
Penas Blancas were investigated by several analytical
techniques in order to propose a model of formation
for trapiche texture linked to the structural geology
of the deposits. Petrographic and SEM observations
combined with X-ray topography and tomography
images confirmed that trapiche emerald is a single
crystal formed by different zones: a core (pinacoidal
growth sectors), dendrites, and arms (prismatic
growth sectors), sometimes surrounded by an over-
growth. The color of these zones is due to the pres-
ence of V and lower concentrations of Cr, although
both elements were detected by EPMA even in col-
orless zones such as some of the cores.
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Figure 29. These trapiche emeralds, all from Pefas
Blancas, range from 5.09 to 22.74 ct. Photo by
Robert Weldon/GIA. Courtesy of Jose Guillermo
Ortiz, Colombian Emerald Co.

The formation of the trapiche texture in Colom-
bian emeralds is controlled both by the peculiar
“structurally controlled” genesis of the deposits and
by the crystal symmetry, determining whic
growth sectors develop and how many of them.
From this, a few crucial points on trapiche forma-
tion can be summarized:

1. The growth of trapiche emerald started during
the local decompression responsible for the
supersaturation of the fluid. The hydrother-
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mal fluid came in contact with the black shale
matrix, favoring the formation of emerald
crystal seeds.

2. Textural sector zoning, sometimes associated
with chemical sector zoning, took place during
the growth of these seeds. The inclusions of
black shale matrix were incorporated between
the growth sectors, forming the dendrites
around the core and between the arms.

3. The emeralds continued their growth, displac-
ing the matrix material from the growing faces.
As a result, the matrix may also be trapped in
the arms perpendicular to their growth fronts,
even if it is preferentially incorporated along
the a-axis. The dendrites between the arms
have a typical fan-shape near the borders of the
samples, because the emerald grows faster
along the a-axis than along (110) (see again fig-
ure 13), and thus a higher quantity of matrix
material can be trapped.

4. An overgrowth, generally of gem quality, may
be formed after decompression. This over-
growth surrounding the core, arms, and den-
drites and restoring the emeralds’ euhedral
habit. During overgrowth formation, non-
trapiche emerald formed in the carbonate veins.

For the first time, the development of the
trapiche texture has been related to the geological
conditions of Colombian emerald deposits. Al-
though some formation models were previously pro-
posed for trapiche minerals, they were extrapolated
from the deposit context and were not supported by
geological events responsible for the supersaturation
of the mineralizing fluids.
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GLOSSARY

Albitite: a magmatic or metasomatic (see metasomatism)
rock composed almost wholly of coarse- to fine-grained
crystals of albite.

Basinal brine: fluids in basins that are enriched Na, Ca, and
Mg sulfates. In basins, processes of sediment or basin de-
watering give rise to large volumes of fluids moving
through different types of rocks (generally sedimentary).
The temperature increases to 80°-200°C or higher based
on the depth of fluid circulation in the basin. After reacting
with different rocks, the fluids are enriched in Na, Ca, and
Mg sulfates, and their salinity can increase tremendously.

Black shale: a fine-grained clastic sedimentary mudrock
composed of clay mineral flakes and other fragments,
mainly quartz and calcite.

Breccia: a rock composed of broken fragments of minerals
or rock cemented together by a fine-grained matrix.

Burgers vectors: a quantity, usually represented by an
arrow, describing the magnitude and the direction of the
lattice distortion resulting from a dislocation.

Cataclasite: a rock consisting of angular clasts in a fine-
grained matrix that formed by fracturing and pulverization
of the rock during faulting.

Clast: a fragment of pre-existing mineral or rock.

Coquina limestone: slightly cemented sedimentary rock
formed almost completely of sorted fossils, generally shell
and shell fragments.

Daughter mineral: the new phases formed in a fluid inclu-
sion cavity that have precipitated from the solution within.

Décollement plane: a low-angle dipping fault or shear zone
corresponding to a gliding plane between two rock masses.
These planes are developed in compressional tectonic set-
tings (involving folding and overthrusting) and extensional
settings. Also known as a basal detachment fault.

Dendrite: A portion of the trapiche texture having saw-
tooth contact with the core and the arms and formed by
dendritic growth (i.e., a high degree of supersaturation, see
box B). In agreement with the literature, the word can also
be used to refer to feather-edge morphologies due to the in-
corporation of matrix material (as in this study).

Detachment: see décollement plane

Diffraction vector g: In a crystal of any structure, vector g
is normal to the planes (hkI) and has a length inversely pro-
portional to the distance between the planes.

Dolomitic limestone (or dolomite): an anhydrous carbon-
ate mineral with the formula (Ca, Mg)(CO,),.

Drag folds: curvature that represents the bending of rocks be-
fore they break. Drag folds occur in conjunction with faults.

Drusy cavity: a hollow space within a rock with a crust of
tiny crystals.

