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The rigid outer layers of the earth (the lithosphere) are 
composed of minerals and rocks. Minerals are natural 
chemical compounds that form in certain geological envi-
ronments and sets of physical and chemical conditions. In 
the lithosphere, the main mechanisms for mineral forma-
tion are cooling and solidification from igneous magmas, 
crystallization from high-temperature hydrothermal solu-
tions or vapors, crystallization from low-temperature aque-
ous solutions, and solid-state mineral recrystallization 
during metamorphism. Gem minerals can be formed by 
any of these mechanisms. 

Minerals have specific chemical compositions and 
arrangements of constituent atoms (i.e., crystal structure). 
Approximately 5,800 mineral species are currently recog-
nized by the International Mineralogical Association (IMA), 
most of them rare and narrowly distributed. Despite the va-
riety of mineral species, almost 97% of the earth’s crust is 
made up of a few elements: oxygen, silicon, aluminum, iron, 
calcium, sodium, potassium, and magnesium. Hence, the 
crust is dominated by a small handful of minerals containing 
these elements (feldspars, quartzes, pyroxenes, amphiboles, 
and micas). While these minerals are occasionally found as 
gem-quality pieces, most natural gems are rarer mineral 
phases that fortunately occur in specific deposits as crystals 
of a size and quality that can be faceted or polished. 

This edition of Colored Stones Unearthed will focus on 
gem minerals that form in magmatic environments (figure 
1). Other environments of gem formation will be discussed 
in future columns. 

Gems Formed in Magmatic Rocks
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Figure 1. These examples of gem minerals that formed 
in magmatic environments are part of GIA’s Eduard 
Gübelin Collection. From top to bottom and left to 
right: 29.96 ct sanidine feldspar from Germany, 53.00 
ct peridot from Myanmar, 11.58 ct zircon from Thai-
land, 20.66 ct topaz from Utah, 2.05 ct sapphire from 
Thailand, 18.36 ct pyrope garnet from the Czech Re-
public, 19.55 ct black spinel from Thailand, and 2.50 
ct ruby from Thailand. Photos by Robert Weldon.

Editors: Aaron C. Palke | James E. Shigley



Mineral Formation in Magmas 
Magmatic minerals form during the cooling and crystal-
lization of magmas (molten rock) in certain portions of the 
earth’s lithosphere and at the surface (figure 2). These mag-
mas vary in chemical composition, but for most the dom-
inant chemical component is silica (SiO2). The amount of 
SiO2 in a magma dictates many of the properties and erup-
tive behaviors of volcanic events, and silica concentration 
can tell researchers a great deal about the geological history 
of a magma. Basalts, for instance, are silica-poor magmas 
(typically ~50 wt.%), while rhyolites have high silica con-
tents (typically >70 wt.%). Magmas can form when tem-

peratures rise in the earth and melting of preexisting rocks 
occurs in the lower crust or upper mantle. Decreases in 
pressure or the introduction of water or other volatile com-
ponents can also result in the production of magma deep 
within the earth. Once formed, magmas can either travel 
through the crust via fissures, form large magma-filled 
chambers in other rocks, or be erupted at the earth’s sur-
face through volcanic vents (figure 3). 

Whatever their origin, the cooling of magmas results 
in the crystallization of igneous rocks, which are classi-
fied according to their texture and mineral composition 
(table 1). As the magma’s temperature decreases and it 

COLORED STONES UNEARTHED                                                                     GEMS & GEMOLOGY                                             WINTER 2022     495

Figure 2. Eruption of the 
Tungurahua volcano in 
Ecuador. Various gem 
minerals can crystallize 
from molten magmas in 
the earth’s crust or when 
the magmas erupt at the 
surface. Magmas also 
bring up pieces of man-
tle or crustal rocks 
called xenoliths that are 
of great value for scien-
tific study. Courtesy of 
Sebastián Crespo  
Photography/Moment/ 
Getty Images. 

