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ABSTRACT

Pyrochlore-group minerals that exhibit high Si contents are fairly common in geochemically
evolved parageneses. However, the role of Si in the structure of these minerals is unclear. Different
explanations have been invoked to clarify the way in which Si is incorporated in natural pyrochlores.
These include the presence of impurities, the presence of Si in an amorphous or dispersed state, and
its presence as an essential part of the structure.

This paper reports an integrated XREF, SEM, EMPA, and TEM study on pyrochlore samples with
high SiO, content (up to 11.51 wt%) from Narssarssuk, Julianehaab district (Greenland). TEM obser-
vations reveal that Si-poor areas have strong and sharp diffraction peaks, whereas the Si-rich areas
showed weaker spots with the diffuse diffraction halo typical of a metamict material. No evidence
of crystalline phases other than pyrochlore was observed. Two single crystals having the unit-cell
parameter a = 10.4200(7) and 10.3738(7) A, respectively, were analyzed by X-ray diffraction and the
structure was refined to R, = 2.62 and 4.35%. On the basis of both the refined site scattering and the
octahedral bond distance and the results of the TEM investigation, only a fraction (~30-50%) of the
Si detected by EMPA is incorporated in the structure. A comparison with structural data of Si-free
pyrochlores reported in the literature supports this assumption and allows a linear multiple regression
to model the effect of the substitution of (Nb,Ta) by Ti and Si. The remaining 50-70% of the total

silicon detected is incorporated in the radiation-damaged portions of pyrochlore.
Keywords: Pyrochlore, electron microscopy, crystal structure, XRD data, analysis, chemical

(mineral)

INTRODUCTION

Pyrochlore-group minerals, space group Fd3m, have the
general formula A, ,B,XsY_, .pH,O, where m = 0.0-1.7, n =
0.0-1.0 and p = 0.0-2.5 (Lumpkin et al. 1986). At n =0, A is
an eightfold-coordinated cation (mostly Ca and Na, with K, Sr,
Ba, Sn*, Pb**, REE*, Y, Sb*, Bi**, U*, and Th* occurring less
commonly or in lesser amounts) whereas B is an octahedrally
coordinated cation, namely Nb, Ta, and Ti** (or Sb>*in the stibi-
conite mineral group) with minor quantities of Fe**, Sn*, and
W6+ The X position is mostly occupied by O* or, to a lesser
extent, OH™ (Ercit et al. 1993, 1994; Nasraoui and Waerenborgh
2001), whereas Y may be O%*, OH-, or F-. Pyatenko (1959) was
the first to recognize that the pyrochlore structure is a derivative
of the fluorite structure. The pyrochlore structure can be derived
from the fluorite structure by removing 1/8 of the anions in an
ordered fashion such that one half of the cubic polyhedra lack
two opposed vertices (Chakoumakos 1984). In this type of
structure, named normal pyrochlore, both the A and Y site can
be partially vacant (m < 2, n < 1). Alternatively, the structure is
referred to inverse pyrochlore when the Y site is occupied by
large ionic radius cations (i.e., K, TI*, Rb, Cs) with the A position
remaining vacant. A mixed inverse-normal pyrochlore structure

* E-mail: pbery @geo.unifi. it

0003-004X/06/0506-794$05.00/DOI: 10.2138/am.2006.1777

794

has been described for cesstibtantite and kalipyrochlore (Ercit
etal. 1993, 1994).

Minerals of the pyrochlore group typically occur as accessory
minerals in granitic pegmatites, nepheline-syenite pegmatites,
and carbonatites. They are stable under a wide range of P-T'
conditions ranging from igneous to near-surface. Although
most natural pyrochlore-group minerals satisfy the definition
of pyrochlore sensu stricto, microlite, or betafite, several other
species have been defined based on the dominance of an A
cation other than Ca or Na (for nomenclature rules see Hogarth
1977). Furthermore, a wide range of different elements can be
incorporated as minor components. Thus, several authors com-
monly also include Mg, Mn?*, or Fe** and Al, Si, or Fe** in the
chemical formula as A and B cations, respectively. In particular,
the presence of a high Si content raises questions about the role
of Si in the structure of pyrochlore minerals. Although Si(OH)s
octahedra are present in the structure of thaumasite at room pres-
sure (Edge and Taylor 1971), sixfold-coordinated Si is usually
restricted to high-pressure minerals (Finger and Hazen 1991).
Accordingly, Sc,Si,0; and In,Si,0; pyrochlore-type compounds
with Si located in the octahedral B site have been synthesized at
T=1000°C and P =12 GPa (Reid et al. 1977). The isomorphous
germanates (A,Ge,0,, with A = Sc, Y, In, Gd-Lu, TI), which
are synthesized commonly at lower pressure compared to the
corresponding silicates, also require a high pressure for their
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synthesis (P = 6.5 GPa) (Shannon and Sleight 1968).

