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Abstract: Although emerald deposits are relatively rare, they can be formed in several different,
but specific geologic settings and the classification systems and models currently used to describe
emerald precipitation and predict its occurrence are too restrictive, leading to confusion as to
the exact mode of formation for some emerald deposits. Generally speaking, emerald is beryl
with sufficient concentrations of the chromophores, chromium and vanadium, to result in green
and sometimes bluish green or yellowish green crystals. The limiting factor in the formation of
emerald is geological conditions resulting in an environment rich in both beryllium and chromium
or vanadium. Historically, emerald deposits have been classified into three broad types. The first
and most abundant deposit type, in terms of production, is the desilicated pegmatite related type
that formed via the interaction of metasomatic fluids with beryllium-rich pegmatites, or similar
granitic bodies, that intruded into chromium- or vanadium-rich rocks, such as ultramafic and
volcanic rocks, or shales derived from those rocks. A second deposit type, accounting for most
of the emerald of gem quality, is the sedimentary type, which generally involves the interaction,
along faults and fractures, of upper level crustal brines rich in Be from evaporite interaction with
shales and other Cr- and/or V-bearing sedimentary rocks. The third, and comparatively most
rare, deposit type is the metamorphic-metasomatic deposit. In this deposit model, deeper crustal
fluids circulate along faults or shear zones and interact with metamorphosed shales, carbonates,
and ultramafic rocks, and Be and Cr (V) may either be transported to the deposition site via the
fluids or already be present in the host metamorphic rocks intersected by the faults or shear zones.
All three emerald deposit models require some level of tectonic activity and often continued tectonic
activity can result in the metamorphism of an existing sedimentary or magmatic type deposit. In the
extreme, at deeper crustal levels, high-grade metamorphism can result in the partial melting of
metamorphic rocks, blurring the distinction between metamorphic and magmatic deposit types.
In the present paper, we propose an enhanced classification for emerald deposits based on the
geological environment, i.e., magmatic or metamorphic; host-rocks type, i.e., mafic-ultramafic rocks,
sedimentary rocks, and granitoids; degree of metamorphism; styles of minerlization, i.e., veins, pods,
metasomatites, shear zone; type of fluids and their temperature, pressure, composition. The new
classification accounts for multi-stage formation of the deposits and ages of formation, as well
as probable remobilization of previous beryllium mineralization, such as pegmatite intrusions in
mafic-ultramafic rocks. Such new considerations use the concept of genetic models based on studies
employing chemical, geochemical, radiogenic, and stable isotope, and fluid and solid inclusion
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fingerprints. The emerald occurrences and deposits are classified into two main types: (Type I)
Tectonic magmatic-related with sub-types hosted in: (IA) Mafic-ultramafic rocks (Brazil, Zambia,
Russia, and others); (IB) Sedimentary rocks (China, Canada, Norway, Kazakhstan, Australia); (IC)
Granitic rocks (Nigeria). (Type II) Tectonic metamorphic-related with sub-types hosted in: (IIA)
Mafic-ultramafic rocks (Brazil, Austria); (IIB) Sedimentary rocks-black shale (Colombia, Canada,
USA); (IIC) Metamorphic rocks (China, Afghanistan, USA); (IID) Metamorphosed and remobilized
either type I deposits or hidden granitic intrusion-related (Austria, Egypt, Australia, Pakistan),
and some unclassified deposits.

Keywords: emerald deposits; classification; typology; metamorphism; magmatism; sedimentary;
alkaline metasomatism; fluids; stable and radiogenic isotopes; genetic models; exploration

1. Introduction

Emerald is the green gem variety of the mineral beryl, which has the ideal formula of Be3Al;SiO1s.
It is considered one of the so-called precious gems and in general the most valuable after diamond and
ruby. The color of emerald is of greater importance than its clarity and brilliance for its valuation on
the colored gem market. In the Munsell color chart, emerald exhibits a green color palette that is the
consequence of peculiarities of its formation in contrasting environments (Figure 1). The pricing of
emerald is unique in terms of the color and weight in carats. In 2000, an exceptional 10.11 ct Colombian
cut gem was sold for US$1,149,850 [1]. In October 2017, Gemfield’s auction of Zambian emeralds
generated revenues of US$21.5 million and companies placed bids with an average value of $66.21
per carat [2]. This auction included the 6100 ct. Insufu rough emerald extracted from the Kagem mine
in 2015. Lastly, on the 2th of October, the remarkable emerald called Inkalamu (“the lion elephant”)
was extracted from the same mine [3]. Other giant crystals have been discovered in Colombia, such as
el Monstro (16,020 ct) and Emilia (7025 ct), both from the Gachald mines. In 2017, a large piece of
biotite schist with several emerald crystals was discovered in the Carnaiba mine, Brazil; the specimen
weighed 341 kg with 1.7 million ct of emerald, of which 180,000 ct were of gem quality. The specimen
has been valued at approximately US$309 million [4].

The present article assesses the state of our knowledge of emerald then and now, through
several questions regarding their locations on the planet; their crystal chemistry; pressure-temperature
conditions of crystallization; the source of the constituent elements, i.e., beryllium (Be), chromium (Cr,)
and vanadium (V); and their age of formation; and also proposes a new classification scheme.

Exploration beyond the 21st century may require a comprehensive data base of the typology of
emerald deposits to understand why some emerald occurrences are economic in terms of quantity
and quality and most are not. These future efforts will improve exploration guidelines in the field,
including plate tectonics and its consequences in terms of modeling our landscape through time and
within the Wilson cycle of continents.
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Figure 1. Emeralds” worldwide photographs: (a) Emerald crystals on quartz and adularia, Panjshir
Valley, Afghanistan, 6.6 x 4.4 cm. Specimen: Fine Art Mineral. Photograph: Louis-Dominique Bayle,
le Régne Minéral; (b) emerald on pyrite, Chivor, Colombia, 3.9 x 2.6 cm. Collection MulitAxes.
Photograph: Louis-Dominique Bayle, le Regne Minéral; (c) Emerald in quartz, Kagem mine, Zambia,
longest crystal: 7.9 x 1.2 x 1.2 cm. The Collector’s Edge. Photograph: Louis-Dominique Bayle, le Regne
Minéral; (d) emerald in quartz vein and minor potassic feldspar, Dyakou, China, longest crystal: 1.5
cm. Specimen DYKOG6-zh. Photograph: Dan Marshall; (e) emerald in plagioclase, Carnaiba, Brazil,
longest crystal: 6 cm. Photograph: Gaston Giuliani.

2. Worldwide Emerald Deposits

Emerald is rare, but it is found on all five continents (Figure 2). Colombia, Brazil, Zambia, Russia,
Zimbabwe, Madagascar, Pakistan, and Afghanistan (Figure 3) are the largest producers of emerald [5].
Emerald deposits occur mainly in the Precambrian series in Eastern Brazil, Eastern Africa, South
Africa, Madagascar, India, and Australia, and younger volcano-sedimentary series or ophiolites in
Bulgaria, Canada, China, India, Pakistan, Russia, and Spain. Colombian emerald deposits, which
produce most of the world’s high-quality emeralds, are unique in that they are located in sedimentary
rocks, i.e., the Lower Cretaceous black shales (BS) of the Eastern Cordillera basin. Other deposits are
hosted in Alpine-type veins, also called Alpine-type clefts. Emerald is found in veins and cavities in
the European Alps (Binntal) as well as in the United States (Hiddenite). Nigerian emeralds are unique
and are located in pegmatitic pods.
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TECTONIC-MAGMATIC-RELATED EMERALD DEPOSIT TYPES TECTONIC-METAMORPHIC-RELATED

@ Type |A in mafic-ultramafic rocks
@ TypelBin sedimentary rocks
@ TypelCin granitic rocks

Type llA in mafic-ultramafic rocks
Type IIB in sedimentary rocks

Type IIC in metamorphic rocks
Type IID in metamorphosed type |A

oomE @

Figure 2. The location of emerald deposits and occurrences worldwide reported following their
geological types, i.e., tectonic magmatic-related (type I) and tectonic metamorphic-related (type II):
Brazil: 1. Fazenda Bonfim; 2. Socotd; 3. Carnaiba; 4. Anagé, Brumado; 5. Piteiras, Belmont mine,
Capoierana, Santana dos Ferros; 6. Pirendpolis, Itaberai; 7. Santa Terezinha de Goias; 8. Taua, Coqui;
9. Monte Santo. Colombia: 10. Eastern emerald zone (Gachala, Chivor, Macanal); 11. Western emerald
zone (Yacopi, Muzo, Coscuez, Maripi, Cunas, La Pita, La Marina, Pefas Blancas). United States:
12. Hiddenite; 13. Uinta. Canada: 14. Dryden; 15. Mountain River; 16: Lened; 17. Tsa da Gliza.
South Africa: 18. Gravelotte. Zimbabwe: 19. Sandawana, Masvingo, Filibusi. Mozambique: 20. Morrua.
Zambia: 21. Kafubu, Musakashi. Tanzania: 22. Sumbawanga; 23. Manyara. Ethiopia: 24. Kenticha
(Halo-Shakiso). Somalia: 25. Boorama. Egypt: 26. Gebels Sikait, Zabara, Wadi Umm Kabu. Nigeria:
27. Kaduna. Madagascar: 28. lanapera; 29. Mananjary. Australia: 30. Poona; 31. Menzies; 32. Wodgina;
33. Emmaville, Torrington. China: 34. Dyaku; 35. Davdar. India: 36. Sankari Taluka; 37. Rajasthan
(Bubani, Rajgarh, Kaliguman); 38: Gubaranda (Orissa state). Pakistan: 39: Khaltaro; 40. Swat valley.
Afghanistan: 41. Panjshir valley. Russia: 42. Urals (Malyshevo). Ukraine: 43. Wolodarsk. Bulgaria:
44. Rila. Austria: 45. Habachtal. Norway: 46. Eidswoll. Switzerland: 47. Binntal. Italia: 48. Val Vigezzo.
Spain: 49. Franqueira.

Zimbabwg _ Afghanistan

Zambia Brazil

RuS

. < \
HaKIs Fam Madagascar

Figure 3. Emerald production worldwide in 2005.
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3. Crystal Chemistry of Emerald

Beryl is hexagonal and crystallizes in point group 6/m 2/m 2 /m and space group P6/m2/c2/c. Itis
a cyclosilicate mineral. The crystal structure, as shown in Figure 4, is characterized by six-membered
rings of silica tetrahedra lying in planes parallel to (0001). The Al or Y site is surrounded by six O atoms
in octahedral coordination, and both the Be and silica (Si) sites are surrounded by four O atoms in
tetrahedral coordination. The SiOy tetrahedra polymerize to form six-membered rings parallel to (001);
stacking of the rings results in large channels parallel to c. The channels are not uniform in diameter;
in fact, they consist of cavities with a diameter of approximately 5.1 A separated by bottlenecks with
a diameter of approximately 2.8 A. The channels can be occupied by alkali ions (such as Na*, Li*,
K*, Rb*, Cs*, etc.) whose presence is required to balance reductions in positive charges when cation
substitutions occur in the structure. Neutral HyO and CO, molecules [6] and noble gases, such as
argon, helium [7], xenon, and neon [8], are generally also present in variable amounts in the channels.

— _5'1‘&’*; »

2a
Q Bez
®siv
O A
0
2a

b

Figure 4. Structure of beryl [9] in: (a) Apical view: Hexagonal silicate rings stacked parallel to the ¢
axis (normal to the drawing) are held together by AP* (octahedral site) and Be?* (tetrahedral site).
The radii of the ions are respected in the drawing; (b) lateral view perpendicular to the ¢ axis showing
the hexagonal silicate rings and the bottleneck (2b site) and the open cage (2a site) structure.
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Emerald was defined by [10] as “the yellowish green, green or bluish green beryl which reveals
distinct Cr and/or V absorption bands in the red and blue violet ranges of their absorption spectra”.
Quantitatively, Cr and V substitutions range between 25 [6] and 34,000 ppm [11] for Cr and from
34 ppm [12] to 10,000 ppm [13] for V. Emerald crystals typically exhibit a prismatic habit (Figure 5)
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 can also be present.

Prismatic growth sectors {1070}

Hexagonal prismatic Pinacoidal growth
habits sectors{0001
(0001) g
. 1
(1700) e
//

Figure 5. Habits of emerald crystals, characterized by eight main faces and their corresponding growth

>
&

sectors: Six {1010} first order prismatic faces and two pinacoidal {0001} faces.

Representative emerald compositions from the literature are listed in Table 1. Most substitutions
occur at the Y site. Figure 6 shows Al versus the sum of other Y-site cations for 499 emerald
compositions from the literature; as expected, they show an inverse relationship. Figure 7 shows a
slight deviation from a 1:1 correlation between Mg + Mn + Fe and the sum of monovalent cations.
This graph suggests that, to achieve charge balance, the substitution of divalent cations for Al at the
Y site is coupled with the substitution of a monovalent cation for a vacancy at a channel site. There
are two sites in the channels; these are referred to as the 24 (at 0,0,0.25) and 2b (at 0,0,0) positions.
Artioli et al. [14] suggested that in alkali- and water-rich beryls, H,O molecules and the larger alkali
atoms (Cs, Rb, K) occupy the 2a sites and Na atoms occupy the smaller 2b positions, but in alkali-
and water-poor beryl, both Na atoms and H,O molecules occur at the 24 site and the 2b site is empty.
The amount of water in beryl can be difficult to determine, but Giuliani et al. [15] derived the following
equation from existing experimental data for emerald:

HO (in wt.%) = [0.84958 x NayO (in wt.%)] + 0.8373. (1)
This equation has been improved [16] and is best defined by the relationship:

H,0 = 0.5401 InNa,O + 2.1867a. @)
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Table 1. Representative composition with the structural formulas of emerald samples from the recent literature (in wt.%) 1.

Elementss 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Si0, 64.50 64.94 63.58 65.98 67.13 66.74 66.30 66.04 64.71 64.75 65.57 65.57 66.49 66.28 67.13 64.39
TiO, 0.00 0.00 n.d. 0.01 0.00 0.00 0.01 0.01 n.d. n.d. 0.04 0.01 0.00 0.06 0.01 0.01

Al,O3 11.54 10.61 17.36 16.81 18.77 18.67 18.60 18.17 17.23 14.83 17.24 14.51 18.29 18.10 16.52 14.48
Sc, O3 n.d. n.d. n.d. 0.06 0.01 0.00 0.05 0.01 0.03 n.d. n.d. n.d. n.d. n.d. n.d. 0.02
V5,03 0.15 0.10 0.02 0.17 0.05 0.01 0.10 0.01 0.23 0.03 0.07 0.00 0.17 0.05 0.00 0.03
Cry,O3 1.83 3.39 0.25 0.35 0.20 0.26 0.02 0.05 0.01 0.57 0.07 0.09 0.05 0.24 0.37 0.17
Fe,O3 1.34 1.27 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LayO3 0.06 0.12 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cep O3 0.02 0.00 n.d. 0.02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
BeO 13.40 13.45 12.85 13.65 13.99 13.91 13.82 13.73 13.54 13.50 13.47 13.59 13.83 13.78 13.80 13.37
MgO 3.49 3.36 0.58 0.95 0.04 0.03 0.06 0.15 0.88 224 0.87 2.63 0.05 0.16 0.87 2.38
CaO 0.21 0.17 n.d. 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.00 0.06 0.00 0.00 0.00 0.04
MnO 0.10 0.00 n.d. 0.03 0.00 0.01 0.01 0.00 n.d. 0.01 0.00 0.01 0.00 0.00 0.01 0.01
FeO n.d. n.d. 0.37 0.17 0.21 0.19 0.12 0.15 0.26 0.65 0.33 0.96 0.71 0.40 0.14 0.63
Li,O n.d. n.d. 0.28 0.03 n.d. n.d. n.d. n.d. n.d. n.d. 0.11 0.02 0.01 0.01 0.01 n.d.
Na,O 0.83 0.89 1.13 0.62 0.05 0.06 0.08 0.27 0.82 1.76 0.82 1.84 0.04 0.10 0.70 1.86
KO 2.04 1.88 0.05 0.03 0.01 0.02 0.00 0.01 0.02 0.03 0.00 0.24 0.02 0.05 0.00 0.04
Rb,O n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.00 n.d. 0.14 n.d. n.d. n.d. n.d. n.d. n.d.
Cs,O 0.02 0.02 0.13 n.d. n.d. n.d. 0.01 0.11 0.10 0.03 n.d. n.d. n.d. n.d. n.d. n.d.
H,O 2.09 2.12 2.25 1.93 0.57 0.67 0.82 1.48 2.08 2.49 2.08 2.52 0.45 0.94 1.99 2.52
Total 101.62 102.32 98.85 100.81 101.04 100.57 100.01 100.20 99.94 101.05 100.67 102.05 100.11 100.17 101.55 99.96
apfu
Sit+ 6.012 6.030 5.963 6.015 5.992 5.991 5.991 6.005 5.970 5.991 5.998 6.012 5.998 6.001 6.066 6.013
Titt 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.003 0.001 0.000 0.004 0.001 0.001
ARt 1.268 1.161 1.919 1.806 1.975 1.975 1.981 1.947 1.873 1.617 1.858 1.568 1.945 1.931 1.759 1.594
Sc3* 0.000 0.000 0.000 0.005 0.001 0.000 0.004 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.002
V3 0.011 0.007 0.002 0.012 0.004 0.001 0.007 0.001 0.017 0.002 0.005 0.000 0.012 0.004 0.000 0.002
Cr3* 0.135 0.249 0.019 0.025 0.014 0.018 0.001 0.004 0.001 0.042 0.005 0.007 0.004 0.017 0.026 0.013
Fe3+ 0.094 0.089 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
La3* 0.002 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce3* 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Elementss 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Be?* 3.000 3.000 2.894 2.989 3.000 3.000 3.000 3.000 3.000 3.000 2.960 2.993 2.996 2.996 2.996 3.000
Mg 0.485 0.465 0.081 0.129 0.005 0.004 0.008 0.020 0.121 0.309 0.119 0.359 0.007 0.022 0.117 0.331
Ca?* 0.021 0.017 0.000 0.000 0.000 0.000 0.001 0.001 0.002 0.002 0.000 0.006 0.000 0.000 0.000 0.004
Mn2* 0.008 0.000 0.000 0.002 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.001
FeZ* 0.000 0.000 0.029 0.013 0.016 0.014 0.009 0.011 0.020 0.050 0.025 0.074 0.054 0.030 0.011 0.049
Li* 0.000 0.000 0.106 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.040 0.007 0.004 0.004 0.004 0.000
Na* 0.150 0.160 0.205 0.110 0.009 0.010 0.014 0.048 0.147 0.316 0.145 0.327 0.007 0.018 0.123 0.337
K* 0.243 0.223 0.006 0.003 0.001 0.002 0.000 0.001 0.002 0.004 0.000 0.028 0.002 0.006 0.000 0.005
Rb* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000
Cs* 0.001 0.001 0.005 0.000 0.000 0.000 0.000 0.004 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.000

