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Abstract: Emeralds require the unusual association of typically compatible elements (Cr, V), with
incompatible Be to form, and occur in complex tectonic settings associated with sediments (type IIB;
Colombia) or, more commonly, with magmatism and regional metamorphism (IA). Precise rare earth
element (REE) and incompatible trace element abundances are reported for a global suite of emeralds,
enabling the identification of the environments in which they formed. Type IIB emeralds have nearly
flat continental crust normalized REE patterns (La/Ybcc = ~2), consistent with a sedimentary source
origin. Type IA emerald REE patterns have upturns in the heavy REE (La/Ybcc = ~0.3), a feature
also shared with South African emeralds occurring in Archaean host rocks. Modeling of type IA
ﬁge;:tz); emerald compositions indicates that they form from magmatic fluids of sedimentary (S)-type granite

melts interacting with Cr, V-rich mafic-ultramafic crustal protoliths. This geochemical signature
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links emerald formation with continental suture zones. Diamonds, rubies, and sapphires have been
considered as “plate tectonic gemstones’ based on mineral inclusions within them, or associations
Abundances in Emeralds Reveal with plate tectonic indicators. Emeralds are distinct plate tectonic gemstones, recording geochemical
evidence for origin within their mineral structure, and indicating that plate tectonic processes have
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Minerals 2021, 11, 513. https:// led to emerald deposit formation since at least the Archaean.
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Emeralds are a green variety of beryl (Be3Al;SigO1g) and have been prized gems
since antiquity [1]. Beryl is a cyclosilicate composed of hexagonal rings (SigO1g) connected
by Be atoms on tetrahedral sites, and Al atoms on octahedral sites [1]. It is substitution
on the octahedral site, primarily by Cr and/or V, that is responsible for the vivid green
color of emerald [2]. Emeralds are scarce commodities requiring the interaction of fluids
from aluminous quartzo-feldspathic Be-rich sources with Cr—V-Fe-rich mafic—ultramafic
published maps and institutional affil-  1gT€OUs/metamorphic (tectonic-magmatic-metamorphic-related), or Cr-V-rich sedimen-
{ations. tary crustal protoliths. Despite the limiting formation requirements, there are nearly fifty

recognized emerald deposits globally, occurring across North and South America, Europe,
Asia, Africa and Australasia, and they range in inferred formation age from the Archaean
(~3 Ga) to the Cenozoic (~9 Ma) (Figure 1) [1,3].

Deposits containing emeralds are typically described individually in the literature and
emphasize significant complexity in the geological setting (e.g., [4-11] and Supplementary
Information (SI) for a detail list of bibliography). Attempts to classify emeralds in a
coherent manner, and to enable use of this mineral variety more widely to understand
conditions of the Creative Commons  g€0logical processes have linked their formation to broadly magmatic (tectonic-magmatic-
Attribution (CC BY) license (https://  Telated), metamorphic (tectonic-metamorphic-related), and sedimentary processes [10]
creativecommons.org/licenses /by / (Figure 1). These studies have demonstrated variability in the major element chemical
4.0/). characteristics of emeralds, especially V, Cr and Fe contents, with limited quantitative data
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available for trace element abundances [10,12,13]. While some emerald deposits are hosted
in sedimentary rocks (including Colombian emeralds, Type IIB) or granitoids (types IB, IC,
IIC), the preponderance (~80%) of worldwide emerald deposits are related to magmatically
derived granitic fluids that have interacted with mafic-ultramafic host rocks (types IA, IID).
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Figure 1. Summary of total age distribution of emerald host rock deposits classified by type. Type
classifications (e.g., IC, IA, IB, ITA, IID, IIC and IIB) are based on host rock (abbreviations: M—-UM =
mafic-ultramafic; Sed = sedimentary; Meta = metamorphic; Sed-Mig = sedimentary-migmatite) and
environment of formation [10]. Compilation of ages are in Table 1 and Table S4; relative distribution
is shown (wider regions of indicator bars indicate a larger population of deposits of that age, and
times can be discontinuous).

The most refined model for emerald genesis comes from studies of Colombian
sediment-hosted deposits, which although tectonically and temporally distinct [14], were
formed by the interaction of evaporitic brines and black shale [15,16]. The thermal reduc-
tion of sulphate, at 300-330 °C by brine, in the presence of organic matter in the black
shale led to albitization, the formation of pyrite (FeS,), and Be-bearing mineralization
with the formation of virtually Fe-free, V and Cr-rich emeralds. Despite their sedimentary
origin, the Colombian emerald deposits are ultimately related to subduction and orogeny,
with the formation of a sedimentary back-arc basin and the sourcing of sediments from
the Jurassic to Cretaceous Andean arc [17]. In contrast, most of the world’s emeralds are
related to magmatically derived fluids that have interacted with mafic—ultramafic host
rocks (types IA, 1ID, [10], and formation models for these types of emerald are generally
related to individual deposits. For example, whether there is a link as to how magmatic,
metamorphic and sedimentary-hosted emeralds are formed is, hitherto, unknown.