On the other hand, a crystalline antimony-silicate with
pyrochlore-type structure was obtained by acidic hydrolysis of
Sb>* and Si** (pH < 1) at a room pressure and temperature of 60
°C (Moller et al. 2001a). As the unit-cell parameter of such a
compound [a = 10.391(2) Al is close to that of Si-free hydrous
antimony pentoxide (10.38 A), and assuming that cation sub-
stitutions at the A site affect the unit-cell parameter less than
those at the B site, Moller et al. (2001b) suggested that Si could
enter the A site. This explanation seems implausible, and Moller
et al. did not rule out the presence of impurity phases, such as
amorphous SiO,.

The presence of Si in the structure of pyrochlore group miner-
als has been long debated but has not been resolved. Despite the
absence of tetrahedral sites suitable for Si incorporation in the
pyrochlore structure, and the unlikely octahedral coordination
for Si under physical conditions in which pyrochlore forms, the
hypothesis that Si is hosted within the structure is, in large part,
due to the wide-spread reports of Si-rich pyrochlores. Hogarth
(1977, 1989) suggested the high Si content could be due to the
presence of impurities while Voloshin et al. (1989) proposed that
it results from the possible presence of Si “in an amorphous or
dispersed state.”

To understand the way in which Si is incorporated into the
structure of pyrochlore, we carried out an integrated study of
samples with high silica content based on X-ray refinement
(XREF), scanning electron microprobe (SEM), electron micro-
probe analyses (EMPA), and transmission electron microscopy
(TEM).

OCCURRENCE OF “‘SILICIFIED’> PYROCHLORES

Si-rich pyrochlores were first reported by Flink (1898, 1901)
from nepheline syenites at Narssarssuk, Julianehaab district
(Greenland). Two pyrochlore-type minerals containing SiO, of
10.86 and 11.48 wt% were named “chalcolamprite” and “ende-
iolite,” respectively. They were similar in composition, but the
first mineral had higher fluorine content. According to Bgggild
(1953) “chalcolamprite” and “endeiolite” were found frequently
intergrown with needles of aegirine. Hogarth (1977) suggested
that such a high content of SiO, could be due to interference
from the spatially associated aegirine, so that both minerals
were discredited.

Pyrochlore with SiO, contents ranging from 7.37 to 10.12
wt% and accompanied by high analytical deficits has been re-
ported as accessory minerals in the Cinovec (Zinnwald) granite
cupola, Czech Republic (Johan and Johan 1994). This pyrochlore
is enriched in uranium, and shows an elevated vacancy at the A
site. Based on the negative correlation of Si with Z(Nb, Ta, W,
Ti, Sn, Zr), Johan and Johan (1994) hypothesized incorporation
of Si at the B site.

An elevated SiO, content (up to 9.49 wt%) in U-rich, Pb-
rich pyrochlore from the Prasivd granitic pegmatites (Slovakia)
was reported by Uher et al. (1998). They discussed possible
mechanisms to compensate for the charge deficiency caused by
the presence of Si (up to 0.70 apfu) on the B site. Contrary to
this view, Hogarth et al. (2000) suggested that the presence of
Si (ranging from 3.03 to 3.84 wt% SiO,) in the metamict, zoned
uranpyrochlore from McCloskey’s Field (Quebec) was due to

impurities of sub-micrometer silicate phases rather than to a Si
<> Nb substitution.

Exceptionally high contents of Si (up to 16.8 wt% SiO,) in
pyrochlore-group minerals from metasomatic rocks of the Lo-
vozero alkaline complex, Russia (Chakhmouradian and Mitchell
2002) were associated with highest A-cation deficiency and H,O
contents. By comparing the chemical data of these samples with
those from other occurrences, Chakhmouradian and Mitchell
(2002) found a negative correlation between the Si and (Nb + Ti)
contents. In their opinion, neither the presence of absorbed amor-
phous silica nor intergrowths with niobosilicates could explain
this inverse correlation. They also noted that “the form of silica
occurrence in pyrochlore remains enigmatic” and further studies
are required. According to Chakhmouradian and Mitchell (2002)
submicroscopic intergrowth of pyrochlores with komarovite might
also explain the incorporation of Si in pyrochlore. Komarovite
has a layered structure consisting of pyrochlore slabs connected
by four-membered tetrahedral silicate rings (Krivokoneva et al.
1979: Bali¢-Zunié et al. 2002; Ferraris et al. 2004).

MATERIALS STUDIED AND EXPERIMENTAL
TECHNIQUES

Two minute fragments of the samples from Narssarssuk, Julianehaab district
(Greenland) originally classified as “chalcolamprite” and “endeiolite” (Geologisk
Museum of Kgbenhavn, Denmark; catalog numbers 1982.396 and 1982.110, re-
spectively) were selected for this study. “Chalcolamprite” forms minute octahedral
crystals that overgrow aegirine crystals. Associated minerals include albite and
minor epididymite and ancylite-(Ce). Octahedral crystals of “endeiolite” are also
grown on aegirine and are associated with synchysite-(Ce) and elpidite.

