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Ansrucr

Trace element distributions in topaz [AlrSiOo(F,OH)r] single crystals display both sec-
toral and intrasectoral zoning of trace elements as a function of growth-surface structure.
Differential interference contrast microscopy shows that the dominant { I l0} form exhibits
large, polygonized, spiral gowth hillocks with four vicinal faces, each comprising an array
of parallel growth steps. Cathodoluminescence microscopy and synchrotron X-ray fluo-
rescence microanalysis show that during gowth trace elements (As, Fe, and Ti) were
differentially incorporated into vicinal faces having symmetrically nonequivalent step ori-
entations, producing intrasectoral zoning in the bulk crystal. Subsectors that formed from
vicinal faces related by surface symmetry possess identical compositions. In all cases, there
is precise correlation between surface microtopography and trace element distribution,
demonstrating a surface-structural control of trace element incorporation. Concentrations
of As in time-equivalent regions of different subsectors within the {ll0} growth sector
differ by as much as 9:1. Ti and Fe also differ significantly. Similar intrasectoral zoning
related to surface-growth step orientation occurs on spiral growth hillocks on the {010},
{001}, and {l I l} forms as well.

Sectoral zoning is also present in the majority of samples examined. Differences in trace
element concentrations between time-equivalent regions of symmetrically nonequivalent
$owth sectors are large, up to 100: I for As and between 23:-l and 7:5 for Fe, Ti, Ga, Ge,
and Nb.

Trace elements proxy for major elements in the structure but possess differences that
significantly affect their incorporation at the surface. Zoning patterns preserve a record of
that effect. Arrays of growth steps migrating in nonequivalent directions on a given surface,
as well as growth surfaces of nonequivalent crystal forms, differ in their detailed structure
ofincorporation sites and can differentially incorporate trace elements into coeval regions
within a single crystal. Therefore, no single value of the distribution coefficient of a trace
element can be applied for all areas of the crystal surface during growth. This indicates
that the value ofthe distribution coefficient is path-dependent and thus not governed by
equilibrium. Moreover, nonequivalent growth step orientations exhibit differences in such
kinetic properties as step spreading (growth) rate and degree ofcurvature.

Ixrnooucrrox

The use of trace elements in many geochemical inves-
tigations is predicated on the knowledge of their distri-
bution behavior. Such work, however, has rarely consid-
ered the surface-structural dependence of trace element
incorporation. At thermodynamic equilibrium under giv-
en conditions of pressure, temperature, and bulk com-
position, the concentration of a trace element in a solid
relative to that in a coexisting fluid is a fixed value, tra-
ditionally defined as the distribution coefficient (D).
However, surface orientation and microtopography are
observed to influence the incorporation oftrace elements
into different areas of a crystal surface during gowth.

This is demonstrated in many minerals by sectoral and
intrasectoral zoning, which are expressed as composition-
al diferences between time-equivalent growth regions of
a single crystal. These phenomena suggest that a surface-
specific factor causes variation in the actual D. This sur-
face-induced segregation is then inherited by the bulk
crystal as growth proceeds.

Sectoral zoning (e.g., Nakamwa, 1973; Dowty, 1976)
is the simultaneous formation, by growth on nonequiva-
lent crystal faces, of compositionally different regions
(sectors). Despite being a relatively well-known phenom-
enon, sectoral zoning still presents questions as to the
specific mechanism for differential incorporation. Only
recently recognized, intrasectoral zoning (e.g., Paquette
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Fig. 1. (a) Schematic plan view of a polygonized spiral-growth
hillock as observed on topaz (l l0). Vicinal faces A, B, B', and
C are labeled as such throughout this paper. (b) A surface im-
perfection, such as an emerging screw dislocation (solid circle),
produces a perpetual step forming a growth spiral. Preferential
orientation of growth steps parallel to [lT0] and [001] results in
polygonization. Steps on B and B' are related by a mirror (m).

and Reeder, 1990; Reeder, l99la, l99lb) results from
the differential incorporation of trace elements into time-
equivalent regions ofa single growth sector. Both sectoral
and intrasectoral zoning have well-defined and system-
atic spatial arrangements within a single crystal and result
solely from growth processes (Reeder, I 99 I b). The results
ofstudies ofintrasectoral zoning in calcite (Paquette and
Reeder, 1990; Staudt et al., 1994) suggest that the key
factor for differential incorporation is the different coor-
dination geometry of kink sites within growth steps hav-
ing different orientations on a crystal surface. The incor-

poration of both major and trace elements is believed to
occur at these kink sites. From this more detailed per-
spective, diferences in the three-dimensional structure of
surface kink sites may explain both sectoral and intrasec-
toral zoning.