To examine the formation of emeralds, we present the first comprehensive trace
element abundance analyses of inclusion-free emeralds from ten representative global
locations spanning 13 different economically viable deposits, covering the major clas-
sification types of emerald [10] (Figure 1). Unlike previous studies using microbeam
techniques [12,13,18], we present solution trace element abundance analyses from the
dissolution of significant quantities of emerald (>10 mg). This method has the advantage of
enabling the precise analysis of concentrations of trace elements in emerald. In particular,
the method enables the highest precision REE abundances to be determined for emeralds.
To examine this method in context with previous work, we compare the data obtained
for type IA Malagasy emeralds with a microbeam technique (laser ablation inductively
coupled plasma mass spectrometry) and with the host rock bulk compositions, to evaluate
where the incompatible trace elements are sited in emeralds, and how country rock compo-
sition might affect emerald composition. For comprehensiveness, we also present analyses
for other beryl varieties (red beryl, aquamarine, heliodor), synthetic flux-grown emeralds,
as well as individual mineral inclusions within emeralds and beryls and mixtures of the
mineral and their inclusions. In so doing, it is the intention of this work to provide an
overall view of emerald trace element chemistry in context with those of other beryls,
rather than to focus on provenance or mineral chemistry, as has traditionally been the case
with microbeam studies of trace elements in emeralds.
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Table 1. Geological information for emeralds examined in this study.
Region Class  Samples Number Locality Geology Met;:;;);sphlc Temp. °C P, bar Age Ma Age/Method
Bonfim farm, Caigara Pegmatitic bodies hosted by
do Rio do Vento, amphibolites in a succession of talc, Greenschist to Blackwall zone,
Brazil IA L2017.27.5 Borborema mineral talc-amphibole, and biotite + low-amphibolit 330-470 200-600 553 mica 40Ar/3 Ar
province, Rio Grande amphibole schists and within a ow-amphibolite method
do Norte shear zone.
Ankadilalana emerald Bl.ackiwall reacthn zones
mine, Ambalahosy (amphibolite-phlogopite-rich rocks Phlogopite
Madagascar IA 2017-14.1,2017-14.2, Nord Commune, oFca51o'r1 .a lly p %llowed) be?ween Amphibolite 250-500 150-200 490 OAr/¥Ar
2017-14.3 . _ migmatitic gneiss, talc-schist and
Mananjary District, . . method
L. lenses of chromite-bearing
Vatovavy Fitovinany . Ay
serpentinites within a shear zone
Black-wall reaction zones
o931, fondromine - (nphiblieptlogpieic ok
Madagascar IA 2017.9.3-2, . o ) naty pl X Amphibolite 250-500 150-200 490 20Ar/® Ar
Mananjary District, migmatitic gneiss, talc-schist and
2017.9.3-3,2017.9.4 L . . method
Vatovavy Fitovinany lenses of chromite-bearing
serpentinites within a shear zone
Gravelotte Emerald 30 B0 b it
. 2017.5.2, RSA1, Mine, Gravelotte, . . 4 . . . Granitoid zircon,
South Africa IA RSA2, RSA3, RSA4 Murchison Range, gnelsse‘s Wlth tallc-c}'ﬂorlte, actinolite, Green-schist 450-500 400 2.97 U-Pb method
. . and biotite schist, interpreted as a
Limpopo Province . P
tectonic mélange
Kagem Emerald Mine, Tal(;—chlorlte :I:.act1.nohte. i .
2015.6. 2015.6.1 Kafubu Emerald magnetite metabasites identified as Muscovite,
Zambia 1A - o e metamorphosed komatiites and Amphibolite 360-390 400-450  452-447 0Ar/3Ar
2015.6.4, 2015.6.5 District, Lufwanyama, . . .
Copperbelt metasomatized by Be-bearing fluids method
PP derived from hydrothermal veins
At the contact between I-Type
Australia B 2016.6.13 New South Wales, granite and sediments-pegmatite Amphibolite to 350-400 150-250  298-236 Rb/Sr whole

Clive Co., Torrington

and aplite into mudstone
and silstone

Green-schist

rock method
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Table 1. Cont.
Region Class  Samples Number Locality Geology Ma;::?;fhlc Temp. °C P, bar Age Ma Age/Method
Nigeria IC 12017.27.4 Jos Plateau, Plateau Miarolitic cavities subjected to Amphibolite 400450  200-300 000430, Regional
autometasomatic alteration 190 -144 terranes
Emerald deposit, Emerald-bearing biotite-chlorite
Leckbachgraben, schists, intercalated between U-Pb apatite
Austria ITA 2016.6.16 Nasenkopf, Habach N . . Green-schist 700 5000 31-21 p
scheelite-bearing banded gneisses method
Valley, Hohe Tauern, 1.
and amphibolites
Salzburg
88296, 92642, 97472, Muzo Mine, bfr?:rildaﬂgsiei lnlirségtl;’;‘lee“szk
125052, 129266, Mun. de Muzo, sh;e e?ncsl evas griies and fornlled b Low grade Muscovite,
Colombia IIB 138646, 138646.1, Vasquez-Yacopi Por y grac 290-360 100 35-38 40Ar /3 Ar
L . hydrothermal brines and sulfate metamorphism
138646.2, 138646.3, mining district, .. N . method
. reduction in combination with
138646.7, 138646.8 Boyaca Department L
organic-rich black shales
Emerald hosted in a sedimentary
Mun. de Chivor, basin of sandstone, limestone, black Muscovite
Colombia 1B 97019, 2016.6.5 Guavié-Guatéque  shale and evaporites and formed by Low grade 290-360 100 61 40Ar/39Ar
mining district, hydrothermal brines and sulfate metamorphism method
Boyaca Department reduction in combination with
organic-rich black shales
Emerald hosted in precambrian
migmatitic schists and gneisses
Rist Mine, Hiddenite, intruded by the medium-grained low Resional
USA IIC 124888 Alexander Co., leucocratics. The emerald formation Amphibolite 230-290 rossure 500-750 te fianes
North Carolina has been related to pegmatitic fluids P

as hydrothermal Alpine-type veins
instead of pegmatites
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Table 1. Cont.

Region

Class

Samples Number

Locality

Geology

Metamorphic
Facies

Temp. °C

P, bar

Age Ma

Age/Method

Egypt

IID

2016.6.3

Wadji, Sikait-Zabara
region, Eastern
Desert, Read Sea

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

Greenschist-
amphibolite

485-571

680-770

595

Muscovite,
40 Ar /39 Ar
method

Egypt

IID

2018.13.2

Gebel Zabara,
Sikait-Zabara region,
Eastern Desert,
Read Sea

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

Greenschist-
amphibolite

485-571

680-770

595

Muscovite,
40 Ar /39 Ar
method
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2. Materials and Methods

Gem-quality emeralds from the gem and mineral collection at the Mineralogical and
Geological Museum, Harvard University (MGMH), were analyzed in this study. Samples
included emeralds within the original matrix, loose emerald crystals and cut gemstones
from known deposits. Country, classification type [10], sample number, locality with
details regarding main deposits and individual mines, general geology, metamorphic
facies, temperature, pressure, age, and method of age determination are summarized in
Table 1. The compilation of world emerald deposits, age, environment of formation and
references to previous studies are presented in the SI, Tables S4 and S5. Temperatures and
pressures estimated from fluid inclusions, and ages either by a dating method and/or
metamorphic studies are presented without prejudice.

