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U-(Th)-Pb systematics and mineralogy of single crystals
and concentrates of accessory minerals from the Cacciola

granite, central Gotthard massif, Switzerland

by F. Oberli *, J. Sommerauer * and R. H. Steiger *

Abstract

U-Pb isotopic analyses and electron microprobe studies have been carried out on sieve fractions
of accessory zircon as well as on single grains of zircon and monazite separated from the Cacciola
granite. Together with the Rotondo and Winterhorn granite this leucogranite forms part of the

younger group of Variscan granites in the central Gotthard massif. The zircons show unusually
high U concentrations (> 1 wt.%) and are intimately intergrown with allanite, epidote and less

frequently with apatite containing minute inclusions of Th-U phases. Isotope analyses of individual
grains disclose distinct U-Pb isotopic patterns which are averaged out when concentrates consisting
of large numbers of grains are investigated by conventional methods. Using refined analytical
techniques a relatively precise age of 292 ± 9 m.y. was obtained and interpreted as the time of intrusion
for the Cacciola granite.

Acid-leaching experiments on the samples reveal a highly selective response of their U-Th-Pb
systems to external processes. This is a consequence of the complex textural relationship between
the zircons and the coexisting less resistant Th and U rich phases.

1. Introduction

The present study is part of a program to investigate U-Th-Pb systematics of
accessory minerals by microanalytical techniques. The purpose of this program
is to gain insight into petrogenetic processes and to solve geochronological
problems by detailed isotopic studies on a grain-by-grain basis. This approach
has been used for the analysis of extraterrestrial matter (Tera and Wasserburg,
1975; Wasserburg et al., 1977) and has been successfully applied to terrestrial
samples, in particular for the study of complex zircon populations (Lancelot
et al., 1976; Michard-Vitrac et al., 1977; Ludwig and Stuckless, 1978). It has

become possible to identify zircon grains recording different source ages within

* Institute of Crystallography and Petrography, Federal Institute of Technology, CH-8092
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324 Oberli, F., J. Sommerauer und R.H. Steiger

'single rocks (Gaudette et al., 1981; Schärer and Allègre, 1981a). Domains
with widely differing U-Pb characteristics have been identified within individual

zircon grains suggesting highly specific response of individual domains to
external processes (Grünenfelder, 1963; Sommerauer, 1974; Krogh and Davis,
1975; Schärer and Allègre, 1981b).

Analytical limitations set by the minimum quantities of radiogenic Pb
required for precise U-Pb analysis have confined application of these techniques
predominantly to zircon populations of Precambrian origin. The present study
extends the applications to an investigation of U-Pb systematics in zircons and
monazite from a granite of Variscan age. During preliminary examination, the
zircon concentrate of the Cacciola granite in the central Gotthard massif was
found to contain unusually large amounts of uranium. The zircons thus
appeared suitable for a detailed U-Pb isotopic study, in particular for a comparison

of conventional methods with grain-by-grain analytical techniques. In view
of the highly radioactive nature of the minerals it was also of interest to
examine the stability of their U-Pb system. To test this point all samples were
subjected to acid-leaching experiments before dissolution. From the resulting
isotopic patterns conclusions can be drawn with respect to the stability of the
accessory minerals in the actual geological environment.

The complex morphological and textural properties of the minerals
analyzed as well as the isotopic results obtained called for a quantitative mineralog-
ical and chemical characterization of the samples. A study of polished grains by
electron microprobe was therefore carried out providing important clues for
the interpretation of U-Pb isotopic data.

Structural studies in the central Gotthard massif suggest the existence of two
intrusive cycles during the Variscan orogeny. The original geochronological
work by Grünenfelder (1962), Grünenfelder and Hafner (1962), Jäger and
Niggli (1964) and Jäger (1979), however, does not allow to resolve the
sequence of emplacement for the Variscan granites unequivocally. In this work
we present data using refined analytical techniques which improve the resolution

of isotopic age determination. It will be of interest to see whether this method

will eventually enable us to establish the sequence of these intrusions on an
absolute basis.

2. The Cacciola granite

2.1 Geologic setting

The Gotthard massif - by some investigators believed to represent the front
of a lower Penninic nappe (Trümpy, 1980) - consists of three major elongated
zones of basement which parallel the overall eastnortheasterly trend of the massif

(Fig. 1).
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Fig. 1 Synoptic geologic map of the central Gotthard massif (after Hofmänner, 1964). Prominent are the Varis-
can granites: an older group with gneissic structure partially mantled by massive granites of the younger group.
Both groups are accumulated in or along the margin of the orthogneiss-dominated central zone of the massif.

The Cacciola granite, situated between the northern paragneiss zone and the
complex central orthogneiss zone, is spatially associated with the Winterhorn
granite. Together they form part of the NW margin of the Gamsboden pluton,
much in analogy with the Tremola granite which embraces the Fibbia stock
from the SSE and which lies between the southern paragneiss and the central
zone. All the granitoid plutons mentioned clearly cut through the structural
trend and schistosity of the basement zones of the massif.

On the basis of their structure and petrofabric the granitoid intrusives of the
central Gotthard massif are subdivided into two groups:

1)the Gamsboden and Fibbia stocks, coarse-grained porphyritic gneisses with
phenocrysts or porphyroblasts of K-feldspar,

2) the Cacciola/Winterhorn granites and the Rotondo/Tremola granite,
displaying a massive equigranular medium- to fine-grained structure.
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It appears that the Gamsboden and Fibbia plutons were emplaced earlier
and suffered some deformation whereas the Rotondo/Tremola- and the Cac-
ciola/Winterhorn granites intruded after this deformative phase. For this
reason, we distinguish an older and a younger group of granitoids in Fig. 1. It was
Ambühl (1929), who first suggested this sequence of events. This age relation is

supported by the fact that both the Rotondo and the Cacciola granites contain
gneissic xenoliths similar to the Fibbia and Gamsboden gneisses (Hafner,
1958; Hofmänner, 1964).

2.2 Petrography

With respect to chemical composition the granites within each group are
closely related and both groups show calc-alcalic affinity. The magma of the
older group belongs to the yosemitic type, that of the younger group to the aplite
granitic type (Sonder, 1921; Hofmänner, 1964). This led to the concept that all
granitoid stocks in the central Gotthard massif derive from a deep-seated magma

complex which successively generated rock types of increasingly aplitic
composition (Sonder, 1921).