Intrasectoral zoning is best shown by surfaces exhibit-
ing polygonized spiral-growth hillocks. Growth on a flat
(D form (Hartman and Perdok, 1955) often occurs by the
spiral mechanism (Fig. l). The emergence of a screw dis-
location at the crystal surface allows for the existence of
a perpetual step. Since growth occurs mostly at kink sites
along steps, a grofih spiral is formed, centered around
the dislocation. Steps migrate out from the dislocation
and form a low mound (a growth hillock). Steps may
become aligned along directions of repeated strong bonds.
In that case, the hillock becomes polygonized with dis-
tinct shallow planar flanks called vicinal faces.

Because each vicinal face of a growth hillock consists
of an array of parallel, structurally similar growth steps,
the particular region of the crystal grown as that vicinal
face advances is defined as a growth subsector. It may be
treated in the same way as face-specific growth sectors.
Step orientations on vicinal faces related by appropriate
surface symmetry operators must have identical struc-
tures and properties. Their corresponding subsectors are
expected to have the same composition. Symmetrically
nonequivalent step orientations, however, differ in their
detailed structure and have the potential for differentially
incorporating trace elements. Ideally, all hillocks on all
equivalent faces of a given crystal must have exactly
equivalent morphology, vicinal face slopes, and trace el-
ement distribution patterns.

This work characterizes trace element incorporation in
topaz and correlates zoning patterns with differences in
surface microtopography. The pulpose of this study is to
test, apply, and extend our understanding ofdifferential
incorporation processes originally developed for calcite
grown in solution. Previously, intrasectoral zoning had
only been documented in calcite (Paquette and Reeder,
1990) and diamond (Frank et al., 1990). To our knowl-
edge, topaz is the first silicate shown to possess inlrasec-
toral, as well as sectoral, zoning of trace elements (Nor-
thrup and Reeder, 1992). Several characteristics make
topaz especially well suited for the study of surface-de-
pendent processes. It commonly grows by the spiral
mechanism on several forms; it is mechanically and
chemically resistant and preserves natural microtopog-
raphy; and it has sufficiently complex crystal chemistry
to provide useful information about trace element incor-
poratron.

Slupr,ns AND EXPERTMENTAL METHoDS

This study focuses on near F end-member topaz
(AlrSiO4Fr) crystals from near Tepetates, San Luis Po-
tosi, Mexico. They occur in lithophysae in rhyolite lava
flows and domes that are 7-30 m.y. old. The deposits are
similar to those in the Thomas Mountains of Utah, in
which topaz is believed to have crystallized from a high-
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temperature, low-density vapor phase (Roedder and
Stalder, 1988). Trace elements (Ti, Fe, G4 Ge, As, and
Nb) detected by X-ray fluorescence (described below) are
present in concentrations below approximately 500 ppm.
Large polygonized spiral-growth hillocks occur on {l l0},

{001}, {010}, and { I I I }. Whereas sectoral and intrasec-
toral zoning are both present in these topaz crystals, the
emphasis here is placed on intrasectoral zoning, particu-
larly on the { I l0} form, which is dominant in these crys-
tals and in most other F-rich topaz.

Cathodoluminescence (CL) microscopy was used for
the examination of qualitative differences of certain trace
elements as they act as CL activators or quenchers. The
intensity and sometimes color of luminescence observed
are functions of the concentrations, so that compositional
differences can be easily mapped. Diferential interference
contrast (DIC) microscopy allows slight variations in
height and inclination (microtopography) of surfaces to
be seen as differences in color. This technique was uti-
lized for imaging the vicinal faces of growth hillocks, which
may have slopes of only 0.05-2.0' from the crystal face.
Vicinal face slopes were measured using the angular di-
vergence of reflected light by a high-resolution method
developed for this study.