Figure 3. This diagram 
illustrates various loca-
tions where molten 
magmas can reside in 
the crust above a large 
magma chamber, as 
well as the channels or 
conduits by which they 
can reach the surface to 
form volcanoes: active 
magma chamber (A), 
mantle xenolith in 
chamber (B), laccolith 
(C), sill (D), dike (E), 
and volcanic conduit 
(F). Modified from 
Johnson et al. (2017).
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begins to solidify, mineral formation can occur below the 
surface (to form intrusive or plutonic or phaneritic rocks 
with coarser grain size due to slower gradual magma 
cooling). Alternatively, magma that is erupted at the sur-
face will solidify quickly, often leading to small grain 
sizes of the constituent minerals (to form extrusive or 
aphanitic rocks) (figure 4).  

Volcanic Eruptions 
A volcano forms above an underground magma chamber 
and is created where the magma is vented or erupted at the 
earth’s surface. Volcanoes occur at specific locations of the 
crust that are associated with the creation, lateral move-
ment, and then subduction of crustal plates. Most volcanoes 
are located along boundaries of crustal plates, either at di-
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Figure 4. Two examples of important igneous rocks. Rhyolite (left) is an aphanitic extrusive igneous rock, while 
granite (right) is a phaneritic intrusive igneous rock. They are similar in chemical composition but differ in the size 
of their constituent mineral grains because they cool and solidify at different rates under different geological con-
ditions. Photos by James St. John/Wikipedia Commons.

TABLE 1. Classification of igneous rocks based on mineral composition and texture.

Category Felsic Intermediate Mafic Ultramafic

Mineral 
Composition

>10% quartz 

>50% feldspar 

<15% mafic minerals

>10% quartz 

>50% plagioclase 

>10% orthoclase 

<15% mafic minerals

20–85% plagioclase 

15–50% pyroxene 

>35% olivine

Olivine and 
pyroxene

Texture

Phaneritic 
(coarse-grained)

Granite, syenite, 
granodiorite, and 

tonalite
Diorite Gabbro Peridotite and 

pyroxenite

Aphanitic  
(fine-grained)

Rhyolite, dacite,  
and trachyte Andesite Basalt —

Porphyritic (large 
crystals in fine-
grained matrix)

Porphyritic rhyolite Porphyritic andesite Porphyritic basalt —

Vesicular (porous) Pumice Pumice Scoria —

Glassy (vitreous) Obsidian Obsidian — —

Pyroclastic 
(fragmental)

Rhyolitic tuff  
or breccia

Andesitic tuff  
or breccia Basaltic tuff or breccia —



vergent plate boundaries (mid-ocean ridges or continental 
rift zones where crustal plates separate) or convergent plate 
boundaries (subduction zones where plates collide). Some 
volcanoes also occur within crustal plates where they form 
above “hot spots,” anomalously hot areas of the upper man-
tle. Below Hawaii, for example, successive islands were cre-
ated as the crustal plate gradually moved over a thermal 
feature where magmas were generated (figure 5). 

Depending on their chemical composition, silica-poor 
magmas like basalts are very fluid when erupted (and non-
explosive), and they flow down the gentle slopes of volca-
noes as molten lava (a shield volcano such as Mauna Kea 
in Hawaii). Other, more silica-rich magmas like rhyolites 
are much more viscous and explosive. When erupted, they 
form higher steep-sided volcanoes that often produce vio-
lent ash cloud explosions or pyroclastic debris flows, de-
positing the particle material along the margins of the 
volcano or over the surrounding countryside (e.g., a strato-
volcano such as Mount Vesuvius in Italy). 

