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Abstract

The chondrite-normalized rare earth element (REE) patterns of whole rock samples from evolved granitic systems hosting rare metal
deposits sometimes show a split into four consecutive curved segments, referred to as tetrads. In the present contribution, a rigorous
statistical method is proposed that can be used to test whether geological significance should be attributed to tetrads that are only of
limited size. The method involves a detailed evaluation of element and sample specific random and systematic errors that are constrained
on the basis of independent repeated preparations and analyses of sample and reference materials. Application of the proposed method
to samples from the granite-hosted Zinnwald Sn—W deposit, Germany, revealed that at least two tetrads in normalized whole rock REE
patterns have to be analytically significant to rule out that fractional crystallization led to the unusual behavior of the REEs. Based on
the analysis of altered albite granite and greisen samples from the endocontact of the Zinnwald granite massif, it is demonstrated that the
lanthanide tetrad effect is responsible for the formation of the convex tetrads. Geological and petrological evidence suggests that the tetr-
ads in the samples developed prior to greisenization and related cassiterite precipitation. In contrast to the endocontact samples, the rhy-
olitic wall rocks are typified by normalized REE patterns having tetrads that are variable in size and frequently close to the limit of
analytical significance. The sizes of the tetrads apparently correlate with the intensity of albitization, but show no relation to subsequent
alteration processes including greisenization and low-temperature argillization. This observation proves that curved segments in normal-
ized whole rock REE patterns can be introduced during hydrothermal fluid-rock interaction.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

In the past decades, the geochemical behavior of the rare
earth elements (REEs) has been studied extensively because
this group of elements provides a range of geochemical indi-
cators that can be used to constrain the evolution of mag-
matic and hydrothermal systems (e.g., Moller and
Muecke, 1984; Masuda and Akagi, 1989; Raimbault et al.,
1993; Dostal and Chatterjee, 1995; Bau, 1996; Pan and
Breaks, 1997; Moller, 1998; Irber, 1999; Monecke et al.,
2000). It has been shown that variations in the geochemical
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behavior of the REEs primarily result from differences in
their ionic radii (ionic radii of the REEs decrease steadily
with atomic number) as well as variations in valence states
(Ce*" and Ce*", Eu*" and Eu®"). An additional feature that
potentially influences the distribution of the REEs in some
geological environments is the lanthanide tetrad effect
(Masuda et al., 1987, Kawabe, 1995; Bau, 1996; Irber,
1999; Monecke et al., 2002). This effect causes a split of
the normalized REE patterns into four consecutive curved
segments that are referred to as tetrads (first tetrad: La-
Ce-Pr-Nd; second tetrad: (Pm)-Sm-Eu-Gd; third tetrad:
Gd-Tb-Dy-Ho; fourth tetrad: Er-Tm-Yb-Lu). The tetr-
ads are either convex or concave forming M- and W-shaped
lanthanide patterns, respectively (Masuda et al., 1987).
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Several investigations have established that whole rock
samples from evolved granitic systems, frequently hosting
rare metal deposits, may exhibit convex tetrads (Masuda
and Akagi, 1989; Cocherie et al., 1991; Forster and Tis-
chendorf, 1994; Lee et al., 1994; Kawabe, 1995; Bau,
1996; Irber, 1999; Jahn et al., 2001; Monecke et al., 2002;
Takahashi et al., 2002; Takahashi and Kawabe, 2003).

A number of early studies have suggested that curved
segments in the REE patterns of whole rock samples from
evolved granitic systems form during magmatic crystalliza-
tion due to selective incorporation of the REEs into frac-
tionating accessory phases (Yurimoto et al., 1990; Zhao
and Cooper, 1993; McLennan, 1994; Pan, 1997; Pan and
Breaks, 1997). Yurimoto et al. (1990) proposed that the
discontinuity between Nd and Sm may be caused by the
fractionation of monazite and Pan (1997) showed that a
similar break between Ho and Er may form in response
to the crystallization of garnet. However, subsequent stud-
ies by Bau (1997) and Irber (1999) demonstrated that the
exact shapes and sizes of tetrads cannot be correctly repro-
duced by Rayleigh model calculations and that whole rock
REE patterns with more than one rounded segment can
only be obtained assuming unrealistic mineral assemblages.
Furthermore, accessory minerals including garnet, mona-
zite, xenotime, and apatite typically have REE patterns
with tetrads similar to the related granitic rocks (Forster,
1998; Irber, 1999; Masau et al., 2000; Kempe and Goétze,
2002) ruling out the possibility that whole rock samples ac-
quire convex tetrads during fractional crystallization.

Kawabe (1995), Irber (1999), and Dolejs and Stemprok
(2001) proposed that the development of convex segments
in whole rock REE patterns is caused by processes of fluid-
melt interaction during crystallization of the silicate melt
under open system conditions whereby a complementary
REE pattern with concave tetrads is removed from the
solidifying magma by coexisting (or exsolved) hydrother-
mal fluids. This model was found to be inconsistent with
subsequent observations by Monecke et al. (2002) demon-
strating that hydrothermal precipitates also show REE pat-
terns with convex tetrads. Hydrothermal fluids derived
from the granite magma are, therefore, unlikely to remove
complementary REE patterns with concave tetrads from
the solidifying melt.

A third model for the development of convex tetrads in
the REE patterns of granitic rocks has been proposed by
Masuda and Akagi (1989) and, more recently, by Takah-
ashi et al. (2002). These authors suggested that a comple-
mentary REE pattern with concave tetrads is removed
during surface weathering. The evidence supporting the
development of tetrads in response to weathering has been
questioned by Monecke et al. (2003).

Recent investigations have demonstrated that advances
in this field can only be made by quantifying the sizes of
the tetrads and correlating them with other geochemical,
mineralogical, and petrographic indicators (Irber, 1999;
Monecke et al., 2002; Takahashi et al., 2002). However,
this approach is limited by the fact that normalized REE

patterns of granitic rocks frequently possess tetrads that
are only small in size. In the case of such subtle tetrads, a
clear distinction between analytically significant curvatures
and analytical artifacts is tenuous (McLennan, 1994). In a
given sample suite, small, but geochemically significant,
differences in the tetrad sizes may be difficult to distinguish
from variations introduced by the random errors of the
REE determinations. Consequently, geochemical interpre-
tation and correlation of the sizes of subtle tetrads with
other indicators is typically precluded even if the REE mea-
surements were performed at reasonable precision and
accuracy (McLennan, 1994; Monecke et al., 2003; Takah-
ashi et al., 2003).

In the present contribution, an analytical procedure is
presented that has been developed to allow a distinction
of subtle tetrads from analytical artifacts. The developed
method involves a rigorous evaluation of random and sys-
tematic errors that are constrained by repeated indepen-
dent preparation and analysis of reference materials and
samples. In contrast to earlier studies, it is taken into ac-
count that random errors are element specific and have
to be determined individually for each sample. As an exam-
ple, the proposed method has been applied to whole rock
samples from the granite-hosted rare metal deposit Zinn-
wald, Germany, that show variable tetrad sizes. Based on
the careful error evaluation, it is critically assessed to what
extent analytical uncertainties are able to account for sub-
tle tetrads. Implications to the understanding of the geo-
chemical processes involved in the development of tetrads
in whole rock REE patterns of granitic rocks are discussed.

2. Geological setting

The Zinnwald deposit is a Sn—W deposit located in the
Erzgebirge region, Germany, which represents the eastern
part of the Herzynian tin province. The deposit occurs at
the border between Germany and Czech Republic and rep-
resents, geologically, the northern continuation of the
Cinovec deposit that is located to the south on the territory
of Czech Republic (Fig. 1). The deposit is mainly hosted by
a small, highly evolved Li-F granite massif that has an
elliptical shape at surface (1.4 by 0.3 km in plan view).
The contact between the Zinnwald granite and the sur-
rounding rhyolitic wall rocks has a shallow outward dip,
except for the western contact that is very steep. The rhyo-
lite belongs to the Teplice volcanic complex (Stemprok,
1967; §temprok and Sulcek, 1969; DuriSova et al., 1979).

The Zinnwald granite massif is internally complex. Var-
ious petrographically distinct granite types have been ob-
served. The upper portion of the granite massif is
dominated by Li-rich zinnwaldite-bearing albite granite
that passes at depth into Li-poor protolithionite-bearing
granite. Deep drilling revealed that the transition between
both granite types is gradational and occurs at a depth of
~730 m from surface (Stemprok and Sulcek, 1969; Cocherie
et al., 1991; Johan and Johan, 1994). Recent investigations
have shown that the upper Li-rich zinnwaldite-bearing al-
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Fig. 1. Sample locations of the variably altered endo- and exocontact rocks from the Zinnwald deposit and surroundings: (A) Simplified geological map of
the eastern Erzgebirge showing the distribution of granite-associated Sn—W mineralization and the occurrence of the Teplice rhyolite. All Sn—W deposits
shown are spatially associated with small stocks of evolved granite intrusions, (B) plan view of the Tiefer Bithnau adit (modified from Sala, 1999), and (C)
simplified geological section through the Zinnwald deposit (modified from Stemprok et al., 1995).

bite granite contains zones of Li-rich lepidolite-bearing al-
bite granite (Rub et al., 1998; Sala, 1999). Microgranitic
intercalations of variable thicknesses have been observed
in the upper Li-rich zinnwaldite-bearing albite granite and
the lower Li-poor protolithionite-bearing granite (Stem-
prok and Sulcek, 1969; Durisovd et al., 1979; Webster
et al., 2004). In addition, granitic dikes with evolved geo-
chemical signatures are present in the exocontact (Webster
et al., 2004).