Because of the low concentration of trace elements, syn-
chrotron X-ray fluorescence microanalysis (SXRFMA),
rather than the electron microprobe, was used for com-
positional analysis. SXRFMA was conducted at beam line
X26A of the National Synchrotron Light Source at
Brookhaven National Laboratory. Minimum detection
limits for most trace elements with atomic weights greater
than that of Si are 0.5-10 ppm using a - l0-pm beam.
Spatially resolved, relative differences in concentration
(e.g., zoning) can be determined with high precision, ap-
proximately 0.80/o (relative) for point analyses within an
experimental session. For absolute concentrations, how-
ever, uncertainties may exceed l0o/0. Concentrations from
point analyses, line scans, and area scans were derived
using procedures described by Criss (1977) and Lu et
al. (1989).

Rrsr-rr,rs
The {110} form

DIC and CL microscopy and characteiuation by
SXRFMA of several { I l0} surface sections showed con-
sistent patterns among all crystals examined. The (l l0)
surface of sample MX-2 contains a four-sided growth
hillock 1.8 x 2 mm and 7 pm high at its apex (Fig. 2a).
Vicinal faces B and B' comprise growth steps aligned par-
allel to [T0] and oriented so as to advance toward -c

and +c, respectively. Vicinal faces A and C consist of
steps parallel to [001], which advance in opposite direc-
tions. Individual growth steps, presumably of monolayer
height or a small multiple thereof, cannot be directly ob-
served using DIC. However, macrosteps, assumed to be
parallel to individual growth steps, are clearly visible in
Figure 2a and on the (l l0) surface of another crystal (Fig.
3a).
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Fig.2. (a) DIC photomicrograph ofa growth hillock on topaz
(ll0). The orientation is the same as in Fig. 1. Four distinct
vicinal faces (A, B, B', and C, as in Fig. l) are evident. Traverses
labeled 40 and 43 show positions of SXRFMA line scans. (b)
Corresponding CL photomicrograph (Technosyn model 8200
MK2 cold-cathode Luminoscope operating at 12 kY and 580
pA). Observed luminescence colors are as follows: A represents
blue, B and B' are both the same shade of tan, and C is yellow.

A mirror perpendicular to {l l0} and to the c axis re-
lates steps advancing toward *c and -c, making the steps
on vicinal faces B' and B structurally equivalent. There
is no such relationship between vicinal faces A and C.
On the hillock shown in Figure 2, the slopes of the vicinal
faces relative to the { I l0} plane are 0. lo for A, 0.2" for B
and B', and 0.4o for C. Differences in growth character-
istics and lateral spreading rates between nonequivalent
step orientations are expressed in the asymmetry of the
hillock and in the distinct curvature ofthe steps only seen
on vicinal face A.

Corresponding CL photomicrographs (Figs. 2b and 3b)
show that, for each face, the luminescence pattern cor-
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Fig. 3. (a) DIC photomicrograph of a growh hillock on (l t0)
of a second topaz crystal, in the same orientation as Fig. l. Mac-
rosteps are apparent and show complex growth around an out-
cropping inclusion. @) Corresponding CL photomicrograph. Note
the strict correspondence of the CL pattern to the complex mi-
crotopography and to the mirror symmetry. Observed CL colors
are the same as in Fig. 2.

responds exactly to the vicinal faces of the hillock. Be-
cause CL is emitted from a finite thickness of material
(-5 pm), it reflects the near-surface composition of that
subsector. Vicinal face A (and its corresponding subsec-
tor) luminesces deep blue. An acquired CL spectrum
showed a broad peak centered at approximately 570 nm,
and no polarization of the emitted light was evident. This
peak is present in the spectra for all subsectors and
throughout the bulk crystal, indicating that it is likely an
intrinsic property of the topaz. Luminescence of vicinal
face C is a strong yellow (a very broad peak centered near
600 nm) and polarized parallel to the c aiis. The B and
B' vicinal faces display a much weaker yellow lumines-
cence similar to that in C. Combined with the intrinsic

NORTHRUP AND REEDER: TRACE ELEMENT INCORPORATION IN TOPAZ

Tlele 1. SXRFMA results of point analyses on a topaz (1 10)
surface section showing intrasectoral zoning