Magmas may solidify underground to form various 
types of intrusive igneous rock bodies. Depending on size 
and shape, geologists use terms to describe these rock bod-
ies (all of which may be later exposed at the earth’s surface 
by geological processes such as folding, faulting, crustal up-
lift, and weathering; see again figure 3): 

•   Dike: a narrow rock body that cuts across other 
rocks 

•   Sill: a narrow rock body that runs parallel to sedi-
mentary layers 

•   Diapir: a domed body of igneous rock that has been 
forced upward into brittle overlying rocks 

•   Pluton (or batholith): a large mass of igneous rock 

•   Laccolith (or lopolith): a body of igneous rock that 
bulges upward or downward 

Magma Crystallization  
Minerals in the crust crystallize from magmas over a range 
of temperatures (~1300° to ~750°C). Most magmas are 
silica-based compositions and classified according to their 
silica content, from silica-poor magmas like basalts (~50 
wt.% SiO2) to intermediate magmas like andesites (~60 
wt.% SiO2) to silica-rich magmas like rhyolites (>70 wt.% 
SiO2). Silicate magmas are dominated by oxygen and sili-
con, and they contain lesser amounts of aluminum, cal-
cium, magnesium, iron, sodium, and potassium as well as 
rarer elements. Non-silica-based magmas such as carbon-
atites are much less common and can form only under spe-
cific geological conditions. 
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Figure 5. The lithosphere—the solid outer portion of the crust—consists of crustal plates that gradually move later-
ally over geologic time scales due to convection in the underlying molten asthenosphere. Plates form and then sep-
arate along divergent plate boundaries. They come together with one plate colliding or being subducted beneath 
an adjacent plate along convergent boundaries. Slow movement of crustal plates has resulted in the continents 
changing position relative to one another in the geologic past. Plate collisions produce uplifted mountain ranges 
along the collision boundary, as in the Himalayas and the Andes, as well as deep oceanic trenches. Most volca-
noes are located along mid-ocean ridges and continental rift zones and along subduction zones. Some also occur 
within crustal plates, where they form above “hot spots” in the underlying asthenosphere. Plate movement over a 
hot spot can produce a chain of nearby volcanic islands such as those in Hawaii.
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The silica tetrahedron (SiO4) is the basic building block 
of all silicate minerals. It consists of a central silicon atom 
bonded to four oxygen atoms that form a tetrahedral 
arrangement. Silica tetrahedra can also bond to one another 
by sharing one or more of their oxygen atoms to form more 
complex tetrahedral arrangements (such as pairs, single or 
double chains, rings, sheets, and frameworks of bonded 
tetrahedra; see figure 6). These tetrahedra are further con-
nected by atoms of other elements to form the crystal 
structures of various silicate minerals such as olivine, epi-
dote, pyroxenes, amphiboles, beryl, mica, and feldspars, to 
name a few.  

Several geologic factors influence the evolution of 
magma composition and crystallization. These include the 
initial composition of the magma source, the presence of 
volatiles such as water or elements like fluorine in the 
magma, partial melting of rocks at the source, interaction 
with melted or unmelted (restite) minerals, interaction 
with or assimilation of wall rocks, mixing of magmas, sep-
aration of magmas into immiscible melts, loss of volatile 

phases (degassing), fractional crystallization of minerals, 
and accumulation of early-formed minerals. As a result of 
these factors, the overall composition of the magma, and 
the minerals that crystallize from it, changes over time. 
Common silicate mineral formation takes place from the 
magma at progressively cooler temperatures in a specific 
sequence. This sequence is schematically described by 
Bowen’s reaction series (figure 7). This reaction series illus-
trates the differences between minerals that typically crys-
tallize from magmas at high temperatures (e.g., olivine, 
pyroxenes, amphiboles, micas, and calcium-rich feldspar) 
and those that typically crystallize at lower temperatures 
(quartz, micas, and potassium-rich feldspar). If early-formed 
minerals are separated from a magma, the removal of those 
components changes the composition of the remaining 
magma, generally leading to more silica-rich compositions 
(figure 8). Bowen’s reaction series can also be considered 
from the bottom up in that the lower-temperature minerals 
at the bottom of the diagram are also the first to break down 
during partial melting. The presence of silica-rich minerals 
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Figure 6. The silica tetra-
hedron, consisting of 
four oxygen atoms 
arranged around a cen-
tral silicon atom, is the 
basic structural unit of 
silicate minerals, which 
form approximately 90% 
of the earth’s crust. By 
sharing one or more of 
the oxygen atoms, these 
tetrahedra can bond to-
gether in various ways 
(such as pairs, single and 
double chains, rings, 
sheets, and frameworks 
of tetrahedra). Silicate 
minerals are classified 
according to the linkage 
of their silica tetrahedra, 
or their degree of poly-
merization, as shown by 
these illustrations. Illus-
trations produced using 
the VESTA software 
package (Momma and 
Izumi, 2011).

