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ABSTRACT

Monazite-(Ce) and xenotime-(Y) were found in the metacherts (pumpellyite—actinolite-facies conditions: 3< P < 4 kbarsand
300< T < 350°C) of the Monte Figogna Unit, Sestri—V oltaggio Zone, Liguria, in Italy, as scattered submillimetric grainsin pelitic
beds and as euhedral crystalsin both millimeter-thick quartz veins and open fissures. Their composition is comparable to those
of known occurrences in metapelites from greenschist-facies conditions. The textura evidence points to a synmetamorphic
authigenic origin of these phases related to local mobilization and reconcentration of the REE during the metamorphic
recrystallization of the clay fraction.
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SOMMAIRE

Nous avons découvert la monazite-(Ce) et le xénotime-(Y) dans des métacherts (conditions du faciés a pumpellyite—actino-
lite: 3< P < 4 kbars et 300 < T < 350°C) de I’ensemble de Monte Figogna, zone de Sestri—Voltaggio, en Ligurie, Italie. Ces
minéraux se présentent sous forme de grains submillimétriques épars dans des couches pélitiques, et de grains idiomorphes dans
des veines de quartz millimétriques et dans des fissures encore ouvertes. Leur composition est comparable a celle d’ exemples
connus dans des métapélites équilibrées aux conditions du faciés des schistesverts. D’ apreslesindicationstextural es, ces minéraux
ont une origine synmétamorphique et authigéne, résultant d’ une mobilisation locale et d’ une reconcentration desterresrareslors

de la recrystallisation métamorphique de la fraction argileuse.

(Traduit par la Rédaction)

Mots-clés: monazite, xénotime, métapélite, chert, terresrares, Ligurie, Italie.

INTRODUCTION

Members of the monazite and xenotime groups
(Mandarino 1999, Buck et al. 1999) occur as accessory
mineralsin a variety of geological environments, such
asin felsic and alkaline magmatic rocks and in hydro-
thermal veins and open fissures. In metamorphic rocks,
they have been reported as authigenic phases mainly
from metapelites, mostly from high- to intermediate-
grade conditions (i.e., from granulite to greenschist fa-
cies; Franz et al. 1996, Bea & Montero 1999). At
subgreenschist-facies P-T conditions, xenotime has
never been reported, whereas monazite is rare, and its
authigenic origin is still in doubt (Overstreet 1967,
Kingsbury et al. 1993, Ohr et al. 1994).

In this paper, we discuss the first documented oc-
currence of authigenic monazite and xenotimein pelitic
beds within metacherts equilibrated under conditions of

§  E-mail address: cabella@dipteris.unige.it

the pumpellyite—actinolite facies (300 < T < 350°C, 3<
P < 4 kbar) from the Monte Figogna Unit, Sestri—
Voltaggio Zone, central Liguria, Italy.

GEOLOGICAL SETTING

The Sestri—Voltaggio Zone is located at the eastern
margin of the Voltri Group and consists of three dis-
tinct tectonometamorphic units: Trias-Lias unit,
Cravasco-Voltaggio unit, and Monte Figogna unit
(Fig. 1). All these unitswereinvolved in the Al pine sub-
duction-related tectonic events and underwent metamor-
phic re-equilibration under different conditions of peak
metamorphism: a) blueschist facies, T = 350°C; P> 6
kbar (Trias-Liasand Cravasco-V oltaggio units), and b)
pumpellyite—actinolite facies, 300 < T < 350°C; 3< P
< 4 kbar (Monte Figogna unit) (Cortesogno & Haccard
1984).
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The Monte Figogna unit is composed of meta-
ophiolites (mainly serpentinite, ophicalcite, and
metabasalt) and their sedimentary covers (metachert,
metacal carenite, pelitic schist, and shale). It represents
the metamorphic equivalent of the Eastern Liguria
ophiolitic sequences (Cortesogno & Haccard 1984,
Crispini & Capponi, in press).