For the structural study, two single crystals (labeled 396a and 110a, respectively)
were selected and mounted on an automated single-crystal diffractometer equipped
with a serial detector. In both cases, extended peak searches did not reveal any
peaks other than those belonging to the pyrochlore structure. As a further test, both
crystals were also mounted (exposure time of 120 s per frame; 40 mA x 40 kV) on
a CCD-equipped diffractometer (Oxford Xcalibur 2), but no additional reflections
were detected.

Unit-cell dimensions were determined by least-squares refinement of the setting
angles of 25 high-8 equivalent reflections. Collected intensity data were reduced for
Lorentz-polarization effects, and corrected for absorption using the semi-empirical
method of North et al. (1968). A full-matrix least-squares refinement on F? was per-
formed in the space group Fd3m (origin choice 2) using the program SHELXL-97
(Sheldrick 1997). Assuming a normal pyrochlore structure, the A cation was located
at the Wyckoff position 16d (Y4, 4, 14), B cation at 16¢ (0, 0, 0), X at 48f (x, '/s '/s),
and Y at 85 (*/s, */s, /s). Site-scattering values were refined using neutral scattering
curves for A (Ca vs. Na), B (Nb vs. Ti), X (O vs.[J)) and Y (F vs.[J). Details of data
collection and R indices are given in Table 1 whereas final atomic coordinates and
anisotropic displacement parameters are reported in Table 2.

The crystals 396a and 110a and another portion (396b) of the original fragment
1982-396 were analyzed by means of a JEOL JXA-8600 electron microprobe.
Major and minor elements were determined at 15 kV accelerating voltage and 20
nA beam current, with 30 s as counting time. For WDS analyses, the following lines
were used: SiKo, NaKo, FKo,, KKo, CaKo, TiKo,, MnKo, FeKo., SrLo., NbLo,
SbLa., LaLat, CeLo., PrLf, NdLp, TaLo., PbMa, ThMo., and UMo. The estimated
analytical precisions are: +0.80 for Nb and Ca; +0.50 for Na, Ti, and Si; +0.30
for Ta, Fe, Sr, and K; +0.20 for Mn, Pb, Sb, La, Ce, Pr, Nd, U, and Th (wt% ox.);
+0.30 F (wt% el.). The standards employed were: fluorite (F), kaersutite (Si, Ca,
Fe), albite (Na), rutile (Ti), bustamite (Mn), sanidine (K), celestite (Sr), monazite
(La, Ce, Pr, Nd), and pure elements (Nb, Sb, Ta, Pb, Th, U).

The remaining part (396¢) of the original fragment of the sample 1982-396
was used for the TEM study. TEM mounts were prepared by ion milling of doubly
polished petrographic thin sections, glued on 3 mm wide copper rings. To avoid
electrostatic charging inside the microscope, the thin foils were carbon coated.
TEM investigations were carried out with a JEOL JEM-2010 electron microscope
(University of Siena) operating at 200 kV, with a theoretical point-to-point resolu-
tionof 1.94 A, and equipped with a double tilt (+20°) specimen holder. An attached
Oxford Link energy dispersive X-ray spectrometer (EDX) allowed semi-quantita-
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tive analyses, using internal theoretical k-factors. Images were acquired on Fuji
image plates (3000 x 3760 pixels, 14 bit gray levels), read and processed with the
Science Lab 97 package of programs by Fuji Photo Films, Co. Ltd.

RESULTS AND DISCUSSION

The chemical compositions obtained from the single crystals
studied and the analyses of the other portion (396b) of the original
fragment 1982-396 are reported in Table 3. All Fe was assumed to
be Fe?* in B and all Mn to be Mn?* in A. The chemical formulae
were tentatively calculated on the basis of X (B cations) = 2 apfu,
including or excluding Si (values with or without parentheses,
respectively). Figure 1 shows a BSE image of part of the fragment
396b; a compositional heterogeneity is clearly evident, the dark-
est areas differing in their higher Si content and analytical deficit
when compared to the lighter areas. According to Lumpkin and
Ewing (1995), primary, transitional or secondary alteration of
the pyrochlore-subgroup minerals from nepheline syenites lead
to a general increase in A-site vacancies, mainly at the expense
of Na*. However, in the case of primary alteration, the loss of
A cations is moderate and does not exceed 0.3-0.5 cations pfu,
which are values lower than the A-site vacancies found in the
samples studied here. Primary alteration can reasonably be ruled
out also on the basis of the degree of hydration, which can be
approximated by the analytical deficits (Table 3). In the samples
studied by Lumpkin and Ewing (1995) the inferred water contents

