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Word to the Wise

Sectoral Zoning

T

he January/February 2009 issue of Rocks & Minerals
focused on Mineral Oddities, the theme of the 2009
Tucson Gem and Mineral Society Show. One oddity
that may be common but rarely manifests itself in an obvious
way is sectoral zoning. Sectoral zoning is of interest to mineral collectors if it results in zoning of color or fluorescence.
In either of these cases, variations can be both beautiful and
intriguing. Figures 1–3 show examples of sectoral zoning
revealed by color and fluorescence, respectively. To understand what sectoral zoning is exactly, and why it occurs, we
first need to define a sector. As we will see, sectors are related
to crystal faces, which in turn are the result of how a crystal
grows. Ultimately, sectoral zoning and an associated phenomenon, intrasectoral zoning, are related to the subtleties
of crystal growth and the nature of crystal surfaces.
Most crystals of interest to mineral collectors are bounded
by flat crystal faces with specific orientations. Crystals grow
by the addition of atoms (or other growth units, such as
molecules or small clusters of atoms) from the surrounding growth medium onto the crystal surface. For crystals
to form flat faces, atoms must be added in a layer-by-layer
fashion. This is analogous to building a brick wall. If the
bricks are neatly stacked row-by-row, the result is a nice
flat wall (Sunagawa 2005). Layer-by-layer growth can occur
by several mechanisms including spiral growth, which was
discussed in the Word to the Wise column titled “Growth
Hillock” (Rakovan 2004). The external morphology of a
crystal is influenced by the symmetry and atomic arrangement of the crystal structure, the growth mechanism, and
the growth history. It is the natural existence of this external
morphology—often highly symmetric and geometrically
fascinating—that kindles the interests of many people in
mineralogy and mineral collecting. Most mineral collectors, however, probably have not observed or thought much
about the internal morphology of crystals (Sunagawa 1987).
Figure 4a is a schematic drawing of a cubo-octahedral
crystal, bound by cube {100} faces, in blue, and octahedral
{111} faces, in yellow. Imagine that this is a fluorite crystal
that grew from a hydrothermal solution, say from the MexTex mine in Bingham, New Mexico. The crystal started as a
microscopic nucleus and grew to its current size by the addition of Ca and F ions from solution to all of its crystal faces.
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Figure 4b is a schematic section cut through the center of the
crystal (red line in fig. 4a). This section is divided into eight
triangular regions, four in yellow and four in blue. Each of
these regions is bounded on one end by an individual crystal face. In three dimensions, these triangular regions are
pyramids (fig. 4a), and the base of each pyramid is a different crystal face. These regions are sectors. Accordingly, eight
sectors associated with the eight {111} faces and six sectors
associated with the six {100} faces compose our crystal.
Figure 1. Fluorite crystal exhibiting sectoral
zoning of color, from
the Mex-Tex mine,
Bingham, New Mexico.
The crystal is bounded
by hexoctahedral {321}
and cube {100} faces.
The purple color is confined to the {321} faces
and their associated sectors; the {100} faces and
sectors are colorless.

Figure 2. Fluorite crystal exhibiting sectoral zoning of color,
Orange River area, Namibia; 8 cm across. The octahedral {111}
sectors are dark blue, and the cube sectors {100} are green. Rob
Lavinsky specimen, Joseph Budd photo.
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compositional difference between a cube sector (one associated with a {100} face) and an octahedral {111} sector. More
precisely, sectoral zoning is a variation between portions of
the symmetrically nonequivalent sectors that formed at the
same time. This nuance will be further explored below.
Sectoral zoning is usually associated with compositional
variations between sectors, but it does not necessarily have
to be. In the case of sectoral zoning of color and luminescence, the underlying cause is usually a compositional
difference. Many minerals exhibit sectoral zoning of trace
elements (those in concentrations of less than 0.1 weight
percent) that act to impart color or activate luminescence.
Figure 1 shows optical sectoral zoning in fluorite. The color
differences between the symmetrically nonequivalent {321}
and {100} faces are the result of this zoning. The color in
this case is associated with the presence of trace quantities
of rare-earth elements (REE) in the fluorite and structural
defects, e.g., missing fluorine ions (Wright and Rakovan
2001). Similarly, figure 3 shows an apatite crystal in daylight
and shortwave ultraviolet illumination. In this case, fluorescent differences between the symmetrically nonequivalent
pinacoid {001} and prism {100} faces are the result of sectoral zoning of luminescence-activating trace elements (also
REE in this case). In both of these examples the sectoral
zoning is evident when comparing the properties (color or
luminescence) of the different crystal faces. It is often difficult or impossible to see the three-dimensional distribution
of color or luminescence in a sector, as in figure 5, without
making sections through the crystal as with the quartz (variety ametrine) in figure 6.
One exceptional case where the full three-dimensionality
of sectors and sectoral zoning can be easily seen is in gypsum

Figure 3. Fluorapatite included with jamesonite needles, SigoXX mine, Llallagua, Bolivia. Top: in daylight. Bottom: in shortwave
ultraviolet illumination.