The Sn—W mineralization is confined to cassiterite-wol-
framite—quartz veins and large greisen bodies (Cocherie
et al., 1991). Mineralized veins occur largely in the upper
220 m of the granite massif (Fig. 1), but are also present
in the surrounding rhyolitic wall rocks. Two types of veins
can be distinguished, namely flat-lying, up to 4 m thick and
intensely mineralized veins with a centroclinal strike, and
steeply dipping quartz veins that also carry some Sn miner-
alization. Detailed underground mapping by the authors

revealed that the flat-lying veins postdate the steeply dip-
ping veins (note that the steeply dipping veins have been
reactivated during hydrothermal activity postdating the for-
mation of the flat-lying veins). The large greisen bodies car-
ried the most significant Sn mineralization at Zinnwald. The
bodies are restricted to the endocontact of the granite intru-
sion and occur mainly near the eastern and western contacts
to the rhyolite (Fig. 1). The greisen bodies consist largely of
quartz, zinnwaldite, lepidolite, and topaz. They are steeply
dipping and pipe-shaped, but transform to flat-lying bodies
near the intersections with the flat-lying quartz veins, result-
ing in overall highly irregular shapes. The root zones of
the greisen bodies can be traced to at least 1200 m depth
(Webster et al., 2004). Away from the large greisen bodies,
greisenization extends along the selvages of the cassiterite—
wolframite—quartz veins (Stemprok and Sulcek, 1969). The
field evidence suggests that greisenization postdated flat
vein formation. In addition to endocontact greisen bodies,
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cassiterite-bearing greisen stringers are present in the
exocontact.

Polyphase formation of the Sn—W mineralization was
accompanied by complex hydrothermal alteration of the
granite resulting in intense alteration of endocontact rocks.
Field observations and microscopic investigations have
established that the hydrothermal alteration postdated
the solidification of the granite (Stemprok, 1967; Sala,
1999). Early albitization is widespread throughout the en-
tire granite massif. This type of alteration resulted in pro-
nounced changes in the overall mineralogical and
geochemical signatures of the granitic rocks. Albitization
of the granite was postdated by high-temperature greiseni-
zation and the formation of the large greisen bodies. Gre-
isenization associated with Sn mineralization resulted in
the formation of early, extensive Li mica-bearing greisen
bodies (Li-rich greisen type) and late, spatially more
restricted, muscovite greisen veins and zones (Li-poor grei-
sen type). The intensity of albitization and greisenization
generally decreases with depth within the Zinnwald granite
massif (Dolejs and Stemprok, 2001).

Various types of low-temperature alteration postdated
formation of the ore. Particularly widespread, and spatially
unrelated to the greisenization, is the development of an
argillic alteration mineral association that is typified by
the abundant presence of kaolinite (Stemprok, 1967; Stem-
prok and Sulcek, 1969), illite, fluorite, barite, and uranium
phosphates.

The petrographic and petrological characteristics of the
Teplice rhyolite hosting the Zinnwald granite have been
studied by numerous workers including Wolf (1960), Lobin
(1986), Seltmann and Breiter (1995), Seltmann et al. (1996),
Breiter (1997), Stemprok et al. (2003), and Miiller et al.
(2005). The Teplice rhyolite forms a (possibly polyphase)
ignimbrite body that covers the Proterozoic crystalline
basement. The rhyolite has a thickness of up to ~2 km,
an E-W extension of up to 8§ km, and a maximum N-S
extension of ~20 km with the Zinnwald deposit located
in its southern portion (Fig. 1). Based on the relative abun-
dance of crystals and crystal fragments as well as alteration
characteristics, the Teplice rhyolite can be subdivided in a
lower and upper part (Pélchen, 1968). Intense sericitization
is widespread in the lower part of the Teplice rhyolite con-
taining sparse crystals and crystal fragments whereas this
style of alteration is rare or absent in the upper portion that
is typified by a high content of crystals and crystal frag-
ments. Alteration styles present in both parts of the Teplice
rhyolite include albitization, greisenization, and argilliza-
tion. Alteration is apparently most intensely developed
around known Sn—W mineralization.

3. Sample selection

Sample selection for the present study was based on the
findings of Monecke et al. (2002). These authors showed
that granite and greisen samples from the Zinnwald granite
massif are typified by REE patterns with relatively pro-

nounced tetrads. However, calculation of the tetrad sizes
revealed that only the first and third tetrads are significant
from the analytical point of view (Monecke et al., 2002)
hampering unequivocal interpretation of the REE patterns.
To test whether all quantifiable tetrads are of geochemical
significance if an improved analytical approach is used, one
albite granite and a greisen sample have been selected for
the present study (Fig. 1). Both samples were affected by in-
tense hydrothermal alteration, but showed no evidence of
surface weathering.

In addition to the two endocontact samples, several
samples from the Teplice rhyolite have been selected. Pre-
vious investigations by Monecke et al. (2002) have shown
that exocontact samples exhibit REE patterns with very
subtle tetrads that were, at the time, found to be insignifi-
cant from the analytical point of view. To investigate the
geochemical significance of these subtle tetrads in detail,
seven altered rhyolite samples were taken from surface out-
crops and underground exposures in the Tiefer Biihnau
adit (Fig. 1). The samples were collected from the upper
part of the Teplice rhyolite that is not affected by intense
low-temperature sericitization. However, all samples show
at least some evidence for hydrothermal alteration related
to the formation of Sn—W mineralization. The samples
were not affected by significant chemical surface
weathering.

4. Analytical methods

Initially, the rock samples were studied in hand speci-
men. Representative thin sections were then prepared for
petrographic inspection by optical microscopy and scan-
ning electron microscopy (SEM). The SEM investigations
have been conducted using a Jeol JSM 6400 microscope
equipped with a Tracor (Noran) series I energy-dispersive
X-ray spectrometer. Routine operating conditions were
20 kV with a beam current of 600 pA.

Subsequent to the petrographic inspection, the whole
rock samples (3 kg sample material) were crushed and split
with a riffle splitter. A split of approximately 300 g material
was pulverized to analytical fineness using a centrifugal
agate ball mill. The geochemical composition of the sam-
ples was constrained by a combination of analytical meth-
ods. The abundances of the major elements and the trace
elements Rb, Sn, and Ba were established by conventional
X-ray fluorescence analysis (XRF). The concentrations of
F and Li were measured by ion specific electrode detection
and flame atomic absorption spectrometry, respectively.
The Cs and REE concentrations were determined by induc-
tively coupled plasma-mass spectrometry (ICP-MS).

The REE concentrations of the pulverized whole rock
samples were determined on specially prepared sample
solutions by a method similar to that described by Dulski
(2001). Initially, 100 mg aliquots of the finely powdered
samples were dissolved by a mixed acid digestion (HF/
HCIO,) in PTFE digestion vessels for 16 h under pressure
at 180 °C. After cooling, the samples were evaporated to
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near dryness, re-dissolved with 5 ml HCI (10 mol 1™"), and
evaporated again at 180 °C to incipient dryness. The moist
hot residues were taken up again by 5ml HCI (10 mol 1™)
and, after closing the digestion system, treated at 130 °C
for 12 h. After cooling, the solutions were again evaporated
to incipient dryness and the hot sample cakes were then
carefully re-dissolved in 2 ml HCI (10 mol1~") and 10 ml
purified water (18 Q resistivity). Final sample dissolution
was performed with HCI because high field strength ele-
ments such as the REEs are stabilized in solution in this
way (Miinker, 1998; Robinson et al., 1999; Dulski, 2001).
The resulting clear solutions were filled into 50 ml volumet-
ric flasks, made up to volume with Milli-Q water and trans-
ferred into 50 ml polyethylene bottles. Prior to analysis,
Ru, Re, and Bi were added to aliquots of the solutions as
internal standards for drift correction, and the mixtures
were diluted by a factor of ten. Solutions prepared accord-
ing to the procedure described above show a dilution factor
of 5000 and are about 0.5mol 1! in hydrochloric acid.
Together with a batch of 14 samples, two procedure blanks
were prepared using the same procedure.

The ICP-MS measurements have been performed using
an externally calibrated ELAN 5000A quadrupole ICP
mass spectrometer (Perkin-Elmer/SCIEX, Canada). The
system was optimized to a sensitivity of approximately
80,000 cps for lanthanum and uranium in a 10 ng ml~" tun-
ing solution and a yield for CeO™" formation of about 2%.
The samples were analyzed in small batches comprising
only 4-5 sample solutions and a quality control solution
to monitor the instrumental drift. Each batch was preceded
by a calibration solution (10 ng/ml of individual REE), two
acid blanks, and a procedure blank. To correct for signal
drift during each analytical run, Ru and Re were used as
internal standards. Within one run, drift correction factors
were calculated using ratios of the count rates of Ru and
Re for the first solution relative to those in each solution
measured. Interference corrections have been routinely ap-
plied to correct analyte isotopes for molecular and isobaric
interferences (Dulski, 1994, 2001).