1 Compositions renormalized on the basis of 3 (Be + Li) and 18 O per formula unit. HO = 0.5401 In Na,O + 2.1867 [16]. 1. lanapera, Madagascar. Ultramafic host, Type-3 core [11].
2. Tanapera, Madagascar. Ultramafic host, Type-3 rim [11]. 3. Taylor 2, Canada. Average of 51 analyses with Li = (Na + K + Cs) - (Mg + Fe), which assumes all Fe as Fe?* [17]. 4. Davdar,
China. Average of 48 analyses; Ce,O3 by neutron activation, LiO 0.03 wt.% by fusion with Na,O, [18]. 5. Emmaville-Torrington, Australia. “Line 1”; average of 27 analyses [19].
6. Emmaville-Torrington, Australia. “Line 2”; average of 31 analyses [19]. 7. Byrud, Norway. Average of 38 analyses [20]. 8. Poona, Australia. Average of 37 analyses [16]. 9. Lened,
Canada. Average of 88 analyses [21]. 10. Fazenda Bonfim, Brazil. Average of approximately 130 analyses [22]. 11. Malyshevsk, Russia. Average of five analyses [23]. 12. Alto Ligonha,
Mozambique. Average of three analyses [23]. 13. Jos, Nigeria. Average of five analyses [23]. 14. Sumbawanga, Tanzania. Average of five analyses [23]. 15. Muzo, Colombia. Average of

three analyses [23]. 16. Ethiopia [this study, average of 32 analyses].
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Figure 6. Al versus the sum of other Y-site cations, in atoms per formula unit, for 499 emerald analyses

from the literature. The number of analyses per country is given in parentheses in the legend. Sources
of data: [11-15], [16] (average of 37 analyses), [17-20], [21] (average of 88 analyses), [22] (average of
approximately 130 analyses), [23-43], [44] (Kazakhstan values are averages of 11 analyses), [45] (average

of 10 analyses), [46], [47] (two averages of five analyses each), [48-51], [52] (average of 55 analyses),

and this study:.
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Figure 7. Mg + Mn + Fe vs. monovalent channel-site cations, in atoms per formula unit, for analyses

from the literature. Sources of data are the same as in Figure 6.

Unfortunately, it is difficult to obtain accurate analyses of Be, Li, and ferric-ferrous ratios in beryl.
Both Be and Li are too light to measure with the electron microprobe, which cannot distinguish between
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Fe®* and Fe?*. Thus, most published analyses of beryl are renormalized on the basis of 18 O and 3 Be
atoms per formula unit and Fe is generally reported as exclusively ferric or ferrous. Points that lie to
the right of the 1:1 line in Figure 6 indicate that some of the Fe in a given emerald is present as Fe>*.
Likewise, points that lie above the line could suggest the presence of Li*, which may substitute for Be?*
at the Be site. Charge balance is maintained by adding a monovalent cation to a channel site. Beryllium
can be analyzed with LA-ICP-MS (Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry),
SIMS (Secondary Ionisation Mass Spectrometry, or “ion microprobe” [23]), or by using wet chemical
techniques. However, there is so much Be in the structure that the accuracy of such analyses is suspect.
Lithium may be analyzed by the same techniques as Be, but because the concentrations are much
lower, the accuracy would presumably be better. The amount of Li can also be estimated in Fe-free
beryl from the number of monovalent cations at the channel sites.

The main substituents for Al at the Y site are plotted as oxides in Figure 8a. Magnesium is the
main substituent in emeralds from most localities. The elements responsible for most of the variation
in color in emerald crystals are plotted as oxides in Figure 8b. In most cases, the Cr,O3 content is
much greater than that of V,03; the main exceptions are for samples from the Lened occurrence in
Canada [21,47], the Davdar occurrence in China [18], the Muzo mine in Colombia [1], the Mohmand
district in Pakistan [1], and Eidswoll in Norway [13]. The accuracy of data obtained by LA-ICP-MS
is primarily dependent on the standards used for the analysis. Currently, the NIST 610 and 612
glasses are used for calibration standards, but it is likely that emerald standards are necessary to
obtain accurate data for trace elements. Beryl has a wide stability field; the lower limit in the presence
of water is between 200 °C and 350 °C, depending on the pressure and coexisting minerals [53].
However, the high-temperature stability and melting relationships remain unclear, partly because
beryl may contain significant amounts of H,O at the channel sites, and water has a significant effect
on stability [52]. The effect of other channel constituents, such as Na, may be similar. Although
thermodynamic data exist for beryl, the lack of experimental data for anything more complex than
the BASH (BeO-Al,03-5i0,-H,0O) system can be a barrier to understanding the formation of natural
occurrences, such as those where Be-bearing minerals occur in metamorphic rocks [52].
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Figure 8. (a) Plot of emerald compositions in terms of FeO-MgO-Cr,O3 (wt.%). Data from the literature
(with all Fe as FeO). Sources of data are the same as in Figure 6. The diagram is after [39]. (b) Plot of
emerald compositions in terms of FeO-Cr,O3-V,03 (wt.%). Data from the literature (with all Fe as
FeO). Sources of data are the same as in Figure 6. The diagram is after [39].

4. Sources of Be, Cr, and V: The Formation of Emerald

The sources of Be, Cr, and V of emerald. The Cr-V-bearing beryl is rare because (i) its constituent
metals have opposite affinities and behavior in the continental and oceanic lithospheres, and (ii) there
is only 2 ppm of Be in the upper continental crust. Beryllium is a lithophile element, which has a
strong affinity for oxygen producing beryl and chrysoberyl (BeAlOy) at higher temperatures and at
medium to low temperatures joins with silica to form silicate minerals, such as beryl, bertrandite
[Be4Si,O7(OH),], and/or Be-bearing micas. These minerals have a relatively low-density (ppery1 = 2.76)
and are concentrated in the crust (perust = 2.7). Chromium and V are high-density transition metals
that generally concentrate in the core and the mantle of the earth. Although Cr and V show both
lithophile and siderophile affinities, they tend to form solid solutions with iron (Fe) to form, e.g.,
chromite (FeCr,O4) at high temperatures. Progressive changes in tectonic processes since the Archean
preserved metamorphosed mafic-ultramafic rocks (M-UMR) and ancient mantle-related terranes in the
upper continental crust. Consequently, Cr and V are more common than Be in the upper continental
crust, with concentrations of ~100 ppm each.

Beryllium is present in crustal granites and associated dyke swarms of pegmatites, aplites,
and quartz veins. The felsic rocks (FELSR), with more than 70% silica (5iO,), are intrusive into the
continental lithosphere. The highest Be concentration occurs in granites and rhyolites (~5 ppm).
The two-mica granites have concentrations between 5 and 10 ppm, while specialized granites have
more than 200 ppm. Beryllium is carried by Be-minerals, but also by feldspar and micas. Chromium
and V are more highly concentrated in M-UMR of the oceanic lithosphere that contain less than 50%
SiO, (Figure 9a). These rocks, which are generally termed peridotites, are often metamorphosed
into serpentinites containing up to 14 wt.% H,O (Figure 9a,b), or into talc-chlorite-carbonate schists.
Chromium is dominantly sourced from chromite and V is sourced from V-bearing magnetite or
coulsonite (Fe?*V3+,0,). Nevertheless, Cr-V and Be can be present in sedimentary rocks and are highly
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concentrated in shale (Figure 9¢). Indeed, the weathering and erosion of M-UMR and FELSR on the
continents delivers to the sea fine-grained clastic sediments composed of mud with Cr-V-Be-bearing
grains and organic matter, as well as tiny fragments of quartz and calcite.

carbonates
organic matter

[Fe,Mn(O,0OH)]

Al-silicates

Figure 9. Potential geological sources of chromium (Cr) and vanadium (V) necessary for emerald
formation in mafic-ultramafic rocks and black shales: (a) A lherzolite (Lrz) that is transformed into
serpentinite (Srp), region of Montemaggiore on the Corsican cape, France; (b) Photomicrograph (plane
polarized light) of an antigorite vein (V2) cross cutting lizardite veins (V1) and olivine (Ol). Fine-grained
magnetite (Mag) is present in the centre of V1; V2 boundaries contain minute secondary olivine grains.
Photo: B. Debret; (c) Colombian black shale crosscut by pyrite (Py) -bearing calcite (Ca) veinlets from
the Coscuez mine. Photograph: G. Giuliani; (d) Pie diagram representation of the concentration (in %)
and relative distribution of beryllium (Be) between the different phases extracted from a black shale
containing 4 ppm of *Be, Coscuez mine [54]. OM: Organic matter; [Fe,Mn(O,0H)] = oxy-hydroxides of
iron and manganese.

In anoxic and reducing environments, the un-oxidized organic matter imparts a dark colour to the
black shale (BS). The Be contents of BS for Colombian deposits vary between 2 and 6 ppm, while Cr-V
concentrations range between 100 and 1000 ppm. At the Coscuez emerald deposit (Figure 9d), the Be
content of the BS is around 5 ppm. Beryllium mobility is principally associated with the breakdown
of iron-manganese oxy-hydroxide phases. The amount of Be that can be mobilized (~0.7 ppm) may
represent up to 18 wt.% of the total Be contained in the BS [54].

Emerald formation requires Be and Cr-V inter-reservoir circulation of fluids to mobilize these
elements. Metasomatism and fluid /rock interaction is the main mechanism for element mobilization
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in sedimentary (black shales) or granitic rocks for Be and metamorphosed-mafic-ultramafic rocks
for Cr and V. These mineralizing fluids are trapped by emerald within the large channels parallel
to the c axis (molecular components) or in fluid inclusions (several constituents in different systems,
i.e., HyO-NaCl-CO,-(£H;S)-(£N3)-(=CHy)-(K, Mg, Be, F, B, Li, SOy, P, Cs)) within primary growth
planes and secondary trails of fractures. Fluid inclusions are important fingerprints for emerald,
and microthermometry, Raman spectrometry, and mass spectrometry for O-H isotope signatures make
it possible to determine the nature and origin of the fluids [16,55].

5. Classification of Emerald Deposits

5.1. Genetic Classifications

The genetic classification schemes developed for emerald deposits in the 21st century were
reviewed by [1]. The classification schemes are ambiguous and not particularly useful when it comes
to understanding the mechanisms and conditions that led to the formation of an emerald deposit [52].
There is no ideal combination of mineralogical, chemical, geochemical, and physical parameters or
combinations of these data with the age of the formation of the deposits and O-isotope composition of
emerald [56].

Dereppe et al. [57] used artificial neural networks (ANN) to classify emerald deposits based on
450 electron microprobe analyses of emeralds from around the world. They defined five categories of
deposits with “bad scores”. These important misclassifications affected essentially the shear zone and
thrust-related deposits in mafic—ultramafic rocks and oceanic suture rocks, such as in Santa Terezinha
de Goids, Brazil, and either Panjsher valley (Afghanistan) or Swat valley (Pakistan).

Schwarz and Giuliani [58,59] recognized two main types of emerald deposit: Those related to
granitic intrusions (type I) and those where mineralization is mainly controlled by tectonic structures,
such as a fault or a shear zone (type II). Most emerald deposits fall into the first category and are
subdivided based on the presence or absence of biotite schist at the contact. Type II deposits are
subdivided into schist without pegmatite and black shale with veins and breccia. However, a number
of emerald deposits of type I have been influenced by syntectonic events (e.g., Carnaiba, Brazil; Poona,
Australia; Sandawana, Zimbabwe) or remain unclassified, such as the Gravelotte (Leydsdorp) deposit
in South Africa [58].

Schwarz et al. [60] classified emerald deposits based upon their appearance in the field following
several sketched geological profiles drawn by G. Grundmann: (i) Pegmatites without phlogopite schist;
(ii) pegmatite and greisen with phlogopite schist; (iii) schist without pegmatite with (iiia) phlogopite
schists, (iiib) carbonate-talc schist and quartz lens, (iiic) phlogopite schist and carbonate-talc schist;
and (iv) black shale with breccia and veins.

Barton and Young [53] divided emerald deposits into those with a direct igneous connection
and those where such a connection was indirect or absent. Further subdivisions were done based on
the chemistry of the magma and/or the nature of the emerald-bearing metasomatic rocks (greisen
and vein-like, skarn type, biotite schist, and vein-related). However, a number of emerald deposits
cannot be unambiguously classified using this scheme (Kaduna in Nigeria, Swat valley in Pakistan
and Eastern desert deposits in Egypt).

Schwarz and Klemm [61] used LA-ICP-MS to obtain approximately 2600 spot analyses of
40 major and trace elements from ca. 650 emerald samples from 21 different occurrences worldwide.
The classification of the deposits was “non-genetic descriptive”, but was used instead as a geographic
fingerprint. Nowadays, the gemological laboratories routinely use LA-ICP-MS for deciphering the
geographic origin of individual stones [12,62-65], which is important for provenance and international
trade certification. New standards and protocols for emerald analysis are being applied in gem testing
laboratories for geographic and geological applications [66].

Aurisiccchio et al. [23] obtained major and trace element data for emerald from several world
deposits and reported important modifications regarding the origin of Be in some type II deposits (in
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the classification proposed by Schwarz and Giuliani [58], i.e., type I granitic intrusions- and type II
tectonic-related emerald deposits).

5.2. A Revised Classification for Emerald Deposits

We start by asking why a reclassification is desireable. Emerald deposits are relatively rare and form
in a limited number of geological settings. Existing classification systems or models used to describe
emerald formation are too restrictive and attempts at reclassification have proved inadequate to date.

Emerald is a medium to high temperature by-product of the Earth system and is hosted by
diverse rock types of different ages. The first task of a field geologist is to identify the emerald-bearing
rocks and to define the geological environment as magmatic, sedimentary, or metamorphic. Then,
each emerald occurrence worldwide is linked to a major geological and tectonic regime related to the
movement of lithospheric plates. Regional stresses in the lithosphere generate deformation subsystems
with characteristic geometry, chemistry, and geology. The systems are either (i) closed (diabatic)
systems with an exchange of heat with the surrounding rock and with very limited or absent fluid-rock
interaction, or (ii) open systems with the migration of material and fluids along shear-zones and
faults, resulting in the mobilization and re-precipitation of elements and tectonic melange zones.
The tectonic systems are then characterized as compressive or extensional sub-systems with variable
amounts of vertical and strike-slip movement encompassing large areas within orogens. Consequently,
a more inclusive classification system for emerald deposits should consider tectonic, magmatic,
and metamorphic-related types, geological environment, magmatic/metamorphic/sedimentary host
rocks, and metasomatic conditions.

So, what would an enhanced classification look like? Giuliani et al. [55] classified emerald
deposits into three broad types based on worldwide production in 2005 (see Figure 3): (i) The
magmatic-metasomatic type (Ma) accounting for about 65% of the production; and (ii) the
sedimentary-metasomatic (Se) and metamorphic metasomatic (Me) types, for 28% and 7%, respectively.

Marshall et al. [16] proposed an enhanced classification for emerald deposits based on the Me,
Ma, and Se models, but also including the temperature of formation. They examined the possibility, at
deeper crustal levels and high grade metamorphism, of the possible remobilization of previous beryl
or emerald occurrences and partial melting of metamorphic rocks blurring the distinction between Me
and Ma types.