TaBLE 1. Crystal data and experimental details
396a
BrukerP4
a=10.4200(7) (A)
V=1131.37(8) (&)
160 x 160 X 100

110a

Enraf-Nonius CAD4

a=10.3738(7) (A)

V=1116.38(8) (A%
170 % 150 X 120

diffractometer
cell parameter

crystal size (um)

wavelength MoKo MoKo.
(26mA x 50kV) (26mA x 50kV)

theta-range (°) 1-35 1-35

range of hk/ 0<h<16 -16<h<16
0<k<16 0<k<16
0</<16 0</<16

scan mode o [0)

scan width (°) 2.40 2.50

scan speed (°/min) 1.00/6.00 235

number of parameters 14 14

collected refl. 708 1341

independent refl. 147 146

refl. with F, > 46(F,) 128 929

Rinerge (%) 6.59 8.95

Robs (%) 2.62 435

Ra (%) 3.01 7.16

min AF peak (e /A% -0.40 -0.98

max AF peak (e /A% 0.76 1.12
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increase from primary (2-5 wt% H,0) through transitional (4—12
wt% H,0) to secondary alteration (8§—14 wt% H,0).

The content of large cations, such as Sr, Ba, and K, gener-
ally increases with the degree of alteration, reaching maximum
values in the cases of kalipyrochlore and strontiopyrochlore
from Lueshe (Zaire) and bariopyrochlore from Minas Gerais
(Brazil), which are excellent examples of secondary alteration
(Lumpkin and Ewing 1995). In the samples from Narssarssuk,
the Na,O content decreases with the increase of SiO,. However,
K0 and SrO exhibit the opposite trend (Fig. 2) without reaching
the high values typically associated with secondary alteration.
Although the difference in rock type and climate makes it dif-
ficult to directly compare the type of alteration, it seems plausible
that higher Si contents can be related to late-stage hydration by
silica-rich fluids. However, this style of alteration does not appear
to be strictly fracture-controlled (Fig. 1), as is the situation for
secondary alteration (Lumpkin and Ewing 1992, 1995, 1996),
which suggests a different, earlier-stage controlling mechanism
of alteration.

Due to the unlikely incorporation of such a high Si content
in the structure of pyrochlore and to the wide spread of the
values observed (Table 3), TEM-EDX analyses (Table 4) and
TEM imaging on the ultra-thin sample might be expected to
show two distinct Si-bearing and Si-free phases, respectively.

FIGURE 1. Backscattered-electron image (SEM) of a portion of the
crystal used for the TEM investigation.

TABLE 2. Fractional atomic coordinates and anisotropic displacement parameters (A2 for the crystals examined

5.8.%* x/a y/b z/c U, U,, Uss Up, Uss Uy Ueq

396a

A 14.9(1) 1/2 1/2 1/2 0.024(1) Uy, Uy, 0.0011(5) U, Uy, 0.024(1)
B 38.7(2) 0 0 0 0.0198(3) Un Un -0.0018(1) Uy, Ui, 0.0198(3)
X 8.0(1) 0.3175(3) 1/8 1/8 0.027(2) 0.021(1) Uy, 0 0 0.008(1)  0.0228(8)
Y 8.4(1) 3/8 3/8 3/8 0.044(4) Uy, Uy, 0 0 0 0.044(4)
110a

A 13.7(1) 1/2 1/2 1/2 0.026(2) Uy, Uy, 0.0053(9) U, Uy, 0.026(2)
B 36.3(2) 0 0 0 0.0225(5) Un Un -0.0017(3) Uy, Ui, 0.0225(5)
X 8.0(1) 0.3173(6) 1/8 1/8 0.029(3) 0.028(2) Uy, 0 0 0.011(2)  0.028(1)
Y 8.4(1) 3/8 3/8 3/8 0.031(6) Ui U, 0 0 0 0.031(6)

* Site scattering obtained by refining occupancy factor (see text).
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TaBLE 3. Electron microprobe analyses (oxides wt%) and atomic proportions for “silicified” pyrochlore crystals from Narssarssuk, Greenland