Hardly any difference is recognized in the modal composition within each

group. The main constituents of the Cacciola granite (Hofmänner, 1964) are
quartz (24-40%), plagioclase of An0_4 (25-35%) and perthitic alkali-feldspar
(microcline, 25-35%). Biotite (0.5-6%) and white mica (1-3%) represent minor
constituents. The accessories (0-3%) are epidote, garnet, apatite and zircon.
However, Hofmänner's (1964) study did not prepare for the unusually high
radioactivity encountered in these accessory minerals. The few radiometric
measurements actually made on rock samples of the Cacciola granite indicated
concentrations of radioéléments varying from 12 to 20 ppm eU with an average of
only about 15 ppm eU, a value comparable to those of the neighboring Gamsboden

and Fibbia stocks (Hofmänner, 1964; Rybach and Hafner, 1962). The
analyses by Hofmänner (1964) possibly indicate some inhomogeneity but no
obvious zonation pattern for the distribution of the radioactive elements within
the Cacciola pluton.

While the texture of the Cacciola granite is subhedral-granular, typical of a

granite, a minor metamorphic overprint is recognized on the basis of partially
fractured and recrystallized quartz and from alteration of plagioclase to secondary

white-mica and epidote. This apparent low-grade overprint of the Cacciola

granite is compatible with values of 450 °C and 3 kbars assumed for the
climax of Alpine metamorphism in the area (Frey et al., 1980). Age determinations

by Jäger and Niggli (1964), Jäger (1979), on the Rotondo granite and by
Jäger et al. (1967) on the Fibbia and Gamsboden gneisses suggest that the
Rb-Sr mineral ages were indeed reset during the Tertiary.
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2.3 Previous age déterminations

On geologic grounds the intrusion of the gneissic Gamsboden and Fibbia
plutons was assumed to have taken place in pre-Triassic times (Heim, 1921,

p. 191), presumably during the Variscan (Hercynian) orogeny. This was
confirmed by Grünenfelder (1962) who obtained 207Pb/206Pb ages of 280 ±
50 m.y. on zircon concentrates separated from the Gamsboden stock and 370 ±
60 m.y. for the Fibbia stock (ages recalculated with the Jaffey et al., 1971, U
decay constants). However, the age of intrusion for the granites of the younger
group, in particular that of the Rotondo granite and its eastern off-shoot, the
Tremola granite, has been much debated during the past century. The dearth of
gneissic structure and of Alpine lineation in these rocks was used as an argument

for a late Alpine age of intrusion (Kvale, 1957; Hafner, 1958), whereas

opponents pointed to the scarcity of micaceous component and the lack of
Variscan planar structure in these granites impeding the formation of readily
recognizable Alpine lineation (Sonder, 1921; Jäger and Niggli, 1964). While the
zircon age work by Grünenfelder and Hafner (1962) did not yield an
unequivocal result (170 ± 70 m.y.), the controversy around the Rotondo granite
was ultimately settled by the Rb/Sr whole-rock isochron age of 272 m.y.
(recalculated with new constants) obtained by Jäger and Niggli (1964). This age,
later revised to 269 ± 11 m.y. (Jäger, 1979), definitely assigned the granites of the

younger group to the Variscan cycle. Up to now, no isotopic age has been
determined for the Cacciola granite proper.

The granite sample used for the present study was collected by drilling and
blasting from a fresh occurrence at the western margin of the Cacciola pluton
(Fig. 1). The sample is from the only outcrop on the western side of the Witen-
wasserenreuss stream. The collection site is near Sunnsbiel (coordinates 681.25/
157.50) at an altitude of2050 m. ')

3. Mineralogy of the accessory minerals

The zircon concentrate of the Cacciola granite revealed several uncommon
features which called for closer inspection. Particularly striking were the high
radioactivity recognized during preliminary alpha-counting and the unusual
appearance of the minerals.

') It is interesting to note in this context that Hafner, who mapped the pertinent part of the «Val
Bedretto» sheet of the Swiss Geological Atlas (Hafner et al., 1975), attributed the sampling locality
to the Rotondo granite, whereas in the theses of Sonder (1921) and of Hofmänner (1964) the site is

clearly assigned to the Cacciola granite.
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Fig. 2 a Fig. 2 b

Figures 2a and 2b Reflected light micrographs of polished sections showing representative intergrowth textures
of zircon aggregates typically found in the > 120 pm «zircon» fraction of the Cacciola granite. The aggregates are
embedded in epoxy resin. The mineral phases forming part of the assemblage are labelled as follows: A .zircon
crystal in Fig. 2a (analyses A in Table 1); ß .zircon crystal in Fig. 2b (analyses B in Table 1); C.irregular grain of
the allanite-epidote series in Fig. 2b (analyses C in Table 2); D: phases from the allanite-epidote series in Fig. 2a
(analyses D in Table 2); E: grain of apatite with submicroscopic inclusions (in some of the dark spots) presumably
of thorianite and thorite; Q: quartz grain; S: silicates (Fig. 2b), mainly albite; Z: zircon crystals having the same
compositional range as zircon A. In reflected light allanite cannot be distinguished from epidote. The most
conspicuous feature: the euhedral zircon crystals (A, B, Z) are mantled by or intergrown with allanite-epidote, apatite
and silicates.

3.1 Textural relations and morphology

The study of polished sections showed that the zircon suite from the western
margin of the pluton is unique both in morphology and texture. It is distinct
from the zircon population of the adjacent Rotondo granite (Grünenfelder
and Hafner, 1962) and from the zircons of the Cacciola granite investigated by
Hofmänner (1964). Fig. 2 depicts representative views of polished grains which
are recognized to be aggregates of zircon crystals intimately intergrown with
other mineral phases.

The zircon crystals are overgrown by allanite, epidote, apatite, quartz and
feldspars. Th-U phases occur predominantly as minute inclusions in apatite.
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The zircons are generally euhedral, forming short prismatic crystals. In contact

with epidote and allanite they occasionally show resorption features
(Fig. 2 a). The zircons are usually mantled by allanite and epidote, less frequently

by other silicate phases. In contrast to the zircons all other coexisting phases
are anhedral. In reflected light the zircons reveal small patches of lower reflectivity

(Fig. 2 a, grains A and Z). These are quite distinct from the numerous tiny
inclusions present in the zircon crystals.