In this work, we propose classifying emerald occurrences into two main types (Table 2):

(TypeI) Tectonic magmatic-related with sub-types hosted in:

(TIA) Mafic-ultramafic rocks (Brazil, Zambia, Russia, and others);
(IB)  Sedimentary rocks (China, Canada, Norway, Kazakhstan Australia);
(IC)  Granitic rocks (Nigeria).

(Typell) Tectonic metamorphic-related with sub-types hosted in:
(TA) M-UMR (Brazil, Austria);
(IIB) Sedimentary rocks-black shale (Colombia, Canada, USA);
(IIC) Metamorphic rocks (China, Afghanistan, USA);

(IID) Metamorphosed type I deposits or hidden-granitic intrusion-related (Austria, Egypt,
Australia, Pakistan), and some unclassified deposits.

6. Different Types of Emerald Deposits

We will now examine the main emerald deposits worldwide using the above classification.
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Table 2. New typological classification of the emerald occurrences and deposits worldwide.
Type O.f Tectonic-Metamorphic-Related Tectonic-Magmatic-Related
Deposit
Geological SEDIMENTARY Metamorphic Granitic
Environment
Metamorphic Anchizone to . . . . . .
Conditions Creenschist facies Greenschist to granulite facies Greenschist to granulite facies
, . Mafic-UltraMafic Rocks Sedimentary o
Host-rocks Sedimentary Rocks Metamorphic rocks (M-UMR) Rocks (SR) Granitoids
Type TYPE IIB TYPEIIC TYPE ITA TYPE IID TYPEIA TYPE IB TYPE IC
carbonate platform  Metamorphism Miematites Metamorphism  Metamorphosed Type IA, Mixed IA comatite- aplite- quartz- ereisen veins, pods, metasomatites
sediments of SR & of M-UMR and IIA in M-UMR, and unknown peg piteq & » pods,
Mineralization veins and/or . . shear zone, metasomatites, veins, . .
. veins veins shear zone . veins and/or metasomatites, skarns pods
Style metasomatites boudins, fault
Origin of the Metasomatic- Metasomatic- Metamorphic- (Magmatic- Metasomatic) with a -
Fluid hydrothermal hydrothermal Hydrothermal metasomatic metamorphic remobilization Metasomatic-hydrothermal
Colombia (East i i i 2
olombia (Eastern  China (Davdar) Austria Austria (ITIabachta.l)' 2: Probably Brazil (Carnaiba, Socotd, Itabira, Norway
and western (Habachtal) metamorphic remobilization of type . PN (Eidsvoll)
X Fazenda Bonfim, Pirendpolis, etc.)
emerald zones) IA deposit
Canada (Mountain Brazil (Itaberai, China (Dyakou)
River) Santa Terezinha
de Goias)
Pakistan Brazil (Santa Terezinha de Goias) ?: Canada (Tsa da Gliza, Taylor 2) Canada (Lened)
(Swat-Mingora—  Probably related to hidden granitic Bulgaria (Rila) Australia
A Gujar-Kili, intrusive cut by thrust and (Emmavile, .
Deposits H gg ite) Barang) emerald-bearing shear-zone Urals (Malysheva, etc.) Torrington) (Ilzhierla)
. ni . n;
Afghanistan eddenite Pakistan (Swat-Mingora)? Probably Pakistan (Khaltaro) aduna
(Panjsher) related to undeformed hidden y Afghanistan (Tawak)
USA (Uinta (?): intrusives India (Rajhastan, Gubaranda)
question about the Australia (Poona): Probably South Africa (Gravelotte)
presence of metamorphic remobilization of Tye
emerald) IA deposit Zambia (Kafubu, etc.) Kazakstan
Egypt (Djebel Sikait, Zabara, Umm  Tanzania (Manyara, Sumbawanga) (Delgebetey)

Kabu): Probably metamorphic
remobilization of Type IA deposit
Zambia (Musakashi): Unknown
genesis, vein style, fluid inclusion
indicates affinities with Types IIB
and IIC

Mozambique (Rio Maria, etc.)
Australia (Menzies, Wodgina, etc.)
Ethiopia (Kenticha)
Madagascar (Ianapera, Mananjary)
Zimbabwe (Sandawana, Masvingo,
Filibusi)

Somalia (Boorama)
Ukraine (Wolodarsk)
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6.1. Tectonic Magmatic-Related (Type 1)

Type I deposits are found in all five continents (Figure 2). The main geological environment
is characterized by the presence of aluminous to peraluminous granitoids formed in continental
collision domains. The collision increases the continental lithosphere thickness, resulting in increased
pressure and temperature, and producing a zone of higher grade of metamorphism and partial melting
of rocks, forming felsic magmas. These continental collisions have occurred at different geological
times throughout the Wilson cycles of the supercontinents, with the formation of emerald deposits
(Figure 10; [67]) during the following orogenies: Eburnean or Transamazonian (2.0 Ga (giga-annum)),
Pan-African/Brasiliano (490-520 Ma (mega-annum)), Hercynian (300 Ma), Uralian (299-251 Ma),
Yenshan (125-110 Ma), and Himalayan (25-9 Ma). In contrast, the emerald deposit at Kaduna in
Nigeria is associated with Mesozoic (213-141 Ma) ring complexes with peralkaline granites formed
in a volcanic to subvolcanic continental environment [68]. In the case of the Byrud mine in Norway,
the emerald is related to Permo-Triassic intrusions associated with the evolution of the Oslo Paleorift.
This rift was characterized by a succession of volcanic rocks and the emplacement of batholiths and
the intrusion of syenitic dykes and sills [69].

Muzo
Rila

5 Coscuez
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Figure 10. The spiral time of emerald. The oldest emerald formed during Archean times (2.97 Ga) in
South Africa (Gravelotte deposit) and the youngest during Cenozoic times (9 Ma) in Pakistan (Kaltharo
deposit). Nomenclature of the circles: Red = limit of geological era, green circle = emerald deposits
related to the Tectonic magmatic-related types (types IA, IB, and IC); yellow and white circles = Tectonic
metamorphic-related types (types IIA, IIB, IIC, and IID) with deposits hosted either in mafic-ultramafic
rocks (white circle) or in sedimentary rocks (yellow circle).
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Type I emerald deposits, in terms of quantity and gem quality, remain the world’s most important
emerald deposits. Three sub-types are distinguished according to the emerald host-rocks.

6.1.1. Sub-Type IA: Tectonic Magmatic-Related Emerald Deposits Hosted in M-UMR (Brazil, Zambia,
Russia, and Others; See Table 2 and Figure 2)

These deposits produce high volumes of emerald. Why?

There are numerous Be- and/or Be-Ta-Nb-Sn-W-bearing granites of different ages accompanied
by subordinate amounts of M-UMR in the continental crust.

There are large volumes of metamorphosed M-UMR in the Precambrian series of the continental
crust, such as the recently discovered southern Ethiopian emerald deposit (Halo-Shakiso) hosted in
the Archean and Proterozoic volcano-sedimentary series. It is associated with pegmatites and quartz
veins similar to the proximal Ta-Nb-Be-bearing pegmatites from the nearby Kenticha mine.

At the regional scale and in several emerald mining districts, there are extended and continuous
zones of mineralization related to granites, pegmatites, and quartz veins, as in the Kafubu mining
area in Zambia where the mining licences extend for approximately 15 km of the strike length [50,70].
The development of modern mining on a large scale, as done by the company, Gemfields Group Ltd.,
through underground and huge open-cast mining, allows for the production of large quantities of
high-quality commercial-grade gems.

Another example is the mining district of Itabira-Nova Era in Minas Gerais, located in Quadrilatero
Ferrifero, Brazil (Figure 11). In 1978, the future deposit of Itabira was discovered on a private
property called the “Itabira farm” [71]. After three years of development, the mine was mechanized
and named the Belmont mine [72]. In 1988, emeralds were discovered at Capoierana near Nova
Era, 10 km southeast of the Belmont mine [73]. In 1998, the deposit of Piteiras was officially
discovered. The emerald deposit is located 15 km southeast of Itabira city, between the Belmont
and Capoierana mines. The mineralized zone extends for over 5 km and the mines are located on
two thrust zones (Brasiliano orogenesis) juxtaposing ultramafic rocks and highly deformed granites
called “Borrachudos”. At the regional scale, an extended emerald mining district was defined
based on the geological continuity of the thrusts [74]; this district accounts for the majority of the
Brazilian production.

In this type of deposit, granitic magmas have intruded M-UMR within volcano-sedimentary
sequences or greenstone belts (Figure 12) and fluids expelled from the granite circulated within
the thermal aureole, sometimes mixing with metamorphic fluids, and reacted with the pegmatite
or quartz veins and M-UMR, forming emerald. The deposits are associated with vast amounts of
fluid-rock interactions producing intense K-Na-Mg metasomatism of M-UMR and granite. This
genetic pathway is the most common ([1,16,22,75,76]) and is characterized by emeralds contained
in magnesium-rich micaceous rocks known as phlogopite schists or phlogopitites, or “glimmerite”
in the Russian literature, “black wall zones” in [77], or “sludite” in Brazil. Generally, the pegmatite
and the M-UMR experienced intense fluid infiltration and metasomatism where: (i) The M-UMR is
converted into the emerald-bearing micaceous-host rock; (ii) the granitic rock itself is transformed into
a feldspar-rich rock called plagioclasite comprised of albite-andesine feldspar. Quartz is dissolved
and the pegmatite becomes a desilicated pegmatite (Figure 13). The metasomatic processes are highly
variable and dependent upon P-T conditions, the extent of fluid circulation, and the timing between
granitic intrusions and regional deformation.

At Carnaiba, the vein-like metasomatic rocks, in which phlogopite is by far the most abundant
mineral, have a longitudinal extension that may extend several hundreds of meters, whereas their
thickness does not exceed a few metres. They display a clear zoning and are organized, in many places
in the M-UMR, symetrically around intrusive aplo-pegmatite dikelets, which channel the fluids [78].
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Figure 11. The emerald mining district of Itabira-Nova Era in Minas Gerais, Brazil, with the

mines of Belmont, Piteiras, and Capoierana: (a) Geological map of the extended regional mining

district. The mining concession of Piteiras is bounded by the polygon area plotted in the figure.

Three deposits are currently mined. All occur in the same geological context. Ultramafic bodies

(chromium—Cr, vanadium—YV, and magnesium-rich-bearing rocks) are in contact with the deformed

granites of Borrachudos (beryllium—Be, aluminium-silica-rich pegmatites), modified after [73];

(b) schematic diagram representing the probable formation of the Piteiras-Capoeirana-Belmont emerald

deposits. During the Brasiliano orogenesis (508 Ma), the hydrothermal fluid (red arrows) circulated

along the thrust planes, altering granites and associated Be-bearing pegmatites and Cr-V-bearing

mafic-ultramafics. The hydrothermal fluids interacted with both rocks and were enriched in all the

elements necessary for emerald crystallization. Emerald crystallized in plagioclasite (desilicated

pegmatite) and phlogopitite.
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desilicated pegmatite and
biotite schist

biotite schist
with emerald and
plagioclase

quartz-tourmaline vein

Figure 12. Idealized model for the Tectonic magmatic-related emerald type.The model is based
on the emplacement in the crust of a granitic massif, with its pegmatite and aplite dikes and their
tourmaline- (Tr) or beryl- (Brl) bearing quartz veins, intruding mafic (metabasalt) and /or ultramafic
rocks (metaperidotite, serpentinite). The fluid circulations from the granite into the surrounding
rocks and granitic dykes (arrows), preferentially along the contacts between the pegmatite or aplite
or quartz veins and the regional rocks, transform the mafic rocks into a magnesium-rich biotite schist
and the pegmatite into an albite-rich plagioclasite. Emerald (Em) and apatite (Ap) precipitates in the
rocks affected by the fluid /rock interaction. It can precipitate in the pegmatite, aplite, plagioclasite,
and quartz veins and their adjacent phlogopite schist zones.
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Figure 13. Desilicated emerald-bearing pegmatites: (a) Desilicated pegmatites crosscutting metabasites

(mb) from the Kafubu mine (Zambia). Photograph: Dietmar Schwarz; (b) desilicated pegmatite from
the Carnaiba mine, Brazil. At the contact of a pegmatite (pg) and a serpentinite, the metasomatic
fluid dissolved quartz, mobilized Cr and V from the chromite-bearing serpentinite, and Be from
the beryl-bearing pegmatite to form emerald (Em). The fluid transformed the serpentinite into a
phlogopitite (ph) and the pegmatite in an albite-rich rock (ab). The three arrows indicate the limit of
the dissolution of quartz (q) from the pegmatite. Photograph: Gaston Giuliani.

These metasomatic rocks, called exo-F-phlogopitites (1.3 to 4 wt.% F), formed a metasomatic
column that consists of seven zones, from the central desilicated granitic vein (zone 7) to the enclosing
serpentinite (Figure 14):

Zone 6: Coarse-grained F-phlogopite + apatite + emerald + quartz;
Zone5: Fine-grained F-phlogopite + apatite + emerald;

Zone 4: F-phlogopite + spinel (chromite + magnetite);

Zone 3: F-phlogopite + spinel + amphibole (actinolite + tremolite);
Zone 2: F-phlogopite + spinel + ampbibole + talc; and

Zone1: spinel + amphibole (or dolomite) + talc + serpentine + chlorite.

From the inner to the outer zones, (i) phlogopite composition evolves with continuous or
discontinuous decrease in the Al and Fe contents with an increase in the Si and Mg contents and
K/Al ratio; (ii) amphibole evolves from actinolite to tremolite; and (iii) spinel from Al-chromite
to Cr-magnetite.

The aplopegmatite dikelets were transformed into plagioclasites (with disseminated phlogopite
and little hornblende) with irregular commonly centimeter-thick phlogopite rims, embayments,
and veinlets called endo-phlogopitites by analogy with the endo-skarns [78].

The strong chemical gradients in the different zones of the metasomatic column are characterized
by a change in the composition of phlogopite (Figure 15; [78,79]). From zone 6 to zone 2, the Al and Fe
contents decrease while Si and Mg increase. This evolution is discontinuous and two abrupt changes
are observed, one at the front of zones 6/5, where the evolution corresponds to an increase in Si and
Mg and a decrease in the Al, Fe, and Na contents and the other within zone 4. Such pattern of evolution
are coherent with infiltration metasomatism. The potassium content remains constant in zones 6 and 5,
suddenly decreases within zone 4, and remains constant up to zone 2.

Over the whole column, the F content of phlogopite is in the range of 1.3 to 4 wt.% and the highest
values are observed in the phlogopite of the outer zone that has the highest Mg/(Fe + Mg) ratios,
in agreement with the so-called “Fe-F avoidance effect” [80].
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id inclusion

The metasomatism related to fluid circulation between aplopegmatite dikes and

mafic-ultramafic rocks: (a) Metasomatic column formed by different mineralogical zones (zones 7 to 2)

developed around a central pegmatite vein crosscuting serpentinites, Bratlia prospecting pit, Carnaiba;

(b) vein-like metasomatic rocks and their mineralogical composition. The pegmatite is transformed into

plagioclasite (zone 7) and the metasomatic rocks consist of six zones, from the desilicated pegmatite

to the enclosing serpentinite (zones 6 to 2). Emerald is found in the plagioclasite and in zones 6

(coarse-grained phlogopitite) and 5 (fine-grained phlogopitite). Zone 1 is the protolith formed by the

serpentinite (not seen on the photograph); (c) solids and fluid inclusion in emeralds from zones 7 and 6

(Photographs: Dietmar Schwarz and Gaston Giuliani).
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Figure 15. Evolution of the phlogopite composition in the phlogopitites of the different metasomatic
zones (zones 6 to 2, see Figure 14 for the repartition of the different zones from the plagioclasite to
the serpentinite) at Bratlia prospecting pit, Carnaiba mine, Brazil. Composition calculated in atom
per formula (electron microprobe data from [79]). From the inner to the outer zones, phlogopite
composition evolves with a continuous or discontinuous decrease in the Al and Fe contents and an
increase of the Si and Mg contents and K/ Al ratio, corresponding to changes in the petrographic
habitus of the phlogopite.

Chromium contents are usually very low (<0.05 wt.%) in zones 6 and 5 and present a peak (up to
0.7 wt.%) at the front of zones 5/4, at the place where the first crystals of chromite are observed.
In the outer zones 4 to 2, the Cr contents of phlogopite are nearly constant (0.25 wt.%). Chromium
dispersed in the original rock can be concentrated at the front advancing outwards, like a “sweep
effect” [81]. The almost uniform Cr content of phlogopite in the outer zones, 4 to 2, may result
from the establishment of a exchange equilibrium between mica and chromite, Cr behaving as an
inert component.
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Mass transfer calculations show that the infiltration metasomatism in serpentinites is accompanied
by important transfers of material, concerning mainly Al, K, F, Si, Mg, Ca, and H,O (Figure 16).
The strong enrichment in K, Rb, Li, Be, Nb, P, and F suggests that the metasomatic fluids have a
magmatic origin, since some of these elements (including Rb, Nb, and Be) behave incompatibly during
magmatic differentiation.
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Figure 16. Mass balance calculations realized on the metasomatic column at Bode prospecting pit,
Carnaiba mine, Bahia, Brazil (modified from [79]). Chemical mass balance was realized on major
elements’ molar composition (in millimoles/100 cm?) of the different metasomatic zones (1 to 5 + 6). It
indicates the supply of many elements, such as K, Si, Al, and F, over the whole column, and Fe, in the
inner most zones of 6 and 5, the leaching of Mg and Ca from the outer to the inner zones.