Subsector"

CL color
Ti (ppm)
Fe (ppm)
Ga (ppm)
Ge (ppm)
As (ppm)

blue
256(3)
172(2)

6(1)
24(1)
5.5(1)

tan
207(2)
208(2)

7(1)
23(1)
15(1)

tan yellow
205(2) 153(2)
206{21 224(3)

7(1) 8(1)
24(11 22(1)
16(1) 40(1)

- Location of subsectors shown in Fig.2 (also see text).

blue, the weaker yellow appears as a shade oftan. Polish-
ing the crystal surface and cutting cross sections con-
firmed that the zoning pattern on the surface of the hill-
ock is preserved into the interior of the {ll0} growth
sector and crosscuts concentric zones.

The hillock on sample MX-2 (Fig. 2) was prepared as
a surface section, I l0 pm thick and 2 x 3 mm across.
Each surface section for SXRFMA was sliced from the
crystal, polished from the back, and mounted on an ul-
trapure silica-glass slide, with the growh surface exposed.
The section consists of a thin slice containing the crystal
face, and therefore all analyses ofit represent time-equiv-
alent positions. Several point analyses were collected in
the subsectors below each vicinal face. The averaged re-
sults are summarized in Table l. Line-scan analyses
(points l0 pm apart) were collected across the hillock,
from subsector A into B' and from B into C (Fig. 4). As,
Fe, and Ti showed discontinuous changes in concentra-
tion exactly at vicinal face boundaries. Well-defined dif-
ferences of 2.5:l and 7:l are present for As concentra-
tions. Fe and Ti distributions are somewhat obscured by
the presence of minute oxide inclusions but show relative
differences ofup to 20o/o.Ti also displays additional vari-
ations within the subsectors (discussed below). The ob-
served trace elements do not all follow the same parti-
tioning pattern. Whereas As and Fe are highest in
subsector C and lowest in subsector A, Ti is highest in A
and lowest in C. Subsectors B and B' are intermediate in
all three elements. In contrast, Ga and Ge possess the
same concentrations in all subsectors within anallti-
cal precision.

Area scans, two-dimensional arrays of point analyses,
were also conducted to map zoning patterns and the dis-
tribution of inclusions. Compositional contour maps of
the hillock clearly delineated the four subsectors exactly
as described by CL and the line scans, confirming the
spatial distribution of trace elements in accord with the
different subsectors (e.g., As, in Fig. 5). Ti again showed
irregular variations in concentration within subsectors,
but these variations were always smaller than the differ-
ences between subsectors. Sharp spikes in the concentra-
tions of Ca, Fe, Ti, Mn, and Nb record the existence and
location ofinclusions in both line and area scans.

With only minor variations, the described microtopog-
raphy, CL pattern, and relative trace-element concentra-
tions were found to occur in all crystals examined from
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Fig. 4. SXRFMA data for As, Fe, and Ti are shown for two
line scans. Line scan 40 traverses lhe subsectors beneath vicinal
faces A and B', and 43 traverses from B into C (see Fig. 2).
Dashed lines are subsector boundaries. Inclusions are marked I.

this location. Hillock morphologies on { I l0} range from
nearly square to elongate parallel to c and vary in vicinal
face slope (from 0.1 to 1.0") and degree of curvature of
vicinal face A (from nearly straight to semicircular). This
diversity likely results from slight differences in the crys-
tallization environment (temperature, pressure, and fluid
composition). All hillocks on all {ll0} faces of a given
crystal possess identical morphologies. CL was also ob-
served to vary slightly in intensity, but not in pattern. All
samples analyzed by SXRFMA showed the same trends
of trace element concentration, but absolute concentra-
tions varied, as did the degree of partitioning between
subsectors. For example, differences in As concentration
between the subsectors C and A range from 2:l to 9:l in
different crystals, but C is always the most enriched in
As. None of the crystals were found to be completely
unzoned. Similar zoning patterns were observed in sev-
eral of the Utah samples.