A total of six different beryl varieties (non-emerald from the MGMH collection) were
also analyzed to examine how they might vary in terms of their trace element abundances
(SI, Table S3). Since no high-precision data are available for these mineral varieties, this task
is particularly important for examining how unique emerald trace element compositions
might be. Aquamarine (blue beryl variety): MGMH#140910—Erongo Mountain, Karibib,
Erongo Region, Namibia; MGMH#4437—Skardu, Skardu District, Gilgit-Baltistan, Pakistan;
Red beryl: MGMH#118253—Ruby Violet claims, Red Emerald Mine, Beaver Co., UT, USA;
Heliodor (yellow beryl variety): MGMH#114903—Brazil; MGMH#139573—Volodarsk-
Volynskii, Zhytomyr Oblast, Ukraine. Unlike emeralds, the chromophores for these beryls
are Fe, Mn and probably Co, occurring at different oxidation states. For aquamarine, charge
transfer between Fe2* and Fe®* has been attributed as the cause of color [19], and the higher
the FeO content, the darker blue the aquamarines are likely to become [20]. Red beryl is
colored by traces of Mn?2+ [21], while the color of heliodor is due to interaction between
Fe3* and its oxygens [19]. Aquamarine crystals from the Erongo region are formed in
miarolitic cavities of highly evolved and enriched pegmatites in beryllium and boron [22];
aquamarine from the Gilgit area in Pakistan are hosted in pegmatite veins [23], and in the
presence of other minerals, as is the case for heliodor from Brazil and Ukraine. The red
beryl is hosted in rhyolites and formed by hydrothermal processes at low pressure [21].

A single Gilson synthetic emerald (MGMH#109678, SI Table S3) was also examined in
this study, for comparative purposes. Early work to grow emeralds by the flux method by
Gilson, consisted of heating powdered natural emerald in a boric acid flux (Li;O3-Mo00O3),
resulting in emerald prisms [24].

Due to the known presence of impurities in emeralds and other beryl minerals, both
crystals “pure’” and free from visible inclusions, as well as crystals with visible inclusion
were examined (SI, Table S3). To be clear, these samples represent mixed compositions,
and the quality of the measurement of the solutions made from them is equal to that for
the pure emerald samples. They are important for ascertaining and distinguishing high-
purity emerald analyses and are useful for comparative purposes. During preparation for
solution trace element analysis, these grains were included, even if inclusions were visible,
to obtain a representative sample set, and to investigate the role of inclusions in emerald
geochemistry. On the other hand, since many emerald crystals can be zoned, fragments
with visible zoning were excluded from study. Important in this comparison is that an
advantage of micro-beam techniques is that these inclusions can normally be avoided.
On the other hand, micro-beam techniques do not always allow quantification of all
concentrations of rare earth elements (REE) at sufficient precision, making the assessment
of the REE patterns less definitive [25].

Analytical procedures were undertaken at the Scripps Isotope Geochemistry Lab-
oratory (SIGL) (La Jolla, CA, USA) with modification to standard methods for solution
trace-element abundance analyses [26]. Around 10 mg of emerald, other beryls and syn-
thetic emerald, ~2-10 mg inclusions, or 50 mg of material from a ~100 g homogeneous finely
powdered rock sample were separately digested in Teflon beakers using Teflon-distilled
concentrated Optima-grade HF (4 mL) and triple Teflon-distilled HNOj3 (1 mL) for >72 h
on a hotplate at 150 °C, along with total procedural blanks, emerald internal standards,
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and terrestrial peridotite, basalt and andesite standards (BHVO-2, BCR-2, BIR-1a, AGV-2,
HARZ-01) used for calibration curves, or as unknowns. After cooling, the solutions were
dried down under class 10 air flow and equilibrated three times in Teflon-distilled concen-
trated HNOj (1 mL), by repeated dissolution and drying, to breakdown residual fluorides.
After these steps, clear ‘stock’ solutions were obtained. From the stock solutions, elemental
abundances were determined from 500 x (REE), 5000 (remaining trace elements, minor
elements), 50,000 x (major elements) dilutions. Beryllium concentrations were determined
using external Be calibration solutions.

Analyses were performed using a ThermoScientific iCAP Qc quadrupole inductively
coupled plasma mass spectrometer (ICP-MS, Thermo Fisher Scientific Inc., Waltham, MA,
USA). Reported data are blank-corrected and blanks were systematically <0.1% of the
analyte determination. Due to HF desilicification, Si was determined by difference. For
the quantitatively determined major-elements, accuracy is typically better than 5% on
most major elements, determined from cross-calibration by X-ray fluorescence and ICP-
MS of rock samples spanning 7 to 47 wt.% MgO [27]. Two analytical campaigns were
performed (denoted as a and b, in SI, Tables S1-S3), separated by approximately six
months, and the long-term reproducibility of trace- and minor-element abundance data
from these campaigns was better than 4% for most elements (Figure 6 and SI, Table S2).
There is no difference, outside of uncertainties, between long-term standard reproducibility
between the two campaigns based on analyses of BHVO-2, BIR-1, or BCR-2 standard
reference materials.

To determine whether solution trace element analyses faithfully reflect the composition
of emeralds, and are not dominated by fluid or solid inclusions, trace elements for some
Malagasy emeralds were measured using a New Wave UP-213nm laser ablation system
(New Wave Research, Fremont, CA, USA) coupled to a ThermoScientific iCAPq inductively
coupled plasma mass spectrometer (LA-ICP-MS) at the SIGL (Figure 6). Glass standards
NIST 610, NIST 612, BHVO-2g, BCR-2g, and BIR-1g were used for standardization with
reproducibility generally better than 10%. Rasters were carried out with a laser beam
diameter or 100 pm with a laser repetition rate of 5 Hz at ~3.5 J-em™2. Each analysis
consisted of 60 s of data collection, comprising a ~20 s background and ~40 s of laser
ablation. Each analysis was normalized to iron content and data are reported in the
Supplementary Information Table S3. The majority of large ion lithophile elements, high
field strength elements and some of the HREE were above the limits of quantification,
although many of the REE were below this threshold, resulting in incomplete trace element
abundance profiles for samples measured by LA-ICP-MS. After LA-ICP-MS, surfaces of
samples were examined using a ThermoScientific Phenom XL Scanning Electron Microscope
(Thermo Fisher Scientific Inc.) to examine evidence for microscopic inclusions. While
solid inclusions were observed, such as a ~10 um sylvite grain in a Malagasy emerald, the
surfaces and interiors of the emeralds examined were relatively homogeneous (Figure 2).
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Figure 2. Back-scatter electron images of emeralds from Madagascar. (a) Surface of a Malagasy
emerald with a 100 um raster pit. Note textural variations on the surface of the emerald; EDS
mapping suggests broad homogeneity across the shown image; (b) solid inclusions occur in emeralds,
along with fluid inclusions. For example, this sylvite grain within a fracture in a Malagasy emerald.