Nesosilicates (Island)
SiO4

4– units
Olivine: (Mg, Fe)2SiO4

Inosilicates (Single Chain)
Si2O6

4– units
Pyroxenes: e.g., (Mg, Fe)SiO3

Phyllosilicates (Sheet)
Si2O5

2– units
Phlogopite: KMg3(AlSi3O10)(OH)2

Tectosilicates (Framework)
SiO4

4– units
Quartz: SiO2

Inosilicates (Double Chain)
Si4O11

6– units
Amphiboles: e.g., Mg7Si8O22(OH)2

Cyclosilicates (Ring)
Si6O18

12– units
Beryl: Be3Al2Si6O18

Sorosilicates (Double Island)
Si2O7

6– units
Zoisite: Ca2Al3(SiO4)(Si2O7)O(OH)



like quartz, micas, and potassium-rich feldspar at the bot-
tom of the diagram demonstrates that the early-formed 
magmas during partial melting tend to be silica-rich. Re-
moval of such partial melts can produce rhyolitic magmas. 

Magmatic rock environments are also important 
sources for ore deposits—economic and minable concen-
trations of gold, silver, copper, nickel, platinum, 
chromium, vanadium, cobalt, and other elements that are 
not found in large amounts in most silicate minerals. 

Hydrothermal and pegmatitic deposits of gems, al-
though related to magmatic activity, will be discussed sep-
arately in future editions of this column because of their 
importance for certain gem deposits. 

Gem Mineral Formation from Magmas 
Magmatic gems form either by crystallization of the magma 
at depth or at the earth’s surface, and occasionally in rock 
cavities from a gas phase (a vapor) released during magma 
cooling. Magma eruptions can also bring up mineral crystals 
or fragments of deeply formed crystals or rocks (including 
some gem minerals) derived from other sources—geologists 
refer to them as xenocrysts or xenoliths. 

When exposed at the surface, igneous rocks often 
weather and decompose to form smaller particles. Resistant 
minerals (such as diamond or corundum) can remain in the 
sedimentary environment and become concentrated in sec-
ondary alluvial deposits by the movement of water. Such 
deposits are sources for several important gem minerals. 
Over time, long-distance water transport of gem crystals 
also can winnow out fractured crystals: Those that survive 
the journey can be waterworn but of higher quality. 

Although gem mineral formation from magmas is the 
subject of this column, some of these same minerals can also 
form by other geological processes such as metamorphism. 

Diamond. Most gem diamonds formed between 1.0 and 
3.5 billion years ago and at depths between 150 and 250 
km in the lower crust and upper mantle (and in some cases 
in the lower mantle as deep as 800 km; see Smith et al., 
2017). It is now understood that their formation took place 
from carbon-containing fluids, based on studies of tiny in-
clusions of minerals and fluids found within diamonds, al-
though the details of this growth process are still the 
subject of geological study. Once formed, the diamonds 
were carried to the earth’s surface by eruptions of kimber-
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Figure 7. Based on field observations and experimental studies, geologists in the early 1900s began to recognize 
that the common silicate minerals form at specific temperature ranges from a cooling magma. This sequence of 
crystallization is known as Bowen’s reaction series, named after geologist Norman L. Bowen. Higher and inter-
mediate temperatures are associated with mafic and intermediate magmas, while lower temperatures are associ-
ated with felsic (silica-rich) magmas. At higher temperatures, the sequence has two branches. The continuous 
branch describes the evolution of plagioclase feldspars from calcium-rich to more sodium-rich. The discontinu-
ous branch describes the sequence of formation of different minerals as temperatures decrease. Although geolo-
gists now recognize some exceptions, this concept is still accepted as the general model of silicate mineral 
formation from cooling magmas.
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litic or lamproitic magmas (figure 9). Deeply formed dia-
monds were slowly transported upward by convection in 