396a 110a 396b
range mean (no.* =5) range mean (no.* =7) range mean (no.* = 8)
Nb,Os 55.50-64.36 60.74 48.52-58.20 53.31 48.70-66.62 58.18
Ta,05 1.28-1.82 1.50 2.52-3.11 2.83 - -
TiO, 2.63-4.25 3.30 2.89-3.66 3.36 2.62-4.16 3.68
Fe,05 0.40-1.09 0.62 1.49-2.25 176 0.35-1.49 0.97
SiOo, 1.24-8.01 3.80 7.47-11.51 9.60 0.90-10.93 5.76
Na,O 1.43-5.82 3.04 0.82-2.67 1.51 0.70-5.18 273
K0 0.06-0.42 0.28 0.39-0.81 0.60 0.12-0.52 0.29
Ca0 9.53-12.64 10.91 9.94-11.71 10.97 8.70-12.01 10.22
SrO 1.16-2.90 2.01 1.54-2.98 212 1.10-3.77 249
MnO 0.60-0.85 0.68 0.67-0.86 0.76 0.47-1.20 0.92
PbO 0.62-0.90 0.72 0.41-0.57 0.47 0.29-0.78 0.53
La,0; 0.36-0.67 0.49 0.37-0.64 0.48 0.48-0.88 0.74
Ce,0; 0.02-1.84 1.22 1.32-1.75 159 1.05-2.23 1.93
Pr,0; 0.00-0.38 0.15 0.00-0.67 0.19 0.00-0.37 0.05
Nd,0; 0.29-0.41 0.29 0.00-0.51 0.32 0.00-0.49 0.36
uo, 0.96-2.29 1.64 0.98-1.26 1.09 1.45-2.31 1.94
F 2.47-337 3.12 1.83-2.87 2.38 1.72-3.84 2.81
O=F 1.04-1.83 1.31 0.77-1.21 1.00 0.77-1.62 1.18
Total 91.66-95.77 93.20 89.38-96.34 92.32 84.72-98.17 92.40
Nb 1.75-1.82 1.78 1.62-1.71 1.68 1.70-1.82 1.77
(1.38-1.70) (1.59) (1.16-1.34) (1.26) (1.19-1.75) (1.48)
Ta 0.02-0.03 0.03 0.04-0.06 0.05 - -
(0.02-0.03) (0.02) (0.04) (0.04) - -
Ti 0.13-0.19 0.16 0.15-0.20 0.18 0.16-0.23 0.19
(0.11-0.18) (0.14) (0.11-0.15) (0.13) (0.11-0.18) (0.16)
Fe 0.02-0.06 0.03 0.07-0.12 0.09 0.02-0.09 0.05
(0.02-0.05) (0.03) (0.06-0.09) (0.07) (0.02-0.06) (0.04)
Si - - - - - -
(0.08-0.44) (0.22) (0.40-0.58) (0.50) (0.05-0.59) (0.32)
Na 0.20-0.73 0.38 0.12-0.38 0.20 0.10-0.61 0.36
(0.15-0.71) (0.34) (0.08-0.28) (0.15) (0.07-0.58) (0.30)
K 0.00-0.04 0.02 0.04-0.07 0.05 0.01-0.05 0.03
(0.00-0.03) (0.02) (0.03-0.06) (0.04) (0.01-0.04) (0.02)
Ca 0.68-0.88 0.76 0.77-0.92 0.82 0.64-0.88 0.73
(0.59-0.85) (0.68) (0.58-0.67) (0.61) (0.48-0.75) (0.62)
Sr 0.04-0.12 0.08 0.07-0.13 0.09 0.04-0.17 0.10
(0.04-0.09) (0.07) (0.05-0.09) (0.06) (0.04-0.12) (0.08)
Mn 0.03-0.04 0.04 0.04-0.05 0.04 0.02-0.08 0.05
(0.03-0.04) (0.03) (0.03-0.04) (0.03) (0.02-0.06) (0.04)
Pb 0.01-0.02 0.01 0.01 0.01 0.01 0.01
(0.01) (0.01) (0.01) (0.01) (0.00-0.01) (0.01)
La 0.01-0.02 0.01 0.01-0.02 0.01 0.01-0.02 0.02
(0.01) (0.01) (0.01) (0.01) (0.01-0.02) (0.02)
Ce 0.00-0.04 0.03 0.03-0.05 0.04 0.03-0.06 0.05
(0.00-0.04) (0.03) (0.02-0.03) (0.03) (0.02-0.05) (0.04)
Pr 0.00-0.01 - 0.00-0.02 0.00 0.00-0.01 -
(0.00-0.01) - (0.00-0.01) (0.00) (0.00-0.01) -
Nd 0.00-0.01 0.01 0.00-0.01 0.01 0.00-0.01 0.01
(0.00-0.01) (0.01) (0.00-0.01) (0.01) (0.00-0.01) (0.01)
u 0.01-0.03 0.02 0.02 0.02 0.02-0.04 0.03
(0.01-0.03) (0.02) (0.01) (0.01) (0.02-0.03) (0.02)
F 0.52-0.89 0.64 0.40-0.67 0.52 0.43-0.74 0.60
(0.45-0.86) (0.57) (0.29-0.49) (0.39) (0.30-0.71) (0.50)
charge 11.98-12.65 12.19 12.00-12.33 12.07 11.99-12.30 12.26
(11.30-12.47) (11.75) (10.84-11.29) (11.03) (10.88-12.19) (11.55)
sum A 1.18-1.77 1.36 1.21-1.49 1.29 1.17-1.47 1.39
(1.03-1.70) (1.22) (0.87-1.09) (0.96) (0.84-1.40) (1.16)

Notes: Fe was assumed as trivalent and Mn as bivalent; atomic proportions were calculated on the basis of Z(Nb+Ta +Ti +Fe) = 2.00 apfu and Z(Nb+Ta +Ti +Fe +5i)
=2.00 apfu (values in parentheses), respectively. Sb and Th below detection limits. For analytical precision see text.