During sample analysis, the quality control solution was
analyzed approximately every hour. Evaluation of the con-
centrations measured in the solution throughout the day
showed that the instrumental drift was insignificant. The
relative standard deviations calculated on the basis of the
independent repeated analyses of the quality control solu-
tion ranged from 0.5-1.5%RSD at REE concentrations
exceeding 1.0 ppm and varied from approximately 1.5-
3.0%RSD at concentrations between 0.1 and 1.0 ppm (note
that the calculated standard deviations also depend on the
isotopic abundance of the isotope used for the ICP-MS
determination). In addition to the instrumental drift, the
precision and accuracy of the overall analytical procedure
were constantly evaluated through repeated independent
dissolution and analysis of international reference materi-
als. The precision of the analytical method is in the range
of approximately 1-5%RSD for most REEs suggesting
that the preparation of the samples (e.g., preparation of

homogeneous sample powders, dissolution of the powders,
and dilution of the sample solutions) represented a more
important source of random errors than instrumental drift.
The relative deviations of the analytical results from the
recommended values are typically well below £10% prov-
ing that the REE determinations were performed at high
accuracy. A detailed discussion of the analytical data ob-
tained on the international reference materials is given in
Appendix A.

5. Results
5.1. Sample petrography

Sample MGt-53 represents a white, medium- to coarse-
grained, equigranular albite granite. Major rock-forming
minerals are quartz, orthoclase, albite, and zinnwaldite.
Thin section examination revealed that the sample is
intensely altered. Primary plagioclase is pervasively albi-
tized, but sometimes also replaced by white mica (probably
2M; muscovite), illite, and kaolinite. Albitization also
affected primary K—feldspar although secondary formation
of white mica, illite, and kaolinite at the expense of K—feld-
spar is more common. Textural evidence suggests that the
zinnwaldite represents, at least in part, an alteration prod-
uct that formed during early greisenization (Li-rich type)
whereas the formation of the white mica was apparently
related to the late greisenization (Li-poor type). Secondary
illite and kaolinite occur in concentrations of ~5 modal %.
Fluorite and barite are common secondary accessory
phases.

Sample MGr-43 represents a medium-grained, equi-
granular quartz-zinnwaldite greisen with minor topaz
and lepidolite. Only very rare remnants of K—feldspar were
observed, whereas plagioclase is completely absent. Li-rich
mica flakes are partially replaced by kaolinite. All rock-
forming minerals are anhedral in shape. Fluorite, cassiter-
ite, columbite, monazite, and Xenotime are common
secondary accessory phases. More exotic minerals are
unusual members of the philipsbornite—florencite solid
solution series (Kempe et al., 1999) and brabandite (Wolf
et al., 2002). Accessory zircon shows several distinct styles
of secondary alteration (Kempe et al., 1997).

The samples from the Teplice rhyolite contain 20-50
modal % crystals and angular crystal fragments (<8 mm
in size) that are set in a fine-grained matrix (grain sizes
mainly below 10 pm). The crystals and crystal fragments
primarily consist of embayed and partly broken quartz.
However, variable amounts of K—feldspar and rare plagio-
clase (oligoclase to albite) crystals and crystal fragments
occur. Fe-rich biotite flakes ranging up to 2 mm in size
have been locally observed. An additional common feature
is the occurrence of small clusters of closely intergrown
chlorite, quartz, Ti-magnetite, fluorite, zircon, and some-
times apatite, rutile, and monazite that are up to several
mm in diameter. The matrix of the rhyolite samples is
mainly composed of microcrystalline quartz, K—feldspar,
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plagioclase (albite), and rare, Fe-rich biotite. Zircon repre-
sents the only primary accessory mineral recognized in the
matrix. Replacement of the Fe-rich biotite by chlorite and
rutile is common. Thin section inspection revealed that the
matrix of the rhyolitic samples contains recrystallized weld-
ed shards that are commonly deformed, stretched, and
compacted at the margins of the crystals and crystal frag-
ments. The observed plastic deformation of the pyroclasts
is consistent with the interpretation that the upper part
of the Teplice rhyolite represents an ignimbrite.

The samples from the Teplice rhyolite are variably al-
tered. Albitization primarily affected the plagioclase crys-
tals and crystal fragments. Alteration of the matrix
plagioclase is less obvious due to their smaller grain sizes.
The most prominent alteration of the crystals and crystal
fragments occurs in the samples X-2 and L-6a where pri-
mary plagioclase is pervasively replaced by chessboard-al-
bite. In the other samples, the degree of albitization is
difficult to recognize due to the overprinting effects of later
alteration processes. In addition to albitization, greiseniza-
tion, and argillization affected several samples collected
from the Teplice rhyolite. Sample MR-19 contains abun-
dant secondary minerals in the fine-grained matrix includ-
ing violet fluorite and muscovite. In addition, hematite,
zinnwaldite, and kaolinite occur in the matrix of rhyolite
collected in the vicinity of the Zinnwald deposit (samples
MR-15, MR-19, and MR-14). In these samples, accessory
zircon grains exhibit textural and chemical evidence for
hydrothermal alteration including replacement structures
and anomalously high Fe, Ca, U, and Y contents. The for-
mation of fluorite, associated hematite, and secondary
sheet silicates as well as the observed alteration of zircon
are tentatively interpreted to be a result of the wall rock
greisenization. Late argillization of the plagioclase crystals
and crystal fragments was observed in the samples MR-15
and MR-19.

5.2. Major and trace element geochemistry

Whole rock geochemical analysis confirmed the thin sec-
tion observations that the albite granite MGt-53 is intense-
ly altered. The sample is typified by low Na,O and high
K,O contents (0.81 wt% Na,O and 5.65 wt% K,O) when
compared to the less intensely greisenized and argillized al-
bite granite samples from Zinnwald that have average com-
positions of 3.86 wt% Na,O and 4.62 wt% K,O (Seltmann
et al., 1998). Complex alteration of the sample MGt-53
resulted in an enrichment of the elements F, Li, Rb, Sn,
and Ba. The whole rock geochemical characteristics of
the quartz—zinnwaldite greisen MGr-43 are not unlike
those of the altered granite (Table 1). However, due to
the intense alteration, the greisen sample is typified by even
lower Na,O and CaO contents and shows higher F, Li, Rb,
and Sn concentrations.

The geochemical composition of the rhyolite samples
also reflects the complex overlap of primary geochemical
signatures with chemical changes induced during albitiza-
tion, greisenization, and argillization. The samples X-2
and L-6a containing abundant secondary chessboard-albite
show high overall Na,O concentrations whereas the least-
altered rhyolite L-3 has a somewhat lower Na,O content.
Greisenization and argillization generally caused a decrease
in the Na,O contents. Consequently, the moderately
greisenized samples L-4a and MR-14 show elevated
Na»O contents, whereas the intensely altered rhyolite sam-
ples MR-15 and MR-19 are typified by very low concentra-
tions of this alkali element. Due to the overprinting effect
of the greisenization and argillization, the degree of albiti-
zation cannot be readily quantified on the basis of the
whole rock geochemical analyses. The degree of greiseniza-
tion is, however, reflected by an increase in the concentra-
tions of F, Li, Rb, Cs, and Sn, but also resulted in a
decrease in the Ba content of the altered whole rock

Table 1
Whole rock geochemical data of the samples from the Zinnwald deposit (major elements and F in wt%, all other data in ppm)

MGt-53 MGr-43 X-2 L-6a MR-15 L-4a MR-19 MR-14 L-3
SiO, 73.00 79.41 73.81 75.18 76.25 77.05 80.31 75.25 75.35
TiO, 0.01 0.01 0.05 0.05 0.12 0.12 0.14 0.16 0.11
AlLO3 15.19 8.61 12.49 12.86 12.13 12.4 9.64 12.73 12.57
Fe,0; 0.98 3.18 1.02 1.01 1.94 1.59 2.04 1.56 1.84
MnO 0.09 0.41 0.03 0.03 0.04 <0.02 0.17 0.08 <0.02
MgO 0.17 <0.10 <0.10 <0.10 0.15 0.12 0.13 0.12 0.17
CaO 0.43 0.23 0.53 0.79 0.70 0.50 0.77 0.77 0.10
Na,O 0.81 0.05 3.71 3.73 0.38 2.97 0.31 1.66 2.01
K,0 5.65 4.15 433 4.53 6.41 5.24 3.99 6.01 6.23
P,0s 0.02 0.01 0.02 0.03 0.01 0.02 0.02 0.03 0.01
SO; 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
LOI 3.09 1.51 0.86 0.89 1.88 0.70 1.86 1.52 0.97
F 0.58 3.73 0.38 0.52 0.82 0.20 2.49 0.75 0.11
Li 1150 4605 nd nd 451 66 1365 115 20
Cs 26 136 24 25 48 10 47 33 <8
Rb 2441 3604 901 898 1273 387 1680 571 361
Sn 166 758 38 35 20 15 184 66 <10
Ba 714 131 8.4 13 216 117 134 229 224

Notes: All iron is given as Fe,Os3. LOI, loss on ignition. nd, not determined.
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samples. Argillization is typified by the addition of F and
Ba (Table 1).

5.3. Rare earth element data

To constrain the sample and element specific random er-
rors of the ICP-MS determinations, all samples from the
Zinnwald deposit were repeatedly dissolved and analyzed.
Appendix B gives the results of the 5-10 independent sam-
ple preparations and analyses along with the calculated
averages, standard deviations, and relative standard devia-
tions. A summary of the REE data is given in Table 2.

Fig. 2 shows the normalized REE patterns of the altered
granite sample MGt-53 and the greisen MGr-43. Both
endocontact samples exhibit kinked REE patterns, the nor-
malized REE concentrations decrease from La to Gd and
increase from Gd to Lu. The kinks in the REE patterns
are camouflaged by prominent convex tetrads and pro-
nounced negative Eu anomalies (Eu/Eu* ratios of 0.05
and 0.01). Visual inspection suggests that the first tetrad
is more prominent than the third and fourth curved seg-
ments. The second tetrad is comparably difficult to recog-
nize due to the anomalous behavior of Eu and the fact
that Pm does not occur in nature.