the mantle to a depth where they could be caught up in 
erupting igneous magmas. Diamond formation was de-
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Figure 8. With the cooling and solidification of magmas, mineral formation proceeds in a series of steps illustrated 
by the discontinuous branch of Bowen’s reaction series in figure 7. These simplified diagrams illustrate stages of 
fractional crystallization of common minerals from a silicate magma. If the starting magma is ultramafic or 
basaltic in composition (A), during cooling it changes in chemical composition as different minerals form in se-
quence from the melt. In these diagrams, olivine crystallizes first (stage 1), followed by olivine and pyroxene (stage 
2), pyroxene and plagioclase feldspar (stage 3), and finally plagioclase feldspar (stage 4). These crystals are sepa-
rated from the melt as layers at the bottom of the magma chamber, and the remaining magma (B) gradually be-
comes more silica-rich (more viscous). The remaining magma becomes depleted in elements that were 
incorporated in the earlier-formed minerals, and it is enriched in elements that were not easily accommodated in 
these minerals. Modified from Johnson et al. (2017). 
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Figure 9. Diamond crystals 
(1.24–22.32 ct) and samples 
of diamond-bearing kim-
berlite. Photo by Orasa 
Weldon. The loose crystals 
were donated to GIA by De 
Beers as part of the Sir 
Ernest Oppenheimer Stu-
dent Collection. 



scribed in more detail by Shirey and Shigley (2013) and by 
Smit and Shirey (2018, 2019). At the surface, diamonds are 
recovered by mining of primary kimberlite ore and from 
secondary alluvial deposits. Harris and Staebler (2017) and 
Smit et al. (2022) provided recent reviews of diamond ge-
ology, genesis, and occurrence. 

Olivine (Peridot). Olivine is a magnesium-iron silicate 
mineral with the formula (Mg,Fe)2SiO4 and a crystal struc-
ture consisting of isolated silicate tetrahedra joined by 
metal cations. It is one of the first minerals to crystallize 
from silicate magmas, and it occurs in mafic (low SiO2, 
high MgO and FeO) and ultramafic (very low SiO2 at <45 
wt.% and high MgO and FeO) igneous rocks that are low 
in silica such as gabbro and basalt. Magnesium-rich 
olivines (forsterite) are more common than iron-rich 
olivines (fayalites) and constitute most gem peridot. 
Olivines are primary components of the earth’s upper man-
tle (see again figure 8). Much of the peridot on the gem mar-
ket comes from alkali basalt eruptions that originated in 
the mantle and carried up large chunks of mantle rocks (in-
cluding olivine and pyroxene crystals) as xenoliths 
(Koivula, 1981). These constitute the major deposits in the 
U.S. state of Arizona (figure 10) and Jilin, China. 

Other peridot deposits form as a result of hydrothermal 
fluid circulation through very magnesium- and iron-rich 
mantle rocks called peridotites, which were brought up to 
the earth’s surface during continental collisional events. 
These are represented by the deposits in Myanmar, Pak-
istan, and the classical historical source of gem peridot on 

Zabargad (Saint John’s) Island in the Red Sea of Egypt (fig-
ure 11). However the olivine reaches the surface, it quickly 
weathers and decomposes to form clays. 

Rare iron-nickel meteorites that contain crystals of 
olivine are known as pallasites (Sinkankas et al., 1992; 
Shen et al., 2011). Several recent publications have dis-
cussed olivine formation in magmatic igneous rocks as 
well as gem peridot (Revheim, 2015; Wilson, 2020; Wallace 
et al., 2021; Seneewong-Na-Ayutthaya et al., 2021). 