* Number of analyses.

Despite the higher resolution of the method, no analysis yielded
a pyrochlore completely free of Si. Nevertheless, point analyses
of the ultra-thin sample (black filled circles in Fig. 3) fall into
two well-separated groups (Table 4). The first one ranges from
0.56 to 2.16 el. wt% Si, whereas the second one ranges from
5.01 to 5.98 el. wt% Si. However, EMPA chemical data that
were obtained from a larger excited volume of the sample, show
a wider spread in Si content (upward triangles, white and gray
circles in Fig. 3).

TEM-EDX data from sample 396¢ seem to point toward the
composition of the “Na-komarovite” (empty square in Fig. 3; data
from Bali¢-Zuni¢ et al. 2002). A reasonable explanation of this
feature could be that lamellae of a komarovite-group mineral,
whose structure contains pyrochlore-like slabs, are intergrown
with pyrochlore. On the other hand, chemical data obtained by
EMPA do not support the above interpretation. In fact, the sample
396b shows a radically different trend, pointing straight toward
Si, thus suggesting a possible mixture with amorphous silica, in



798

keeping with the explanation proposed by Voloshin et al. (1989).
Samples 396a and 110a do not show any distinct trend.

TEM observations were carried out on areas of different
chemical composition. No evidence of crystalline phases other
than pyrochlore was obtained. However, Si-poor areas exhibited
strong and sharp diffraction peaks, whereas the diffraction pattern
from Si-rich areas showed weaker spots with the diffuse diffrac-
tion halo typical of the metamict material. Figure 4 includes
SAED patterns (along [111] zone axis), bright field (BF) images
and EDX spectra obtained from Si-rich and Si-poor areas. It
is evident that the most crystalline portions of the pyrochlore
structure do not incorporate significant amounts of Si, which
is hosted in the portion showing incipient metamictization.
Figure 5 shows a high-resolution image with [111] incidence
of a more crystalline pyrochlore (corresponding SAED pat-
tern in Fig. 4, upper left). Sharpest dot contrast corresponds
to more crystalline areas (darkest portions in the BF image of
Fig. 4), whereas metamict areas look aperiodic (bright contrast
in Fig. 4). Even at the unit-cell scale, crystalline areas appear
homogeneous and free of individual phases or slab intergrowths.
Neither crystallization of minerals of the komarovite group nor
silica segregations was observed. It seems that Si is enriched in
a disordered matrix, which maintains most of the chemical ele-
ments originally belonging to the pyrochlore structure. With the
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FIGURE 2. Variation of selected chemical components vs. SiO,
content in pyrochlore from Narssarssuk, (Greenland). White and gray
circles refer to 396a and 396b, respectively, triangles refer to 110a.
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increase of radiation damage resulting from alpha decay of Th
and U radionuclides minerals become more permeable to fluids
so that it can be reasonably assumed that silica-rich fluids have
mostly pervaded the metamict areas.

The structural data obtained from X-ray diffraction should
result from the prevailing contribution of the portions containing
no Si or small amounts of Si together with a minor contribution of
the partially metamict Si-rich portions. From the refined atomic
coordinates (Table 2), the following bond distances are obtained
for crystals 396a and 110a, respectively: A—X (x6) =2.648(3) and
2.637(4) A; A-Y (x2) =2.2560(2) and 2.2460(1) A (mean <A-O>
distance =2.550 and 2.539 A); B-X = 1.972(1) and 1.962(1) A.
Due to the possibility of A-site vacancies and the wider range
of chemical substitutions at this site, the chemical formula of
the pyrochlore group minerals is conventionally normalized to
2 B cations = 2.00. Because the Nb/(Nb + Ta + Ti + Fe) ratio is
an almost constant value in each refined crystal (0.88-0.91 and
0.81-0.86 for 396a and 110a, respectively), the mean electron
number at the B site obtained on the basis of the chemical data
should correspond to that derived from the refinement (Table 2),
assuming Si does not enter the B site. The average compositions
of the B site for the single crystals (atomic ratios calculated by

TABLE4. Semiquantitative EDX-TEM elemental chemical composi-
tion (sample 396¢, wt%)
Si—poor areas Si-rich areas
range mean (no.* =5) range mean (no.* = 4)

O 19.51-24.78 21.71 22.60-29.76 27.40

F 4.54-8.83 6.45 4.11-9.26 6.87

Na 4.34-6.09 5.18 3.59-4.56 4.29

Si 0.56-2.16 1.18 5.01-5.98 5.59

K 0.00-0.18 0.04 0.59-2.22 1.36

Ca 5.50-6.57 6.06 4.58-5.78 5.27

Ti 1.05-2.55 1.51 1.20-2.04 1.56

Mn 0.00-0.60 0.16 0.33-0.84 0.53

Fe 0.58-1.07 0.84 0.90-1.03 0.99

Sr 0.00-0.96 0.19 2.29-3.42 290

Nb 47.70-53.56 51.18 36.63-44.95 39.25

Ce 1.86-2.90 2.51 1.20-2.23 1.68

Pb 0.00-2.54 0.95 0.00-0.84 0.21

U 1.20-2.55 2.05 1.61-2.43 2.09
*Number of analyses.