The two intensely albitized rhyolite samples X-2 and L-
6a exhibit relatively flat REE patterns (Fig. 3). The normal-
ized REE concentrations decrease slightly from La to Gd
and increase from Gd onwards. Both patterns show notice-
able tetrads and prominent negative Eu anomalies with an
Eu/Eu* ratio of 0.01. In both rhyolite samples, only the
first and third tetrads are prominent and readily recogniz-
able as curved segments.

All other samples from the Teplice rhyolite are typified
by pronounced enrichments of the light REEs (Figs. 4
and 5). The normalized REE patterns of the samples

MR-15 and MR-19 exhibit steep slopes from La to Gd,
but are almost horizontal between Gd and Lu (Table 2).
Both samples exhibit prominent negative Eu anomalies
(Eu/Eu* ratios of 0.06 and 0.12). In contrast to these two
rhyolite samples, the normalized REE concentrations of
the samples L-4a, MR-14, and L-3 decrease continuously
from La to Lu, but also show prominent negative Eu
anomalies (Eu/Eu* values of 0.07-0.14). Although the first,
third, and fourth tetrads in sample MR-15 are small in size,
curvature of these segments can be readily recognized. In
contrast, the rhyolite L-4a only shows notable curvature
of the first and third tetrads. The existence of tetrads in
the samples MR-19, MR-14, and L-3 is ambiguous (Fig. 5).

Quantification of the tetrad sizes was carried out in anal-
ogy to the method proposed by Monecke et al. (2002).
These authors suggested that the tetrad sizes in logarithmi-
cally scaled normalized REE patterns, denoted as 7}, where
i=1...4 is the number of the respective tetrad, are best
represented by the deviations of the two central elements
within each tetrad from a straight line connecting the con-
tents of the first and the last element of the tetrad. The val-
ue of T;is zero if all four elements of the tetrad i plot on a
straight line, whereas 7; > 0 if the tetrad is either convex or
concave. In the present case, the arithmetic mean values
calculated on the basis of the repeated independent sample
preparations and analyses (Appendix B) have been used to
quantify the tetrad sizes (Table 3).

Monecke et al. (2002) proposed that a given tetrad i is
only significant if the calculated 7; value exceeds a certain
level of significance calculated from estimated analytical er-
rors. In contrast to the study of Monecke et al. (2002) that
was based only on a single determination of the REE con-
centrations in each sample, the element and sample specific
standard deviations of the REE measurements have been
constrained in the present case. Thus, it is now possible

Table 2
Rare earth element concentrations of the samples from the Zinnwald deposit (all data in ppm)

MGt-53 MGr-43 X-2 L-6a MR-15 L-4a MR-19 MR-14 L-3
La 16.8 11.9 21.1 22.0 54.4 64.5 51.5 67.7 37.6
Ce 49.6 35.9 51.3 55.6 114 130 103 137 78.7
Pr 5.72 4.09 7.01 7.53 13.3 15.1 12.4 15.4 10.6
Nd 15.1 10.8 27.0 29.6 46.5 53.0 437 53.5 38.7
Sm 4.49 3.11 9.21 10.5 10.9 11.5 9.41 10.9 8.51
Eu 0.057 0.012 0.023 0.024 0.220 0.262 0.344 0.454 0.270
Gd 2.81 2.20 10.6 12.6 10.3 10.6 8.22 9.48 7.47
Tb 0.747 0.614 2.27 2.74 1.84 1.83 1.40 1.55 1.21
Dy 5.68 4.72 16.4 19.5 11.6 11.4 8.67 9.28 7.29
Ho 1.18 0.965 3.62 4.20 2.32 2.30 1.71 1.81 1.42
Er 4.56 3.73 12.0 133 6.94 6.59 5.13 5.25 4.05
Tm 0.983 0.825 2.00 2.13 1.06 0.955 0.799 0.728 0.584
Yb 8.97 7.66 14.0 14.7 7.17 5.94 5.58 4.69 3.82
Lu 1.35 1.14 2.07 2.13 1.03 0.859 0.806 0.672 0.554
La,/Gd, 5.01 4.54 1.67 1.46 4.42 5.12 5.25 5.98 422
Gd,/Lu, 0.26 0.24 0.63 0.73 1.24 1.52 1.26 1.74 1.67
Eu/Eu* 0.05 0.01 0.01 0.01 0.06 0.07 0.12 0.14 0.10

Note: The data represent the arithmetic mean values derived from 5-10 repeated independent sample preparations and measurements (Appendix B). The
normalization is based on the chondrite data given by Anders and Grevesse (1989). The Eu anomaly is defined as Eu/Eu* = Eu,/+/Sm, x Gd,.
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(Endocontact) (Endocontact)
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LaCePrNd SmEuGdTbDyHoErTm YbLu LaCePrNd SmEuGdTbDyHoErTm Yb Lu

Fig. 2. Normalized REE patterns of the altered granite sample MGt-53 and the greisen MGr-43 from the Zinnwald deposit. The plotted REE
concentrations represent the arithmetic mean values derived from repeated independent preparations and measurements of both samples. The
normalization is based on the chondrite data given by Anders and Grevesse (1989). See text for details on the quantification of the tetrad sizes.
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LaCePrNd SmEuGdTbDyHoErTmYb Lu LaCePrNd SmEuGdTbDyHoErTmYb Lu

Fig. 3. Normalized REE patterns of the albitized rhyolite samples X-2 and L-6a from the Zinnwald deposit. The plotted REE concentrations represent the
arithmetic mean values derived from repeated independent preparations and measurements of both samples. The normalization is based on the chondrite
data given by Anders and Grevesse (1989). See text for details on the quantification of the tetrad sizes.
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LaCePrNd SmEuGdTb Dy HOEr Tm Yb Lu LaCePrNd SMEuGdTh Dy Ho Er Tm Yb Lu

Fig. 4. Normalized REE patterns of the altered rhyolite samples MR-15 and L-4a from the Zinnwald deposit. The plotted REE concentrations represent
the arithmetic mean values derived from repeated independent preparations and measurements of both samples. The normalization is based on the
chondrite data given by Anders and Grevesse (1989). See text for details on the quantification of the tetrad sizes.
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LaCePrNd SmEuGdTbDy HoErTm Yb Lu LaCePrNd  SmEuGdTbDy HoErTmYb Lu LaCePrNd  SmEuGdTbDy HoErTm Yb Lu

Fig. 5. Normalized REE patterns of the altered rhyolite samples MR-19, MR-14, and L-3 from the Zinnwald deposit. The plotted REE concentrations
represent the arithmetic mean values derived from repeated independent preparations and measurements of both samples. The normalization is based on
the chondrite data given by Anders and Grevesse (1989). See text for details on the quantification of the tetrad sizes.
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of the four elements. The values of the derivatives (07/0
x.) are calculated at the mean concentrations X,. This ap-
proach is of advantage because the standard deviations
of the tetrad sizes could be used, e.g., in the calculation
of confidence intervals or the construction of error bars
in plots correlating the sizes of tetrads with other geochem-
ical parameters. The derived standard deviations and 99%
confidence intervals of the T; values are listed in Table 3.
Based on a visual examination of the normalized REE
patterns and the calculated confidence intervals, it is possi-
ble to evaluate the significance of the tetrads. Inspection of
Table 3 shows that all three quantifiable tetrads in the REE
patterns of the albite granite and greisen samples are signif-
icant from the analytical point of view. In both cases, the
first tetrad is larger in size than the third and fourth curved
segments. In the exocontact samples, only the intensely alb-
itized rhyolite samples X-2 and L-6a show three significant
tetrads at the 99% confidence level. The first curved seg-
ments always represent the largest tetrads. The sample
MR-15 is also typified by three significant tetrads, but
the fourth tetrad is only significant at the 99% confidence
level because the sample preparation and analysis was
repeated ten times (Table 3). The rhyolite L-4a is typified
by significant first and third tetrads, the fourth tetrad is,

Table 3

Sizes and confidence intervals of tetrads in the rare earth element patterns.
The significance of the tetrads was judged on the basis of the confidence
intervals and visual inspection of the normalized rare earth element plots

Sample Tetrad T SD +AT Significance
MGt-53 1 0.489 0.020 0.041 Yes
3 0.260 0.020 0.041 Yes
4 0.192 0.017 0.035 Yes
MGr-43 1 0.504 0.036 0.075 Yes
3 0.302 0.045 0.092 Yes
4 0.217 0.039 0.081 Yes
X-2 1 0.121 0.010 0.021 Yes
3 0.099 0.015 0.032 Yes
4 0.052 0.011 0.023 Yes
L-6a 1 0.128 0.014 0.029 Yes
3 0.120 0.014 0.028 Yes
4 0.041 0.015 0.030 Yes
MR-15 1 0.093 0.011 0.011 Yes
3 0.054 0.015 0.015 Yes
4 0.026 0.013 0.013 Yes
L-4a 1 0.070 0.007 0.015 Yes
3 0.030 0.010 0.020 Yes
4 0.014 0.006 0.013 No
MR-19 1 0.069 0.012 0.024 Yes
3 0.036 0.023 0.047 No
4 0.033 0.027 0.055 No
MR-14 1 0.074 0.008 0.016 Yes
3 0.024 0.010 0.021 No
4 0.027 0.013 0.027 No
L-3 1 0.089 0.017 0.035 No
3 0.022 0.017 0.035 No
4 0.012 0.019 0.039 No

Notes: The data are calculated on the basis of the 5-10 repeated inde-
pendent sample preparations and measurements (Appendix B). SD,
standard deviation; +AT7 =99% confidence interval (calculated as
4.605SD+/n for n =15 and 3.250SD+/n for n = 10).

however, not unequivocally recognizable at this confidence
level. Careful error evaluation as performed in the present
study further established that only the first tetrad is signif-
icant in the samples MR-19 and MR-14. The rhyolite L-3
lacks significant tetrads although the deviation of Ce from
a straight line connecting La and Nd in the normalized
REE plot (Fig. 5) is significant from the analytical point
of view.