3. Results

The first comprehensive solution trace element abundance dataset for emeralds, span-
ning all major deposit type: type IA (Brazil, Madagascar, South Africa, Zambia), IB (Aus-
tralia), IC (Nigeria), IIA (Austria), IIB (Colombia), IIC (United States of America) and IID
(Egypt), combined with ancillary data for inclusions, impure emeralds and other beryl
types are reported in SI, Tables S1 and S3.

3.1. Major Element Composition of Emeralds

In order to classify the studied emeralds and to filter for potential fluid inclusion com-
positions, major elements were determined during solution ICP-MS analyses. The oxide
abundances were converted to atoms per formula unit (APFU), to examine appropriate
stoichiometry (idealized as Be3 Al;SigO15). While the pure emeralds major element data
are good approximations of compositions, these analyses are likely to be less accurate
than electron microprobe analyses of emeralds, especially for SiO,, which is calculated by
difference, combined with the calculation of H,O in the mineral structure [10], meaning
that we use these data as advisory values only, to filter samples for the trace element
geochemical compositions.

Of relevance here is that BeO in emerald is calculated stoichiometrically from electron
microprobe data [1], so an advantage of solution ICP-MS is that it is possible to quanti-
tatively determine Be abundance. Examined emerald compositions fall within the major
element compositions of beryls, and within previously identified compositions for emerald
types (Figure 3). Type LA emeralds are distinguished from IIB, IID and IC emeralds by lower
V contents relative to Cr and Fe. Minor elements in emeralds include the chromophores Cr
and V, as well as high Cs (1 to >1000 x continental crust (CC)), Li (1 to >100 x CC), Rb, Sc,
Ga, Zn, Pb, Sr and Ni (Figure 5). These results are consistent with prior studies of element
compatibility in emerald [12,18,25].

3.2. Trace Element Abundance Composition of Emeralds

Emeralds are characterized by having elevated large ion lithophile element abun-
dances and low rare earth element (REE) contents with respect to the continental crust
(REE = 0.0001-0.1 x continental crust (CC)), with CC-normalized patterns ranging from
flat (IIB, Colombia), light REE-rich (La-Sm; IC, Nigeria), middle to heavy REE-rich (Eu-Yb;
ITA, Austria) to flat with heavy REE (Er, Tm, Yb) enrichment (IA, IID) (Figure 4). We chose
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to normalize the emerald compositions to continental crust (CC), and outline the rationale
for this in the discussion.

IA
IID
1B
IC
A
% Synthetic

obeme

0.9 01 0.9 0.1
1.0 \ 0140 0
0 010203040506 0.7 08091.0 0 010203040506 0.7 080910
MgO Cr,0, V,0,

Figure 3. (a) Simplified systematic classification for emeralds (modified after [10]; (b) magnesium—
Fe—Cr (a) and Cr—Fe-V (b) ternary diagrams for global emerald deposits. Data for ‘pure emerald’
from this study are shown as symbols and published ranges of data are shown as shaded regions.
Previously published data sources are given Tables S4 and S5.

Examination of type IA emeralds from global locations (Figure 4a) shows that all
share common characteristics of generally low REE and HFSE (Ti, Zr, Ta, Nb, Hf) contents
(~<0.1 x CC), positive W, Pb, Zr and Hf anomalies, heavy REE enrichment and upturned
patterns for Er, Tm and Yb, with low Er/Lu ratios (<0.7). The HREE enrichments occur in
type IA and IID emeralds only, despite these emeralds originating from distinct deposits
on different continents. Madagascar (Mananjary deposit), Brazil (Fazenda Farm deposit)
and Zambia (Kafubu deposit) emeralds all share these geochemical signatures, irrespective
of their distinct deposit geology. The South African emeralds that occur in nearly three-
billion-year-old host rocks (Gravelotte deposit; ref. [29]) also have trace element patterns
akin to type IA emeralds.

Colombian type IIB emeralds (Figure 4b) are relatively enriched in Pb and have dis-
tinctive nearly flat REE patterns, clearly distinct from type IA emeralds. The incompatible
trace element patterns for type IB, IC, IIA, IID and IIC emeralds (Figure 4c) are distinct
from one another and from type IA or IIB emeralds. Although the Australian and the
North Carolina emerald studied formed in different tectonic environments, their host rocks
are sediments, a shared feature with the Colombian emeralds and in agreement with the
observed essentially flat CC relative REE patterns. The Nigerian emerald measured is char-
acterized by low incompatible trace element abundances and a light REE-enriched pattern,
consistent with formation from its granitic source [30]. The Austrian sample displays a
positive concave enrichment trend in the REE compared to CC and with other emeralds.

For the first time, it is possible to provide a generic scheme for ITE abundances in
emeralds and show that they have a wide range in absolute and relative abundances, but in
general, low REE contents (0.0001-0.1 x CC), with CC-normalized patterns ranging from
flat (IIB, Colombia), light REE-rich (La-Sm; IC, Nigeria), middle to heavy REE-rich (Eu-Yb;
ITA, Austria) to flat with heavy REE (Er, Tm, Yb) enrichment. This latter group includes all
of the type IA emeralds, and an Egyptian type IID emerald deposit.