Si

0.500

N

ZA

1
0.375

2B

FIGURE 3. Compositional variation (mol%) of pyrochlore from
Narssarssuk, (Greenland). Data correspond to the atomic ratios obtained
on the basis of Z(Nb + Ta + Ti + Si + Fe) = 2 apfu (reported in parentheses
in Table 3). White, gray, and black circles refer to 396a, 396b, and 396¢,
respectively, and triangles refer to 110a (this study); square represents
“Na-komarovite” (Balié-Zuni¢ et al. 2002).
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FIGURE 4. From left to right: [111] SAED pattern, BF image, and EDX spectrum obtained from Si-poor (upper) and Si-rich (lower) areas of

sample 396c¢.

excluding Si in Table 3) correspond to a mean electron number
of 39.6 (crystal 396a) and 39.4 (crystal 110a), values significantly
higher than those obtained by XREF (38.7 and 36.3). To fit the
site scattering obtained by XREF, it is sufficient to assign only
a fraction of the Si available (0.07 and 0.24 apfu for 396a and
110a, respectively) to the B site. If it were assumed that all Si
(0.22 and 0.50 apfu) was incorporated at the B site, site scatter-
ing values (36.9 for the crystal 396a and 33.1 for 110a) would
be significantly lower than those obtained by XREF. Thus, the
following cation populations were tentatively assigned to the
B site: B = [Nb, 1,Tag0,Ti ¢ 16510.07F€0.03]522.00 (crystal 396a), and
B = [Nb, 45Tag 04T .1651024F€008]5-2.00 (crystal 110a). To test the
veracity of this assumption, the observed B-O bond distances and
the assumed cation populations were compared for consistency.
Due to the complex chemical substitutions and the scarcity of
crystal-chemical data in the literature, a comparison among the
observed and theoretical bond distances in pyrochlore is not
straightforward. Compared to the value of 1.986(1) A observed
in kalipyrochlore with B = 1.80Nb + 0.20Ti (Ercit et al. 1994), the
<B-O> distance values in the crystals 396a (1.972 A) and 110a
(1.962 A) appear low, whereas they are similar to that found in
calciobetafite [1.969(3) A, Mazzi and Munno 1983]. In the latter
mineral, however, the B site is occupied by a higher Ti content
(B=0.88 Nb + 0.04 Ta + 1.08 Ti).

FIGURE 5. HRTEM image obtained along the [111] zone axis and the
corresponding structural sketch (lower left) with only A (open circles)
and B (filled circles) cations plotted.
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Ti**is the smallest cation (ionic radius = 0.605 A, Shannon
1976) among those normally located on the B site of pyrochlore
(Nb™ = 0.64; Ta** = 0.64; Fe** = 0.645 A; Shannon 1976). To
model the effect of Ti on the octahedral bond distance, the <B-O>
value of synthetic Y,Ti,0; [1.953(2) A, Becker and Will 1970]
and CaNd(Nb, sFe¥)0; [1.9909(9) A, Zhao et al. 2000] were
plotted together with data of kalipyrochlore and calciobetafite.
The following linear equation was obtained: <B-O>=1.9902(7)
—0.038(1) [Ti/(Nb + Ta + Ti + Fe*")] (r =-0.999). As shown in
Figure 6, the crystals examined exhibit <B-O> values notably
lower, in keeping with the hypothesis that significant contents
of Si enter the octahedral site. A multiple regression model was
therefore conducted to also take into account the effect of Si,
using the previous data together with the <B-O> values observed
in 396a and 110a and those reported by Reid et al. (1977) for the
synthetic Sc,Si,0, [1.761(7) A] and In,Si,0,[1.800(5) A] pyro-
chlore-type compounds: <B-O>=1.988(7)—0.21(1)[Si/(Nb + Ta
+ Ti + Si + Fe™) — 0.04(1)[Ti/(Nb + Ta + Ti + Fe**)] (r =0.993).
The <B-O> values obtained according to this model on the basis
of the B-site population reported above [1.977 A (396a) and
1.960 A (110a)] are consistent with the observed values. Thus,
assuming Si=0.07 and 0.24 apfu for 396a and 110a, respectively,
the following crystal chemical formulae were obtained on the
basis of X(Nb + Ta + Ti + Fe) = 1.93 and 1.74:

[Nag 37K .02Cag 73810 07Mn5,Pbg o1 Lag o1 Ceo03Ndg o Udolzo 31
[Nby 72 Tag,Ti 0.16510.07F€0.0315-2.00[ Os.03(OH)o.07] [Fo.62(OH o 351,

for crystal 396a, and:

[Nay,15K.05Ca 75S10,0sMng54Pby o1 Lag.01Ce004Ndg 01 Utoa 5= 16
[Nb 45Tag.04Ti 0.16510.24F€0.08]5-2.00[ O4.63(OH)1 371 [Fo 46(OH g 541,

for crystal 110a.
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Ti/(Nb+Ta+ Ti+Fe™)

FIGURE 6. Relationship between the octahedral B-O distance and the
Ti/(Nb + Ta + Ti + Fe**) ratio. Filled symbols refer to the single crystals
studied. Open symbols (1-6) refer to data from literature: (1) Y,Ti,O;,
(Becker and Will 1970); (2) calciobetafite (Mazzi and Munno 1983);
(3) kalipyrochlore (Ercit et al. 1994); (4) CaNdNb, sFe, sO; (Zhao et al.
2000); (5) CaYNDb,O; (Istomin et al. 1997); and (6) CaNdNb,O, (Istomin
etal. 1997). Due to their high standard deviations (0.01 ) data for samples
5 and 6 were not included in the regression model.

The corresponding mean electron numbers for the A site are
13.9 and 13.2, which are slightly lower than the values obtained
by XREF (14.9 and 13.7, respectively). Nevertheless, the pres-
ence of minor amounts of rare earth elements (excluded from
the analysis) could account for the small discrepancies observed.
The crystals examined are quite similar in chemical composition
and structural details, although 110a exhibits a higher Si content
coupled with a higher number of A-site vacancies and minor
amounts of Na. Both these features contribute to a decrease in
total positive charge (12.03 and 11.64 for 396a and 110a, re-
spectively). Uher et al. (1998) suggested that to compensate for
the charge deficiency in Si-rich pyrochlores OH™ can substitute
for O* at the X site and/or that molecular H,O can substitute for
(OH-, F-) at the Y site. On the basis of the bond valence values
calculated using the cation compositions reported above and pa-
rameters published by Brown and Altermatt (1985), bond-valence
sums of 1.82 and 1.77 v.u. (crystal 396a and 110a, respectively)
were obtained at the X site, and bond-valence sums of 0.95 and
0.98 v.u. (crystal 396a and 110a, respectively) at the Y site.
These values agree closely with the composition of the anion
sites chosen to balance the chemical formulae and rule out the
presence of molecular H,O at the Y site.

The case of thaumasite, the only mineral known to contain Si
in six-coordination that is stable at (or near) ambient pressures
and temperatures, as well as those of different SiP,O, poly-
morphs (Bissert and Liebau 1970; Tillmanns et al. 1973; Hesse
1979; Poojary et al. 1994), suggests that the unusual octahedral
coordination of Si by O is likely to occur in phases produced at
ordinary pressure whenever the only other atoms coordinated to
the O atoms are of relatively high electronegativity, such as C,
H, or P. According to Edge and Taylor (1971), these relatively
electronegative atoms draw electrons from the Si-O bonds,
thus lengthening them, decreasing their mutual repulsion, and
allowing the increase in Si coordination number to occur. Be-
cause bond-valence arguments indicate extensive substitutions
of OH~ for O* on the X site in pyrochlore from Narssérssuk, it
is reasonable to hypothesize a local coupling of the Si — (Ti,
Nb) substitution with the OH- — O* substitution leading to an
increase of Si(OH), groups in the structure upon hydration.

In summary, crystal-chemical considerations combined with
TEM-EDX investigations show that a significant fraction (30—
50%) of the Si detected by EMPA occupies the octahedral sites
of the pyrochlore structure, whereas a larger fraction (50-70%)
of Si is concentrated in radiation-damaged portions. However,
the present study could not establish the coordination number of
Si within the disordered portions, which would require an ele-
ment-specific technique, such as X-ray absorption spectroscopy.
Areduction of coordination number and an increased distortion
of B polyhedra, indeed, were found by EXAFS/XANES ex-
periments in fully metamict pyrochlores (Greegor et al. 1985).
Note that the “silicified” pyrochlore studied here is not fully
metamict. Notwithstanding, heavily damaged domains did not
show any trace of other phases, thus leading us to exclude the
model of Graham and Thornber (1974), which proposes that
pyrochlore decomposes to a microcrystalline arrangement of
related structure types. However, our data do not allow us to
distinguish between a model involving a short-range crystal-
line order (Ringwood 1985) and an aperiodic, random network
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structure model, similar to that of glass (Ewing 1975; Lumpkin
and Ewing 1988).
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