Now imagine the crystal starting as a tiny nucleus and
growing outward; as each successive atomic layer was added,
the crystal became larger and larger. Each crystal face would
also become larger and larger as it advanced away from the
crystal center, indicated by the red arrows in figure 4b. In a
final step of imagination, one can see that each sector has
formed by the addition of atoms solely onto the crystal face
that bounds that sector. We can use this observation (albeit
imaginary in this circumstance) to give a precise definition
of a sector. A sector is a volume of a crystal that has formed
by the addition of atoms (or other growth units) onto a specific face during crystal growth. Sectoral zoning is a difference in a given property or characteristic between different
sectors that are not related by the symmetry of the crystal
(Nakamura 1973; Dowty 1976). For example, it may be a
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Figure 4. Schematic drawing
of a cubo-octahedral crystal.
Cube {100} faces
and sectors are
blue, and octahedral {111} faces
and sectors are
yellow. The red
line indicates
the position
of a slice taken
through the
crystal and
shown below.
Red arrows
indicate the
directions of
advancement of
the crystal faces
during growth.
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Figure 5 (top). Fluorite crystal showing sectoral zoning of color
between the cube {100} sectors (dark purple) and octahedral
{111} sectors (light purple). Note that the entire extent of the
cube sectors exhibit color. Kiyoshi Kiikuni photo.
Figure 6 (above). Quartz, variety ametrine, Anahi mine, Bolivia.
The upper image is a complete crystal viewed down the c-axis.
The lower image is a section cut through a similar crystal, also
viewed down the c-axis. Notice that the sectors, colored purple
and yellow, are more easily seen in the section.

crystals such as those from the Chain Lakes, Alberta, Canada
(fig. 7). The crystal in figure 7 is bounded by four different
crystal forms including {111}, {010}, and {120}, and is composed of sectors from each of the faces within these forms.
In daylight, the crystals are colorless and transparent. In
ultraviolet illumination, the {111} sectors fluoresce strongly,
but the other sectors show no luminescence. Because of the
transparency of the crystals and because they are separated
by nonluminescent sectors, the entire volume of each of the
four {111} sectors can be seen. In figure 7 only two of the
{111} sectors are visible, but if the crystal is rotated, all four
are obvious. In the case of the Chain Lake samples, as well as
other gypsum crystals that show sectoral zoning in fluorescence, the cause may not be differential incorporation of an
activating element into the crystal structure. Rather, it may
be due to differential inclusion of microscopic droplets of
hydrocarbons or other fluorescent material.
Above we refined the description of sectoral zoning as
a property difference (e.g., trace-element concentration)
between time equivalent, or coeval, portions of symmetrically nonequivalent sectors. This detail is necessary because
of the complication of other zoning types that may exist in
the crystal. The most common type of zoning recognized in
minerals is concentric zoning. Figure 8 is a schematic section
through the center of an isometric crystal showing its internal morphology. Concentric zones from the center outward
are labeled 1–8. Each concentric zone represents a different
period of time during the growth of the crystal. Zone 1 is
the oldest—it formed first—and the zones become progressively younger with increasing numerical value. Thus,
concentric zones can be considered as analogous to tree
rings. Concentric zoning results from temporal changes in
the environment while a crystal is growing. For example,
changes in the composition of the parent solution or melt
while a crystal is growing will be reflected in the composition of the crystal. Compositional differences between different concentric zones can also be induced by temporal
changes in growth rate or in solution properties (e.g., pH
and temperature).
Now, let’s get back to the idea of temporal equivalence
in sector zoning. Imagine that the composition of the crystal in figure 8 was measured at points B (in an octahedral
sector) and B' (in a cube sector). If the composition of
the two points proved to be different, would this indicate
sectoral zoning, given that they are from different sectors? The problem in answering that question is that the
composition was measured in two different concentric
zones as well as in the two sectors. In the octahedral sector it was measured in concentric zone 2, and in the cube
sector it was measured in concentric zone 8. Any observed
compositional differences between points B and B' may
then be the result of concentric zoning rather than sectoral
zoning. If, however, the composition is measured in the
two nonequivalent sectors but within the same concentric
zone (thus coeval portions of the crystal), then compositional differences reflect sectoral zoning. Many crystals
are very complexly zoned; if this is manifested in color or
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luminescence, it can be quite beautiful. A classic example
is shown in figure 9. This slice of liddicoatite exhibits sectoral zoning between different rhombohedral sectors in its
center (resulting in the “Mercedes” symbol) surrounded by
numerous concentric zones of alternating colors.
Causes
Seeing this mineralogical oddity, an obvious question
arises: What causes sectoral zoning? Let’s consider this question in the context of compositional sectoral zoning. In this
case there is a difference in the concentration of an element,
say manganese (Mn), between two coeval parts of the symmetrically nonequivalent rhombohedral sectors in the liddicoatite crystal (fig. 9). Assuming that all constituents of
the crystal were added during growth and not as a result
of postgrowth processes, the Mn atoms in each sector were
incorporated by attachment onto the crystal surface and
were eventually buried as more atoms were added on top
of them. The compositional difference (sectoral zoning)
requires that more Mn was added to one rhombohedral
sector than to another during this process. Again, addition