In view of the complex mineralogical texture of these samples the distribution

of the radioactive elements uranium and thorium and the physico-chemical
stability of their host phases is of fundamental interest for the interpretation

of the U-Th-Pb isotopic data.

3.2 Mineral chemistry

Analytical procedure

Zircon and other phases were investigated using an automated ARL SEMQ micro-
probe equipped with an X-ray energy dispersive analyzer (TN 2000 by Tracor Northern).

Five crystal X-ray spectrometers and the X-ray energy dispersive system were
applied simultaneously for quantitative analyses. An acceleration potential of 15 KV with
a sample current of 20 nA (measured on brass) was applied yielding a beam size of
0.2 pm. For X-ray energy data collection integration time including dead-time was 40
seconds per analysis resulting in counting statistics better than 0.3 % (1 sigma) for the
minor and major elements. Natural and synthetic oxides, silicates and phosphates were
used as standard materials (Sommerauer, 1976). The samples as well as the standards
were coated with 200 Â of carbon. On-line corrections for drift, dead-time and
background were applied to the raw data. Full correction for X-ray absorption, atomic number

effect and X-ray fluorescence (by characteristic and continuum excitation) were
based on a ZAF program for the CDC Cyber - 720 computer system at the ETH Zurich.

Zircons

Elemental abundances (wt.%) including means and standard deviations as
well as pertinent chemical ratios and correlation coefficients are compiled in
Table 1. The data reflect the distinct chemical heterogeneities of zircons of mag-
matic origin (Grünenfelder, 1963; Koppel and Sommerauer, 1974). Note that
the variation in elemental abundances are not primarily caused by the visible
inclusions present in many of the zircon crystals. They relate to zircon domains
of microscopic to submicroscopic size which often can be distinguished optically.

These domains also reveal varying cathodoluminescence (C.L.) response.
Domains enriched in minor elements substituting for Si and Zr (Table 1, see
correlation coefficient Y(zr-«zr») and Y(si-«si»)) exhibit low C.L. intensity whereas
those depleted in these constituents show high C.L. intensity (Sommerauer,
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1974). As has been demonstrated by Sommerauer (1976) these domains of
differing C.L. response show distinctly different susceptibility to metamictization
and thus have different physico-chemical stability. It is important to note that
the domains are not forming any zonation pattern.

The chemical abundances and heterogeneity as well as the distribution
pattern of the domains are comparable with those observed in the highly metamict
zircons from the gneiss Chiari in the Southern Alps (Koppel and Grünenfelder,

1971; Koppel and Sommerauer, 1974). However, the zircons from the Cac-
ciola granite show substantially higher concentrations of uranium. On the other
hand, the gneiss Chiari zircons appear to contain more H20 as inferred from
the significantly lower S of the chemical constituents (Table 1).

The Th02/U02 ratios found in the Cacciola granite zircons (Table 1) are as

low as would be expected for accessory zircons (Sommerauer, 1976), but there
exists no obvious correlation (Table 1, Y(u-Th)) between the uranium and
thorium contents. Of the coexisting phases in the intergrowth texture zircon is the
main U-bearing phase. Thus it is the zircons which govern the U-Pb isotopic
pattern of the mineral assemblage.

Mineral phases coexisting with the zircons

Allanite and epidote, intimately intergrown with the zircons (Fig. 2) do not
form separate phases. In contrary, the variable amounts of cerium, lanthanum
and thorium obviously substituting for calcium suggest a series between epidote
and allanite (Table 2, analyses C/3 to C/15). Analyses D/39 and D/41 are
distinct from analyses C/3 to C/15, in particular with respect to Th, U and P

contents. In analysis D/41 Th02 attains close to 40wt.%. By optical means, however,

locations D/39 and D/41 could not be resolved as separate phases. From
the data it is evident that allanite is the major Th-bearing mineral phase of the

intergrowth assemblage.
Monazite was detected as a separate phase not forming part of the zircon-al-

lanite-apatite intergrowth texture. Whereas Th was found uniformly distributed
within some individual grains, the grain-to-grain variation is rather large
(about 1-20 wt. % Th).

Apatite is abundant in the intergrowth texture (Fig. 2 b), however, the mineral

proper contains only trace amounts of the radioactive elements.
Xenotime was not observed.
Th-Uphases of submicroscopic scale, occasionally containing Si, occur as

inclusions within the apatite (Fig. 2 b). Because of small size no quantitative
electron microprobe analysis could be carried out. Based on the X-ray energy
dispersive spectça these phases nonetheless may be interpreted as (Th,U)02
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(thorianite) and (Th, U)Si04 (huttonite or thorite). Thus apatite as host of these
inclusions must also be considered an important contributor to the U-Th-Pb
isotopic data pattern.

4. U-Pb isotope analysis: Experimental Procedures

4.1 Mineralpreparation

The heavy mineral concentrate was extracted from some 160 kg of fresh rock by
standard techniques: crushing and grinding of the material to particle size < 300 prn,
density separation using a Wilfley table, tribromomethane and methylene iodide. After
removal of minerals of high magnetic susceptibility by means of a Frantz Isodynamic
Separator a grain concentrate of 4.1 g, rich in zircon but containing other radioactive
minerals as well, was obtained. By sieving, this concentrate was divided into several size
fractions. Sample C-l represents a split from size fraction 58-75 jam and sample C-2 is a
split of the most «magnetic» sub-fraction from size fraction < 30 pm (Table 3). These
two zircon splits were carefully handpicked before isotopic analysis in order to remove
any detectable non-zircon grains. For single-grain analysis one grain each of zircon
(sample C-3) and monazite (sample C-A) were selected from size fraction > 120 pm.
From this fraction we also picked the grains used for the electron microprobe study. Up
to this stage of preparation, the samples had been in contact with water and organic
liquids only and were not exposed to any of the acid treatments usually applied during
zircon separation.