En echelon vein: also known as tension gash arrays, these
veins are characteristic of ductile-brittle shear zones. They
are sets of short, parallel planar lenses on the surface of a
rock. En echelon veins originate as tension fractures and are
subsequently filled through the precipitation of a mineral,
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most commonly calcite or quartz.

Eutectic system: a mixture of two species that melt and
solidify at constant temperature. The eutectic system be-
haves in fact as a pure body from the standpoint of fusion.

Evaporites: any sedimentary rock such as gypsum, anhy-
drite, or rock salt (such as halite or sylvite) that is formed
by precipitation from evaporating seawater.

Extensional vein: equivalent of tension gash.

Fluidization phenomena: transport of rock fragments and
breccia by a fluid (liquid or gas) in a fault structure. During
fluid flow, the heavier fragments of the breccia are trans-
ported, suspended, rotated, sorted, and cemented by the
matrix. The fragments and matrix are suspended and
transported as a fluid-supported pulp.

Framboidal: Referring to a texture of roughly spherical ag-
gregates of discrete rounded equi-angular euhedral micro-
crystallites approximately 0.5 ym in diameter, with an
average aggregate size ranging from 5 to 20 pm.

Hydraulic breccia: a rock formation resulting from hy-
draulic fracturing, in which the hydrostatic pressure is
greater than lithostatic pressure. Hydraulic fracturing may
create a breccia that is filled with vein material. Such vein
systems may be quite extensive, and can form in the shape
of tabular dipping sheets, diatremes, or laterally extensive
mantos controlled by boundaries such as thrust faults,
competent sedimentary layers, or cap rocks.

Incremental thrust propagation: the propagation of a dis-
located part of the terrane over an area in relatively small
overlapping increments.

Internal over- and underpressure: When trapped by a min-
eral, pressure and temperature conditions preserved by
fluid inclusion cavities can sometimes suffer re-equilibra-
tion during growth. As a result, the cavities can suffer in-
ternal overpressure when the internal pressure in the
inclusion exceeds the external confining pressure, or inter-
nal underpressure when the internal pressure is lower than
the external confining pressure.

Jogs (or bends): a gap or segment between two fault plane
with the same strike and slip direction. Jogs offset perpen-
dicular to the slip direction.

Klippe: in thrust fault terrains, the remnant of a nappe after
erosion has removed the connecting portions.

Layer-by-layer growth: a growth mechanism based on two-
dimensional nucleation.

Listric faults: faults in which the fault plane curves; the dip is
steeper near the surface and shallower with increased depth.

Lithostatic pressure: the pressure or stress imposed on a
layer of soil or rock by the weight of material. It is also called
overburden pressure, confining pressure, or vertical stress.

Metasomatism: the chemical alteration of a rock by hy-
drothermal and/or other fluids. The chemical elements of
the mother rock undergo fluid transport, accompanied by
a modification (metasomatic process) of chemical compo-
sition to form a daughter rock.
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Meteoric water: the water derived from precipitation that
forms ice melts and bodies of water such as rivers and lakes.

Mohr’s circle: A diagram that graphically illustrates in two
dimensions the complex relationships between compo-
nents of normal and shear stress.

Nappe: a large sheetlike body that moved more than two
kilometers above the thrust fault from its original location.

Necking-down: a re-equilibration process of the morphol-
ogy of a fluid cavity during cooling. This post-entrapment
phenomenon changes the shape of the cavity by splitting
it into smaller fluid inclusions. Necking-down leads to a
distribution of the phases (vapor, liquid, solid) that is dif-
ferent from the original fluid inclusion assemblage.

Olistostrome: a sedimentary deposit composed of a chaotic
mass of heterogeneous material, such as blocks and mud.
The mass accumulates as a semi-fluid body via submarine
gravity sliding or slumping of the loose materials.

Overthrusting: large total displacement of thrust faults.
Phyllosilicates: silicate minerals with sheet-like structures.

Pinacoidal faces: two equivalent faces related by an inver-
sion center.

Scalar product: the product of the magnitudes of two vec-
tors and the cosines of the angles between them.

Shear zone: a zone of strong deformation with a high strain
rate surrounded by rocks with a lower state of finite strain.
It is characterized by a length-to-width ratio of more than
5:1. Shear zones form a continuum of geological structures,
ranging from brittle to brittle-ductile (or semi-brittle), duc-
tile-brittle, and ductile shear zones.

Space group: A set of symmetry operations of a three-
dimensional crystal pattern.

Stringers: oblique growth of emeralds at 60° to each other
occurring in the dendrites. They are also observed in other
trapiche minerals such as chiastolite and garnet, where
they form at 90° and 60°, respectively (Rice, 1993).

Subsiding marine basin: areas generally characterized by
thick accumulation of marine sediments. Subsidence is
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