3.3. Compositions of Other Beryl Varieties and Inclusion-Rich Emeralds

Other beryl varieties (Figure 5a) display lower Pb, more variable U, Nb, Ta, high Rb, Cs,
and Li abundances and generally flat CC-normalized REE patterns. The red beryl sample,
hosted in rhyolite, has elevated Tm, Yb and Lu similar to type IA emeralds, although
the sense of fractionation is much less extreme, with higher Er/Lu of 1.3 (compared with
0.17-0.7 for type IA emeralds from Mananjary). Trace element and REE patterns of the
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synthetic Gilson emerald from this study are like Colombian emeralds, which might
indicate that natural Colombian emerald seeds were used in the process of forming the
sample (MGMH#109678). Two distinct features are the high concentrations of Mo and lack
of water, as Gilson synthetic crystals are grown from a lithium molybdate flux [31] and the
flux is anhydrous [32]. These two features are widely used in the gem trade as indicators
to distinguished natural versus flux grown synthetics; the trace element characteristics of
this sample are clear indicators of a synthetic origin.
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Figure 4. Multi-incompatible trace element (ITE) patterns; (a) ITE patterns for type IA emeralds;
(b) ITE patterns for type IIB emeralds; (c) ITE patterns for type IB, IC, ITA, IID and IIC emeralds. Ele-
ments are ordered by relative incompatibility and normalized to continental crust composition [28].

In addition to visible evidence for inclusions (Figure 5b), major element concentrations
were measured in the solutions to discriminate the presence of micro/nano inclusions
within emerald crystals. It was assumed from the large emerald database that to be
considered a ‘pure’ emerald, SiO, concentrations range from 55 to 65 wt.%, MgO is always
less than 3 wt.% and BeO ranges from 13 to 16 wt.% [1]. For this work, any measurement
with compositions exceeding these values was considered an impure measurement and
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grouped with the “impure samples” (Figure 5c) discussed here. Secondly, structurally
independent minor elements, such as Ni, W, Pb were also used to identify impure analyses.
This identification is especially important for Colombian emeralds, which can contain pyrite
inclusions that contain these elements. In general, all identified inclusions have much
higher Ti concentrations that the host emerald. Most of the inclusions can be distinguished
by the high Ti, Ge, Sn, Ni and Co. Measured inclusions include Colombian pyrite grains
with very low REE abundances. These samples (97472 (M) and 12566_incl) are a mixture of
sulfides and minor adhering emerald. They are enriched in Ga, Zn, Co, Pb, high Sn and
U, consistent with both being pyrite and have relatively flat CC-normalized REE patterns.
These inclusions have no V, a trace element that can be used to identify contaminated
samples. An important observation in the case of the inclusions in Type IA emeralds is
that they do not have the heavy REE enrichments that are ubiquitously observed in their
emerald hosts (Figure 5b).
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Figure 5. (a) Incompatible trace element pattern for other colored beryls and synthetic emerald;
(b) incompatible trace element pattern for pure inclusions and (c) incompatible trace element pattern
for impure emeralds (impure samples). Shown for comparison are the pure compositions of type
IIB (Colombia) and IA (Malagasy) emeralds. Elements are ordered by relative incompatibility and
normalized to continental crust composition [28].
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It is not always possible to draw conclusions on the type of inclusion measured in the
solution ICP-MS data. Nonetheless, all the impure samples (Figure 5¢) have high Cs, and
Li as well as Be. Many of the included emeralds also have REE patterns reflective of their
respective groups. In some cases, it is possible to identify contaminant type. For example,
Sample 138646.4 has high REE abundances, which either reflects parisite or monazite on
the outer surface of the emerald. This observation is consistent with the work of [33], who
described three emeralds and euclase for REE abundances, which also display relatively
flat patterns but at ~100 times higher than the concentrations in the emeralds examined
here. Similarly, some emeralds appear to have calcite or organic inclusions, such as RSA5
and RSA6, whereas others have mica inclusions (5 June 2016).

3.4. Trace Element Abundances of Mananjary Deposit Whole-Rocks

For the Mananjary deposit, Irondro, Madagascar, which is host to type IA emeralds,
surrounding country rocks were analyzed, including amphibole-rich ‘black wall” and
intruding pegmatites. These measurements complement the measurement of emeralds
measured from within the black wall host rocks by both solution ICP-MS and LA-ICP-MS
(Figure 6, and Tables S2 and S3). The host rocks include high-SiO, pegmatite (>75 wt.%)
with low V, Cr and Fe contents and the black wall which has lower SiO, (~59 wt.%),
with up to 8.1 wt.% FeO, 1.6 wt.% CryO3, and up to 100 ppm V. The rocks have elevated
CC-like REE abundances relative to the emeralds that they can contain, and relatively
flat CC-normalized REE patterns. Measurements of associated emeralds using solution
ICP-MS and LA-ICP-MS show elevated concentrations of large ion lithophile elements at
>1 X continental crust (CC) (e.g., Cs, Rb) and are relatively depleted in high field strength
elements (HFSE; Nb, Ta, Ti, Hf, Zr) and the REE at <0.1 x CC, with notable upturns in
the heavy REE (HREE), particularly Tm, Yb and Lu. Local country rocks have distinct
incompatible trace element (ITE) patterns, with systematically higher HFSE and REE
abundances, and do not show the pronounced upturn in the HREE evident in the emeralds.
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Figure 6. Incompatible trace element pattern for Malagasy emeralds measured by solution ICP-MS
and laser ICP-MS; comparison with whole rock analysis of black wall and pegmatites from the

same locality and LOQ shown. Elements are ordered by relative incompatibility and normalized to
continental crust composition [28].
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4. Discussion
4.1. Solution Versus Laser-Ablation ICP-MS for Emeralds

In this study, it was possible to directly dissolve a globally derived suite of emerald
fragments for solution ICP-MS analysis. This was practicable due to the availability of a
unique collection of gem-quality research emeralds, including cut stones, which in general
is not possible as cut stones are both rare and expensive. To provide comparison of datasets
from solution ICP-MS and LA-ICP-MS, we measured Malagasy emeralds from the Man-
anjary deposit using both methods (Figure 6, and SI, Table S3). The direct dissolution of
emeralds, versus microbeam techniques such as secondary ionization mass spectrometry
(SIMS) or laser ablation ICP-MS, has the advantage of enabling concentrated solutions
to be measured, allowing for the accurate and precise determination of trace elements,
without crystal-induced matrix effects. As demonstrated here, however, the larger mass of
samples can also lead to the issue of the incorporation of inclusions. The advantages of
microbeam techniques are that they are minimally destructive, and the careful selection
of elements may provide necessary information on the emerald for provenance determi-
nation [5,12,13,18,25,34,35], so these methods are likely to proliferate for determining the
source locations of individual stones.