4.2 Acid-leaching experiments and extraction of Vand Pb

In order to remove residual contamination from the mineral separation procedure,
all samples were soaked at room temperature in a solution consisting of 94% CH3OH
and 6% HNO3 conc. (by volume) for 30-40 minutes and rinsed with H2O. These wash
and rinse solutions were discarded. The samples were then leached for 30-45 minutes in
0.4-0.6 ml 4.7 N HCl while the temperature was gradually increased from room temperature

to about 80 °C. The leach solutions were transferred with a quartz pipette into separate

beakers. The solid leached samples as well as the leach solutions were spiked with a
mixed 205pb-235[j tracer and evaporated to dryness. The tracer contains 400 ng 235U and
0.95 ng 205Pb per gram of solution with 205Pb enriched to 99.3%. Decomposition of the
solid samples and extraction of U and Pb were done using the methods developed by
Krogh (1973); reagents and column volumes, however, were reduced by a factor of 2.5.
Column yields for U and Pb amounted to 90%.
Pb and U in the wash solution of single grain samples C-3 and C-A were measured without

further purification. An attempt to apply this technique also to the highly concentrated

leach solution L-l of sample C-l resulted in the loss of the Pb run on the mass

spectrometer. Therefore, a small amount of this sample left from filament loading as

well as the total leach of sample C-2 were purified using the same ion exchange procedure

as for the solid samples. The fraction of Pb from leach solution L-l left for purification

was 2.9% as determined in a separate yield experiment. This large reduction of sample

size led to a considerable amplification of the blank corrections as seen from the data
in Table 4 and Fig. 3.
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4.3 Blanks

All reagents used were purified by surface distillation at subboiling temperatures.
H20 (1.8 pg Pb/g) (1 pg 10"12 g) was prepared in a quartz still, HCl (16 pg Pb/g), HF
(2.5 pg Pb/g) and HN03 (9.3 pg Pb/g) by the two-bottle still technique of Mattinson
(1972). The nominal total Pb blank used for correction of the data from the leached solid
samples (S) amounts to 72 pg and is the sum of the blanks for hydrothermal decomposition

(40 pg), ion exchange column (29 pg) and filament loading (3 pg). Its composition
was 208pb/204pb 37.23 207pb/204Pb 15.40, 206pb/204pb 17.66. Proof of stable
blank conditions was obtained by the analysis of a single 2.55 b.y. old zircon grain from
an East Greenland basement rock simultaneously processed with the present samples. A
total amount of 73 pg common Pb was measured in this grain, in excellent agreement
with the blank data reported here. For the leach analyses L-3 and L-A, total blanks were
6.6 pg and 7.1 pg (208pb/204Pb 37.8, 207pb/204Pb 16.4, 206pb/204pb 18.2) and
33 pg for L-l and L-2 (208pb/204pb 37.73, 207pb/204pb 15.68, 206pb/204Pb 18.16),
respectively. Since U blanks were < 2 pg, no blank corrections were applied to U
measurements.

4.4 Mass spectrometry

The isotopic measurements were carried out on a Varian MAT Tandem mass
spectrometer (Grauert et al., 1973; Gebauer and Grünenfelder, 1974) connected to an
RTE operated computer system model 1000 of Hewlett-Packard for on-line data acquisition

and reduction (Oberli, 1976). Lead was run on outgassed single rhenium
filaments with standard H3P04-silicagel emitter at temperatures ^ 1350°C in order to
assure contamination-free Pb spectra. Major isotopes 208Pb, 207pb and 206pb of sample S-l
and single zircon sample S-3 were run on a Faraday collector (1011 Q resistor), the rest of
the Pb measurements using a secondary electron-multiplier. For the U measurements on
samples S-l to S-A a graphite loading technique (Chen and Wasserburg, 1981) was
adopted; poor U beam intensities obtained on our machine required use of the multiplier.

The U and Pb fractions from the leach solutions were loaded on the same filament,
following the procedure for Pb described above. After collection of sufficient Pb data
the temperature of the filament was increased to approximately 1600°C, and U was
measured as UO^ on the multiplier. All U and Pb isotopic ratios determined with the
multiplier were adjusted by a factor equal to the square-root of the mass ratios in order
to correct for the ion beam-to-electron yield conversion bias of the multiplier. Furthermore,

all measured isotopic ratios (higher mass in the numerator) were corrected for
vaporisation fractionation by the following factors (per mass unit) determined from repeat
standard runs: 1.0007 (Pb), 0.998 (U, graphite load), 1.001 (U, H3P04-silicagel load).

4.5Analytical uncertainties

The overall analytical uncertainties given in Table 4 correspond approximately to the
95 % confidence level. The correlated errors shown are based on Gaussian error propagation

comprising the precision of the mean ratios of the individual mass spectrometer
run, an uncertainty of ± 0.05% p.m.u. for Pb mass fractionation correction, a "standard"

uncertainty of ± 0.5% for U mass fractionation correction and uncertainties of Pb
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blank corrections. On the basis of repeat blank experiments, the latter are assessed to be
twice the nominal blank given in section 4.3 as an upper limit and half the nominal
blank as a lower limit for analyses S-l to S-A. For all leach analyses (L), the corresponding

values are equal to twice and 0.8 times the nominal blank, respectively.
For low amounts of Pb, where Pb blank uncertainties dominate the analytical error,

asymmetric errors may result. Where differences between lower and upper error limits
exceeded 10%, both limits are shown in Table 4. Since the asymmetries did not significantly

alter the age results, asymmetric error limits were averaged for the graphical
presentation of the data in Fig. 3 as well as for the calculation of linear-fit and age parameters.

The error figures shown in Fig. 3 are 95% probability ellipses (Burington and May,
1970, p. 1290-

5. Results and Discussion

5.7 U-Pb analytical data

The U-Pb analytical data are shown in Tables 3 and 4 and are plotted in
Fig. 3. Age data are based on constants recommended by the IUGS Subcommission

on Geochronology (Steiger and Jäger, 1977). The label S in the first
column of the tables and in Fig. 3 designates data from the acid-leached samples,

whereas L refers to data obtained on the corresponding acid-leach
solutions. For each sample, the analytical data of the solid samples and leach
fractions have been combined to yield the U-Pb data representative of the original
state C of the samples before acid-leaching. Depending on sample size and min-
eralogical differences, the quantities of U and Pb available for analysis vary
widely (Table 4, columns 2-6).

Observed values of 206Pb/204Pb (Table 4, column 7) show considerable spread.
2°6pb/204pb in the leached solid samples ranges from 236 to 2918. There is no correlation

with sample weight (Table 3) among the three zircon fractions as would be expected
if this variation were dominated by the presence of common Pb from analytical sources.
On the contrary, single zircon sample S-3 having the lowest sample weight (11.2 j_rg)

yielded the highest measured value for 206Pb/204Pb, indicating good control of analytical
blank. The total amount of 204Pb measured in sample S-3 corresponds to 97 pg total

common Pb if all 204Pb were introduced by analytical contamination. The nominal
analytical blank correction (72 pg Pb) applied to this sample leaves a residual of only 25 pg
common Pb, increasing the 206Pb/204Pb ratio to 11000. Conversely, rather low 206Pb/
204Pb values have been measured for grain-size fractions S-l and S-2. Due to the relatively

large amount of common Pb contained in these samples, correction for analytical
blank merely increases the 206Pb/204Pb ratio from 741 to 746 for sample S-l and from
367 to 373 for sample S-2. A similar pattern is also observed for the leach fractions of all
four samples analyzed.