Quartz. Quartz (SiO2) and its color varieties (mainly 
amethyst, citrine, rose quartz, and smoky quartz) have been 
gem materials since ancient times as crystals, crystal frag-
ments, and cryptocrystalline aggregates (such as chalcedony 
and agate). It is a principal constituent of granites and other 
silica-rich igneous rocks where it has crystallized from 
molten magmas. Amethyst-filled cavities and geodes in 
basaltic lava flows are an important source of gem crystals. 
Quartz is resistant to weathering and is commonly found 
as fragments, sometimes waterworn, in alluvial sediments 
and soils. 
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Figure 10. Green grains of peridot filling gas cavities 
in basalt from the San Carlos Apache Indian Reserva-
tion in Arizona. Photo by Robert Weldon. Figure 11. A 69.30 g (346.5 ct) peridot crystal from 

Zabargad (Saint John’s) Island in the Red Sea. Photo 
by Robert Weldon.



Feldspar. Feldspars are an important group of potassium-
sodium (alkali feldspars: [K,Na]AlSi3O8) or sodium-calcium 
minerals (plagioclase feldspars: NaAlSi3O8–CaAl2Si2O8) 
whose structures are based on a three-dimensional network 
of silica or alumina tetrahedra. They exhibit extensive 

chemical solid solutions within the group. Feldspars crys-
tallize from a variety of magma compositions, beginning 
with more calcium-rich phases to more sodium-rich phases 
with decreasing magma temperatures (figure 8). Potassium-
rich feldspars are among the last minerals to form from a 
magma. Feldspars are important constituents of both intru-
sive (granites or diorites) and extrusive (rhyolites or an-
desites) igneous rocks. As a group, they compose about 60% 
of the earth’s crust. Feldspars weather to form clay minerals 
and are not usually found in alluvial deposits, as they are 
not resistant enough. They are commonly opaque but 
sometimes occur as transparent crystals suitable for 
faceting (orthoclase, microcline, and oligoclase; see figure 
12) or as crystals that exhibit optical phenomena such as 
aventurescence (sunstone, or rainbow lattice sunstone; 
Johnston et al., 1991; Pay et al., 2013; Jin et al., 2022), adu-
larescence (moonstone), or iridescence/labradorescence 
(labradorite) that are cut as faceted stones or cabochons.  

Garnet. Garnets are an important group of approximately 
20 minerals represented by several valuable gemstones 
such as demantoid, hessonite, rhodolite, and tsavorite. 
They exhibit a wide variation in chemical composition—
the common species are often referred to as “pyralspite” 
garnets [(Mg,Fe,Mn)3Al2(SiO4)3] and “ugrandite” garnets 
[Ca3(Cr,Al,Fe)2(SiO4)3]. Some garnets can display a color 
change under different lighting conditions, while others ex-
hibit optical phenomena such as asterism because of sym-
metrically oriented acicular inclusions. Some garnet species 
are common minerals, while others occur less frequently. 
Like olivine, the crystal structure of garnet consists of iso-
lated silica tetrahedra linked by a variety of metal cations 
in several structural sites. They occur widely in metamor-
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Figure 12. Labradorite 
feldspar crystals in 
pieces of weathered 
basalt from the Pon-
derosa mine in Harney 
County, Oregon. Photo 
by Adriana Gudino. 

Figure 13. Pyrope garnet grains concentrated from an 
exposed and weathered portion of the Vargem 1 kim-
berlite seen on the banks of the Santo Inácio River 
near Coromandel in Minas Gerais, Brazil. These 
bright red grains are an important indicator mineral 
in exploring alluvial sediments for diamond-bearing 
kimberlites. Photo by Robert Weldon. 



phic rocks, and to a lesser extent as an accessory phase in 
igneous rocks such as granites, granitic pegmatites, gabbros, 
and basalts. Pyrope is an important indicator mineral used 
in the search for diamond-bearing kimberlites (figure 13). 
The mineral also forms in the crust or upper mantle and is 
brought up to the surface by ascending magmas or by geo-
logic uplift of deep rocks. While most gem-quality garnet 
on the market would be considered metamorphic or hy-
drothermal in origin, on occasion they are found in cavities 
of erupted igneous rocks like rhyolites, where they were 
formed by gases released by the cooling magmas (figure 14). 
Garnets are resistant to abrasion and chemical weathering, 
so they can remain in sediments and become concentrated 
in alluvial deposits. A review of garnets and their geological 
occurrences was provided by Gilg et al. (2008). 