Other forms

Three other forms display some degree of composi-
tional zoning associated with spiral growth hillocks, but
they are much less developed than { I l0}. Complete char-
acterization ofeach is beyond the scope ofthis paper, but
the observed CL and compositional differences are sim-
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Fig. 5. Contour map of As conc€ntation (ppm) from an
SXRFMA area sc:rn over the topaz (l l0) hillock shown in Fig.
2. Subsector A is below the l0-ppm contour, B and B' are gen-
erally within the contours of 10-20 ppm, and most of C is >40
ppm. An oxide inclusion somewhat obscures the A-B' subsector
boundary.

ilar to those for {l l0}. The {010} surfaces feature rect-
angular hillocks with straight Srowth steps parallel to [100]
and [001]. Mirrors perpendicular to a and c relate op-
posing vicinal faces. Compositional differences between
the two pairs of subsectors, designated E and F, were
found to be nearly 8:l for As (Fig. 6) and smaller, but
significant, for Fe (1.4:l), Ti (1.2:l), and Ga (1.4:l). The
(010) section analyzed showed a significant difference for
Ga not seen in the { I l0} Srowth sector; Ge concentration
showed no measurable differences. In contrast to obser-
vations on {l l0}, the vicinal faces with the steeper slope
(F) are not enriched in Fe and As.

The { I I I } form displays hillocks with four nonequiv-
alent vicinal faces. Steps are significantly curved on two
adjacent vicinal faces. Observed differences in trace ele-
ment concentrations among the four subsectors, R, S, T,
and U, were small: 1.2:l for Ti, l. l : l  for Fe, and 1.3:l
for As (Fig. 7). Ga and Ge did not show significant dif-
ferences in concentration within the (l I l) sector. In most
cases, {001} faces featured only rounded hillocks. A few
samples show six-sided polygonized hillocks. Four equiv-
alent vicinal faces with growth steps parallel to (ll0)

differ in CL character from two vicinal faces defined by
steps parallel to (010).

CL of sections through several topaz crystals also in-
dicated complex sectoral zoning. Sections 0.5-2 mm thick
and bulk crystal sectors were examined by SXRFMA'
Unfortunately, uncertainties of trace element concentra-
tions determined in this manner are greater because of
variations in sample thickness and superimposed intra-
sectoral zoning. Points were analyzed in time-equivalent
growth zones (i.e., within a continuous concentric band)
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Fig. 6. SXRFMA point analyses of two nonequivalent sub-
sectors within the (0 I 0) growth sector. Growth steps are parallel
to [100] (on the corresponding vicinal face for subsecror E), and
parallel to [001] (for F). Precision is within the size of the sym-
bols.

of several sectors (Table 2). Ti concentrations ranged from
76 ppm in the { l l0}  sector  to  295 ppm in { l l2} ,  Fe
ranged from 134 ppm in {021} to 305 ppm in {l0l}, and
As ranged f rom 5 ppm in { l l0}  to  513 ppm in { l l2} .
Differences in Ga and Ge may also be significant. In ad-
dition, Nb was found to be present in significant concen-
trations in only two sectors: 9 ppm in {010} and 46 ppm
in {001} .

DrscussroN
The observations reported here demonstrate that im-

portant differences exist in both the kinetic and the in-
corporation behavior of structurally distinct surfaces on
topaz during crystal growth. Kinetic differences are ex-
pressed by the anisotropy in slope and step curvature of
vicinal faces ofthe polygonized growth hillocks. Surface
microtopography, cathodoluminescence, and trace ele-
ment concentrations in time-equivalent regions are di-
rectly correlated, indicating that differential incorpora-
tion occurred during crystal growth. Sectoral and

125

T i
100

t_ t l
R S T'U

Growth subsector
Fig. 7. SXRFMA point analyses of subsectors beneath four

nonequivalent vicinal faces, R, S, T, and U, of a hillock on a
(lll) surface section. Ga and Ge do not vary significantly and
are not shown. Precision is within the size of the symbols.

intrasectoral zoning patterns are seen to crosscut concen-
tric zonation. Furthermore, the patterns strictly obey sur-
face symmetry constraints. These observations, as dis-
cussed below, present substantial evidence that the
detailed surface growth step structure exerts a strong, fun-
damental influence on both incorporation and growth.