Uranium, total Pb and common Pb concentration data are shown in Table 3.

Since Th has not been mesured, the apparent Th/U ratios listed in column 8
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Table 3 Sample description. U-(Th)-Pb concentrations.

Sample ' Type Size
jjm

c) Weight
Analyzed

fjg

U Total Pb Common Pb Th/U
ppm ' ppmd) ppmd)

ie)

Zircon
S - 1

L - 1

C - 1

S - 2

L - 2

C - 2

S - 3

L - 3

C - 3

58-75 530

<30f) 100

200/120 11.29)

11700

943

12600

13300

1210

14500

11300

1210

12500

203

58.8

262

250

86.0

336

398

22.3

420

17.2

44.5

61.7

39.8

46.2

85.9

2.3

3.3

5.7

0.131

2.65

0.237

0.144

7.76

0.561

0.222

1.46

0.264

Monazite

S - A

L - A

C - A

270/170 17.3g) 857

1140

2000

261

70.

331

4.4

13.9

18.3

27.2

13.2

23.1

a)

b)

c)

d)

e)

f)
g)

S: acid-leached sample; L: acid-leach fraction; C: total sample

F: sieve fraction; S: single grain
Size range of sieve fraction; max. length/width dimensions for
single grains
With respect to weight before acid-leaching; corrected for
analytical blank

208
Apparent weight ratio derived from Pb /206pb (see text)rad rad v '
Most magnetic sub-fraction
Maximal weight calculated from grain dimensions assuming a density
of 4.0 for (metamict) zircon and 5.2 for monazite.
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have been calculated from the 208Pbrad/206Pbrad ratios given in Table 4 (see
Appendix II).

The uranium concentrations of the three zircon samples (C-l, C-2 and C-3)
are extremely high, ranging from 12500ppm to 14500 ppm and conform well
to the results obtained by microprobe analysis (Table 1). Despite the gross
difference in physical properties of the zircon fractions analyzed, the uniformity
of these U concentrations is remarkable.

Due to the high U (and Th) contents of the samples the Pb contained in the
three zircon samples and in the monazite sample is predominantly radiogenic.
Common Pb contents, however, vary among the three zircon samples. Whereas
single-zircon grain C-3 has a low content of common Pb (1.3% of total Pb),
rather high values of 24% and 26% were measured for grain-size fractions C-l and
C-2 respectively. The common Pb content of the monazite sample (C-A) is
intermediate at 5.5%.

Substantial amounts of U and Pb are located in grain sites which are readily
attacked by the acid-leaching procedure. Inspection of the U data obtained
from the acid-leach solutions of the zircon samples shows that approximately
10% of the total U have been extracted by the acid treatment. In the case of the
monazite sample containing 2000 ppm U more than 50% have been removed.
In the leach fractions common Pb is enriched with respect to the leached samples.

The acid-leach solutions of the zircon grain-size fractions C-l and C-2 are
dominated by common Pb, whereas Pb leached from single-grain sample C-3 is
still fairly radiogenic. Potential sources of U and Pb found in the leach
solutions are

(i) mineral phases other than zircon such as the mineral phases forming the in-
tergrowth (Fig. 2) in the coarse grain-size fractions studied by electron
microprobe

(ii) distinct U-bearing inclusions in zircon
(iii) zircon phases and domains prone to metamictization and thus susceptible

to leaching.

While contributions from sources (ii) and (iii) cannot be excluded due to the
fact that single-grain sample C-3 contributed a similar percentage of U as

size-fraction samples C-l and C-2, other dominant contributors have to be
identified among the minerals forming the intergrowth. Allanite and apatite
with its inclusions of Th-U phases carry appreciable amounts of Th and U and
thus of radiogenic Pb, as well as trace amounts of common Pb. Principle
sources for common Pb attached to the zircon grains are feldspar and ore particles.

Despite the careful preparation of zircon fractions C-1 and C-2 by hand-
picking under a binocular microscope, the non-specific morphological properties

of the Cacciola zircon population greatly reduced our ability to recognize



338 Oberli, F., J. Sommerauer und R. H. Steiger

CM O r— 1— LO CM LO CM CO LO«+ CMi— r-CM LO CO r--. CO r— 1— «3- CO co LOCO CM CO <—

+ 1 + +1 +1 + 1+1 + 1 + ;1 + i + 1 +
OS LO co CO LO
«ÇJ- CO CO r-». OS CT» o LO
CM o LO LO CO CO LO CM LO

LO p^. 1— CO r-* r-*-. CO CO
O CO o o LO i— o o CO CM

O o o o CM O o o o CO

CO

±' rtl
LO LT) LO

CO CO CO
CM

+ | +| +|
LO *3*

O «t CO
CM CO c—
in ldo o o

o O o o o o o o o
r-> r». o CO o LO OLO LOo 1— '— '— '— CM CM 1—

+ 1 + 1 + 1 +1 + 1 +1 + + 1 +1
LO LO LO co LO «+ CMo LO LO o LO os CM CM
CM LO CM r-» LO COo 1— 1— o CM o CM

O o o o o o o o o

+ i +|+iCM LO CO
LO en oCM o CM
LO LO LO

+ 1 +1 + 1

I— LO LO
CO LO I—

Ol CM Ol
+ | +"| +|

LO OS LO

O
O

• I +1 +1
OS CM CO

+ 1 +1 + I

00 LO LO
+ 1 +1 + 1

LO LO CM

"O lnj

CL-

D

CO

O r— «—
LO O
r- i£>

t— CM co r-»
LO CM LO r—
LO LO o LO o'— CM CO LO o
CM O o o o

LO
CO LO CO CO

CM r-» Ol l-N. i—

LO r->v o CO os
CO cn o^1-

oCT. o OS CO
LO co CM LO CM
CM CT» o os o
r-» CO LO CO
LO p~

CO
CO o00 OS CO

LO CO 1— LO

r-» LO os
' 1 CM co

LO LO co CO r-.
CO LO co o coo CO LO LO oCM r*>»