6. Discussion
6.1. Analytical significance of subtle tetrads

McLennan (1994) showed that the recognition of subtle
tetrads in normalized REE patterns requires the use of a
highly precise and accurate analytical procedure that al-
lows the determination of complete REE patterns. Error
calculations forming part of previous investigations (Mon-
ecke et al., 2002, 2003) illustrated that a precision of 5 to 10
%RSD, characteristic for ICP-MS investigations on whole
rock samples containing abundant refractory phases such
as zircon, is indeed insufficient to warrant geochemical
interpretation of subtle tetrads in rocks collected from
evolved granitic systems.

In contrast to earlier studies that used estimated random
errors (Monecke et al., 2002, 2003; Takahashi et al., 2003),
the present study aimed to directly constrain the element
and sample specific random errors of the REE determina-
tions through repeated independent sample preparation
and analysis. Optimization of the analytical procedure
and in particular, the method of sample dissolution,
showed that ICP-MS measurements on whole rock samples
from evolved granitic systems are routinely possible at a
precision ranging from approximately 1-3%RSD for most
REEs.

Rigorous statistical treatment at the 99% confidence
interval demonstrates that all quantifiable curved segments
in the REE patterns of the endocontact samples from the
Zinnwald deposit cannot be explained by the random er-
rors of the REE determination (Table 3). Comparison of
the results of the present study to the findings of Monecke
et al. (2002) shows that repeated sample preparation and
analysis allowed the recognition of the subtle fourth tetrads
in the endocontact samples that could not be unequivocally
identified on the basis of a single ICP-MS measurement. In
contrast to the endocontact samples, the rhyolitic wall
rocks do not always exhibit three analytically significant
tetrads. The petrographic evidence suggests that the num-
ber of significant tetrads correlates with the style and inten-
sity of hydrothermal alteration. The earlier study by
Monecke et al. (2002) failed to recognize this relationship
because single ICP-MS measurement of the whole rocks
did not allow the identification of subtle tetrads. It is, there-
fore, proposed here that repeated sample preparation and
analysis should be routinely performed if subtle tetrads
are studied.
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The present investigation shows that five independent
preparations and analyses are typically sufficient to prove
the existence of subtle tetrads having 7; values of approxi-
mately 0.100-0.200. However, a further increase in the
number of analyses may be required to test for even smaller
tetrads. For instance, ten independent sample preparations
and analyses were required to identify the very subtle
fourth tetrad in the REE pattern of the rhyolite sample
MR-15 at the 99% confidence level. The example highlights
the fact that the chosen analytical strategy is a critical fac-
tor in the decision whether geochemical relevance should
be attributed to subtle curved segments in normalized
REE patterns.

In addition to the discussion of the random errors of the
ICP-MS investigations, it is important to evaluate the accu-
racy of the analytical method to ensure that subtle tetrads
are not introduced by systematic errors. In the present case,
systematic errors of the ICP-MS measurements were ruled
out as an explanation for the observed tetrads because the
measurement of international reference materials yielded
results that are in good agreement with the recommended
values (Appendix A). In addition, no significant tetrads
were observed in the REE patterns of the reference materi-
als. Assuming that the specific chemistry of the investigated
samples did not induce any systematic bias, this indicates
that tetrads in the whole rock samples from Zinnwald can-
not be accounted for by analytical difficulties. The samples
and reference materials were analyzed simultaneously un-
der identical analytical conditions. Although there is no
evidence supporting the assumption that artificial tetrads
can be introduced at all during rock dissolution in PTFE
vessels and subsequent ICP-MS analysis as carried out in
the present study, it is important to note that the situation
may be different if the REEs have to be enriched from high-
ly dilute solutions such as water samples, e.g., by the ferric
hydroxide co-precipitation method (Wood, 2003).

Because random and systematic errors of the REE
determinations cannot explain most of the tetrads observa-
ble in the normalized REE patterns of endo- and exocon-
tact samples from the granite-hosted Zinnwald deposit,
Germany, the question arises which geochemical process
is responsible for the development of the curved convex
segments.

6.2. Genetic significance of subtle tetrads

Following the arguments of Bau (1997) and Irber
(1999), it is unlikely that the three quantifiable tetrads in
the REE patterns of the endocontact samples from the
Zinnwald deposit represent a result of fractional crystalli-
zation of accessory phases, especially since garnet or pri-
mary xenotime have not been observed in granite and
greisen from this locality.

ICP-MS analysis of albite granite and greisen samples
revealed that the tetrads in the REE patterns of both rock
types have similar sizes (Fig. 2), a fact already noted by
Sala (1999) and Monecke et al. (2002). This observation

suggests that sub-solidus greisenization was not responsible
for the development of the convex tetrads in the endocon-
tact samples. However, Sala (1999) showed that the albite
granite has, in general, slightly higher overall lanthanide
concentrations suggesting that the greisenization resulted
in a remobilization of the REEs. This suggestion is consis-
tent with the occurrence of abundant secondary REE-bear-
ing phosphates, arsenates, and sulfates in the greisen
(Kempe et al., 1999; Wolf et al., 2002).

In addition to greisenization, late stage argillization was
found to be widespread in the endocontact of the Zinnwald
granite massif. Low-temperature argillization primarily
affected the albite granite, but is not well developed in
the greisen because feldspar readily accessible to argilliza-
tion does not represent a major component of this rock
type. Furthermore, because there is no correlation between
the tetrad sizes and the degree of argillization (Sala, 1999),
the development of the convex tetrads in endocontact sam-
ples can also not be linked to this style of hydrothermal
alteration.

Combined with the geological relationships, the geo-
chemical evidence implies that the convex segments in the
REE patterns of the endocontact samples formed prior
to the greisenization and the late stage argillization (surface
weathering did not affect the underground samples). There-
fore, it has to be concluded that the development of the
tetrads in the endocontact samples was linked to either a
hitherto unrecognized process occurring during the mag-
matic evolution of the granitic melt or, alternatively, to
the albitization of the granite that predates greisenization
and ore deposition.

In analogy to the samples from the endocontact, it is
unlikely that fractional crystallization caused the tetrads
in the rhyolite samples of the exocontact. In particular,
the observed variations in the tetrad sizes cannot be readily
accounted for by models linking the tetrad effect to the evo-
lution of the rhyolitic magma at depth prior to its eruption
as an ignimbrite. Correlation of the tetrad sizes with the
style and intensity of hydrothermal alteration suggests that
the tetrads represent a result of the interaction of the Te-
plice rhyolite with hydrothermal fluids related to the gran-
ite intrusion. However, it is important to note that least-
altered rhyolite samples show a subtle curvature of the first
tetrad. It is proposed here that at least two tetrads in whole
rock REE patterns have to be analytically significant to
postulate the occurrence of the tetrad effect.

Based on the results of the whole rock geochemical anal-
ysis, the extent of greisenization and argillization of the
rhyolite samples can be readily estimated and compared
to the calculated sizes of the tetrads. Although pronounced
tetrads have been observed in some altered rhyolite sam-
ples, there is no correlation between the tetrad sizes and
the whole rock F, Li, Rb, Cs, and Sn concentrations (Ta-
bles 1 and 3). In particular, it is important to note that
the rhyolite MR-19, the sample that has been affected by
most intense greisenization and argillization, shows only
one analytically significant tetrad. Greisenization and the
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spatially more restricted argillization in the exocontact are,
therefore, not linked to the formation of the curved seg-
ments in the REE patterns of the wall rocks.

In contrast to greisenization and argillization, the degree
of albitization of the rhyolite samples is difficult to estimate
on the basis of the whole rock geochemical data. The most
prominent chemical effect related to formation of second-
ary albite is an increase in the whole rock Na,O content.
However, subsequent greisenization resulted in decreasing
Na,O concentrations. Thus, thin section inspection pro-
vides the only reliable information constraining the degree
of albitization of the rhyolitic wall rocks. Intense albitiza-
tion of plagioclase crystals and crystal fragments was ob-
served in the samples X-2 and L-6a. Both samples are
typified by flat REE patterns showing three significant tetr-
ads at the 99% confidence level. The rhyolite MR-15, a
third sample with three significant tetrads at this level of
confidence, was affected by intense greisenization and argil-
lization overprinting earlier albitization. Due to the perva-
sive replacement of the primary plagioclase crystals and
crystal fragments, the degree of albitization could not be
estimated by optical microscopy. No evidence for albitiza-
tion could be found in the samples L-4a, MR-19, MR-14,
and L-3 that are only typified by one or two significant tetr-
ads. Based on these observations, it is proposed that the
tetrads in the exocontact samples are most probably linked
to the albitization of the rhyolitic wall rocks.