The association of phlogopitite—plagioclasite corresponds to a “bimetasomatic system” in the
sense given by [82]. The hydrothermal solutions that developed the potassic metasomatism in the
serpentinites (phlogopitites) are alkaline, undersaturated with respect to microcline and quartz of the
intrusive aplopegmatite, and albitizing.

The occurrence of emeralds is considered to be due to the efficiency of the metasomatic trap rather
than a significant magmatic pre-enrichment in Be. The occurrence of strong chemical gradients in the
zones of preferential circulation of the solutions (zones 6 and 5 of the exo-phlogopitites, plagioclasites,
and endo-phlogopitites) constitutes highly favorable conditions for the beryl formation.

Elevated temperature and alumni and silica activities are the main factors for emerald formation
in the IA sub-type (Figure 17). At high temperatures (T > 600 °C) and medium to high silica activity,
beryl, phenakite (Be;SiOy4), and chrysoberyl (BeAl,Oy4) are stable [53]. Emerald occurs in quartz veins,
such as at the Kafubu deposits in Zambia [50,70], or greisens (an association of quartz and white
micas), such as at the deposits of Delbegetey in Kazakhstan [51] and Khaltaro in Pakistan [83]. At lower
silicate activities, albite is always stable and emerald is replaced by alexandrite (Cr-chrysoberyl) +
phenakite. This is the case for emerald-bearing desilicated pegmatites in M-UMR, such as in Russia
and Brazil. At higher Al,Os activities, corundum can crystallize, such as at the Poona emerald deposit
in Australia [84].



Minerals 2019, 9, 105 24 of 63

BeO

Si0>

/.:hale

Colombia hosted

emerald

Kazakhstan | greisens
elgebetey

Colombia
euclase Gachala

phenakite

pranqueira gosilicated granitic

pegmatites

Australia

Poona b A|203

corundum

U
alexandrite

Figure 17. The ternary diagram of BeO-Al,03-SiO; visualises the major types of emerald deposits as a
function of their typical mineral assemblages, such as alexandrite, euclase, phenakite, and corundum
("'BASH’ system modified from [53]). Follow the discussion in the text.

The classic model of these granitic-metasomatic deposits presents much variability in terms of the

geometry, chemical composition of the rocks, geological contacts, etc.:

1.

At the Tsa da Gliza deposit in Canada, Be-bearing magmatic fluids from the neighboring granite
reacted with the Cr- and V-bearing M-UMR [46]. Emeralds formed in aplite, pegmatite, and quartz
veins surrounded by biotite schists. There is a continuum between the crystallization of granitic
rocks, fluid rock-interaction, and emerald formation (Figure 18).

In the Kafubu area in Zambia (Figure 1c), emerald is found predominantly in metamorphosed
M-UMR with phlogopite schist or in quartz-tourmaline veins adjacent to pegmatites.

At the Sandawana deposit in Zimbabwe, pegmatites intruded the M-UMR, but they are folded
and fluid circulation in shear zones formed phlogopite schist. The fluid-rock interaction is coeval
with the regional deformation [52]. Such phenomena are also found in the Carnaiba deposits in
Brazil, where the dissolution of quartz from pegmatite is common [76].

At the Ianapera deposit in Madagascar, two coeval emerald deposits coexist (Figure 19; [11]):
(1) A proximal one, formed at the contact between pegmatites and UMR; and (2) a distal one,
hosted in biotite schist in fractures developed in mafic rocks with widespread fluid circulation
affecting all the geological formations. Similarly, the Trecho Novo and Trecho Velho deposits at
Carnaiba, Brazil [78] are also distal in nature.
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Figure 18. Genetic model proposed for the emerald mineralization at Tsa da Glisza, Yukon
Territory, Canada.
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Figure 19. Schematic representation of the two styles of mineralization evidenced for the Ianapera
emerald deposit, Madagascar: (1) Proximal mineralization occurs at the contact of pegmatite veins
with ultramafic units. Emerald mineralization is hosted in metasomatic phlogopitite and desilicated
pegmatites or quartz-tourmaline veins, at the contact between migmatitic gneiss and garnet amphibolite;
(2) distal style is formed by phlogopite veins crosscutting mafic rocks. In addition to phlogopite, these
veins contain Mg-amphibole, apatite, and dolomite, and minor quartz, calcite, zircon, plagioclase,
and chlorite.
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6.1.2. Sub-Type IB: Tectonic Magmatic-Related Emerald Deposits Hosted in (Meta)-Sedimentary Rocks
(China, Canada, Kazakhstan, Norway, Australia; See Table 2)

These emerald occurrences are associated with granites that intrude sedimentary or meta-
sedimentary lithologies. These deposits are generally sub-economic and several variants are described,
depending on the nature of the host-rocks and the mineralization styles.

1. At Dyakou (China), the Lower Cretaceous porphyritic granite intruded biotite granofels,
quartzite, gneiss, and plagioclase amphibolite of Lower and Upper Neoproterozoic formations.
The intrusion formed skarns and dyke swarms of quartz veins, which are crosscut by
pegmatites [85]. Emerald in quartz veins is less abundant than in the pegmatites, but of higher
quality (Figure 1b). Some pegmatites show a local zoning with an outer zone enriched in
K-feldspar and an inner zone of emerald and quartz.

2. Atthe Lened V-rich emerald occurrence (Canada), Be and other incompatible elements (i.e., W,
Sn, Li, B, and F) in the emerald, vein minerals, and surrounding skarn were derived during
the terminal stages of crystallization of the proximal Lened pluton [21,47]. Decarbonation
during pyroxene-garnet skarn formation in the host carbonate rocks probably caused local
overpressuring and fracturing that allowed ingress of magma-derived fluids and formation of
quartz-calcite-beryl-scheelite-tourmaline-pyrite veins. The vein fluid was largely igneous in
origin, but the dominant emerald chromophore V was mobilized by metasomatism of V-rich
sedimentary rocks (avg. 2000 ppm V) that underlie the emerald occurrence [21].

3. At Delbegetey (Kazakhstan), the emerald mineralization is confined to the granite that hornfelsed
carboniferous sandstones. Emerald is found in muscovite greisen formed in the wall-rocks of
muscovite-tourmaline-fluorite-bearing quartz veins [51].

4. At Eidswoll (Norway), the emerald Byrud Gard mine is related to Permo-Triassic alkaline
intrusions. The V-bearing emerald occurs in Middle Triassic pegmatite veins that intruded
Cambrian Alum shales and quartz syenite sills [20]. Vanadium and Cr were probably leached
from the alum shales by the mineralizing fluids [13].

5. At Emmaville-Torrington (Australia), emerald is located in pegmatite, aplite, and quartz veins
associated with the Mole granite. The granite intrudes a Permian metasedimentary sequence
consisting of meta-siltstones, slates, and quartzites [19]. The emerald-bearing pegmatite veins
contain quartz, topaz, K-feldspar, and mica. Emerald is embedded in cavities and surrounded by
dickite in the quartz-topaz veins. In the quartz lodes, emerald is associated with Sn-W-F minerals.
At the Heffernan’s Wolfram mine, emerald occurs with wolframite in vugs in the pegmatites [86].

6.1.3. Sub-Type IC: Tectonic Magmatic-Related Emerald Deposits Hosted in Peralkaline
Granites (Nigeria)

These emerald occurrences are located in the Jurassic younger granite ring complexes of
the anorogenic magmatism of Nigeria [68]. These granites crystallized in a volcanic-subvolcanic
environment. They are generally peralkaline with perthitic K-feldspar, sodic amphiboles, and alkaline
pyroxene. The roof zone of the intrusions is characterized by disseminated tin, tungsten, niobium,
tantalum, and zinc mineralization related to sodic or potassic metasomatism, sheeted quartz vein
systems, pegmatite pods and veinlets, replacement bodies, and fissure-filling veins (Figure 20).
The emerald mineralization is located in sporadic pegmatitic pods with quartz and feldspar, as well
as topaz and gem quality aquamarine. The source of chromium for the emerald is debated, but it
could be the consequence of the mode of emplacement of the granites, which involved mechanisms of
underground cauldron subsidence. The caldera produced ignimbrite, rhyolite, and thin Cr-bearing
basic flows, which collapsed during doming or swelling and intrusion of the younger granites.
Assimilation of the previous basic volcanic rocks or local fluid interaction between the pegmatites and
the basic flows could have enriched the metasomatic fluids in Cr and Fe, resulting in the formation of
emerald-aquamarine beryls.
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Figure 20. Ring complexes of Nigeria and emerald mineralization. Idealized cross-section showing
structural setting and styles of mineralization.

6.2. Tectonic Metamorphic-Related (Type 1)

Type II deposits are found in metamorphic environments with facies varying from high anchizone
metamorphic illite crystallinity (Colombian black shales) to medium pressure conditions where the
most exposed metamorphic rocks belong to the greenschist (ex: Swat talc-carbonate schist, Pakistan),
amphibolite (ex: Habachtal metamorphic series, Austria), and up to granulite facies, with local partial
melting of the rocks (migmatites of Hiddenite, USA). The majority of these deposits are characterized
by the absence of granitic intrusions, and the deposits are linked to the circulation of fluids and
metasomatism in thrusts, shear zones, or vein systems. Four sub-types are proposed in the new
classification of emerald deposits (IIA, IIB, IIC, and IID).

6.2.1. Sub-Type IIA: Tectonic Metamorphic-Related Emerald Deposits Hosted in M-UMR (Brazil,
Austria, Pakistan; See Table 1)

The Brazilian emerald deposits are partly associated with shear-zones cross-cutting M-UMR.
The absence of a magmatic influence in their formation is constrained by field, geochemical, fluid
inclusion, and stable isotope studies [15,76]. This is the case for the Santa Terezinha de Goias deposit
and the occurrence of Itaberai. The economic importance of this deposit type is waning due to smaller
emeralds, emerald dissemination, and higher artisanal mining cost and today represents only 4% of the
total production of Brazil. The main Brazilian production is from type I deposits in Minas Gerais (74%)
and Bahia (22%) [87]. Nevertheless, type IIA must be considered when prospecting in the Archean and
Precambrian volcano-sedimentary series or greenstone belts.

1. The Santa Terezinha de Goias deposit, located in central Goias, produced 155 tons of emerald
between 1981, date of the discovery, and 1988 [88]. The emerald grade was between 50 and 800 g/t.
The infiltration of hydrothermal fluids is controlled by tectonic structures, such as the thrust
and shear zones (Figure 21a). Pegmatite veins are absent and the mineralization is stratiform
(Figure 21b). Emerald is disseminated within phlogopitites and phlogopitized carbonate-talc
schists of the metavolcanic sedimentary sequence of Santa Terezinha [88-90]. Talc-schists provide
the main sites for thrusting and the formation of sheath folds [91]. Emerald-rich zones are
commonly found in the cores of sheath folds and along the foliation (Figure 21c). Two types of
ore can be distinguished [88]: (i) A carbonate-rich ore composed of dolomite, talc, phlogopite,
quartz, chlorite, tremolite, spinel, pyrite, and emerald; (ii) a phlogopite-rich ore composed of
phlogopite, quartz, carbonates, chlorite, talc, pyrite, and emerald.

The distal Sao José two-micas granite, located 5 km from the emerald deposit, is a syntectonic
foliated granite, which underwent a polyphase ductile deformation coeval to that observed in the
emerald deposit [92]. C and S structures in the granite indicate shear deformation along a typical
frontal thrust ramp and the granite overthrusted the Santa Terezinha sequence where the emerald
deposit is located. D’el-Rey Silva and Barros Neto [92] suggested that the granite most probably
was the source of Be for the formation of emerald in the Santa Terezinha de Goids deposit.
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Figure 21.

(a) Carbonated and phlogopite-rich emerald ores. The phlogopite schists (phls) underline the foliation
of the talc-carbonate schists (Tcl-Cbs); (b) carbonates lenses (Dol) are observed within the talc-carbonate
schists (Tcl-Cbs). The phlogopitisation affects the carbonated-talc-schists and the talc-carbonate-chlorite
schist (Tcl-Cb-Chls) showing the “bed-by-bed” fluid injection along foliation planes; (c) structural
evolution of the Santa Terezinha volcano-sedimentary sequence and the controls of the emerald
mineralization on the basis of the structural study done on the Trecho Novo 167 underground mine
(EMSA company property). Photographs: Gaston Giuliani.

The Santa Terezinha de Goias (Campos Verdes) emerald deposit, Goias, Brazil:
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2. The Habachtal deposit in the Austrian Alps has been studied in detail [77,93-97]. This alpine
deposit is located in a contact zone, which overthrusts the volcano-sedimentary series of
Habachtal (Habach Formation) on the ortho-augengneisses (central gneisses). The Paleozoic
Habach formation is composed of a series of amphibolites, acid metavolcanics tranformed
in muscovite schists, and black pelites with interlayered serpentinites and talc series.
Two metamorphic events, one occurring before the Alpine event (P < 3 kb and T < 450 °C) and
one occuring during the Alpine event (4.5 < P < 6 kb and 500 < T < 550 °C) were superimposed.
The mineralized “blackwall zone”, the equivalent of a phlogopitite, is a tectonic or shear zone
100 m wide, formed from UMR (serpentinites) pinched between orthogneisses and amphibolites.
Emerald is disseminated in the “blackwall zone” phlogopitites, talc-actinolite, and chlorite schists.
The metasomatic process involves fluid percolation that extracted Be from the muscovite schists
(average Be content = 36 ppm) and Cr from the serpentinites (Cr content = 304 ppm) to facilitate
the crystallization of emerald (Figure 22). Fluid inclusions trapped by emerald belong to the
H,0O-CO;,-NaCl system [96] with two generations of fluid inclusions: An early generation (XCO,
< 4 vol.%) and a late one (XCO; up to 11 vol.%). Emerald-metasomatic fluids were related to
hydration phenomena due to the alpine metamorphism [96].

probable original contact of the two mother rocks
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Figure 22. Model of formation of the Habachtal emerald deposit: (1) Initial stage showing the different
lithologies with their respective Be contents; (2) final stage after regional metamorphism showing the
final metasomatic rocks assemblages; (3) beryllium liberated from the muscovite schists is incorporated
into the emerald crystals.
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3. The Swat-Mingora—Gujar Kili-Barang deposits are controlled by the Main Mantle
Thrust [86,98-100]. The suture zone that marks the collision of the Indo-Pakistan plate with
the Kohistan arc sequence is composed of a number of fault bounded rock melanges (blueschist,
greenschist, and ophiolitic melanges).

The ophiolitic melange, which hosts the Pakistani emerald deposits, is composed mainly of
altered ultramafic rocks with local cumulate, pillow lavas, and metasediments. Emerald occurs within
hydrothermally altered serpentinites that show metasomatic zoning [100]: An outer zone composed of
talc-magnesite &+ chlorite £ micas; an intermediate zone consisting of talc-magnesite with dolomite
veins; and an inner zone with dolomite-magnesite-talc schists and quartz-dolomite + tourmaline £
fuschite veins. Emerald occurs disseminated in the inner and intermediate zones within or spatially
associated with quartz-carbonate veins. Dilles et al. [100] obtained a “’Ar/%Ar Oligocene age of
23.7 £ 0.1 Ma for a fuchsite-quartz vein in the Swat emerald deposit.

Isotopic study of magnesite from the outer zone showed that the mineral association resulted
from early metamorphic fluids [101], whereas the inner and intermediate zones resulted from the
infiltration of hydrothermal fluids, which carried Si, Be, B, K, and Ca. Chromium came from the
dissolution of chromite crystals in the serpentinites. Arif et al. [102] analysed Cr, Be, B, and other trace
element contents in the ophiolitic rocks of the Indus suture zone in Swat. They showed that the Cr
present in the Cr-bearing silicates (emerald, Cr-tourmaline, and Cr-muscovite) was derived from the
original protolith. Beryllium and boron enrichments were found only in M-UMR affected by fractures
and fluid circulation. In addition, analyses of small granitic dykes cutting granitic gneisses showed
extreme B and Be enrichment. In consequence, Arif et al. [102] argued that the Be and B are sourced
from a probable hidden leucogranite in depth.

6.2.2. Sub-Type IIB: Tectonic Metamorphic-Related Emerald Deposits Hosted in Sedimentary Rocks:
Black Shales (Colombia, Canada, USA; Table 2)

Colombian emerald deposits are unique. Why?