CM
LO LO

LO
CO

CO CM LO

CM CM CM

CO
LO co os
os LO LO
CM LO CO
LO LO

CO CO co

LO CJ

Os
CM o CO

o CO CO
LO LO oo CM

o o o
o o o

LO
LO r-«. CM
LO r-~ co
CM 1— «3-

CM CO

LO
CM *5)- r-*.
CM CM
os os co
'— CM «+

o o o

os CM
«+ LO
CM LO

OS co
CM

r>«. r-.
CO LO ^1-

CM
LO CO

«t c c
LO _J



U-(Th)-Pb systematics and mineralogy of accessory minerals 339

non-zircon grains in the finer grain-size fractions. In contrast to the hundreds
and thousands of grains which had to be examined by the handpicking procedure,

single grains such as sample C-3 with distinctly better morphology and
surface purity, can readily be selected with minimum effort, if analytical
techniques are adequate for processing of small samples.

5.2 Age ofcrystallization and metamorphism

In order to obtain age information, the radiogenic Pb component has to be
determined by subtraction of the common Pb component from the total Pb
measured in the samples. This correction requires knowledge of the appropriate
isotopic composition of the common Pb phase indigenous to the samples. A
discussion of the Pb composition used for the common Pb correction is given in
Appendix I. U/Pb ratios, 207Pb/206Pb and 208Pb/206Pb ratios corrected for common

Pb are presented in Table 4, columns 8-11.
The data are plotted in a 206pb/238U vs. 207Pb/235U concordia diagram

(Fig. 3). With the exception of the data points for leach fractions L-l and L-2,
all data points are discordant, i.e. they lie distinctly off the concordia curve. On
the other hand, all data points fall on or very close to the straight line (discord-
ia) shown in Fig. 3, which is the best-fit line (Williamson, 1968) for the four data

points C-1, C-2, C-3 and C-A. We note that these four points lie precisely (see
insert of Fig. 3) on the best-fit line, which intersects the concordia curve at 292
± 9 and 11 ± 9 m. y. The uncertainties associated with the ages were determined
from the intersections of the error envelopes (not shown) of the best-fit line with
the concordia curve (Ludwig, 1980).

The perfect linear relationship of the four samples leads to the conclusion
that they crystallized at the same time and therefore are cogenetic. The time of
crystallization is then defined by the upper intersection with concordia at
292 m.y. From this we conclude that the Cacciola granite formed during the
Variscan cycle approximately at the Permian /Carboniferous boundary
(Armstrong, 1978). The absence of inherited Pre-Variscan Pb component in the
samples favors a magmatic origin of the granite.

The age of 292 m.y. conforms with the range of the previously reported
Variscan ages for the other granitic bodies in the vicinity of the Cacciola granite.
The 269 ± 11 m.y. Rb/Sr whole-rock isochron age of the Rotondo granite
reported by Jäger (1979) is somewhat younger than the zircon age of the Cacciola
granite. The existence of data points (Jäger and Niggli, 1964) which plot
below this isochron has been interpreted by Jäger (1979) to reflect local opening
of Rb/Sr whole-rock systems during Alpine metamorphism. It is therefore not
clear whether the apparent difference between the zircon age of the Cacciola
granite and the Rb-Sr age of the Rotondo granite marks a real time difference



340 Oberli, F., J. Sommerauer und R. H. Steiger

Ö

CO

Ö

CM

o

S "ö £
2 « S E
OÛ "5 « Os
C o ?3 _1_|
O « T3 +1
O t- — ^<2 3 ~
N <3 ^ "O

fc- —i Co CJ kJ 3
2 *t3 "TD

« C C gXI fl « fc
Ä hj CO OS

- t/1 II--A ^ S
• i_ .C Os

S ü 8 M
S d C ts» V 8 A
ü — 4)
^ « S >•

F® © h »

s H £ g
«2525
0» 3 ÎD -X) O "O t <

to fi ü O 1

t. M n O
3 « "5 c
^ " 00 o>. eu 2H (j -

2 <2 J:

°ll s
«2 2 © <u

« esîiSc *N -o .5• 8 O >
s § «2
.£ I 3 U
5b fi -fi "© •

v Ü « S :
w. 60 C> 3

.S
« «uu.2 C3 w X
ÏÏS1?
8 §g.uJ
o S " Ao o
« -a es a '

"8 8, ° -S <
« oo~ s«si a
g §-2— .5 "2 «3

<U N 5 "O
e » -2. c
3 00 M © "
O C ^ "TD

fi « B fi

00*,
<
ë
3 <

lO
O
Ö

3-
od

co
o
o

CM

o
o

od



U-(Th)-Pb systematics and mineralogy of accessory minerals 341

for the intrusions or whether it is the result of a disturbance of the Rb-Sr system
of the Rotondo granite. Due to analytical limitations, the earlier U-Pb data
obtained by Grünenfelder and Hafner (1962) from a zircon sample of the
Rotondo granite were interpreted by these authors in terms of a minimum
crystallization age of approximately 140 m.y. Data on zircons from the older group of
granites also gave Pb/Pb ages of Variscan affinity: 207Pb/206Pb ages were 280 ±
50 m.y. for the Gamsboden gneiss and 370 ± 60 m.y. (recalculated with the Jaf-
fey et al. 1971, U decay constants) for the Fibbia gneiss (Grünenfelder, 1962).
Due to lack of modern high quality age data the sequence of emplacement of
the various Variscan granites remains yet to be determined.

The fact that the data points of the three zircon samples and the monazite
grain plot at different positions on the best-fit line below the upper intercept
indicates that these minerals were open to loss of radiogenic Pb and/or gain of U
at times significantly later than the time of original crystallization. The absence
of a zonation pattern (see section 3.2) leads to the conclusion that loss of radiogenic

Pb and not U gain is the dominant cause of the observed U-Pb discordance.

In terms of an episodic model (Wetherill, 1956) the linear array of data
points in Fig. 3 is thus the result of Pb loss induced by an event occurring at a
time defined by the 11 ± 9 m. y. lower intersection of the best-fit line with
Concordia. This time interval coincides with a late phase of Alpine metamorphism
which led to local homogenization of Sr isotopes (Steiger and Bucher, 1978).
It appears that this phase can also be recognized in the Rb-Sr mineral isochron
of the Rotondo granite obtained by Jäger (1979), which yields 15.0 ± 0.6 m.y.
Pb loss induced by pressure relief (Goldich and Mudrey, 1972) and interaction

with fluids during an uplift phase active for the last 19 m.y. in the Gotthard
region (Wagner et al., 1977) may have enhanced the discordance of the U-Pb
systems of the samples.