To overcome the issue of the incorporation of inclusions in solution ICP-MS analyses
of emeralds, a filtering method described above was employed where the major element
compositions of the emerald aliquots were compared with a database of >800 emerald
major element compositions [1]. Analyses with low or high Be contents, anomalous Fe
(sulfide inclusions), or Mg, Al, Ca, K or Na (silicate inclusions) were rejected from the
database of pure emeralds and considered “impure samples” (Figure 5c, and SI, Table S3).
These rejections were performed outside of four standard deviation confidence limits. This
method is able to distinguish inclusion-bearing emerald aliquots that were measured, but
also resulted in the rejection of emerald fragments that did not have visible inclusions,
but that were often clouded or opaque. During LA-ICP-MS measurements, no significant
variations were observed in trace element abundances that would be consistent with fluid
or solid inclusions dominating the incompatible trace element signatures of emeralds, even
though such inclusions can occur at the <100 um scale (Figure 2). Instead, the LA-ICP-MS
data support the relative enrichment in the HREE relative to the LREE, as observed in the
solution ICP-MS data. The simple rejection criterion we apply to solution ICP-MS data of
emeralds therefore has the sensitivity to mark obviously included emeralds as well as those
where inclusions may not have been determined from the visual inspection of fragments.

Comparison of the Mananjary emerald compositions determined by solution ICP-MS
and LA-ICP-MS shows that the latter method is able to reproduce the overall incompatible
trace element pattern measured by the former well for high abundance ‘minor’ elements.
Conversely, this method, along with SIMS analysis, is not able to determine the REE well
in most emerald samples, where abundances can be low (<<1 ppm). However, where
abundances are sufficient, LA-ICP-MS reproduces the portions of the REE pattern well
(Figure 6). For the remainder of this work, we only discuss solution ICP-MS data, acknowl-
edging that LA-ICP-MS will likely proliferate as a method of choice for provenance studies
of emeralds [13,18,25], especially in the determination of likely provenance-diagnostic
minor elements including Cs, Rb, Li, Cr, V, Sc, Ga, Zn, Ni, Pb, S, and B, within gem-
quality emerald.

4.2. Rare Earth Element Distribution in Emeralds and Choice of Continental Crust Normalization

The REE are highly incompatible and non-essential structural elements in emeralds.
The REE are typically trivalent, and so may substitute into the octahedral site, despite
their larger ionic radii compared with Al. Alternatively, they may be trapped in the

‘water-channels’ of the beryl structure [36], exchange with Sc, or occur within fluid and

solid inclusions within the emeralds themselves. The REE concentrations in individual
emeralds are uniform at the scales of analysis (e.g., solution versus LA-ICP-MS), and are not
obviously partitioned into nugget-like inclusions, supporting the bond-length calculations
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that REE are located in the 2b channel water sites in beryl [36]. The REE concentrations
are also characteristic for each deposit type, supporting the major distinctions observed
between emerald REE compositions and deposit type (Figure 4a—c), a feature that cannot
be explained if the REE preferentially partition into emerald.

Another critical question is if the host rocks might impart a distinct geochemical
signature to emeralds. Comparison of Malagasy host rocks (‘black wall’ and pegmatite)
incompatible trace element contents with emeralds within the deposit show no REE comple-
mentarity (Figure 6). Instead, the Malagasy type IA emeralds are systematically enriched in
the heavy REE relative to the whole rocks, suggesting that they inherit their compositions
from a different component, and most plausibly, Be-bearing mineralizing fluids. Combined
with the evidence for siting in the mineral, the REE are powerful incompatible element
tracers of how emeralds form.

In this work, we chose to plot emerald and associated mineral geochemical data versus
the estimated composition of continental crust. We did this for several reasons. In general,
geochemists typically plot data relative to a large-scale reservoir; either carbonaceous
chondrite meteorites, such as Ivuna (CI, sometimes referred to as C1), an estimate of the
bulk silicate Earth, otherwise sometimes referred to as primitive mantle (PM), or continental
crust (CC). For meteorites and planetary reservoirs, CI makes sense since chondritic starting
compositions were likely. For mantle-derived rocks, normalization to PM is logical since
this is analogous to the source reservoir. For emeralds, CC is relevant for the same reasons;
based on current knowledge, emeralds are exclusively hosted within continental crustal
rocks and many are formed from such protoliths [10]. Despite this logic, it is likely that
future emerald trace element studies will continue to use CI or PM normalization. The
effect of using these normalizations rather than CC will be to change the shape of curves
slightly on normalized multi-incompatible trace element plots, but the prominent trends
observed in emeralds, especially for the REE, will remain.

4.3. Trace Element Indicators of Origin for Colombian, Nigerian and Austrian Emeralds

In the case of type IIB emeralds from Colombia (Figure 4b), all exhibit relatively
flat CC-normalized patterns, similar in composition to shales and loess [37]. Colombian
emeralds are also characterized by relative enrichments in Zr, Hf, and Pb and depletions
in Nb and Ta, relative to CC composition, reflective of a Nb- and Ta-depleted subduction
component in the sediments. These geochemical signatures are linked with the formation
of the emeralds within sedimentary rocks preserved in the Colombian portion of the
Andean Cordillera. The Colombian emerald REE compositions therefore demonstrate
origination from a shale host rock and sedimentary evaporitic brine fluid, consistent
with sedimentary /metamorphic fluid compositions [15,16]. The flat CC-normalized REE
patterns of the Colombian emeralds reflect the accidental incorporation of associated
fluid compositions during emerald mineralization and are unaffected by the late-stage
mineralization of other REE-rich minerals in the same assemblage [16].