The Colombian emerald deposits are located on both sides of the Eastern Cordillera sedimentary
basin, with an eastern zone comprising the mining districts of Gachala, Chivor, and Macanal, and a
western zone, including the mines of La Glorieta-Yacopi, Muzo, Coscuez, La Pita, Cunas, and Pefias
Blancas (Figure 23). Their distribution along both sides of the basin ensures abundant production of
high-quality emerald. These deposits are unique because there is no connection with granites in their
formation [103,104].

The emerald mineralization is hosted in Lower Cretaceous (135-116 Ma) sedimentary rocks
composed of a thick succession of sandstone, limestone, black shale, and evaporites. The salt and
sulphate rocks were necessary for the formation of emerald. These intercalations of evaporites
are found both in the Guavio (Figure 24) and Rosablanca formations, in the eastern and western
emerald zones, respectively. The evaporites are responsible for the high salinity of the basinal brines
(~40 wt.% equivalent NaCl) and the circulation of H,O-NaCl-CO,;-(Ca-K-Mg-Fe-Li-SOy) fluids trapped
by emerald during its growth ([105]; Figure 25).

The tectonic-sedimentary evolution of the Eastern Cordillera basin is unique (Figure 26).
The formation of the emerald deposits is related to changes in the acceleration and convergence
of the Nazca and South American plates that took place at: (1) 65 Ma, forming the emerald deposits on
the eastern side of the basin [106]; and at (2) 38-32 Ma, generating the Muzo and Coscuez deposits on
the western side [103]. Formation at different ages and conditions resulted in two drastically different
styles of mineralization in the eastern and western emerald zones [107,108].
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Figure 23. Simplified geological map of the basin from the Eastern Colombian Cordillera. The emerald
deposits are hosted by Lower Cretaceous sedimentary rocks forming two mineralized zones located,
respectively, on the eastern and western borders of the basin. On the western border, with the mining
districts of La Glorieta-Yacopi, Muzo, Coscuez, La Pita, Cunas, and Pefias Blancas, and on the eastern
border are Gachala, Chivor, and Macanal.

Figure 24. Evaporites in the the Chivor mining area: (a) The gypsum deposits present decametric lenses
of white gypsum/dolostone alternations hosted in a black matrix made of crushed and dismembered

black shales similar to the main evaporitic regional breccia level in emerald deposits; (b) Dolomicritic
beds are in alternation with nodulated beds of gypsum. Photographs: Yannick Branquet.

In the eastern emerald deposits, the Chivor mining district presents extensional structures
extending from a brecciated regional evaporitic level (Figure 27), which acted as a local, gravity-driven
detachment [107,108]. The brecciated rock unit in the Chivor area, which is in excess of 10 km long
and 10 m thick (Figure 28a,b), is stratabound, i.e., parallel to the sedimentary strata, and dominantly
composed of hydrothermal breccia (Figure 28c) made up of fragments of the hanging wall (carbonated
carbon-rich BS, limestone, and whitish albitite (albitized black shale)) cemented by carbonates and
pyrite (Figure 28d).
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Figure 25. Highly saline basinal fluids trapped by fluid inclusions in Colombian emerald is strong
evidence for the evaporitic origin of the mineralizing fluid: (a) Emerald from Oriente mine in Chivor
(Eastern emerald zone). Primary multi-phase fluid inclusion trapped in an emerald. The cavity, 180 um
long, contains from the right to the left, two cubes of sodium chloride (halite), a rounded gas bubble,
and two minute crystals of calcite all of which are wetted by a salty water occupying 75 vol.% of the
cavity; (b) emerald from Coscuez (western emerald zone). The cavity, 40 um long, contains 75 vol.% of
salt water solution, 10 vol.% of gas corresponding to the vapour bubble, 15 vol.% of cubic halite crystal
(NaCl), and a rounded crystal of carbonate (on the right of the cavity). The vapour phase is rimmed by
liquid carbon dioxide. Photographs: Hervé Conge.
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Figure 26. Basin development and tectonic history of the Llanos and Eastern Cordillera basins,
and Middle Magdalena Valley in Colombia (modified from [109]). Four episodes of deformation
have been recognized in the Tertiary of central Colombia: (1) Late Cretaceous—early Paleocene, with the
formation at 65 Ma of the emerald deposits from the eastern zone; (2) middle Eocene with the creation
of folds and thrusts in the Middle Magalena valley and western border of the Eastern Cordillera
basin, and with the formation, between 38-32 Ma, of the emerald deposits from the western; (3) late
Oligocene—early Miocene; and (4) late Miocene—Pliocene at 10.5 Ma where the Eastern Cordillera was
uplifted and eroded, with the outcropping of the emerald deposits from the eastern and western
emerald zones.
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Figure 27. Deposits from the eastern emerald zone in Colombia:(a) Simplified geological map of the
Eastern Cordillera with the location of the main emerald deposits. Inset is the location of Figure 27b;
(b) geological map of the Chivor area. All emerald and gypsum deposits and occurrences are hosted
within the Berriasian Upper Guavio Formation.
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Figure 28. The Chivor mining area: (a) Geological cross-section through the Chivor emerald deposits;
(b) south-eastern field view of the cross-section; (¢) Chivor Klein pit. Upper contact of the main breccia
level (in black) with albitites (1). The transport of clasts of albitite (2) within the breccia is marked by
tails; (d) Oriente deposit. Polygenic breccia formed by clasts of albitite and black shales, cemented by
pyrite, carbonates, and albite; (e) Oriente deposit. Carbonate-pyrite-emerald-bearing veins crosscutting
albitite showing some remnants of black shale. Photographs b to d: Yannick Branquet; Photograph e:

Gaston Giuliani.
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All the mineralized structures, i.e., sub-vertical veins, extending from the roof of the brecciated
level (Figure 28e), are mineralized listric faults that attest of the bulk extensional structures extending
from the brecciated regional evaporitic level. At 65 Ma, to a small amount of horizontal stretching a
large flow of hydrothermal fluids responsible for emerald deposition occurred through the regional
evaporitic level. The observed structures of the breccia are diagnostic of hydraulic fracturing associated
with the evaporite solution within the salt-bearing main breccia level. At the Cretaceous—Tertiary
boundary, the overburden of the Guavio Formation in the Chivor area was about 5-6 km [110].
At that time, the area was slightly uplifted in an incipient foreland bulge [111]. This was [111]
interpreted as extensional structures observed in the emerald deposits, resulting from flexural extension.
Following this model, the emerald-related hydrothermal event recorded an abrupt change in the
thermal and dynamic conditions of the Eastern Cordillera basin, which triggered regional-scale hot,
deep, and over-pressured brines migration [110].

The western emerald deposits, such as Muzo (Figure 29a) and Coscuez (Figure 30), are
characterized by compressive fold and thrust structures formed along tear faults. These tectonic
structures are synchronous with the circulation of the hydrothermal fluids and emerald deposition.
The deposits are hectometre-sized at most and display numerous folds, thrusts, and tear faults [112].
In the Muzo deposit, thrusts are marked by the calcareous BS, which overly siliceous BS (Figure 29b).
All the tectonic contacts are marked by cm- to m-thick hydrothermal breccia called “cenicero”, i.e.,
ashtray, by the local miners (Figure 29¢,d). These white- or red-coloured breccias outline the thrust
planes, which are associated with intense hydraulic fracturing due to overpressured fluids [113].
Multistage brecciation corresponds to successive fault-fluid flow pulses and dilatant sites resulting
from shear-fracturing synchronous to the thrust fault propagation.
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Figure 29. Tectonic style and lithologies of the Muzo emerald mining district, western emerald zone:
(a) Geological map produced between 1994 and 1996. U1 through U4 represent the different tectonic
units. The units, U1, U2, and U4, are comprised of barren siliceous black shales (cambiado), while U3 is
composed of emerald-bearing calcareous carbon-rich black shale; (b) Tequendama mine cross-section
along x-y (see Figure 29a). The cross-section shows the different lithologies and tectonic structures
described by [112] and [107,113]. The thrusts and tear faults are associated with the presence of
breccia, extensional veins, and related potential zones for trapiche emerald in the wall-rock dislocations
and hydrothermal alteration [114]; (c) thrust verging NNW at Tequendama mine. The SSE dipping
calcareous black shale unit (a) thrusts over the NNW dipping siliceous black shale unit (b). The siliceous
beds are truncated at high angles by the thrust plane characterized by a hydrothermal breccia (c) and a
thrust-parallel vein (d). Photograph: Gaston Giuliani; (d) texture and mineralogy of a thrust-parallel
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and layered breccia called “cenicero” by the miners, outcrops of Puerto Arturo in 1994—95, Tequendama
mine [107,113]. Layering of the breccia zoning: 1 = carbonate thrust vein; 2 = cemented breccia with
pyrite and calcite crystals; 3 = tectonically reworked breccia with a red melange cemented by pyrite
and ankerite; 4 = red layer totally cemented by pyrite and ankerite (“cenicero rojo”); 5 = pure pyrite
layer (“cordon piritoso”). CBS = calcareous black shale; SBS = siliceous black shale.
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Figure 30. Tectonic style and lithologies of the Coscuez emerald mining district, western emerald
zone: (a) General view of the Coscuez deposit in 1996. Photograph: Gaston Giuliani; (b) geological
cross-section of the Coscuez deposit showing the lithostratigraphic column of the formations and
the tectonic style marked by thrusts and faults. The emerald mineralization is linked to tectonic
hydrothermal breccia zones, faults, thrusts, and stockwork veins [107,113].

The thermal-reduction of sulphate, at 300-330 °C, in the presence of organic matter in
the black shale during the formation of the emerald-bearing veins is unique for Be-bearing
mineralization [104,115]. Sulphates (SO42~) in minerals of evaporitic origin are reduced by the organic
matter of the BS to form hydrogen sulphide (H,S) and hydrogen carbonate bounding (HCO;7),
which are responsible for the precipitation of pyrite, carbonates, and bitumen in the veins via the
following reactions:

(CH,0), + S04~ (evaporitic origin) — Rb (pyrobitumen) + 2HCO3™ + H,S 3)
HCO;~ + Ca®* — CaCOj (calcite) + H* (4)

2HCO;~ + Ca?" + Mg?* — CaMg(CO3), (dolomite) + 2H* (5)

7H,S + 4Fe* + SO4% — 4 FeS, (pyrite) + 4H,0 + 6H" (6)

The consequence of pyrite precipitation is the depletion of iron in the fluid prior to emerald
precipitation. This impacted the gemmological features of the emerald as follows: (i) Iron-free
absorption spectra with sharp Cr-V bands; (ii) iron-poor chemical fingerprinting; and (iii) optical
properties that correlate with the low trace elements content [116].

Although, as noted above, the emerald deposits in Colombia are unique, two minor occurrences
that show similar recipes for emerald formation have been reported:

1.  An emerald occurrence was described near Mountain River in the northern Canadian
Cordillera [117]. These emerald veins are hosted within siliciclastic strata in the hanging wall of
the Shale Lake thrust fault. The emerald formed as a result of inorganic thermal-chemical sulphate
reduction via the circulation of deep-seated hydrothermal carbonic brines through basinal
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siliciclastic, carbonate, and evaporitic rocks (Figure 31). The deep-seated HyO-NaCl-CO,-N,
brines, with a salinity up to 24 wt.% equivalent NaCl, were driven along deep basement
structures and reactivated normal faults related to tectonic activity associated with the
development of a back-arc basin during the Late Devonian to Middle Mississippian (385-329 Ma).
The Mountain River emerald occurrence thus represents a similar and small-scale variation of the
Colombian-type emerald deposit model [117].

Three emeralds were reported in the Uinta Mountains in Utah, USA [118,119]. The discovery was
realized in the Neoproterozoic Red Pine shale, which is overlain by Paleozoic carbonate rocks.
Based on the study of fibrous calcite hosted by the Mississippian carbonate units, subjacent to
the hypothetic emerald-bearing shale, [120] proposed an amagmatic process for the formation of
emeralds. The authors combined their chemical and isotope data on calcite, limestone, and the
Red Pine shale using a model of formation similar to the Colombian type and involving thermal
reduction of sulphates between 100 and 300 °C. Emeralds were not described [120] and one can
question their existence in the Uinta Mountains. No one has described these emeralds since the
discovery of [118].
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Figure 31. Idealized schematic model for the emerald mineralization of the Mountain River emerald
occurrence located in Devonian to Mississippian platform sediments [117]. Emerald resulted from
inorganic thermochemical sulphate reduction (light blue arrow) via the circulation of brines along
a reactivated normal fault (dark blue arrow). The high-salinity brines result from the dissolution of
evaporites lenses in the sediments. Be, V, Sc, and Fe were mobilized from the sedimentary formations
(pinkish arrows).

6.2.3. Sub-Type IIC: Tectonic Metamorphic-Related Emerald Deposits Hosted in Metamorphic Rocks
Other than M-UMR and Black Shales (Afghanistan, China, USA; Table 2)

This sub-type includes emerald-bearing quartz vein and veinlet deposits located in medium

pressure metamorphic rocks from the greenschist to granulite facies:

1.

The Panjsher emerald deposits in Afghanistan (Figure 1a) are located in the Herat-Panjsher
suture zone along the Panjsher Valley. The suture zone, which marks the collision of the
Indo-Pakistan plate with the Kohistan arc sequence, contains a number of faults, such as the
Herat-Panjsher strike-slip fault, which was mainly active during the Oligocene-Miocene [121].
The emerald deposits lie southeast of the Herat-Panjsher Fault in the Khendj, Saifitchir,
and Dest-e-rewat Valleys. The deposits are hosted in the Proterozoic metamorphic basement
formed by migmatite, gneiss, schist, marble, and amphibolite. The basement is overlain to
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the northwest by a Paleozoic metasedimentary sequence crosscut by Triassic granodiorite [86].
During the Oligocene, the Proterozoic rocks of the Panjsher valley were affected by the
intrusion of granitoids [86] 20 km north and south of the emerald mining district [122].
The emerald deposits are hosted by metamorphic schists that have been affected by intense
fracturing, fluid circulation, and hydrothermal alteration, resulting in intense albitization and
muscovite-tourmaline replacements [122]. Emerald is found in vugs and quartz veins associated
with muscovite, tourmaline, albite, pyrite, rutile, dolomite, and Cl-apatite [122]. Ar-Ar dating on
a muscovite from the emerald-bearing quartz veins at the Khendj mine gave an Oligocene age of
23 4+ 1 Ma [123]. At the moment, the sources of Cr and Be remain unclear.

2. The Davdar emerald deposit is located in the western part of Xinjiang Province, China.
The deposit is formed by emerald-bearing quartz-carbonate veins associated with a major
northwest-southeast trending fault zone [18]. The deposit is hosted by lower Permian
meta-sedimentary rocks, including sandstone, dolomitic limestone, siltstone, and shale, which
have been metamorphosed at upper greenschist conditions [124] to produce metasedimentary
host rocks, which include quartzite, marble, schist, and phyllite, prior to the emplacement of
the emerald-bearing veins. Basaltic dykes of an unknown age, which are up to 10 m wide and
crop out along strike lengths of up to 200 m, are the only intrusive igneous rocks known in the
area. The dykes are emplaced along the northwest-southeast fault zone; no visible contacts are
exposed between the dykes and the emerald-bearing veins. The emerald-bearing veins, which
are up to about 20 cm wide, contain epidote, K-feldspar, tourmaline group minerals, carbonates,
and iron oxides. Quartz and emerald crystals up to a few centimeters long are found in the veins.
Alteration haloes up to a few cm wide occur around the veins. In the sandstone and dolomitic
limestone, the alteration halo is barely visible, but it is conspicuous as a bleached white halo in the
phyllite. The alteration halo is generally enriched in fine-grained silica with variable amounts of
quartz, biotite, muscovite, feldspar, carbonate, and tourmaline. It is representative of a retrograde
metamorphic assemblage typical of greenschist facies minerals (epidote, plagioclase, potassic
feldspar, quartz, biotite, and chlorite). Emerald typically occurs in the quartz veins and not in the
host rocks or the alteration haloes.