Besides episodic models for loss of radiogenic Pb, long-term diffusion processes
could also have contributed to the observed data pattern, in particular, when the high
contents of radioéléments are taken into account. Direct application of the basic models
of continuous diffusion (Tilton, 1960; Wasserburg, 1963) does not yield a satisfactory
fit to all data points. The model by Steiger and Wasserburg (1969, Fig. le and If)
based on continuous diffusion but taking into account the observed heterogeneity of the
zircons, possibly offers a better explanation for the present case. These authors suggested

that natural zircons might essentially be viewed as binary mixtures of concordant
phases and highly discordant phases, a finding supported by the crystalchemical
evidence presented by Sommerauer (1976). Depending on the degree of discordance chosen
for the highly discordant phase (possibly represented by the leach-solutions)
straight-lines can be generated which will fit any data array with a slope equal to or
steeper than that of the linear region of the corresponding continuous diffusion trajectory.

It is obvious that in this case the lower intersection of the best-fit line with the
Concordia curve has no time significance.
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We conclude that none of the processes discussed above can be considered a

unique solution for the cause of discordance. It is most likely that all have
contributed to a certain degree to the U-Pb systematics observed, but there is little
doubt that the Alpine metamorphism has played an important part in it.

5.3 The pattern ofdiscordance: mineralogical aspects

The following trends emerge from the pattern of the data points in Fig. 3:

In both zircon and monazite analyses the acid-leaching procedure leads to
fractional loss of U and Pb resulting in the displacement of the data points for
solid samples (S) with respect to those of the untreated samples C-l to C-A. In
each case the leach-fractions (L) are more discordant than the untreated samples

(C), which causes the data points of the leached samples S to be displaced
towards the upper intercept, i.e. to become more concordant. For the data point
of the single monazite grain, the displacement is substantial. From the highly
discordant position of the data point C-A, the data point of the acid-leached
sample S-A shifts to a position close to the most concordant zircon data point
S-3.

The limited spread of the data from the acid-leach solutions (L-l to L-A)
suggests that the mineral assemblage attacked by the leaching procedure may be
rather similar for all four samples. In view of the dominance of the Th-derived
lead component 208Pb in the leach fractions the sources for this Pb are most likely

phases such as allanite and the various Th-U phases included within apatite
which are intergrown with the zircon crystals (see Appendix II). The displacement

of the data points for the leach fractions in the direction of the lower intercept

in Fig. 3 suggests that the phases leached had lost considerably more radiogenic

Pb during their history than the more resistant phases surviving the acid-
leaching procedure. Similar observations have been made by Steiger and
Wasserburg (1969) in their study of zircons from 2.7 b.y. old granitic plutons.

The fact that the highly discordant phases are so easily removed under laboratory

conditions - causing the remaining samples to become more concordant -
suggests that such an effect could also be achieved in the environment of
progressive metamorphism. A scenario can be conceived where progressive
metamorphism leads to dissolution of metamict minerals or domains of minerals
which had lost radiogenic Pb already at earlier stages. If conditions are not
favorable for in situ recrystallization of dissolved U and Th bearing matter, the
initial trend to increase discordance will then be reversed, due to net loss of U
and Th. Increasingly more concordant systems will be generated, as long as the
threshold conditions for release of radiogenic daughter elements from the more
retentive mineral sites are not exceeded. The argument presented here may at
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least partially explain the lack of correlation between discordance and degree
of metamorphism often observed for zircon suites.

It is rather surprising that the data points obtained from the zircon grain-size
fraction 58-75 pm (C-l) and from the finest (<30 pm) most magnetic zircon
fraction (C-2) plot on the same position on the discordia line, as do the data
points of the acid-leached zircon fractions (S-l and S-2). These data points with
minimal spread are derived from zircon concentrates separated by conventional

techniques.
The key to explain the close similarity between the isotopic systems of samples

C-l and C-2 and their dissimilarity with the isotopic system of sample C-3
lies most likely in the variability of structural state and in the chemical
heterogeneities of individual zircon grains detected by the electron microprobe
(Table 1). The analysis of zircon fractions consisting of hundreds or thousands
of grains such as samples C-1 and C-2, apparently averages out individual in-
homogeneities. This effect leads to loss of valuable isotopic information stored
in single mineral grains. Age interpretation based on samples C-l and C-2
alone would have yielded just a minimum age of crystallization. The importance

of a technique, permitting analysis of specially selected single grains such
as sample C-3 in order to generate the required spread of the data points, is

clearly illustrated by the present case.

6. Summary

The zircon population of the Cacciola granite displays rather unusual textu-
ral and chemical characteristics. While the level of total-rock U concentrations
is not atypical of granitic rocks and conforms to measurements within the
neighboring granitoids, the zircons have extremely high average U concentrations

not found elsewhere in this accessory mineral. In the relatively coarse
zircon grain-size fraction which was studied by electron microprobe, U is distributed

at high levels of concentration (> 1 wt.%) throughout the grains. In spots
the U concentration reaches extreme values of up to 10 wt.%. With regard to
texture, the zircons are unusual as nearly all of the grains are intergrown with
an assemblage of predominantly Th-bearing mineral phases such as allanite as
well as apatite containing inclusions of Th-U phases. The zircons appear rather
euhedral in polished sections and are generally mantled by the other mineral
phases.

U-Pb isotopic data obtained on two zircon fractions of differing size and
magnetic susceptibility, on one single zircon grain and on one single monazite
grain are discordant and form a precise linear array yielding an upper intercept
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age of 292 ± 9 m. y. In view of the absence of any detectable pre-Variscan
radiogenic Pb component this age is interpreted as the time of emplacement for the
Cacciola granite. It conforms with the less precise Rb-Sr total-rock age of the
Rotondo granite. In view of the massive structure of the Rotondo and Cacciola
granites and the more schistose structure of the closely associated Gamsboden
and Fibbia gneisses, the age of the Cacciola granite can thus be regarded as a

lower time limit for the tectonic activity which led to the overprint of this latter
older group of granites. The lower intercept of 11 ± 9 m. y. is in good agreement
with the age of a low grade, late Alpine phase of metamorphism which affected
the area some 14 m.y. ago.