nonequivalent crystal faces. A simple example of this can
be seen by comparing the surface atomic structure of cube
{100} and octahedral {111} faces on halite (fig. 10). A flat
truncation of the structure along these two orientations
leads to different surface structures. Alternating rows of Na
and Cl make up the {100} surface, whereas the {111} surface
is a continuous plane of Cl ions (or Na ions depending at
what level the bulk structure is exposed at the surface). Such
differences in the atomic structure between nonequivalent
crystal faces can lead to different affinities for the incorporation of substituent elements (e.g., K in NaCl), resulting in
sectoral zoning during growth (Reeder and Rakovan 1999;
Bosze and Rakovan 2002).
There are many examples of sectoral zoning where the
color appears within one or a few concentric zones but not
throughout an entire sector (as seen in figure 5). The concentric zone may be the last one formed, which would be the
surface of the crystal (e.g., fig. 11), or it may be one deeper
within the crystal (e.g., fig. 12).
Another phenomenon that will only be mentioned here,
but may be the topic of a future Word to the Wise column,
Figure 7. Gypsum, Chain
Lakes, Alberta, Canada,
in incandescent (far left)
and longwave ultraviolet
illumination (far right)
showing luminescence
in the {111} sectors only
(sectoral zoning). The
origin of luminescence
in this crystal is not certain. The luminescence
may be the result of
microscopic inclusions
rather than structurally
incorporated activators.

of the Mn atoms takes place at the crystal surface, and in
this case the surfaces of the two sectors are symmetrically
different crystal faces. Thus, there must be some physical difference between these different faces that leads to a greater
affinity for the incorporation of Mn at one face than at
the other. Although this can result from differences in the
rate of atom addition between the two surfaces, it has been
shown for crystals that grow from aqueous solutions that
differential incorporation is the result of differences in the
atomic structure between the faces (Dowty 1976; Reeder
and Prosky 1986; Bosze and Rakovan 2002). This may seem
odd. One of the fundamental principles of crystallography is
that the atomic structure within a single crystal is the same
throughout and that every mineral has a specific crystal
structure. How, then, could different crystal faces on the
same crystal have different atomic structures? The answer
is that the three-dimensional arrangement of atoms is the
same throughout any crystal; however, when the crystal is
truncated by crystal faces, the two-dimensional arrangement
of atoms on its surface will be different on symmetrically
174

is intrasectoral zoning (Reeder and Rakovan 1999). This type
of zoning is very similar to sectoral zoning, but instead of
compositional differences between different sectors, the differences are found between different subsectors (fig. 13). A
subsector, analogous to our definition of a sector, is a volume
within a single sector of a crystal that has formed by the
addition of atoms onto a specific vicinal face of a growth
hillock (Rakovan 2004) during crystal growth. Intrasectoral
zoning is most commonly observed in cathodoluminescence
(luminescence stimulated by an electron beam).
Compositional zoning of concentric, sectoral, and intrasectoral types can all occur in the same crystal, leading to
very complex trace-element distributions. However, they
are rarely, if ever, all simultaneously visible by color or
luminescence differences. Zoning in crystals is not only
beautiful and interesting, but it can also provide a wealth
of information about such things as the morphologic history of a crystal, changes in the environment during crystal
growth, growth mechanism, and structural differences at the
crystal surface.
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Figure 8. Schematic
section through
the center of an
isometric crystal
showing its internal
morphology. The
external morphology of the crystal
changed from an
octahedron {111} to
a cube {100} during
its growth history.
This is the reason
for the “petal” effect
in the center of
the crystal. Sector
boundaries are indicated by the dotted lines. Concentric zones
from the center outward are labeled 1–8.

Figure 9 (middle left). A (001) section of a liddicoatite from
Madagascar showing both sectoral and concentric zoning.
Figure 10 (bottom left). Schematic drawing of a NaCl crystal at
the atomic level. This crystal is bounded by the cube {100} form
and a single octahedral (111) face. Note that the atomic arrangement of the {100} faces has alternating rows of Na and Cl ions,
whereas the (111) face is a complete layer of Cl ions. Although
the three-dimensional structure of NaCl is identical throughout
the bulk crystal, the atomic arrangement of the surface depends
on the orientation of the crystal face.
Figure 11 (top). Fluorite, Mina La Collada, Asturias, Spain,
showing sectoral zoning of color between {110} and {100} faces.
Figure 12 (above). Fluorite, Kara-Oba , Kazakhstan, showing
sectoral zoning of color between {111} and {110} sectors.
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Figure 13. Photomicrographs of a {100} surface of apatite from the Golconda mine, Minas Gerais, Brazil. Right: A reflected light image
(differential interference contrast) showing a three-sided growth hillock. The three vicinal faces of the hillock are labeled 1, 2, and 3. Striations are etch features. Left: The same area as shown on the right but in cathodoluminescence. Differences in luminescence indicate differential distribution of REE between symmetrically nonequivalent vicinal faces and the underlying subsectors. Vicinal faces 1 and 2 and
their respective subsectors are symmetrically equivalent, but they are symmetrically nonequivalent to vicinal face 3 and its subsector.
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