For type IC emeralds from Nigeria (Figure 4c), the light REE enrichment within
them are consistent with generation from late-stage peralkaline granitic fluids from a
shallow source, as proposed previously [38]. The type IIA Austrian emerald (Figure 4c)
that we examined from the Hachbachtal deposit has a pronounced ‘humped’ REE pattern
with relative light REE depletion relative to the CC composition and is similar to REE
patterns exhibited by garnet. This pattern is consistent with the juxtaposition of garnet
mica schist and serpentine and subsequent metasomatism of the schist by fluids from
the serpentinite [10]. The well-defined deposit models for these type IIB, IC and IIA
emeralds demonstrate the utility of using relative and absolute abundances of the REE
to examine emerald formation processes. In turn, trace element abundance analyses in
emerald represent a powerful new tool for understanding their formation, and we explore
this for the enigmatic type IA emeralds.
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4.4. Modelling the Fluid Compositions and Origins of Type IA Emeralds

Type IA emeralds are the most geochemically remarkable, yet also the most common
type of emeralds found in Earth (Figures 4a and 7a). Their REE patterns are systematically
enriched in Er, Tm, Yb and Lu relative to the other REE, no matter their location globally,
host rocks, or formation age, and despite significant differences in more compatible minor
and trace elements. These patterns occur in both cut gemstones and raw but pure mineral
emerald fragments. The REE signature of these emeralds appears to be diagnostic of their
formation environment. To examine the role of fluid composition that led to emerald
mineralization, we were initially guided by previous work suggesting the requirement for
granitic fluids [10]. Several lines of evidence support this conclusion; data from hydrogen
and oxygen isotopes suggest magmatic/metamorphic fluids for type IA emeralds [1,39-41].
Incompatible trace elements, especially Be, Cs and Li, as well as high SiO,, implicate
evolved magmatic (granite) fluids, with compatible elements distinct from mafic host rocks.
Indeed, the association of emerald and felsic continental rocks is well documented [42].
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Figure 7. Emerald formation and the REE; (a) rare earth element patterns of major emerald types
(IIB, IA IID, IIA, IC); (b) the formation of emeralds from S-type magmatic fluid compositions, rather
than I-type granitic fluid compositions. Compositions of magmatic fluids were modelled using initial
chemical/modal constituents from [43], and trace-element partitioning from [44,45]. Batch melting
followed by fractional crystallization was used to produce resultant melts and fluids. Elements are
ordered by relative incompatibility and normalized to continental crust composition [28]. Details of
the model are provided in the text.

All major granite types were initially considered, but M-type and A-type granite
compositions were rejected due to their mineralogical compositions, which do not lead to
significant heavy REE enrichment in fluids after partial melting and fractional crystalliza-
tion. This is a requirement for fluids responsible for emerald genesis, as M-type granites
are generally poor in large ion lithophile elements and A-type are typically anhydrous,
with high-5i and low large ion lithophile element concentrations. Instead, focus was placed
on S-type granites—the result of regional metamorphic melting of meta-sediments, where
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characteristic minerals are biotite, muscovite, cordierite and garnet—and I-type granites,
formed during subduction at continental margins, partially melting deep crustal igneous
rocks where characteristic minerals are amphibole and sphene. Given the geological set-
tings of many emeralds at continental sutures, S-type granites are the likely candidates
for fluid sources. Assuming a similar system of melting [46] to MNNCKFMASHT and
MnNCKFMASHTO (MDO—N azO—CaO—K20—FeO—MgO—A1203—SiOz—H20—TiOz—Fezog) y
it is possible to infer depths of S-type generation in the region of crustal depths between
10 and 25 km (~3 to 8 Kbar) and temperatures of between 675 to 725 °C, where garnet,
cordierite and sillimanite may all be present at the onset of partial melting.

For the purposes of modelling (Figure 7a,b), we used I- and S-type granite modal
abundances of minerals from the classic study of Lachlan fold belt granites [43] (S-Type
modal % (Av, St. Dev) = 35 & 8 quartz, 20 £ 14 potassium feldspar; 25 + 8 plagioclase;
3 £ 2 muscovite, 15 + 8 biotite; 2 + 1 andalusite; 8 £8 cordierite; 2 garnet; 0.2 + 0.1
opaque minerals; 0.3 £ 0.1 apatite; A-Type modal % (Av, St. Dev) = 25 + 9 quartz,
15 + 14 potassium feldspar; 41 £ 11 plagioclase; 0.2 muscovite, 9.9 + 5.3 biotite; 10 & 6.3
hornblende; 2.2 clinopyroxene; 0.9 opaque minerals; 0.3 sphene; 0.3+ 0.2 apatite). These
data were combined with trace-element partitioning data [44,45], or from the GERM
database (https:/ /earthref.org/ GERM/; accessed on 18 June 2019) for these mineral phases.
Data modelling used approaches previously outlined [47]. We examined both batch melting
and fractional melting processes for the generation of partial melt products. In batch
melting, trace elements in the melt and solids are in equilibrium as melting proceeds and
until enough melt accumulates so that it can migrate away from the melting zone. In
fractional melting, small batches are removed from the melting zone continuously. We
employed a batch melting process to mimic the extraction of an S-or I-type melt with
reported mineral proportions [48]. We then assumed progressive fractional crystallization
of the resulting melts to form evolved magmatic fluids. The extensive fractionation of melts
would be required to lead to the high Cs and Li of the emeralds, and the models implicate
>35% fractional crystallization in all cases. Melting and fractional crystallization processes
were carried out in 1% increments.

The modelling constraints imply that type IA emeralds require the involvement of
magmatic fluids derived from sedimentary or supercrustal (S-type) granite melts. S-type
granites are distinct from other granite types (e.g., igneous (I), anorogenic (A), mantle-
derived (M)-types) in requiring calc-alkaline or peraluminous sources, being relatively low-
temperature melt products, and being uniquely associated with subduction processes [48].
The requirement of an S-type granite source comes from the need to explain the enrichment
in Er, Tm and Yb in type IA emeralds, indicating that both garnet and cordierite were
likely to be present in the fluid source. Sensitivity tests assuming typical mineralogy shows
that I-type fluids cannot account for IA emerald compositions due to a lack of cordierite
(Figure 7b). The results indicate that type IA emerald compositions can be attained via
extensive fractional crystallization (>35 to >60%) of S-type partial melts during relatively
shallow-level (10-25 km) melting, where such melting is possible. These results also suggest
that type IID emeralds, which are considered to form from metamorphic processes acting
on mafic-ultramafic precursor lithologies, are in fact likely to have formed from similar
protoliths to type IA emeralds (Figure 4c).