U-Pb systems of individual zircon grains show substantial variation. Such
variation is essential for precise chronological interpretation of discordant data.

It is prone, however, to be averaged out when fractions consisting of large
numbers of grains are analyzed, as required by conventional techniques in
order to generate data of sufficient quality. In the present case the ages obtained
crucially depend on the precise analysis of the one single zircon crystal which
provided the necessary spread of the data points.

The acid-leaching experiments performed on the samples indicate that
substantial amounts of U, Th and Pb can be mobilized by such treatment which is

often applied on a routine basis in the course of preparation of samples for
isotope dilution analysis. Since these elements may become fractionated by differential

leaching, an artificial «zero-age event» may be superimposed on preexisting

discordance patterns, thus greatly reducing our ability to interpret such
data. With the combination of electron microprobe and isotopic investigation,
the U-Th-Pb systematics in the present case can be shown to be the direct
result of the complex mineralogical properties of the samples. Th-rich phases
intergrown with the zircon grains are easily attacked by the acid-treatment and
consequently provide the bulk of the Th, U and Pb found in the leach solutions.
It is conceivable that the presence of submicroscopic equivalents of such mineral

phases which are easily overlooked, may at least be partially responsible for
the complex U-Th-Pb data patterns observed in many zircon populations.
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Appendix I : The composition of common Pb

Since variable but significant amounts of 204Pb are still present in all but one sample (C-3) after
correction for analytical blank, a correction has to be made for the common Pb component
incorporated by the samples during or subsequent to crystallization. The appropriate isotopic composition

of this Pb phase has to be determinded either from direct measurement of minerals with low U/
Pb and Th/Pb ratios such as feldspar or Pb ores, or by calculation on the basis of model assumptions.

Considering the possibility of substantial redistribution of Pb during Alpine metamorphism
the latter approach has been preferred. Using the model parameters of Cumming and Richards
(1975, model III) and an age of 292 m.y. we obtain: 208Pb/204Pb 38.30, 207Pb/204Pb 15.65 and
206pb/204pb 18.33, which are the values used in Tables 3 and 4.

A plot of 207Pb/204Pb versus 206Pb/204Pb calculated from the data given inTable4(S-andL-
fractions) yields an excellent linear array of the data points. Setting 206Pb/204Pb 18.33 (the value
given above) a 207Pb/206Pb ratio of 15.60 ± 0.07 is obtained from this linear array which compares
well with the ratio adopted from model parameters. This result therefore justifies the choice of the
particular model Pb composition applied for the standard correction of the present samples.

Due to the low amount of common Pb contained in the single-zircon sample C-3, its data point
is quite insensitive to shifts in the common Pb composition used for data reduction. For illustration
the anomalous common Pb isotopic composition measured by Grünenfelder and Hafner (1962)
in a K-feldspar from the Rotondo granite (206Pb/204Pb 19.51, 207Pb/204Pb 15.85) was used for
computation of the ages. The upper concordia intercept shifts to 300 m.y., still within limits of the

age determined by use of model parameters. The lower intercept age on the other hand shifts to
35 m. y., governed by the data points of samples C-1 and C-2, which have relatively high contents of
common Pb. It must be stressed however that the anomalous Pb composition used for this example
does not conform with the Pb/Pb data array, which limits the maximum value for 207Pb/204Pb to
15.72, if 206Pb/204Pb is set to 19.51. We thus conclude that for all reasonable choices of a common
Pb composition for correction, the uncertainty of the age of intrusion resulting from this correction
is well within the range of ± 9 m.y. assigned to the upper concordia intercept age.

Appendix II: Th-U relationship

Although Th had not been measured by isotope dilution due to lack of facilities the U and Pb

isotopic data provide some information on the Th content of the sample fractions analyzed. In the
absence of fractionating loss or gain of lead between 232Th-derived isotope 208Pb and the 238U-de-

rived isotope 206Pb, 232Th/238U ratios can be calculated on the basis of radiogenic 208Pb/206Pb

ratios.

For the present case:

232Th
_

208Pb

238JJ 206pb

e7-238t.1
whereK " - 3.18,

t is the age of the samples 292 m. y.), Â23g and >.232 are the decay constants of 238U and 232Th, respectively.

The apparent Th/U elemental ratios shown in Table 3 have been calculated under the
assumption made above (non-fractionating loss of the two Pb isotopes). In complex natural systems
such as those described here, this assumption will not be fulfilled. It is known that different mineral
phases have different susceptibilities to Pb loss; there is a tendency that minerals primarily rich in
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Th such as allanite, thorite and thorianite loose Pb at higher rates than for example the zircon
phases. Nevertheless, the quite distinct trends of the data shown in Table 3 still allow for at least a

qualitative discussion of the results.
The apparent Th/U ratios of the three leached zircon fractions (S-l, S-2 and S-3) vary from 0.13

to 0.22 and are within the range of the microprobe results (Table 1). Apparent Th/U ratios of the ac-
id-ieacn fractions are considerably higher and appear to be dominated by sources rich in Th.
According to literature data (cf.DEER et al., 1962) metamict allanite is soluble in hot concentrated HCl.
The presence of the Th-U phases in apatite and of the Th-rich allanite both in intergrowth with the
zircon fractions - as shown by the microprobe study (section 3.2) - thus easily explains the observed
trend. Since most of the observed Th-bearing phases also contain appreciable amounts of U
(Table 2) they do have a considerable influence on the U-Pb systems as illustrated by the present
case (see section 5.3).

The unusually high 208Pb/206Pb ratio found for the accessory mineral grain S-A indicated that a

Th-rich mineral and not a zircon had been analyzed. For lack of distinct morphology it had been
included in the U-Pb analyses, because in our search for zircon grains with distinct properties its faint
yellowish tint had set it apart from the majority of the zircon grains. The apparent Th/U ratio of the
acid-leached sample S-A was exotic in comparison with the low Th/U ratios of the leached zircon
samples. Its apparent Th content of 2.3 wt.% calculated from the data in Table 3 and its apparent
Th/U ratio of 27 are compatible with the range of Th and U contents observed in monazite. We thus

assume that sample S-A was a monazite. This problem of sample identification clearly demonstrates,

that future analyses of unusual accessory minerals such as those encountered in this study
will require grain-by-grain identification prior to analysis, for example by X-ray techniques.
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