All surfaces must have experienced essentially identical
conditions during growth, so the observed effects result
from structural differences of the surfaces themselves. It
is possible that differences in fluid trace-element concen-
trations may be formed in the near-surface environment
of the growing crystal, but such an effect would only be
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TAELE 2, Average SXRFMA results for topaz crystal MX-200, showing sectoral zoning

Growth sector {110} {120} {01 0} {021 } { 1 0 1 } { 1 1 1 } 1112) {001 }

Ti (ppm)
Fe (ppm)
Ga (ppm)
Gp (ppm)
As (ppm)
Nb (ppm)

76(4)
1 89(8)
11(2)
3s(3)
s(1)
2(3)

1 1 0(s)
268(1 1 )'t1(21
35(3)
14(1)
5(5)

86(4)
171171

8(2)
33(3)
13(1)
s(3)

1 1 4(5)
134(5)

8(2)
32(3)
56(1 )
3(3)

152(8)
30s(12)
14{3)
27(3)

2s8(3)
2(3)

169(8)
1 8s(7)
12(21
25(3)

124('tl
3(3)

295(1 5)
166(6)
11 (2 )
25(3)

51 3(5)
q3)

199(10)
261(10)
14(3)
30(3)

1 29(2)
46(3)

Note.'the {011} growth sector is not represented in this sample; however, by analogy to other samples analyzed, it would have the following

approximate compolition, relative to the above values: Ti, 90 ppm; Fe, 150; Ga, 9; Ge, 15; As, 20; and Nb' <3.

produced by differential incorporation. Any such local
differences in the fluid composition would tend to op-
pose, rather than induce, the observed zoning patterns.
Also, it seems unlikely that significant diffusion gradients
are sustained during vapor-growth at high temperatures.

Differences in kinetic behavior of growth steps

The slope of a vicinal face is an expression of growth
kinetics and reflects lateral growh rate (step-spreading
rate), step height, and interstep spacing. Relative spread-
ing rates of steps migrating in different directions deter-
mine growth hillock morphology, analogous to the con-
trol of crystal morphology by relative gowth rates of faces.
The vicinal face slope differs for each of the three non-
equivalent step orientations on topaz {ll0}, indicating
that lateral growth rate was not the same across the sur-
face at a given time. Such differences must result from
physical differences of the growth steps. Since incorpo-
ration of material occurs primarily at kink sites within
growth steps, it follows that the properties of these kink
sites are ultimately responsible for the differences in ki-
netic behavior.

The degree of curvature of the steps also varies system-
atically. Complementary to lateral growth rate, the cur-
vature of growth steps reflects the tendency for steps to
become aligned with directions of strong bonding in the
structure. Step curvature represents an increased density
of kink sites relative to that in straight step segments.
Interestingly, the largest differences in both slope and cur-
vature occur between vicinal faces A and C, both com-
posed of growth steps nominally parallel to [001] but that
advance in opposite directions. In addition, the degrees
of hillock development and of step curvature differ on
nonequivalent forms on a single crystal. These observa-
tions indicate that optimal growth conditions for the for-
mation of perfectly polygonized hillocks vary with sur-
face structure and are not the same for all forms present.
In the topaz crystals examined, vicinal faces on {ll0},
{001} ,  {010} ,  and { l l l }  are composed of  l l  d is t inct
growth-step orientations, each with its own particular ki-
netic characteristics. In all cases, on a given surface, sym-
metrically equivalent growth-step orientations be-
have similarly.

Strict adherence of such behavior to all face symmetry
operators further indicates that kinetic and mechanistic
properties are controlled by detailed surface structure and,
to a reasonable first approximation, surface structure is

an expression of the internal crystal structure truncated
by appropriate microtopography. Although some degree
of surface reconstruction or relaxation may occur during
growth and could influence kink-site geometry, our find-
ings indicate that such processes do not afect the sym-
metry of hillocks or trace element incorporation patterns:

all observations are consistent with face (plane group)

symmetry. Reconstruction or relaxation processes them-
selves would be strongly influenced by the bulk crystal
structure and symmetry.