3.  Hiddenite emerald was discovered in North Carolina northeast of the community of Hiddenite in
1875. Since then, a number of notable samples have been discovered, primarily from the Rist and
North American Gem mines [125]. Over 3500 carats of emerald were extracted from the latter
in the 1980s, including the 858 ct (uncut) “Empress Caroline” crystal [126]. At the Rist property
the emeralds occur in quartz veins and open cavities (50% of the veins) that occupy NE-trending
sub-vertical fractures in folded metamorphic rocks [126,127]. The hiddenite area is underlain by
Precambrian migmatitic schists, gneisses, and interlayered calc-silicate rocks, metamorphosed in
the upper amphibolite facies. The area is locally intruded by the Rocky face leucogranite. The
quartz veins range in size from 2 to 100 cm wide, 30 cm to 7 m long, and 10 cm to 5 m high.
Most of the veins are not interconnected and represent tensional gash fractures that sharply
crosscut the prominent metamorphic fabric of the host rocks, suggesting that they formed during
late or post metamorphic brittle-ductile deformation [126]. Wise and Anderson [127] identified
four cavity assemblages: (1) An emerald-bearing assemblage composed of albite, beryl, calcite,
dolomite, siderite, muscovite, cryptocrystalline quartz, rutile, and sulfides with clays; (2) a
Cr-spodumene-bearing assemblage, which includes calcite, muscovite, and quartz. The green
Cr-bearing spodumene, locally referred to as “hiddenite”, occurs in only minor amounts; (3) a
calcite assemblage dominated by calcite and quartz; and (4) an amethyst assemblage characterized
by amethystine quartz, calcite, muscovite, and chabazite. Emerald and spodumene rarely occur
together in the same vein or cavity. Within the emerald-bearing cavities, beryl crystals up to
20 cm in length are closely associated with dolomite, muscovite, and quartz. The crystals are
typically color-zoned with a pale green to colorless core and an emerald-green rim. Speer [126]
described the veins and reported that the emeralds occur as free-standing crystals attached to
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cavity walls and as individual collapsed fragments. The collapsed crystals that have fallen from
walls of the cavities show cementation phenomena, while the attached crystals exhibit dissolution,
re-growth, and over-growth. Bleached wall-rock alteration halos up to 9 cm wide and rich in silica
and chlorite are commonly peripheral to veins and crystal cavities. Wise and Anderson [127]
pointed out that the emerald and Cr-spodumene mineralization in quartz veins and cavities is
similar to what is seen in alpine-type fissures. In the absence of a pegmatitic or granitic body;,
the source of Be and Li remains in question; the source of Cr and V is also uncertain, given that
M-UMR are unknown in the area. Speer [126] specified that the veins originated as hydrothermal
filling of tensional sites during the waning ductile/brittle stages of metamorphism. Apparently,
the geological setting and genesis of the Hiddenite emerald occurrences are unique.

6.2.4. Sub-Type IID: Tectonic Metamorphosed or Remobilized Type IA Deposits, Tectonic Hidden
Granitic Intrusion-Related Emerald Deposits, and Some Unclassified Deposits (Egypt, Australia,
perhaps also Brazil, Austria, Pakistan, Zambia; Table 2)

This sub-type includes deposits probably genetically linked to hidden granitic intrusions
(Swat valley) and those where metamorphism has blurred the distinction between metamorphic
and magmatic origin (Habachtal, Eastern desert in Egypt). This sub-type permits reclassification and
debate on the genesis of several deposits, including the following located in M-UMR:

1.  Those for which the genesis is considered to be the consequence of regional metamorphism but
with multi-stage emerald formation (Eastern desert of Egypt).

2. The sub-type IIA (Santa Terezinha de Goids, Habachtal, and Swat Valley) where metamorphic-
metasomatic deep crustal fluids circulated along faults or shear zones and interacted with M-UMR
with apparently no magmatic intrusion.

3. The mineralization stages for the Poona deposit where emerald and ruby are associated.

It is also useful for considering deposits in meta-sedimentary rocks for which insufficient
geological knowledge renders the genesis and classification uncertain (Panjsher Valley and Davdar
deposits) and for the Hiddenite occurrences where the source of Be and origin of the mineralizing
fluids are unknown.

The Egyptian emerald occurrences of Gebels Zabara, Wadi Umm Kabu, and Sikait occur in a
N-W trending band circa 45 km long in the Nugrus thrust [128-130]. The deposits are located in a
volcano-sedimentary sequence featuring an ophiolitic tectonic melange composed of metamorphosed
M-UMR overlying biotite orthogneiss. Syntectonic intrusions of leucogranites and pegmatites occurred
along the ductile shear-zone [43]. The study of [130] described three beryl-emerald generations
that crystallized during magmatic, post-magmatic hydrothermal, and regional-metamorphic events.
The genetic succession was based on chemical and microstructural studies. The original colorless
Cr-poor beryl and phenakite of pegmatite origin has been partly replaced by the formation of Cr-rich
beryl (emerald) through K-Mg metasomatism. At the Gebel Sikait, [130] described the occurrence of
emerald in phlogopitites (i) at the contact between meta-pegmatite, meta-pelite, and meta-greisen
veinlets of up to 10 cm in thickness and (ii) in folded quartz layers. At Gebel Zabara, the emerald is
either in phlogopitites and talc-carbonate-chlorite-actinolite schists present in the serpentinite bodies,
or in quartz veins. At Gebel Umm Kabo, emerald is within phlogopitites in contact with small lenses of
quartz. The dating of phlogopite by K-Ar returned ages of 520 to 580 Ma [131] and by Rb/Sr returned
ages of 591 £ 5.4 Ma, confirming the Panafrican orogen.

Based on microtextures, [128,129] suggested that emerald formation occurred during low-grade
regional metamorphism. The emerald formation was controlled in detail by the local availability of
Be present in the beryl-bearing meta-pegmatite and quartz veins, Cr in the meta-M-UMR, and the
metamorphic fluids, all in the context of the late Pan-African tectonic-thermal event. This genetic model
has been challenged [43], who pointed to the intrusions of syntectonic leucogranites with the presence
of greisens and beryl-emerald-bearing pegmatites and quartz veins along the shear zones. Fluid
inclusion studies have shown the presence of H,O-NaCl-CO,-CHy4 fluids with a salinity between 8 to 22
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wt.% equivalent NaCl and a temperature of homogenization between 260 and 390 °C [43]. The oxygen
isotope data for emeralds were consistent with both magmatic and metamorphic origins for the source
of the mineralizing fluid [132]. Grundmann and Morteani [130] confirmed the existing 5180 values with
new isotopic data in the range of 9.9 to 10.7%o. They concluded that the complex interplay of magmatic
and regional magmatic events during the genesis of the emeralds makes it impossible to relate their
genesis to a particular event. The Pan-African regional metamorphic model is consistent with the
remobilization of syntectonic Cr-poor beryl quartz veins and beryl-phenakite-bearing pegmatites.

The Egyptian emerald occurrence is a good example of the proposed sub-type IID emerald
deposit: Magmatism, deformation, and remobilization by metamorphic-metasomatic fluids of the
mixed Be and Cr reservoirs. The formation of emerald occurred during a regional tectonic event
with the syntectonic intrusion of leucogranites and the injection of pegmatites, thrust and shear zone
deformation accompanied by fluid circulation (with probable mixing of magmatic and metamorphic
fluids), and reaction with rocks of different composition. The remobilization of Be, Cr, and V occurred
at the same time through continuing regional tectonic activity. The oxygen isotopic composition of
emerald with 5'80 values around 10% is similar to the oxygen magmatic signatures found for other
worldwide type IA emerald deposits [132].

With the proposed sub-type IID, the genesis of the Santa Terezinha de Goids, Habachtal, Swat
Valley, and Poona deposits can be discussed and finally classified using the chemistry of the emerald
and O-H stable isotopes.

At the Santa Terezinha de Goids deposit, the ductile-fragile deformation coeval with the
mineralization was strongly assisted by fluids migrating along shear planes under lithostatic fluid
pressure at 500 °C [15]. The O-H isotopic composition of phlogopite and emerald is consistent
with both magmatic (evolved crustal granites) and metamorphic fluids. This hypothesis was also
proposed [133] based on fluid inclusion studies showing the mixing between carbonic and aqueous
fluids. Nevertheless, considering the absence of granites and pegmatites in the underground
mine, which reaches depths of up to 400 m [134], the low beryllium concentration in the Santa
Terezinha volcano-sedimentary series (Be < 2 ppm), the lack of tourmaline in the metasomatic rocks,
the control of the mineralization by shear zone structures, and the CO,-H,O-NaCl-(+N;) composition
of the fluids, a metamorphic origin was preferred for the parental fluids of the emeralds [15,76].
The metamorphic hypothesis involves some input of Be-bearing metamorphic fluids released at
the greenschist-amphibolite transition (T = 400-500 °C) or fluids generated at higher grades of
metamorphism and channeled along transcrustal structures at the brittle-ductile transition. Such
specific features are similar to those found for gold deposits in the vicinity of the emerald deposit in
the Goias metallogenetic province. The mineralizing fluids are channeled along lineaments and second
order structures where CO, unmixing, wall-rock interaction, and concomitant ore precipitation are
promoted during temperature and pressure fluctuations.

Chemical analyses of Santa Terezinha de Goias emeralds led [65] and [23] to question the proposed
metamorphic origin [76]. The emeralds have the highest Cs contents ever reported for emerald, with
values between 907 and 980 ppm, and with Li contents between 142 and 155 ppm. The high content of
Cs supports another hypothesis that magmatic fluids mixed with metamorphic fluids [23]. Following
this genetic scheme, despite the absence of pegmatites and granites up to a 400 m depth in the mine
and along the metamorphic strike, the influence of the magmatic fluids is evidenced by the chemistry
of emerald. In such a ductile shear zone environment, the intrusion of felsic granitoids into the
volcano-sedimentary sequences along thrusts is common [135] and could have happened at the Santa
Terezinha deposit. This new chemical result confirms the hypothesis proposed by D’el-Rey Silva and
Barros Neto [92] that the probable source of Be for emerald was the intrusion of syntectonic two-mica
granite at Sao José do Alegre, located 5 km to the southwest of the emerald deposit. Whole rock
Sm/Nd data from the granite and the volcano-sedimentary sequence at Santa Terezinha yielded ages of
510 4 110 Ma (n = 6) and 556 4= 77 Ma, respectively [92,136]. °Ar /3 Ar ages on phlogopite grains from
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the emerald-bearing phlogopitites yielded ages of 550 + 4 and 522 £ 1 Ma, respectively [137]. These
ages show considerable overlap in a large window, which characterizes the Brasiliano orogenesis [138].

At the Habachtal deposit, the emerald-bearing phlogopitites called the “blackwall zone” are
located at the tectonic contact between the orthogneisses and amphibolites of the Habach group.
The metasomatic “blackwall zone” is formed in sheared melange zones surrounding tectonic lenses of
the serpentinite-talc series at the contact with the tourmaline-garnet-mica-bearing metapelitic unit of
the Habach Group.

Detailed textural studies on emerald-tourmaline and plagioclase porphyroblasts [77,93,95]
recorded three metamorphic episodes and crystallization for these minerals. Deformation enhanced
fluid circulation and metasomatic reaction and produced the emerald-tourmaline-bearing phlogopitites.
Fluid inclusions in the emerald show similar characteristics to those in syn-metamorphic Alpine fissures
in the Habach Formation. Grundmann and Morteani [77] proposed the genesis of emerald through
syntectonic growth during regional metamorphism.

Trumbull et al. [97] used B isotopes of coexisting tourmaline in the metapelites and phlogopitites.
The 5'!B isotope values suggest that two separate fluids were channelled and partially mixed in the
shear zone during the formation of the metasomatic rocks. A regional metamorphic fluid carried
isotopically light B as observed in the metapelite (—14 < §''B < —10%) and a fluid derived from the
serpentinite association carried isotopically heavier B (—9 < §''B < —5%) typical for Middle Oceanic
Ridge Basalt or an altered oceanic crust.

Grundmann and Morteani [77] pointed out that the source of Be was either the Be-rich garnet-mica
schist series or the biotite-plagioclase gneisses (Be up to 36 ppm). Zwaan [52] was critical of this
interpretation and warned that, in cases where pegmatitic sources of Be are not apparent, one must
proceed with caution since fluids can travel far from granites and pegmatites. He pointed out that
pegmatites do occur in the Zentral gneiss and the Habachtal emeralds contain up to 370 ppm of
Cs [139], which suggest a pegmatitic source. However, the Cs data produced [23] are very different
(79 < Cs < 157 ppm). The possibility of metamorphism of a pre-existing Be-bearing felsic rock
occurrence cannot be excluded and must be considered when constructing a model in a medium-
to high-grade metamorphic regime [16]. The question is similar to what has been reported for the
origin of tungsten for the Felbertal scheelite deposit [139], which is located in the same metamorphic
series as the Habachtal emeralds and is now considered to represent metamorphic remobilization
of a Be-W-enriched Variscan granite [140]. This hypothesis is likely correct for emerald because
(1) Hercynian aquamarine-bearing pegmatites were found in the Habach series [141] and (2) scheelite
disseminations with chalcopyrite and molybdenite in the banded gneiss series of the Habachtal
emerald deposit are drawn in the lithologic cross-section presented [77]. Following this hypothesis,
the source of Be is magmatic.

The Swat-Mingora—-Gujar Kili-Barang emerald deposits are thrust controlled and there is no
magmatic or pegmatite intrusions visible in the field [86,101]. Emerald is either disseminated
in carbonate-talc-fuchsite-tourmaline-quartz schists or in quartz veins and a network of fractures
in magnesite rocks. The mean oxygen isotopic composition of emerald is remarkably uniform
at 680 = 15.6 &+ 0.4%o. The mean hydrogen isotopic composition of the channel waters is
dD = —42.2 £ 6.6%0 and that of the fluid calculated from hydrous minerals, such as tourmaline and
fuchsite, is 8D = —47 + 7.1%0. These O-H isotope data are consistent with both metamorphic and
magmatic origins [101]. However, a magmatic origin is favored because the measured 5D values of
fuchsite and tourmaline are comparable to those found for muscovite and tourmaline from granites,
such as the Makaland granitoid, exposed 45 km to the southwest of Mingora. The mineralization was
probably caused by modified '80-enriched hydrothermal solutions derived from an S-type granitic
magma [101].

The magmatic model proposed for Pakistani emerald deposits can be constrained by the 4 Ar/3? Ar
ages obtained on the different rocks: 83.5 & 2 Ma for the Shangla blue-schist melange, 22.8 £ 2.2 Ma for
the tourmaline-beryl-fluorite-bearing Makaland Granite [142], and 23.7 & 0.1 Ma for a fuschite mica



Minerals 2019, 9, 105 41 of 63

from a quartz vein in the Swat emerald deposit [100]. However, the chemical data for Swat emerald
presented [23] show low Cs contents (61 to 74 ppm), which are unusual for granite-related emeralds.

Finally, the genesis of the Swat emerald deposits can result from both metamorphic and magmatic
contributions, with up to now a magmatic source not identified in the emerald mining districts.

At the Poona deposit, three styles of emerald mineralization have been identified in M-UMR
from the Precambrian series of the northern Murchinson Domain [143]: (a) Emerald in phlogopitites
formed at the contact of beryl-granite- muscovite-bearing pegmatites and M-UMR; (b) emerald with
ruby-sapphire, topaz, and alexandrite in banded fluorite-margarite-beryl-bearing banded greisens in
phlogopitites; and (c) quartz-margarite-topaz-bearing veins in phlogopitites.

A multi-stage mineralizing episode was proposed [143] of: First, the intrusion of granites
(probably between 2724-2690 Ma) and circulation of fluids in the M-UMR produced greisens and
quartz veins with topaz, beryl, quartz, and muscovite. The first episode was affected by regional
metamorphism of greenschist to lower amphibolite facies. Metasomatic reactions occurred at the
borders of the greisen zones with the formation of ruby, alexandrite, and emerald. The third episode
corresponded to the retrograde phase of metamorphism (probably between 2710-2660 Ma), where
corundum and alexandrite were partially or totally replaced by margarite, muscovite, and/or emerald.

Fluid inclusions in emerald combined with the O-H isotope compositions of both lattice and
channel fluids of emerald confirmed multiple origins yielding both igneous and metamorphic
signatures [16]. This emerald-ruby association is unique worldwide and merits more petrologic
and geochemical studies before proposing a coherent genetic scheme.

The genesis of the Panjsher Valley [98] and Davdar [18] emerald deposits is not well understood
due to difficulties with access and poor exposure. The similar geographic and geologic environments
indicate that these two deposits may share a similar genetic model. Both deposits are hosted in layered
meta-sedimentary rocks, with metamorphic facies ranging up to lower amphibolite. Emerald occurs
in both veins and host rocks. The veins are predominantly composed of quartz and carbonate, with
minor amounts of albitic plagioclase, phlogopite, tourmaline, scheelite, and pyrite. The host rocks
vary from shale to carbonate and are thought to be Paleozoic. Proximal to the veins, hydrothermal
alteration is dominated by quartz and calcite with lesser amounts of albite, phlogopite, tourmaline,
and pyrite. In both localities, there are mafic to felsic intrusions as stocks, dykes, or sills. However,
no clear relationship between the intrusive rocks and emerald mineralization has been established.
The high-salinity fluids [18,56,144] and meta-sedimentary host rocks combined with the lack of
observed igneous association could also be compatible with a tectonic metamorphic-related (type I1IB)
formational model, but more field work needs to be carried out on these deposits to map the local
geology to prove or disprove an igneous link.