The findings of the present study demonstrate that the
tetrads in the REE patterns of endocontact rocks from
the Zinnwald Sn—W deposit, Germany, formed either in re-
sponse to a hitherto unconstrained process early in the evo-
lution of the magmatic—hydrothermal system or during the
hydrothermal albitization of the granite massif at sub-soli-
dus conditions. In contrast, the tetrads in the REE patterns
of the wall rocks were clearly introduced during the inter-
action of the rhyolite with the hydrothermal fluids. Forma-
tion of the tetrads predated the greisenization of the granite
and the surrounding wall rocks and the formation of the
tin ores.

Based on an extensive geochemical survey on fluorite
from Sn deposits (Kempe and Goldstein, 1997) and the re-
sults of previous experimental investigations (Peppard
et al., 1969; Veksler et al., 2005), it is assumed here that
the occurrence of the tetrad effect during the evolution of
the magmatic-hydrothermal system at Zinnwald is linked
to processes of phase separation. At present, two possible
scenarios of tetrad formation are consistent with the geo-
logical and geochemical evidence.

As a first scenario it may be assumed that the evolution
of the magmatic-hydrothermal system at Zinnwald was
accompanied by the unmixing of an originally homoge-
neous melt at super-liquidus conditions. As a result, convex
tetrads were formed in the silicate melt that intruded in the
subvolcanic environment, whereas the complimentary REE
pattern must have been removed from the subvolcanic
environment into an immiscible, currently unrecognized,
phase. In this case, the granite may already have possessed

convex tetrads prior to hydrothermal alteration at sub-sol-
idus conditions. The hydrothermal fluids involved in the
early albitization of the granite may then have inherited
the unusual geochemical signature from the endocontact
rocks. Outward migration of the hydrothermal fluids into
the surrounding wall rocks resulted in the albitization of
the Teplice rhyolite. The subtle tetrads in the REE patterns
of the wall rock are consequently a direct result of the
hydrothermal overprint by fluids already showing convex
tetrads following their interaction with the granite. Support
for this model comes from a melt inclusion study that sug-
gests that the evolution of the magmatic-hydrothermal sys-
tem at Zinnwald was indeed accompanied by the unmixing
of an originally homogeneous melt into two phases at
super-liquidus conditions (Thomas et al., 2005). However,
it is important to note that intense secondary alteration is
widespread in the upper portion of the granite massif. Cur-
rently, it cannot be ruled out that melt inclusions hosted by
primary minerals such as quartz have not been composi-
tionally modified during secondary alteration.

Alternatively, it is possible that the granite at Zinnwald
was not typified by tetrads prior to hydrothermal alteration
at sub-solidus conditions. In this case, phase separation in
the hydrothermal environment may have generated an
aqueous fluid showing convex tetrads, and a second, cur-
rently not recognized, phase with concave tetrads. Interac-
tion of the granite and rhyolite with the aqueous fluid
showing convex tetrads resulted in the albitization of the
endo- and exocontact rocks and the development of M-
shaped whole rock REE patterns. In this scenario, the
observed differences in the tetrad sizes of the endo- and
exocontact rocks are probably best explained by a distinct
change in the rate of REE fractionation at the contact be-
tween the granite and the wall rocks or a pronounced de-
crease in the intensity of fluid—rock interaction across the
contact. Although it is currently unknown whether albiti-
zation of the granite and the surrounding rhyolite at Zinn-
wald was accompanied by unmixing of an originally
homogeneous hydrothermal fluid, fluid inclusion investiga-
tions suggest that phase separation occurred during the
evolution of the hydrothermal system (Durisova et al.,
1979; Heinrich et al., 1999). It remains, however, unclear
why mineral and rock samples exhibiting complementary
W-shaped REE patterns have not yet been found anywhere
in the Zinnwald magmatic-hydrothermal system.

The geochemical processes involved in the development
of convex tetrads are complex. Both scenarios described
above should be considered as ’end-member’ models. It
cannot be ruled out that a combination of both scenarios
involving repeated unmixing of melts and/or hydrothermal
fluids took place during the evolution of the evolved tin-
bearing magmatic-hydrothermal system at Zinnwald.
Comparison of the analytical results of the present contri-
bution to granite data from other tin deposits in the Erzge-
birge (Irber, 1999) shows that the three quantifiable tetrads
in the whole rock REE patterns have variable relative sizes
where either the first or the third tetrad is dominant. Thus,
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more than one process may be required to explain both the
occurrence of tetrads in the evolved granitic systems as well
as the variations in the relative sizes of the tetrads between
individual deposits.

7. Conclusions

The present study demonstrates that the occurrence of
subtle convex (M-shaped) tetrads in normalized REE pat-
terns of whole rock samples from the granite-hosted Zinn-
wald Sn—W deposit, Germany, cannot be accounted for by
analytical uncertainties. Based on repeated independent
preparations and analyses of samples and international ref-
erence materials, the element and sample specific random
and systematic errors of the ICP-MS measurements have
been determined. Error evaluation revealed that endocon-
tact granite and greisen samples are typified by significant
convex tetrads whereas the tetrad sizes of exocontact rhyo-
lite samples are frequently close to, or below, the limit of
analytical significance. The observed tetrads cannot be
accounted for by systematic errors because simultaneous
analysis of international reference materials demonstrated
that the REE determinations were performed at high accu-
racy. Despite increased analytical costs, it is proposed that
the developed analytical method should be used routinely
in the study of whole rock samples exhibiting subtle
tetrads.

Critical discussion of the data demonstrates that the
presence of a single analytically significant curved segment
in the REE patterns of whole rock samples from evolved
granitic systems is insufficient to rule out that the unusual
behavior of the REEs is not related to fractional crystalli-
zation. It is proposed that at least two curved segments
have to be confidently identified to allow the conclusion
that the fractionation of the REEs during the evolution
of a given magmatic-hydrothermal system is related to
the lanthanide tetrad effect.

Based on the geological, petrographic, and geochemical
evidence, some preliminary conclusions can be drawn on
the occurrence of the lanthanide tetrad effect during the
evolution of the magmatic-hydrothermal system at Zinn-
wald. In the case of the endocontact rocks, the convex tetr-
ads must have developed prior to the hydrothermal
greisenization and the main stage ore formation, presum-
ably in response to phase separation at super-liquidus con-
ditions or unmixing of an originally homogeneous
hydrothermal fluid during the early albitization of the
granite massif. In contrast to endocontact samples, the
convex tetrads in the normalized REE patterns of rhyolitic
wall rocks clearly formed during sub-solidus alteration, the
size of the tetrads apparently correlates with the intensity
of albitization. The hydrothermal fluids involved in the alb-
itization of the rhyolitic wall rocks acquired their unusual
REE signatures during sub-solidus interaction with the
endocontact rocks or as a result of processes of phase sep-
aration in the hydrothermal environment. The convex tetr-
ads in the endo- and exocontact samples from the

Zinnwald deposit were not introduced during late stage
argillitization or surface weathering.

Further detailed investigations on rock and mineral
samples are required to determine whether the lanthanide
tetrad effect in evolved granitic systems associated with rare
metal deposits is confined to the magmatic or hydrother-
mal environment. Significant advances in the field are pre-
dicted once host minerals of melt or fluid inclusions are
found that show REE patterns with concave (W-shaped)
tetrads.
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Appendix A. Repeated independent preparation and analysis
ofreference materials

The quality of the applied analytical procedure was eval-
uated on the basis of repeated independent preparations
and analyses of a wide range of international reference
materials that bracket the composition of the samples from
the Zinnwald deposit. As an example, the REE concentra-
tions of five independent preparations and analyses of the
reference materials BVHO-1 (basalt from the Kilauea cal-
dera, Kilauea volcano, Hawaii) and G-2 (granite from Sul-
livan quarry, Bradford, Rhode Island, USA) are given in
Tables Al and A2 along with the respective arithmetic
mean values, standard deviations, and relative standard
deviations.

The results of the repeated analyses of the two reference
materials demonstrate that the precision of the analytical
method was below 5%RSD for most elements. The preci-
sion of the REE determinations is visualized in Fig. Al
by calculating the ratios between the analyte content deter-
mined for each run and the mean value of the five indepen-
dent sample preparations and measurements. Inspection of
the plots illustrates that large spreads in the REE determi-
nation can be observed only for certain analytes, in most
cases these analytes are typified by low concentrations.
The observed random errors are interpreted to have been
largely introduced during the preparation of the samples
(e.g., preparation of homogeneous sample powders, disso-
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Table Al
Rare earth element concentrations in the reference material BHVO-1 (all
data in ppm)

1 2 3 4 5 Mean SD Y%RSD

La 156 15.3 15.5 15.2 15.6 15.4 0.2 1.2
Ce 382 37.9 37.8 37.3 38.5 37.9 0.5 1.2
Pr 5.56 5.58 5.52 5.50 5.69 557 007 1.3
Nd 24.1 243 243 23.8 24.8 243 0.4 1.5
Sm  6.03 5.96 6.02 5.82 6.05 598 0.09 1.6
Eu 210 2.15 2.06 2.05 2.09 209 004 1.9
Gd 657 6.52 6.52 6.31 6.69 652 0.14 2.1
Tb 0935 0951 0923 0910 0.960 0936 0.020 2.2
Dy 538 5.32 5.25 5.21 5.53 534 013 24
Ho 1.00 0.961 0980 0939 0.991 0974 0.024 2.5
Er 2.56 2.57 2.50 2.49 2.61 255 005 20
Tm 0330 0334 0334 0327 0.334 0332 0.003 1.0
Yb 194 2.19 2.17 2.15 2.02 209 011 52
Lu 0283 0.283 0.271 0275 0290 0.280 0.007 2.7

Notes: SD, standard deviation; %RSD, relative standard deviation in %.

lution of the powders, and dilution of the sample solutions)
although instrumental drift clearly contributed to the
spread in the analytical results. In general, the REEs were
less precisely determined in the granitic reference material
G-2 than in the basalt BVHO-1. This observation is most
readily explained by the presence of refractory REE-bear-
ing minerals such as zircon hampering quantitative sample
dissolution.