Differences in incorporation of trace elements

Trace element compositional differences between sub-
sectors that formed simultaneously on the topaz {ll0}
surface are exactly correlated to the regions with pre-

sumed differences in kink-site structure described above.
Furthermore, all surface regions that are constrained by
surface symmetry to have equivalent kink-site structures
(i.e., vicinal faces that are equivalent) are represented by
subsectors possessing identical composition. In this re-
gard, topaz and calcite show strong similarities. In calcite
(Paquette and Reeder, 1990; Staudt et al., 1994), a cot-
relation has been established between the detailed ge-

ometry and coordination of modeled kink sites and the
relative affinities for specific trace elements' However,
these specific site differences in topaz are not yet resolved.

It is important to note that the observed trace elements
are each differentiated in a specific manner rather than
all being enriched or depleted in any given subsector.
With respect to intrasectoral zoning on { 110} and {010}'
Fe and As show diferentiation opposite to Ti, whereas
on {lll}, Ti and Fe have similar distributions but op-
posite to that of As. Furthermore, not all elements show
differential incorporation on all forms displaying intra-
sectoral zoning. Such chemical selectivity is additional
evidence for significant differences in incorporation sites.
Both the incorporation differences and the kinetic differ-
ences are apparently independent, primary effects due to
surface structure. For example, there are no obvious cor-
relations between vicinal face slope (or curvature) and
trace element concentrations, either in bulk or individ-
ual elements.

As crystal faces advanced during growth, the microto-
pographically constrained incorporation patterns resulted
in subsectors that are compositionally distinct. These can
only have been formed during growth, as any later pro-

cesses such as diffusion would destroy the intricate com-
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Fig. 8. The t6rAl coordination polyhedron. Bold lines are O-O
edges shared with adjacent octahedra; solid circles represent F
atoms, and open circles are O atoms. Al in the center is not
shown.

positional heterogeneities. Even at the relatively high
temperatures during and immediately after formation,
trace element diffusion in topaz does not appear to have
affected the observed sharply defined zoning patterns. The
uniformity of CL and of most trace element concentra-
tions within subsectors indicates that trace elements are
incorporated into crystallographic sites rather than con-
centrated in defects, inclusions, or a surface layer.

Surficial expressions of crystallographic sites
Topaz is orthorhombic, with space group Pbnm. lts

structure (Alston and West, 1928; Pauling, 1928; Ribbe
and Gibbs, 1971) consists ofconvoluted chains ofedge-
sharing t6tAl polyhedra linked by isolated silicate tetra-
hedra, a configuration similar to the aluminosilicate poly-
morphs (kyanite, andalusite, and sillimanite), zoisite, and
staurolite. A review of topaz structure and chemistry is
given by Ribbe (1980). Because the topaz structure is
based on a dense packing of anions and has little room
for interstitial substitution, trace elements reported in
these crystals probably substitute for Si or Al, although
the specific sites have not been determined conclusively.
On the basis of size consideration, Fe3+, Ga3+, and Mn3+

are expected to replace 161A13+, and Ge4+ is expected to
replace I41Si4+. Ti4+ is too large for the Si tetrahedron and
probably substitutes for t61Al3+, with charge compensa-
tion by 02- for F-. Nb5+ is larger than Ti4* and should
also replace Al3*, perhaps with a coupled substitution of
2O'- for 2F-.

The structural location and valence state of As, which
shows the largest differences in incorporation, are less
predictable. Little work has been done on the substitution
of As into silicates. As5+ may replace t4lsi4+, with charge
balance accommodated on an adjacent I6rAl site. Substi-
tution of As3+ for t6lAl3+ is also possible. Since As3+ has
a lone pair ofelectrons, its presence in an octahedral site
could play a role in CL activation. Yellow CL is most
strongly correlated to As concentration, although As has
not been previously reported as a CL activator, and other
causes for luminescence are possible. Cl-activation re-
lationships in natural crystals are inherently complex. The
observed luminescence in topaz has not been specifically
investigated to our knowledge, nor have the activators
responsible been identified.

At the growing surface, each crystallographic site can
present diferent surface-site configurations, depending on
the orientation of the surface, the orientation of growth
steps, their detailed structure, and the location and ori-
entation of the site. This is especially important for the
Al octahedron. This coordination polyhedron (Fig. 8)
consists of two adjacent F atoms and two O-O edges
shared with neighboring octahedra. In the bulk structure,
the Al-F distances (1.8 A) are shorter than the Al-O dis-
tances (1.9 A), and the shared O-O edges (2.5 A) are
shorter than the unshared edges (2.8 A;. fne result is a
highly distorted octahedron, which can present a variety
of sites with different coordination and geometry exposed
at the surface.