Emeralds from the Musakashi deposit in Zambia are of high quality with a bluish color very
different from that observed for emerald originating from the Kafubu mining district [63]. Discovered
in 2002, the deposit is located ~150 km west of the Kafubu mines. The geology of the deposits
is unknown, however, small fragments of emerald were discovered in eluvium adjacent to quartz
veins [50]. The internal features, chemical composition, solids, and three-phase fluid inclusions
are quite different from those of Kafubu emeralds. Saeseasaw et al. [63] examined three-phase
fluid inclusions (halite + vapor + liquid) in emerald from Musakashi, Panjsher Valley, Davdar,
and Colombia. They conclude that Musakasi fluid inclusions look like those from Colombia.
Nevertheless, the photographs show that they are polyphase and contain a cube of halite and a
rounded salt, which is probably sylvite (KCI). Such multiphase inclusions with both halite and sylvite
are found in both Panjsher and Davdar emeralds [62]. In addition, the chemistry of these emeralds
overlaps with those from Colombian, Panjsher, and Davdar [63]. The geological setting is not precisely
known, but the emeralds are very different from those for type IA deposits as shown by their very
low Cs contents (3 < Cs < 10 ppm), which are similar to those found for Colombian and Davdar
emeralds [63].
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The genesis of the Hiddenite deposits remains obscure in terms of the sources of Be, Cr, and V,
and the origin of the mineralizing fluids. Fluid inclusions are characterized as two populations
of aqueous-carbonic fluids with two populations, those having high- and those having low-CO,
contents, which underwent immiscibility between 230 and 290 °C, respectively [145]. The deposits are
interpreted as late and low temperature metamorphic hydrothermal alpine-type quartz veins cutting
meta-sedimentary and migmatitic biotite gneiss. The low temperature hydrothermal mineralization is
confirmed by the association of quartz, carbonates, muscovite, and chabazite. The origin of the fluids
must be clarified by the O-H isotopes’ compositions of the different minerals associated with emerald,
but a metamorphic origin has advanced [126,127].

7. Fluid Inclusions in Emerald

Emerald is one of the best hosts for fluid inclusions. It is commonly idiomorphic, well preserved,
zoned, and displays growth zones optically, chemically, and especially via cathodoluminescence [20,85,117].
These growth zones facilitate the identification of primary vs. secondary fluid inclusions. Additionally,
primary fluid inclusions often form during emerald precipitation and are elongated parallel to the
host’s ¢ axis (Figure 32). The determination of fluid inclusion chemistry is generally limited to
microthermometry [19,146,147], with more refined analyses performed via bulk leachate analyses
or LA-ICP-MS or secondary ion mass spectrometry (SIMS) on quartz-hosted fluid inclusions
petrographically determined as synchronous to emerald hosted inclusions [148,149]. In addition
to fluid chemistry, fluid inclusions studies have proven most useful in determining the pressures
and temperatures of emerald formation [47] and for determining if boiling is responsible for emerald
colouration [19].

Figure 32. Primary fluid inclusions in emeralds: (a) Colombian fluid inclusion presenting a jagged
and shredded outline. The cavity contains 75 vol.% of salted water solution (L), 10 vol.% of gas
corresponding to the vapour bubble (V), 15 vol.% of halite (NaCl) daughter mineral, and a crystal of
carbonate (Ca); (b) fluid inclusion in a Colombian emerald showing three cubes of halite (H), the liquid
phase (L), the contracted vapour phase (V), a minute black phase (S), and a thin rim of liquid carbon
dioxide (L) rim visible at the bottom part of the vapour phase; (c¢) multiphase fluid inclusions from
Panjsher emerald (Afghanistan). They contain vapour and liquid phases (V + L), a cube of halite (H),
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usually a primary sometimes rounded salt of sylvite (Syl), and aggregates of several anisotropic grains
(S). The volume and the concentration of NaCl and KCl are different from those observed in Colombia.
The overall salinity is estimated to 30 to 33 wt.% eq. NaCl (Vapnik and Moroz, 2001; (d) three-phase
fluid inclusion in emerald from Nigeria emerald showing halite (H), liquid (L), and vapour (V) phases.
Generally, the primary halite-bearing fluid inclusions are associated with coeval monophase or biphase
(V + L) fluid inclusions; (e) multiphase fluid inclusion from the Davdar emeralds (China). The cavities
contain liquid (L) and vapour (V) phases with daughter minerals, like halite (H) and sometimes sylvite
(syl), and aggregates or multiple solid inclusions (S). The morphology of the cavities and the infilling
looks like those found in emeralds from Afghanistan. Photographs: Gaston Giuliani.

Emerald-hosted fluid inclusions are, in general, aqueous dominant, with a wide range of salinities
from dilute to salt saturated (Table 3). Numerous emerald deposits also have gaseous species contained
within the fluid inclusions; the gaseous phases are generally dominated by CO,, but other species,
such as CHy, N, and HjS, have been identified via Raman spectroscopy in a number of emerald
studies [47,150,151]. Raman spectroscopy can also be used to identify accidental and daughter
inclusions within fluid inclusions [152]. Raman analyses of emerald hosted inclusions often prove
challenging, as beryl/emerald is generally fluorescent and thus the inclusion spectrum is lost in the
fluorescence from the host. However, different laser wavelengths and confocal Raman spectrometers
can be used to limit the effects of host fluorescence; these applications to gases and solid inclusions
contained within fluid inclusions were reviewed [153-155].

Bulk leachate analyses of fluid inclusions by thermal decrepitation or crushing are limited by
contamination via the emerald host. However, leachate analyses of fluid inclusions hosted in quartz
precipitated synchronously with emerald have proven successful for general chemistry and especially
for halogen sourcing [105]. A further limitation of the bulk methods is the presence of multiple fluid
inclusion generations and careful detailed petrographic studies should be undertaken to determine if
specific quartz and emerald-hosted fluid inclusions are amenable to bulk techniques.

Hydrogen isotopes [156] are generally determined from trapped channel fluids, which are
analogous to primary fluid inclusions. The advantage of channel fluid extraction is that channel
fluids are normally three (or more) orders of magnitude more abundant than fluids trapped in
fluid inclusions. The oxygen isotope signature of fluids responsible for emerald precipitation is
generally determined via the measurement of structural oxygen within emerald /beryl or from other
synchronously precipitated silicates. The hydrogen isotope signature of the fluids may also be inferred
from the analyses of synchronously precipitated hydrous silicates, such as mica or tourmaline [101].
Additionally, the extraction of the channel fluids may also yield a quantitative determination of the
weight percent of HyO present in the emerald and this can be used to complement electron microprobe
and LA-ICP-MS analyses to determine emerald chemistry.

Fluid fingerprinting to determine emerald provenance has proven incredibly useful.
The pioneering studies [15,76] are consistently used to determine provenance and fluid sources, as done
for the Biintal occurrence in Switzerland ([157]; Figure 33). Halogen bulk leachate analyses [105] can
test for the presence of fluid interaction with evaporitic source rocks as well as providing more detailed
information on the various dissolved salts present in the fluid inclusions. Although not yet routinely
used, LA-ICP-MS, and to a lesser extent SIMS, can provide very detailed chemical analyses of formation
fluids of emerald deposits, as they provide precise analyses of most of the elements of the periodic
table and potentially their isotopes.
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Table 3. Fluid inclusion data and oxygen isotope composition of several emerald deposits worldwide

following the enhanced classification proposed for emerald deposits.

Tec‘tomc Tectonic Metamorphic-Related
Type of Magmatic-Related
Environment and Granitic Rocks in . .
Deposit M-UM and SR (Meta) Sedimentary Rocks Metamorphic Rocks
(Type D (Type IIB) (Types IIA- IIC-1ID)
Temperature 300-680°C 300-330°C* 350-400°C ™
260-550°C 2
Pressure 0.5 to 7 kbar 3 to 4 kbar 1.6 kbar 1P
4-4 to 5 kbar 2
Salinity 2 to 45 wt.% eq. NaCl 40 wt.% eq. NaCl 30 to 33 wt.% eq. NaCl ‘I

HyO-NaCl-(+-CO,)-
(£N2)-(=CHy)-

Composition (K,Be,EB,Li,PCs)
6.0 < 5180 < 15%o
Oxygen isotopes
Origin of the fluid Metasomatic-
Hydrothermal

H,O-NaCl-(£:CO,)-
(£Nyp)-(£hydrocarbon liquid)-
F15(K,Mg,Fe,Li,SO4,Pb,Zn)

16.2 < 5180 < 24.5%0

Basinal brines that have
dissolved evaporites

35 to 41 wt.% eq. NaCl 1P
2 to 38 wt.% eq.NaCl 2
H,0-NaCl-(+CO,) 1P
H,0-NaCl-KCl-FeCl,-(£CO,) “1P
H,0-NaCl-(+CO,) 2
CO, or CO,-HpO-NaCl-(£N, (=CHy) 2
or H,O-CH,-CO,-NaCl 2

Panjsher: 13.25 < 8180 < 13.9%0
Davdar: 14.4 < 8180 < 15.8%0
Sta Terezinha: 12.0 < 8180 < 12.4%0
Gravelotte: 9.5 < 5180 < 9.7%
Gebel Sikait: 9.8 < 5180 < 10.7%0
Habachtal: 6.5 < 8180 < 7.3%o

Metamorphic-Metasomatic

Salinity in wt.% eq. NaCl = weigth per cent equivalent NaCl; kbar = kilobars; §'80 = ratio 0/1°0 in per mil (%o).
Type IIB deposits: * = Colombia. Some Types IIA, IIC, IID: *! = deposits of Panjsher (P) and Davdar (P); *2 = deposits
of Santa Terezinha de Goias (Brazil), Gravelotte (South Africa), Gebel Sikait (Egypt), Habachtal (Austria)
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Figure 33. Channel D H,0O versus 5180 for emerald worldwide [15,76,157,158]. The isotopic
compositional fields are from [159], including the extended (Cornubian) magmatic water box (grey).
MWL = Meteoric Water Line, SMOW = standard mean ocean water.
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The use of fluid inclusion petrography combined with microthermometry and halogen and cation
bulk leachate analyses is useful for the discussion of the source of salts present in fluid inclusions [160].
The example of multi-phase halite-bearing fluid inclusions in emeralds (Figure 32) from Colombia
(Eastern and Western emerald zones) and Afghanistan (Panjsher Valley) is very illustrative.

In Colombia, fluids trapped by emerald are commonly three-phase fluid inclusions (Figure 32a)
characterized by the presence of a daughter mineral, i.e., halite (NaCl). At room temperature,
the cavities contain 75 vol.% of salty water, i.e.,, aqueous brine (liquid H,O), 10 vol.% of gas
corresponding to the vapor bubble (V), and 15 vol.% of halite daughter mineral (H). However, some
Colombian emeralds have multiphase fluid inclusions presenting a liquid carbonic phase (CO,)
forming up to 3 vol.% of the total cavity volume (Figures 25b and 32b), minute crystals of calcite
(Figure 32a), very rare liquid and gaseous hydrocarbons [38], and sometimes two or three cubes of
halite (Figure 32a,b), and sylvite (KCI).

The high Cl/Br ratio of the fluids (between 6300 and 18,900) indicates that the strong salinity
of the brines is derived from the dissolution of halite of an evaporitic origin (Figure 34a; [105]).
Cation exchanges, especially calcium, with the black shale host rocks are strong when compared to
most basinal fluids (Figure 35; [161]) and are due to the relatively high temperature of the parent
brines of emerald (T~300 °C). Indeed, these fluids are enriched in Ca (16,000 to 32,000 ppm), base
metals (Fe ~5000 to 11,000 ppm; Pb ~125-230 ppm; Zn ~170-360 ppm), lithium (Li~400-4300 ppm),
and sulfates (5O4 ~400-500 ppm). In comparison, they have a composition and Fe/Cl and Cl/Br
ratio similar to the fluids of the geothermal system of the Salton Sea in California (Figure 34b; [162]).
The K/Na ratios confirm the Na-rich character of the fluids and the strong disequilibrium between
K-feldspar and albite, as shown by the huge albitisation of the black shale (Figure 35).

In Afghanistan, primary multiphase halite-sylvite-bearing fluid inclusions (Figure 32c) are
common for the Panjsher emeralds [15,86]. The fluids associated with emerald have total dissolved
salts (TDS) between 300 and 370 g/L and the trapping temperature of the fluid is about 400 °C [144].

Crush-leach analyses of fluid inclusions indicate that the fluids are Cl-Na-rich and contain sulfates
(140 < SO4 < 4300 ppm) and lithium (170 < Li < 260 ppm), but very low to zero fluorine contents [160].
The K/Na ratio of the fluid inclusion confirms the disequilibrium, at ~400 °C, between K-feldspar and
albite that drives the Na-metasomatism of the metamorphic schists and the deposition of albite in the
veins (Figure 35). Crushing demonstrates that fluids are dominated by NaCl with Cl/Br ratios much
greater than that of seawater (Figure 34a), indicating that the salinity was derived by the dissolution of
halite. Thus, the high Cl/Br ratios are consistent with halite dissolution. The I/Cl versus Br/Cl ratios
diagram (Figure 34b) also shows that the fluid inclusions have low I contents, which are also typical of
brines derived from evaporite dissolution. They are comparable to the Hansonburg and contemporary
fluids from the Salton Sea geothermal brines, both of which have dissolved evaporites [163,164].

Although it is not possible to unambiguously classify emerald deposits based solely on their
fluid composition, there are some general observations that can prove useful: (1) The presence of salt
cubes can limit possible modes of formation, as it is very unlikely that we can generate a salt saturated
fluid in a purely metamorphic environment, hence the presence of salt cubes generally implies the
input of igneous fluids or an interaction with evaporites and individual Ca/Na/K values may be
specific to individual deposits; (2) compressible gases are seen in all types of emerald deposit, but
gas ratios may also be used to identify individual deposits; and (3) specific daughter and accidental
minerals contained within fluid inclusions cannot be used to identify specific deposit models within
our classification system, but may again be used to fingerprint emeralds from specific deposits.
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Figure 34. Origin of salinity in the emerald and quartz brines from Colombia and Afghanistan:
(a) Analyses of the fluid inclusions from both emerald and quartz show a wide range of Na/Br and
Cl/Br molar ratios that are much greater than those of primary halite and indicate a substantial loss
of Br, typical of recrystallised halite for both emerald deposits; (b) log(I/Cl) versus log(Br/Cl) molar
ratios of Afghan and Colombian fluid inclusions, which are depleted in both Br and I, indicative of
evaporites contribution to the fluids in emerald and quartz. They are compared with the composition
of fluids where evaporites are known to be involved, such as for the Salton Sea geothermal brines [163]
and Hansonburg [164].
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Figure 35. Diagram log (K/Na) molar ratio versus 1/T (°K) showing the evolution of the fluids
associated with Colombian and Afghan emeralds relative to crustal fluids, including bittern brines,
brines derived by dissolution of evaporites, and magmatic fluids. Sedimentary formation brines deviate
significantly from the K-feldspar-albite equilibrium as well as for Afghan and Colombian brines, which
are associated with a huge albitisation of their host-rock with the complete consumption of K-feldspar
from, respectively, the schist and black shale.

8. Discussion of the Model of Formation of the Emerald Deposits Associated with M-UMR

The tectonic magmatic-related emerald deposits hosted in M-UMR (sub-type IA) occurred during
orogenies from the end of the Archean (2.94 Ga) with the Gravelotte deposit in South Africa [165]
to the Himalayan (9 Ma) with the Khaltaro deposit in Pakistan [83]. These deposits are related to
plate tectonics over ~3.2 billion years with stable convection cells initializing continental drifts and
subduction zones, and are related either to continental collisions or continent-to-continent rifting.

The classical model of sub-type IA relates granites with their dyke swarms of aplo-
pegmatites and quartz veins in metamorphosed M-UMR, fluid-rock interaction, and infiltrational
metasomatism [15,58,166,167]. An alternative genetic model for the formation of these emeralds is
a regional tectonic and metamorphic model [77,130,168-170]. This genetic controversy involving
sub-type IA deposits shows that (i) they are possibly genetically different; (ii) that alternative models
are always dependent on a school of thought, which we absolutely want to apply for all deposits;
(iii) these deposits share many common denominators in terms of geological setting, age of formation,
nomenclature of rocks, source of the elements, and source of the fluids; and finally, (iv) each deposit
belongs to the same family, but with a wide range of genres and uncountable typological varieties
that allow us to follow the evolution of a mountain range marked by magmatic events accompanied
by metamorphic remobilizations, which sometimes erase the primary geological features of the
emerald deposit.

The following discussion examines the possible genetic links existing between the different
sub-type IA and sub-types IIA and IID hosted in M-UMR within the geological and dynamic evolution
of a continental crust.
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8.1. Sub-Type IA Emerald

This is the fruit of the fluid-rock interaction producing metasomatism in both pegmatite and

M-UMR, whatever the origin of the fluid. The classical sub-type IA results from the fluid circulation
at the contact between these two geochemically contrasting rocks. The most representative deposits
described in the literature are those from Carnaiba [76,78], Franqueira [171,172], Khaltaro [83],
and Kafubu [70]:

1.