The accuracy of the REE determinations can be judged
by comparing the mean values determined for the reference
materials with the reference values given by Govindaraju
(1994) and data obtained by other workers (Table A3).
Plots displaying the ratios between the REE concentrations
determined by other workers and those of the present con-
tribution are given in Fig. A2. The plots illustrate that the
agreement between the different data sets is very good for
the basalt reference material BHVO-1 (<5% deviation for
most elements) whereas the analyses of the granite G-2
are typified by larger discrepancies (<10% deviation for
most elements), particularly for the HREEs. In the case

Sample/mean value

A 1.150
C1m2O03V4A5

1.100 BHVO-1

1.050

RHRRHIHE

0.950

0.900

0.850

B 1.150
o1m20O03VvV4 A5

1.100 G-2 &

4

1.050

1.000

0.950

0.900

La CePrNd SmEuGdTbDy HoErTm Yb Lu

0.850

Fig. Al. Ratios between the REE contents in the international reference
materials BHVO-1 and G-2 determined for each run and the mean value
derived from repeated independent preparations and measurements.

Table A2
Rare earth element concentrations in the reference material G-2 (all data in ppm)
1 2 3 4 5 Mean SD %RSD

La 85.2 87.3 86.3 91.3 85.7 87.2 2.4 2.8
Ce 156 160 157 162 157 158 3 1.6
Pr 16.9 16.9 16.0 16.0 159 16.3 0.5 3.1
Nd 52.8 524 51.2 51.7 51.2 51.9 0.7 1.4
Sm 6.98 6.92 6.96 6.79 6.76 6.88 0.10 1.5
Eu 1.38 1.38 1.48 1.46 1.48 1.44 0.05 3.6
Gd 4.23 3.99 4.25 4.31 4.23 4.20 0.12 2.9
Tb 0.469 0.461 0.542 0.523 0.508 0.501 0.035 6.9
Dy 2.15 2.13 2.08 2.05 1.96 2.07 0.08 3.6
Ho 0.364 0.347 0.346 0.338 0.372 0.353 0.014 4.0
Er 0.915 0.900 0.881 0.806 0.928 0.886 0.048 5.4
Tm 0.123 0.114 0.118 0.109 0.121 0.117 0.006 4.8
Yb 0.707 0.693 0.753 0.735 0.784 0.734 0.036 4.9
Lu 0.108 0.105 0.134 0.134 0.135 0.123 0.015 12.4

Notes: SD, standard deviation; %RSD, relative standard deviation in %.
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Fig. A2. Comparison of the REE concentrations of the international reference materials BHVO-1 and G-2 determined in the present study with those
given by previous workers. The normalized patterns show that the REE determinations are internally consistent and agree, in general, well with the data
given in the literature. The plotted REE concentrations represent the arithmetic mean values derived from repeated independent preparations and
measurements of both reference materials. The normalization is based on the chondrite data given by Anders and Grevesse (1989).

of the granite G-2, the Tm information value given by
Govindaraju (1994) deviates significantly from the concen-
tration of this element as determined in the present study.
However, the Tm content derived in the present study
agrees well with ICP-MS measurements of other workers
(Table A3).

The reliability of the REE determinations can also be
evaluated by inspection of the normalized REE patterns
of the reference materials BHVO-1 and G-2 because the
lanthanides form a coherent group of elements where
anomalous behavior is typically restricted to Ce and Eu.
The smooth decrease of the normalized REE patterns from