Such differences as are possible for Al surface sites
should strongly influence trace element incorporation.
Impurity ions may be directly discriminated by site ge-
ometry and coordination on the basis of size and charge.
For elements requiring a coupled substitution for charge
balance, incorporation may be grcatest where both sub-
stitution sites are oriented favorably on the surface. In
addition, ions that are present as fluoride complexes (as
is common for As) or oxide complexes (as is common for
Nb) may be differentiated on the basis of their fluid spe-
cies. The orientation of the two F sites in the octahedral
coordination polyhedron with respect to the exposed kink-
site structure could have a profound effect on As incor-
poration. Careful modeling of surface configurations can
be used to address the behavior ofspecific trace elements
in light ofthe above processes.

The Si tetrahedron is much more symmetric, located
on the mirror plane, and probably has a more limited
variety of surficial expressions. Most likely as a result of
this lack of surface-site diversity, the smallest extent of
differential incorporation of the trace elements studied
here involves Ge substitution for Si.



Geochemical implications

We have shown that distinct regions having nonequiv-
alent surface structures differ in Erowth characteristics and
in trace element incorporation, whereas regions with
structures related by surface symmetry behave similarly
in all respects. This work supports the conclusions drawn
from calcite (Paquette and Reeder, I 990) that nonequiva-
lent surficial expressions (such as kink sites within growh
steps) of crystallographic sites that are equivalent in the
bulk are responsible for the described effects. The effec-
tive D value for a trace element is then a function of
crystal surface structure. Measured bulk-distribution co-
efficients for crystals formed from a given fluid compo-
sition under similar conditions may vary with crystal
morphology, growth mechanism, growth hillock mor-
phology, and crystal region sampled. With respect to sec-
toral zoning, bulk composition will be dominated by that
of the dominant efowth sector (the dominant crystal form).
With regard to intrasectoral zoning resulting from spiral
growth, the composition of a sector depends on the mor-
phology and placement of surface growth hillocks, i.e.,
the relative dominance of vicinal faces. Geochemical in-
vestigations utilizing element distributions should there-
fore consider the arrangement of sectors and subsectors
within a single crystal before drawing conclusions from a
bulk D. As our ability to detect trace elements improves,
closer examination reveals ever-greater complexity.

The concept of the nonequivalent surficial representa-
tion of crystallographic sites that are equivalent in the
bulk also lends itselfto ordering processes. Although the
compositionally zoned samples used in this study have
low OH content and show no evidence ofordering, it is
important to address the relationship between differential
incorporation and ordering. Ordering of OH and F in
topaz is believed to be responsible for anomalous optical
properties (Akizuki et al., 1979).In many OH-rich topaz
crystals, optical properties differ sharply between non-
equivalent growth sectors to produce an optical form of
sectoral zoning. Parise et al. (1980), utilizing single-crys-
tal neutron diffraction, verified OH and F ordering in
optically anomalous gowth sectors. Akizuki et al. (1979)
concluded that specific planar surface orientations allow
sites that are crystallographically equivalent to appear
nonequivalent during growth, resulting in ordering in those
sectors. A more detailed investigation of surface kink sites
should relate this ordering mechanism to the processes
responsible for differential incorporation.

This study documents a small part of the complexities
of trace element incorporation in topaz, yet it has impli-
cations for trace element geochemistry in general. Prelim-
inary examination of topaz from a wide variety of igne-
ous, metamorphic, and hydrothermal regimes revealed at
least some differential incorporation in nearly all sam-
ples. Intrasectoral zoning has also been observed in ap-
atite (Rakovan and Reeder, 1994) and zoisite (Northrup
and Rakovan, personal communication). Intrasectoral
zoning can theoretically exist wherever symmetrically
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nonequivalent growth-step orientations are produced

during crystal growth. It is usually associated with, but
not limited to, growth by the spiral mechanism. It would
not be surprising to find that differential incorporation
resulting from surface-site selectivity is indeed com-
monplace.
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