Spinel. The magnesium-aluminum oxide spinel (MgAl2O4) 
is one species in a group of minerals referred to by the same 
name that have a similar crystal structure but varied chem-
ical composition. Depending on the minor elements pres-
ent, it occurs in a variety of colors, with the red variety long 
being recognized as a gemstone that in earlier times was 
often referred to as “carbuncle” or “Balas ruby” 

(“Badakhshan ruby” from Tajikistan) in confusion with 
ruby. Spinel is a common mineral in metamorphic rocks, 
but it can also form as an accessory mineral in mafic igneous 
rocks that are poor in silica and alkali elements. The condi-
tions of formation of a silica-free oxide mineral such as 
spinel from a silica-containing mafic igneous magma are 
still a matter of debate among geologists. Spinel is an im-
portant constituent of peridotite in the upper mantle and in 
kimberlites. Because of its hardness, lack of cleavage, high 
specific gravity, and resistance to weathering, spinel is found 
concentrated in secondary alluvial sediment deposits. 

Corundum. Ruby and the many colors of sapphire of the 
mineral corundum (Al2O3) are among the most important 
and valuable gemstones because of their occurrence as col-
ored transparent crystals suitable for faceting or polishing. 
Corundum is colorless when pure, but the potential pres-
ence of minor elements (namely chromium, titanium, and 
iron) can act as coloring agents (Dubinsky et al., 2020). The 
structure consists of a hexagonal close-packed arrangement 
of oxygen atoms with aluminum and/or other elements oc-
curring in structural sites. The gem material may display 
asterism and color-change behaviors. Corundum is found 
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Figure 14. An almandine garnet in rhyolite from Gar-
net Hill in White Pine County, Nevada. Photo by 
Robert Weldon. 

Figure 15. A rough multicolored sapphire crystal 
weighing more than 30 ct from the Changle region of 
China. Photo by Robert Weldon. 



in metamorphic rocks as well as low-silica syenites, peg-
matites, and other less common igneous rocks (Simonet et 
al., 2008; Palke et al., 2019a,b). The mineral also occurs as 
xenocrysts in igneous alkali basalts; however, rapid weath-
ering of basalt at the earth’s surface means that most ruby 
and sapphire of igneous origin are encountered as loose 
crystals or fragments in alluvial sediments (figure 15). As 
with spinel, the conditions of formation of a silica-free 
oxide mineral such as corundum from a silica-containing 
mafic igneous magma remain a matter of debate among ge-
ologists (Giuliani and Groat, 2019). Nonetheless, sapphire 
and ruby from the alkali basalt–related deposits have glassy 
silicate melt inclusions that represent some primordial 
magma from when the gem corundum was growing. This 
indicates that although the sapphire and ruby were 
xenocrysts in the alkali basalts that carried them to the 
surface, they must have a magmatic origin from deep 
within the earth. Because of its toughness, hardness, and 
resistance to weathering, and because the igneous host 
rocks decompose at the earth’s surface, corundum is often 
found as a detrital mineral in sediments and secondary al-
luvial deposits. 

Zircon. Zirconium is an uncommon element in the earth’s 
crust, so zircon (ZrSiO4) only occurs as small accessory crys-
tals or grains in a wide variety of rocks. Larger transparent 
crystals are less common, so gem zircon suitable for faceting 
is rare. The structure is composed of isolated silica tetrahe-
dra bonded together by zirconium atoms. The mineral is 
normally reddish to yellowish brown, but other colors such 
as blue and green also occur as a result of trace elements in 

the crystal structure, radiation exposure, or natural or arti-
ficial heating. The mineral’s hardness and chemical resist-
ance to weathering mean that it is frequently preserved in 
sediments and sedimentary rocks. Most of the gem-quality 
zircon on the market is related to alkali basalt deposits 
where the zircon are found as xenocrysts. This is similar to 
the deposits of magmatic gem corundum, and both are often 
found in the same deposit.  