4.5. Wider Implications of the REE Chemistry of Emeralds

Beryllium is a highly incompatible element, concentrated in the Earth’s upper crust
by a factor of ~30 relative to the estimate for the primitive mantle [49]. The occurrence of
beryllium-rich minerals is typically associated with felsic magmatic occurrences [42,50].
The modeling of emerald compositions supports the requirement that extensive differentia-
tion is needed to enrich rocks sufficiently in Be for beryllium minerals to form [51]. The
comparison of >120 Be-bearing minerals [49] showed that diversification in Be mineralogies
occurred during distinct time periods at ~2.5, 1.8, and 0.525 Ga, corresponding to major col-
lisional phases of the supercontinents Kenorland, Nuna, and Gondwana, respectively and
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at ~275 Ma (USA, Russia, Norway) related to the Variscan orogeny. In all cases, the global
emerald suite that we have examined has strong association with continental collision and
orogens (Figures 8 and 9). The majority of type IA emerald deposits are associated with the
Pan-African orogeny and the formation of Gondwanaland, whereas a smaller fraction is
also associated with the closure of the Tethys ocean and the Alpine orogeny. This analysis
of the trace element compositions of type IA emeralds strongly suggests their formation
within collisional tectonic environments.
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Figure 8. (a) Emerald types associated with major orogenic events in Earth history and; (b) relative
distribution of emeralds, rubies and sapphires in continental collision events (modified after [52]).
In (a), emerald deposits >2 billion years are shown with a black square outline, including the South
African samples analyzed here. Orogenic events and rough geographic distribution are shown with
colors. In (b), approximate mineralization locations as well as compositions are shown relative to
ruby and sapphire formation depths. Rocks in green and blue are metamorphosed sediments and in
dark orange are intrusive granitic bodies, with continental crust shown in pink and the mantle in
light orange.

The oldest purported emeralds examined in this study come from the Gravelotte
deposit, South Africa. The emeralds have been indirectly dated through U-Pb chronology
of their host rocks at 2.97 Ga [29]. The Gravelotte emeralds have identical REE patterns to
type IA emeralds (Figure 4a). Given the diagnostic nature of incompatible trace elements,
and the REE, in particular for emeralds, this would suggest a similar formation process
for the South African emeralds as for emeralds from Madagascar, Brazil, Zambia and
Egypt. At face value, these results would imply that processes of sediment-rich collision
and orogeny were occurring in the Archaean to form the Gravelotte emeralds, extending
the diversification of Be mineralogies to ~3 Ga. Direct dating of Gravelotte emeralds will
be important for assessing the implications this result might have for Archaean tectonic
processes, along with marginally younger emerald deposits, such as those in Brazil or
Australia, which also suggest an ancient heritage [9,53].
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Figure 9. Example of the relations of emeralds and other indicators of plate tectonics with time.

Distributions are shown as relative abundances of deposits for emeralds, or as relative distributions
from histograms for passive margin distribution [55], eclogitic diamond inclusions [54], and blue
schists, lawsonite, jadeitite, ophiolites, sapphires and rubies [52]. Additionally, shown are major
supercontinent episodes (Supercratons, Columbia, Rodinia, Gondwana and Pangea) and onset of
continent formation, as well as major glaciations [56]. Sedimentary lubrication events following
major glaciations have been inferred by the latter study. Emerald age compilation is given in the
Supplementary Information.

It has been suggested that diamond, ruby, sapphire and jadeite are archetypal plate
tectonic gemstones [52]. Emerald and beryl in general have lower density (specific
gravity = 2.6-2.7) and are less resilient (7.5-8 Mohs Scale of Hardness) than diamonds or
corundum (hardness > 9, specific gravity > 3.3), so are less likely to be preserved as placer
minerals. However, beryl and emerald are reasonably common in continental settings,
and have a diagnostic trace element signature within the mineral itself. To date, no other
gemstone has been recognized to preserve such information. The reason for the utility
of emerald as an indicator mineral of tectonic process lies in its mineral structure, which
enables the incorporation of incompatible trace elements. Despite large age gaps that may
be partly driven by sampling or rock record preservation, colored gemstones (emerald,
ruby, and sapphire) indicate similar distributions of formation between 2 and 3 Ga and
0.6 Ga to the present [52], whereas eclogitic inclusions in diamond are prevalent at 3 Ga,
and then from 2 to 0.5 Ga (Figure 9). Eclogitic diamond inclusions preserve evidence
for deep subduction processes [54], whereas colored gemstones appear to derive from
shallower processes during collisional tectonic processes ([52]; this study). These results
suggest periodic formation and subsequent preservation of the different gemstones, pos-
sibly consistent with varied sensitivity to lithospheric/sub-lithospheric (diamond) and
crustal (colored gemstone) tectonic processes.

The formation of the majority of Type IA emeralds occurred at or around the time of
the formation of the Pan African Orogenic Belt. This period was preceded by a time where
shallow level tectonic processes were seemingly limited (e.g., [56]), and when there was a
notable increase in eclogitic diamond inclusion occurrences [54]. The onset of subduction
after this time has been attributed to increased ‘lubricating” sediment input at subduction



Minerals 2021, 11, 513 19 of 21

zones, invigorating the plate tectonic process [56]. Type IA emeralds from the Pan African
Orogenic Belt require melting of sediments during continental collision, indicating signifi-
cant sediment input following subduction. Similar signatures in Archaean emeralds either
represent the incorporation of sediments during subduction, or the extensive thickening of
sediments within continental crust; in either case, partial melting of sediment is required
to drive emerald formation. Identifying emerald as a plate tectonic gemstone through
their trace element geochemistry provides predictive power to deposit formation; the
incorporation of sediments and shallow melting or metasomatism in orogens, combined
with ultramafic protoliths at or close to the surface to provide formation conditions for
world-class emerald deposits.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
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