The granite emplacement is related to a tectonic event, but the pegmatites are not deformed
and metamorphosed. They are clearly intruding the M-UMR of the volcano-sedimentary series,
and sometimes roof pendants on the granite as observed in Bode mine at Carnaiba (Figure 36) or
at Franqueira;

At Carnaiba, the granite and pegmatite intrusions and fluid circulation are coeval [67], and the
pegmatite is transformed into plagioclasite with disseminations of phlogopite (endo-plogopitite),
and the M-UMR into phlogopitite (exo-phlogopitites). These exo-phlogopitites display clear
zonation with a very sharp metasomatic front, i.e., metasomatic columns formed by infiltrational
processes [173]. The metasomatic fronts where an additional phase appears in the mineral
association correspond to the change of one of the determinant components from mobile to
inert: Ca is displaced from the serpentinites to the center of the column for the formation of
actinolite-tremolite, but also apatite at the border of the endo-phlogopitite. The occurrence
of beryl is restricted to the most aluminous parts of the metasomatic zonation (plagioclasite,
endo-phlogopitite, and exo-phlogopitites proximal to the plagioclasite). The inner part of the
phlogopitite zonation plays the role of a filter for the Be-bearing fluids and constitutes a very
efficient “metasomatic trap” where the mobile behavior of Cr favored the formation of emerald.
At Khaltaro in Pakistan, non-deformed pegmatites and quartz veins crosscut amphibolites, which
were metasomatized on 20 cm-wide selvages that are symmetrically zoned around the veins [83],
as found at Carnaiba (see Figure 14). Mass-balance calculations on the metasomatic column
(Figure 37) have shown that (a) in the inner and intermediate metasomatic zones, K, F, H,O, B, Li,
Rb, Cs, Be, Ta, Nb, As, Y, and Sr are gained and Si, Mg, Ca, Fe, Cr, V, and Sc are lost; and (b) in the
outer zone, E, Li, Rb, Cs, and As are gained. The oxygen isotope composition of the hydrothermal
minerals indicated the circulation of a single fluid of magmatic origin. At Kafubu, the regional
metamorphic event pre-dates the emerald formation. The F-B-Li-rich phlogopitites are located at
the contact between tourmaline veins and pegmatites with Mg-metabasites. The pegmatites of
the Lithium-Cesium-Tantalum family are linked to hidden fertile B-F-Nb-Ta-Li-Cs-rich granite.
These deposits sometimes exhibit multi-stage Be-mineralization, as observed at the Carnaiba
deposit: A second minor stage of metasomatism affected in some areas the emerald-bearing
phlogopitites [15,90]. This stage is related to the intrusion of dyke swarms of quartz-muscovite
veinlets with greisenisation of the granites, chloritisation, and muscovitisation of the phlogopitites,
general silicification, and muscovitisation of the plagioclasites. This stage involves yellowish to
whitish beryl, sometimes with molybdenite, scheelite, and schorlite.

These emerald mineralizations are interpreted to be due to the efficiency of the metasomatic
trap rather than significant pre-enrichment in Be (5 to 11 ppm of Be in the Carnaiba granite).
The occurrence of strong chemical gradients in the zone of preferential circulation of the solutions
constitutes highly favorable conditions for the beryl crystallization.
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Carnaiba Serra da
/7 Granite

Figure 36. Schematic geological section of the emerald deposits of Carnaiba, Bahia state, Brazil:
(a) The granite of Carnaiba and its emerald deposits cited in the present work. The Bode deposit is
located in a roof-pendant of serpentinite present at the roof of the granite; (b) The Serra da Jacobina
volcano-sedimentary sequence formed by intercalations of quartzite and serpentinite is crosscut by

the Carnaiba granite. The pendants of serpentinite are present at the contact and on the roof of the
granitic intrusion.
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Pegmatite K, H,0, F, Cl, B, Li, Rb,
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Figure 37. The Khaltaro emerald deposit, Nanga Parbat—Haramosh massif, Pakistan [83].
A symmetrically zoned metasomatic column is formed at the contact of the albitized pegmatites
or hydrothermal quartz veins with amphibolite. The mass balance calculation in the metasomatized
amphibolite indicates the gains and losses of components (see the transferts in the outer and inner
zones). Emerald froms within the vein, near the contact with the altered amphibolite.
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8.2. Multi-Stage Formation and Ages of Formation and Remobilization of Type IA Deposits

1.

The Precambrian deposits located in the volcano-sedimentary series or greenstone belts are
often folded and sheared, but metasomatic processes during emerald formation are generally
coeval with the deformation, as in the deposits of Piteiras, Fazenda Bonfim, and Socot6 (Brazil);
Sumbawanga and Manyara (Tanzania); Kafubu (Zambia); and recently in the Gubaranda area
from Eastern India [174].

The deposit at Sandawana in Zimbabwe [52,175] presents multi-stage formation; [169] advanced
that the classical model of sub-Type IA cannot be applied. The Cs-Nb-Ta-bearing pegmatite veins
that intruded UMR suffered the classical desilication with the formation of plagioclasite. During
folding, shearing, and regional metamorphism, after the albitisation of the pegmatites, a reactive
F-P-Be-Li-rich fluid of pegmatitic origin circulated in a shear zone, affecting the albitites and
reacting with the UMR, to form emerald-bearing phlogopitites (Figure 38). Two generations
of emerald are found: (i) Fine-grained crystals at the contact between albitite and phlogopitite
and (ii) euhedral gem crystals formed later in phlogopitites either away from the albitite or in
low-pressure zones next to the albitites. In that case, the albitites acted as incompetent levels,
folded and sheared, and forming traps for euhedral emerald.

The syntectonic pegmatites yielded an age of 2640 £ 40 Ma by U/Pb dating on monazite and
an age of 2600 + 100 Ma by the Pb-Pb method on microlite [176]. The *°Ar/%’ Ar dating on
phlogopite and actinolite of the phlogopitites yielded a very disturbed age spectra and variable
total gas ages between 2225 and 2447 Ma, with relative plateau ages of 1903 Ma for the phlogopite
and of 1936 Ma for the amphibole [52]. Two ages were proposed for the formation of emerald:
(i) An Archean age at 2640 Ma, which is the age of the intrusion of the pegmatites, or (ii) a
Proterozoic age at around 2000 Ma, which corresponds to a major tectono-metamorphic episode
that affected the Limpopo belt formed around the Zimbabwe craton. Zwaan [52] opted for the first
hypothesis, considering that the deformation at circa 2000 Ma modified the isotopic argon clock
of mica and amphibole, but these integrated Ar-ages between 2200 and 2500 Ma correlate with the
Archean thermal event. The complexity of dating rocks that suffered deformational events and
remobilization of material illustrates the complexity of classifying ore deposits. The Sandawana
deposit belongs to sub-type IA and its genetic link with a magmatic source is obvious in terms
of chemical elements, but it could be re-classified as sub-type IID if the age of the emerald is
considered to be younger than 2400 Ma.

The possible genesis of sub-type IIA deposits, such as those of Swat Valley, Santa Terezinha de
Goias, and Habachtal [168], was discussed previously. The presence of meta-pegmatites can be
suspected based on either chemical data or O-H isotope composition of emerald and associated
minerals, but has not been found up to now due to the tectonic regime (thrust and shear zone)
and the level of observation. These deposits are classified as sub-type IIC based on the geological
environment and are considered to be metamorphic with probable mixing of magmatic fluids
(high Cs content for the Santa Terezinha emeralds). This hypothesis is strengthened by the
Na/Li vs. Cs/Ga chemical diagram presented by Schwarz [65]. Figure 39 shows that these
emerald deposits are grouped in one chemical field very different from those of Colombia, Russia,
and Nigeria. They are characterized by a high Cs/Ga ratio, indicating appreciable to high
amounts of Cs (magmatic source), and a high Na/Li ratio. The high Na content of this emerald is
correlated with a high mean H,O content in the channels, as, determined for Santa Terezinha
de Goias (2.9 wt.%, n = 5), Habachtal (3.1 wt.%, n = 3), and Swat Valley (3.4 wt.%, n = 1) [15,16].
This is not just a coincidence, but is probably a genetic proxy Be-Cs source for emerald in
these three deposits, i.e., magmatic sources with huge fluid circulation and metasomatism in a
metamorphic environment.
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Figure 38. Cross-section of the mineralization at the Zeus underground mine, 200 ft. level,
26/28 stope, Sandawana deposit, Zimbabwe [167]. Fluids infiltrated along the schistosity of the
actinolite-hornblende-phlogopite schist, and induced a metasomatic reaction with emerald formation
at the foot wall of the pegmatite.

The Habachtal deposit is a complex deposit in terms of the genetic model and the previous
discussion about the possible remobilization of Be-W enriched Hercynian pegmatites (possible
sub-type IID deposit) by the regional metamorphism [168] opens the debate on the age of the
formation of this deposit. The genesis of the emerald is metasomatic, but bound to the regional
metamorphism of alpine age [77]. The K-Ar age obtained on phlogopite from the phlogopitites is
22 Ma, while the tracks of fission on apatite yielded ages of 9 Ma. The K-Ar age on muscovite from
the muscovite schist is 27 Ma. The Rb/Sr dating realized on the zones of growth of garnets from
the Schieferhtille formation, situated structurally above the Habach formation, indicated ages of
crystallization between 62.0 and 30.2 Ma [177]. This age around 30 Ma is in agreement with the
dates found for the end of the growth of garnet in the central Alps [178]. So, the best estimation
established for the growth of the Habachtal emeralds would be situated around 30 Ma [179].

4. The deposits of the Eastern desert in Egpyt and Poona in Australia are good examples of sub-type
IID, where sub-type IA deposits were remobilized by regional metamorphism with deformation
and remobilization of older rocks, following the genetic model proposed by Grundmann and
Morteani [77].
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Figure 39. Cs/Ga versus Na/Li diagram of emeralds from Colombia, Nigeria, Russia, Pakistan, Austria,
and Swat valley presented by Schwarz [65]. The diagram indicates that the chemical ratios of emerald
from Santa Terezinha de Goids (Brazil), Habachtal (Austria), and Swat valley (Pakistan) plot in the
same population field. They are characterized by moderate to high Cs/Ga and very high Na/Li ratios.
Discrepancies are observed for the concentrations of Cs and other elements when compared with the
analysis presented by Aurisicchio et al. [23].

9. Exploration Now and in the Future

The majority of development of exploration methods for emerald has been for sub-type IIB
deposits in Colombia. In Colombia, repeated washing of sediments is an effective and ubiquitous
technique employed by local emerald-seeking “guaqueros” to reveal emerald in mineralized drainages.
However, as pointed out by Lake [180], it is not effective to directly recover beryl by density separation
because its specific gravity (~2.7) is similar to most rock-forming minerals. Geochemistry has also
proven to be useful in Colombia. Escobar [181] studied the geology and geochemistry of the Gachala
area and found that Na enrichment and depletion of Li, K, Be, and Mo in the host rocks were
very good indicators for locating mineralized areas. Beus [182] presented the results of a United
Nations-sponsored geochemical survey of the streams draining emerald deposits in the Chivor and
Muzo areas. The spatial distribution of areas with emerald mineralization was linked, on a regional
scale, to intersections of the NNE- and NW-trending fault zones. The black shale units in those tectonic
blocks that contain emerald mineralization were found to be enriched in CO;, Ca, Mg, Mn, and Na,
and depleted in K, Si, and Al [182]. The results of this study were tested with a stream sediment
sampling program in the Muzo area. The results showed that samples collected from emerald-bearing
tectonic blocks had anomalously low K/Na ratios. Beus [182] also suggested using a “composite”
geochemical ratio that takes into account the albitization and leaching phenomena: M = Na3/(K x
Li x Mo) (with Na and K in wt.% and Li and Mo in ppm) where M is an expression of the degree of
metasomatic alteration. Other combinations, such as K, Li, Co or K, Li, Ba could be tried to determine
the most contrasting value of M [182]. Subsequently, it was discovered that the Na content of the
sediments was the best indicator of the mineralized zones in the drainage basins. Several new emerald
occurrences were discovered by U.N. teams using the results of this study [183].
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More recently, Ringsrud [183] reported that Colombian geologists were analyzing soil samples
collected from altered tectonic blocks for Li, Na, and Pb to delineate emerald mineralization. Cheilletz
et al. [103] showed that the Be content of black shale outside of the leached mineralized areas ranges
from 2 to 6 ppm. Beryllium concentrations in the leached areas were found to range from 0.1 to
3.0 ppm [182]. Cheilletz and Giuliani [184] observed that the spatial coexistence of emerald districts
and gypsum and anhydrite deposits could be used to prospect for new deposits.

Branquet et al. [107,113] observed that discovering new deposits will necessitate prospecting that
is structurally oriented and focused on finding (1) the stratiform brecciated level in the eastern zone
and (2) structural traps along regional tear faults in the western zone.

Geophysical techniques, such as induced polarization (IP) and magnetic surveys, have been used
at Chivor and Muzo to delineate pyrite mineralization that is abundant and often associated with
emerald-bearing veins [185]. Gutiérrez [186] tested several radiometric and magnetometric techniques
at Chivor and Macanal deposits with some success.

Escobar [177] applied the criteria for emerald exploration in Colombia to stream sediment
geochemical data for the Yukon and Northwest Territories in Canada. The criteria had to be adjusted
for a number of factors, including the absence of Be in the Northwest Territories data and elevated Na
due to plutonic alkali feldspar weathering into black shale drainages. Escobar [181] also noted that
Colombian-type emerald deposits have relatively small footprints, and regional-scale geochemical
surveys with data points 5-10 km apart may not be sufficient to show an emerald occurrence. Despite
these constraints, Escobar [181] was able to identify several regions of interest.

With respect to other type II deposits, Arif et al. [187] observed that in the Swat valley in Pakistan,
the emerald deposits occur in carbonate-altered ultramafic rocks, which also host Cr-rich dravite and
“oxy-dravite”. They suggested that the presence of high-Cr magnesian tourmaline, particularly in
magnesite-talc-altered ultramafic rocks, can represent a criterion for further emerald exploration in the
lower Swat region of Pakistan and in other ultramafic-hosted emerald-producing regions worldwide.

Wise [188] suggested that that the morphology of quartz, calcite, pyrite, and rutile crystals may
serve as potential exploration guides for the discovery of hidden emerald deposits in the Hiddenite
district of North Carolina. Emerald-bearing veins are characterized by: (1) quartz with multiple
generations, including fine-grained doubly terminated crystals and very coarse-grained prismatic
crystals; (2) calcite with largely rhombohedral habit, commonly accompanied by dolomite and siderite;
(3) pyrite crystals dominated by octahedral faces; and (4) rutile that varies from single untwinned
crystals to highly reticulated aggregates.

Some work has also been done in northwestern Canada to explore for type I deposits. Murphy et
al. [189] plotted potential Be reservoirs and Cr and V reservoirs in the Yukon Territory and suggested
that the best place to look is where the two come together. Lewis et al. [190] noted that all beryl
occurrences in the Yukon Territory are intrusion-related, but for an intrusion to become enriched
enough to reach Be-saturation to form beryl, it must be “ultrafractionated”.

Future efforts will move towards the development of more effective exploration guidelines
that consider the geological factors responsible for emerald formation. For type I deposits, this could
involve exploring continental collision domains and considering the overlaps of Be and Cr-V reservoirs,
mineralogical and geochemical anomalies (F, K, Li, P, B) linked to high intensity fluid /rock interaction,
and deposit location, e.g., proximal or distal to the granitic intrusive. This last point is an important one
asillustrated by the Ianapera deposit in Madagascar [11,135] where emerald occurs in two different, but
coeval settings: (1) A proximal one, formed classically at the contact between pegmatites (and quartz
veins) and M-UMR; and (2) a distal one formed outside the roof of the granite, with emerald-bearing
phlogopitites in fractures and faults. The fluid percolation affected all the geological formations and
different M-UMR, resulting in several types of zoned and un-zoned emerald habits with contrasting
Cr-V chemistry.
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10. Conclusions and Perspectives

The elaboration of a new classification proposed for emerald occurrences and deposits is the
first step to building a new scheme for studying Be-mineralization from the field to the laboratory.
The economic emerald deposits, in terms of volume and quality, are the Tectonic magmatic-related
type hosted in M-UMR (Brazil, Zambia, Russia) or the Tectonic metamorphic-related type hosted in
either low- (Colombia) to medium- (Afghanistan, China) temperature metamorphosed sedimentary
rocks or medium-temperature metamorphosed M-UMR (Brazil, Pakistan).

The enhanced classification proposed in the present paper, based on objective geological criteria,
takes into account the question of genesis of a number of deposits, which has been brought to the fore
by research using new analytical facilities in the 21st century: The following topics were discussed:
(i) Magmatic intrusives in M-UMR from classical intrusion to multi-stage formation through fluid
circulation, metasomatism, and emerald formation synchronous with folding and shearing of regional
metamorphic sequences; (ii) the presence of hidden intrusives that are probably the source of Be and
Cs for emerald, such as in the Swat valley and Santa Terezinha de Goias deposits; and (ii) metamorphic
remobilization of previous Be-magmatic mineralization over several orogenic episodes, such as for
the Habachtal and Egyptian emerald occurrences. All these cases reflect the mixing of magmatic and
metamorphic fluids.

The present work, which connects geological knowledge of the formation of gem deposits to
studies of the properties and features of individual gems, is a step forward in the great challenge of
geographic origin determination. The enhanced classification typology for emerald deposits opens a
new framework for mineral exploration guidelines.
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