La to Lu (Fig. A2) indicates internal consistency of the
data and further supports the assumption that systematic
errors were only of minor importance. The shapes of the
normalized REE pattern suggest that the Pr and Lu con-
tents have been systematically overestimated in the basalt
and the granite, respectively. The REE patterns of both ref-
erence materials lack tetrads suggesting that convex curva-
ture of the normalized segments of REE patterns is not a
result of systematic errors of the analytical procedure (note
that a number of international reference materials show
convex tetrads that are not introduced by systematic errors;
cf. Kawabe, 1995 and Dulski, 2001).
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Table Bl
Rare earth element concentrations in the samples from the Zinnwald deposit (all data in ppm)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
MGt-53 (Albite granite from the endocontact)
1 16.7 49.4 5.81 15.1 4.46 0.062 2.90 0.751 5.80 1.20 4.62 1.00 9.07 1.34
2 17.0 50.4 5.76 15.3 4.69 0.055 2.77 0.748 5.66 1.18 4.57 0.981 8.98 1.34
3 16.5 48.4 5.61 14.9 4.42 0.056 2.83 0.757 5.61 1.19 4.55 0.988 8.89 1.36
4 17.0 50.2 5.75 15.0 4.44 0.055 2.75 0.730 5.63 1.16 4.54 0.969 8.83 1.33
5 16.7 49.7 5.65 15.0 4.42 0.056 2.78 0.750 5.72 1.18 4.53 0.979 9.06 1.40
Mean 16.8 49.6 5.72 15.1 4.49 0.057 2.81 0.747 5.68 1.18 4.56 0.983 8.97 1.35
SD 0.2 0.8 0.08 0.2 0.12 0.003 0.06 0.010 0.08 0.01 0.04 0.012 0.11 0.03
%RSD 1.3 1.6 1.5 1.0 2.6 5.2 2.1 1.4 1.4 1.3 0.8 1.2 1.2 2.1
MGr-43 (Greisen from the endocontact)
1 12.0 36.0 4.12 10.7 3.09 0.011 2.28 0.630 4.86 1.00 3.83 0.857 7.97 1.18
2 11.4 343 3.89 10.6 3.04 0.011 2.06 0.594 4.60 0.918 3.60 0.800 7.50 1.11
3 12.1 36.4 4.13 10.9 3.14 0.013 2.18 0.606 4.62 0.952 3.66 0.804 7.49 1.11
4 12.2 36.7 4.21 10.8 3.21 0.013 2.27 0.634 4.89 1.00 3.89 0.856 7.87 1.18
5 11.8 359 4.10 10.8 3.06 0.012 2.19 0.605 4.61 0.953 3.66 0.806 7.47 1.12
Mean 11.9 35.9 4.09 10.8 3.11 0.012 2.20 0.614 4.72 0.965 3.73 0.825 7.66 1.14
SD 0.3 0.9 0.12 0.1 0.07 0.001 0.09 0.017 0.15 0.035 0.12 0.029 0.24 0.04
%RSD 2.7 2.6 2.9 1.1 2.2 8.3 4.0 2.8 3.1 3.7 33 3.5 3.1 3.2
X-2 (Rhyolite from the exocontact)
1 21.2 51.0 6.98 27.0 9.24 0.024 10.5 2.28 16.5 3.63 12.1 2.01 14.2 2.10
2 21.4 524 7.13 27.4 9.33 0.022 10.9 2.32 16.6 3.66 12.0 1.98 14.1 2.07
3 21.0 51.2 6.98 27.0 9.16 0.023 10.7 2.29 16.4 3.65 12.0 2.03 14.1 2.10
4 21.0 51.1 6.98 26.9 9.12 0.024 10.5 2.26 16.3 3.59 12.0 1.98 13.8 2.04
5 21.0 51.0 7.00 26.9 9.18 0.024 104 221 16.3 3.57 11.9 2.00 13.9 2.06
Mean 21.1 51.3 7.01 27.0 9.21 0.023 10.6 2.27 16.4 3.62 12.0 2.00 14.0 2.07
SD 0.2 0.6 0.07 0.2 0.08 0.001 0.2 0.04 0.1 0.04 0.1 0.02 0.2 0.03
%RSD 0.8 1.2 0.9 0.8 0.9 3.8 1.9 1.8 0.8 1.1 0.6 1.1 1.2 1.3
L-6a (Rhyolite from the exocontact)
1 22.3 56.6 7.59 30.1 10.6 0.024 12.6 2.80 19.8 4.22 134 2.10 15.0 2.17
2 21.7 55.3 7.50 29.6 10.4 0.026 12.6 2.75 19.6 4.12 13.2 2.13 14.6 2.09
3 22.2 56.1 7.64 29.9 10.6 0.026 12.7 2.76 19.3 4.24 13.5 2.18 14.9 2.15
4 22.0 55.5 7.49 29.5 10.6 0.025 12.6 2.72 19.6 4.23 13.4 2.12 14.7 2.14
5 21.7 54.6 7.42 29.1 10.5 0.018 12.4 2.69 19.2 4.21 13.2 2.13 14.4 2.12
Mean 22.0 55.6 7.53 29.6 10.5 0.024 12.6 2.74 19.5 4.20 13.3 2.13 14.7 2.13
SD 0.3 0.8 0.09 0.4 0.1 0.003 0.1 0.04 0.2 0.05 0.1 0.03 0.2 0.03
%RSD 1.3 1.4 1.2 1.3 0.8 14.1 0.9 1.5 1.3 1.1 1.0 1.4 1.6 1.4
MR-15 ( Rhyolite from the exocontact)
1 54.4 116 134 46.7 11.0 0.222 10.4 1.86 11.8 2.37 7.11 1.07 7.32 1.03
2 53.8 113 13.1 46.4 10.9 0.220 10.2 1.84 11.6 2.35 6.93 1.05 7.16 1.03
3 539 114 134 46.4 10.7 0.198 10.3 1.83 11.3 2.27 6.78 1.06 7.09 0.994
4 55.2 115 13.4 47.0 10.9 0.219 10.2 1.82 11.5 2.33 6.89 1.07 7.20 1.04
5 54.8 115 134 47.5 10.8 0.233 10.3 1.86 11.9 2.29 7.01 1.04 7.19 1.04
6 54.2 114 13.4 46.0 11.0 0.221 10.3 1.81 11.4 2.30 6.91 1.06 7.04 1.02
7 54.2 114 134 45.9 10.8 0.212 10.3 1.85 11.6 2.32 6.86 1.06 7.19 1.02
8 55.3 115 13.4 47.3 10.9 0.228 10.5 1.86 11.8 2.36 7.01 1.05 7.24 1.02
9 53.9 113 13.2 457 10.9 0.222 10.4 1.80 11.6 2.32 6.94 1.09 7.18 1.04
10 54.4 114 13.3 46.0 10.9 0.221 10.2 1.88 11.7 2.31 6.95 1.04 7.08 1.02
Mean 54.4 114 13.3 46.5 10.9 0.220 10.3 1.84 11.6 2.32 6.94 1.06 7.17 1.03
SD 0.5 1 0.1 0.6 0.1 0.009 0.1 0.03 0.2 0.03 0.09 0.02 0.08 0.01
%RSD 1.0 0.8 0.8 1.3 0.8 4.3 1.0 1.4 1.6 1.4 1.3 1.4 1.1 1.4
L-4a ( Rhyolite from the exocontact)
1 64.9 130 15.3 53.2 11.4 0.263 10.4 1.79 11.3 2.31 6.54 0.941 5.90 0.854
2 64.4 130 15.1 53.8 11.6 0.249 10.5 1.86 11.5 2.32 6.60 0.961 5.93 0.849
3 64.6 130 15.1 52.8 11.4 0.260 10.7 1.83 11.4 2.27 6.54 0.964 5.96 0.864
4 64.1 129 15.1 52.6 11.5 0.273 10.6 1.83 11.3 2.31 6.65 0.950 5.93 0.874
5 64.7 130 15.1 52.7 11.5 0.267 10.6 1.82 11.3 2.29 6.63 0.960 5.98 0.855
Mean 64.5 130 15.1 53.0 11.5 0.262 10.6 1.83 11.4 2.30 6.59 0.955 5.94 0.859
SD 0.3 <1 0.1 0.5 0.1 0.009 0.1 0.03 0.1 0.02 0.05 0.010 0.03 0.010
%RSD 0.5 0.3 0.6 0.9 0.7 34 1.1 1.4 0.8 0.9 0.8 1.0 0.5 1.2
MR-19 (Rhyolite from the exocontact)
1 51.6 104 12.3 437 9.39 0.339 8.05 1.38 8.47 1.65 4.94 0.772 5.41 0.763
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Table B1 (continued)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
2 52.5 106 12.6 44.6 9.48 0.344 8.44 1.44 9.02 1.76 5.25 0.831 5.75 0.843
3 51.0 103 12.3 435 9.31 0.340 8.16 1.39 8.63 1.71 5.15 0.802 5.58 0.810
4 51.3 102 12.4 43.3 9.53 0.351 8.22 1.38 8.68 1.72 5.16 0.810 5.58 0.802
5 51.1 102 12.3 435 9.36 0.346 8.21 1.39 8.57 1.73 5.14 0.778 5.59 0.813
Mean 51.5 103 12.4 43.7 9.41 0.344 8.22 1.40 8.67 1.71 5.13 0.799 5.58 0.806
SD 0.6 2 0.1 0.5 0.09 0.005 0.14 0.03 0.21 0.04 0.11 0.024 0.12 0.029
%RSD 1.2 1.6 1.1 1.2 1.0 1.4 1.7 1.8 2.4 2.4 2.2 3.0 22 3.6
MR-14 ( Rhyolite from the exocontact)
1 66.9 136 15.3 53.3 10.8 0.461 9.31 1.55 9.19 1.81 5.25 0.724 4.72 0.665
2 68.0 137 15.6 53.5 10.9 0.457 9.57 1.54 9.40 1.80 5.25 0.733 4.73 0.679
3 68.1 138 15.2 53.5 10.9 0.454 9.45 1.55 9.37 1.81 5.25 0.738 4.70 0.659
4 67.5 137 154 53.4 10.8 0.447 9.53 1.54 9.21 1.78 5.15 0.713 4.58 0.673
5 68.0 137 15.4 53.6 10.9 0.450 9.54 1.58 9.25 1.83 5.35 0.731 4.72 0.685
Mean 67.7 137 154 53.5 10.9 0.454 9.48 1.55 9.28 1.81 5.25 0.728 4.69 0.672
SD 0.5 1 0.1 0.1 0.1 0.006 0.10 0.02 0.10 0.02 0.07 0.010 0.06 0.010
%RSD 0.7 0.5 1.0 0.2 0.5 1.2 1.1 1.1 1.0 1.0 1.3 1.3 1.3 1.6
L-3 (Rhyolite from the exocontact)
1 38.2 80.1 10.8 394 8.71 0.283 7.50 1.23 7.26 1.39 4.06 0.586 3.79 0.556
2 36.7 71.5 10.3 37.6 8.18 0.263 7.19 1.16 7.13 1.38 3.92 0.568 3.70 0.532
3 37.9 78.2 10.6 38.8 8.56 0.267 7.52 1.20 7.21 1.42 4.01 0.586 3.84 0.559
4 37.8 79.3 10.6 38.7 8.51 0.262 7.52 1.23 7.44 1.44 4.18 0.595 3.90 0.565
5 37.5 78.3 10.6 38.9 8.60 0.273 7.60 1.21 7.39 1.45 4.07 0.586 3.87 0.556
Mean 37.6 78.7 10.6 38.7 8.51 0.270 7.47 1.21 7.29 1.42 4.05 0.584 3.82 0.554
SD 0.6 1.0 0.2 0.7 0.20 0.009 0.16 0.03 0.13 0.03 0.09 0.010 0.08 0.013
%RSD 1.5 1.3 1.7 1.7 2.3 32 2.1 24 1.8 22 2.3 1.7 2.1 2.3

Notes: SD, standard deviation; %RSD, relative standard deviation in %.

Appendix B. Repeated independent preparation and analysis
of samples from the Zinnwald deposit

The whole rock samples from the Zinnwald deposit were
repeatedly dissolved and analyzed to determine the element
and sample specific random and systematic errors of the
REE determinations. The results of the 5-10 independent
REE determinations are listed in Table B1 along with the
respective arithmetic mean values, standard deviations,
and relative standard deviations.

Inspection of the data shows that the ICP-MS investiga-
tions on the whole rock samples were performed at high
precision. Table B1 shows that the calculated relative stan-
dard deviations depend on the REE concentrations and the
nature of the sample material investigated. The REE con-
tents in the granite and greisen samples were determined
at a precision of 0.8-4.0%RSD at concentrations exceeding
1.0 ppm, whereas analytes in the range of 0.1-1.0 ppm
could only be determined at 1.2-3.7%RSD. Even higher
relative standard deviations were observed for trace ele-

Table A3
Rare earth element concentrations of the reference materials BHVO-1 and G-2 as determined in the present study and by previous workers (all data in
ppm)
BHVO-1 G-2
This study Govindaraju Haichen Robinson et al. Tomlinson  This study Govindaraju Liang and Yuet al. Meisel et al.
(n=15) (1994) et al. (1997) (1999) et al. (1999) (n=75) (1994) Grégoire (2000) (2001) (2002)
La 154 15.8 15.2 16 16.0 87.2 89 87.1 79.7 89.6
Ce 379 39 36.4 39 40.2 158 160 155 151 164
Pr 5.57 5.7 5.26 5.65 5.7 16.3 18 17.1 15.9 16.7
Nd 243 252 23.5 25.1 25.1 51.9 55 52.6 49.8 54.8
Sm 598 6.2 6.01 6.26 6.39 6.88 7.2 7.22 6.95 7.48
Eu  2.09 2.06 2.08 2.12 2.21 1.44 14 1.46 1.38 1.48
Gd 6.52 6.4 6.50 6.26 6.37 4.20 4.3 4.13 4.37 4.08
Tb  0.936 0.96 0.947 0.97 0.98 0.501 0.48 0.45 0.47 0.49
Dy 534 5.2 5.34 5.34 5.37 2.07 24 2.29 2.04 2.32
Ho 0974 0.99 0.992 1.02 1.03 0.353 0.4 0.31 0.35 0.38
Er 2.55 24 2.58 2.59 2.57 0.886 0.92 0.87 0.85 0.97
Tm  0.332 0.33 0.332 0.34 0.34 0.117 (0.18) 0.12 0.12 0.125
Yb  2.09 2.02 2.00 1.99 2.02 0.734 0.8 0.72 0.68 0.74
Lu  0.280 0.291 0.282 0.28 0.29 0.123 0.11 0.10 0.10 0.107

Notes: n, number of analyses; underlined, recommended values; and brackets, information values.
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ments having concentrations below 0.1 ppm. At compara-
ble concentration ranges, the REE determinations in the
rhyolite samples were typically performed at a slightly bet-
ter precision. The precision achieved ranges from 0.2-
2.4%RSD at concentrations exceeding 1.0 ppm and varies
from 1.0-4.3%RSD for concentrations between 0.1 and
1.0 ppm. The highest %RSD values were observed for ana-
lytes having concentrations below 0.1 ppm.
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