Because they often contain small amounts of radioac-
tive uranium or thorium, zircon crystals provide an impor-
tant way to date the geologic age of their host minerals or 
sediments, including some of the oldest minerals dated so 
far (4.4 billion years for zircon from one locality in Aus-
tralia). The presence of radioactive minerals causes damage 
to the crystal structure, so these zircon are described as 
metamict with an opaque appearance and lower hardness, 
refractive index, and specific gravity. 

Topaz. Topaz, with the formula Al2SiO4(F,OH)2, is an alu-
minosilicate mineral that contains fluorine and/or hydroxyl 
(OH) ions. The requirement for fluorine limits the range of 
geological environments for topaz formation. This mineral 
occurs in open veins or voids forming at low to moderate 
temperatures in later-stage, silica-rich igneous rocks such 
as granites, pegmatites, and rhyolites in which a fluorine 
fluid or vapor appears to have been present (such as the his-
torical topaz occurrence at Schneckenstein, Germany; Zeug 
et al., 2022). Certain rare granites are so enriched in fluorine 
that topaz is an essential mineral constituent of the rock. 
Topaz crystals that grow from late-stage magmatic vapors 
are also found in cavities in rhyolites (figure 16). Although 
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Figure 16. A topaz crys-
tal on rhyolite matrix 
from the Thomas 
Range, Juab County, 
Utah. Photo by Robert 
Weldon. 



it is not as hard as other gem minerals and has a tendency 
to cleave perpendicular to the long axis of the crystal, topaz 
is resistant enough to be preserved as waterworn crystals 
or fragments in alluvial sediments. Often colorless, the 
mineral can also be blue, yellow, brown, or reddish orange. 
The crystals are usually transparent and sometimes large. 
Staebler et al. (2011) reviewed the geological occurrence of 
this gem mineral. 

Inclusions in Magmatic Gems 
Gems that crystallize from cooling magmas can exhibit 
micro-features visible with a gemological microscope. In ad-
dition to solid inclusions (such as oriented needles in a mag-
matic ruby or sapphire), probably the most distinctive 
micro-feature is a rounded or irregular melt inclusion, which 
represents a solidified bubble of the silicate magmatic melt 
present when the host gemstone was crystallizing. Upon 

cooling, the melt was quenched to a glass, which may con-
tain a gas bubble and perhaps tiny crystals that formed from 
the glass. Figure 17 presents a compilation of melt inclu-
sions that offer proof of a magmatic geological origin. 

Conclusions 
From partial melting deep within the earth to post-em-
placement processes in volcanic eruptions, many of the 
world’s finest gemstones were derived from magmatic ac-
tivity. The study of these gemstones can provide geological 
insights into the generation of magmas within the earth, 
their transport to the earth’s surface, and modes of volcanic 
processes after eruption. Magmatic gemstones offer many 
clues to the earth’s evolution and the geological processes 
that shaped our world. The next installment of Colored 
Stones Unearthed will focus on gemstones formed through 
metamorphic processes. 
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Figure 17. Inclusions observed in magmatic gems that offer evidence of their igneous origin. A: A rounded glassy melt 
inclusion in a Cambodian ruby; field of view 1.26 mm. B: A glassy melt inclusion with gas bubbles in a peridot from 
Papakōlea Beach on the island of Hawaii; field of view 1.30 mm. C: A glassy melt inclusion containing a gas bubble 
along with oriented inclusion needles in a sapphire from Queensland, Australia; field of view 0.71 mm. D: A gas bub-
ble inclusion in a labradorite feldspar from Oregon; field of view 3.59 mm. During the eruption of the host basaltic 
magma, the release of confining pressure on the feldspar xenocryst allowed the gas bubble to expand to fill a larger 
volume of space along a fracture. Photomicrographs by Aaron Palke (A and C) and Nathan Renfro (B and D).
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