The metacherts are variable in thickness, from tens
of centimeters to some meters, and consist of rhythmic
alternations of reddish and greenish centimetric beds,
both characterized by synmetamorphic schistosity and
multistage veins and fractures.

The reddish beds consist of hematite-bearing sili-
ceous mudstones containing deformed radiolarian tests
commonly filled by microcrystalline quartz. The green-

Location and geological maps of the Sestri—V oltaggio Zone. Redrawn from Cortesogno & Haccard (1984).

ish beds are chlorite- and phengite-bearing siliceous
pelites containing scattered ophialitic clasts. Moreover,
dark brown millimetric hematite-rich levels are present
both in reddish and greenish beds.

ANALYTICAL METHODS

Identification of monazite and xenotime was
achieved by means of optical microscopy and X-ray
diffraction (XRD) analyses of hand-picked single crys-
talsusingaDIFFLEX Il diffractometer equipped witha
Gandolfi camera (Ni-filtered CuKa radiation, 35 kV,
25 mA, duration of exposure 20 hr). Unit-cell datawere
obtained by aleast-squares fit of about 15 reflections.
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Qualitative analyseswere performed on six polished
thin sections with a scanning electron microscope
(SEM, Philips 515) equipped with an X-ray energy-dis-
persion analyzer (EDAX PV9100) using an accelerat-
ing voltage of 20 kV and a beam current of about 2 nA.
A complete investigation using back-scattered electrons
(BSE) wascarried out in order to identify the rare-earth-
element (REE) minerals, to illustrate their textural rela-
tionships and to evaluate their modal abundance.
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Quantitative analyseswere performed with an ARL—
SEMQ electron microprobe in wavelength-dispersion
mode (WDS) using an accelerating voltage of 20 kV
(sample current of 20 nA) with a beam size of about 4
pm, and peak and background counting times of 40 and
10 seconds, respectively. Thereference standards REEL,
REE2, REE3, and REE4 (Drake & Weill 1972), syn-
thetic glasses (ThO, 100%, Y ;03 100%), synthetic com-
pounds (apatite, zirconia, NdSi, PrSi, Ce,Y Si,,

Fic.2. Textural location of monazite and xenotime in assemblages P1 (white box) and P2
(black box) within the pelitic beds. Abbreviations: gtz: quartz, chl: chlorite, hem:
hemétite.
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TABLE ! LINES USED FOR ELECTRON-MICROPRCEE
ANALYSIS, INTERFERING ELEMENTS AND
CALCULATED LIMITS OF DETECTION

element line crystal lirmit of nterfering

detection elements
Si Ke ADP 001
Ca Em PET 0.0]
P K PET 001
Th Ma PET 0.03
Y La ADP G.04
La La PET 0.03
Ce L PET 0.03
Pr Le PET 0.03 La
Nd Lua LiF200 0.06 Ce
Sm La LiF200 0.05 Ce
Eu e LiF200 005 Pr, Nd
Gd Lu LiF200 0.05 Ce, La
Dy Lu LiF200 0.05 Th, Eu
Er Lu LiF200 005 Tb
Yo Lu LiF200 0.05
Ly fe LiF2(0 0.05 Dy

* Detection limits at 9% confidence in elemental weight % {single line).
Interference correctians were made using the Probe 5.2 program (Donovan & Rivers
1960},

LaYSiy), and natural phases [monazite-(Ce), albite],
were used as standards. The lines used for analysis, the
interfering elements, and detection limits for each ele-
ment are reported in Table 1. Interference effects dueto
peak overlaps were minimized using the PROBE 5.2
software (Donovan & Rivers 1990). The accuracy and
precision of the analyses and the interference-correction
effectsat different levels of concentration were checked
using the same analytical standards as the unknowns
during the analytical runs. The observed analytical er-
ror (E) varies markedly in each case, depending on the
concentration (X) of theelement: X= 10%, E< 1%; 1<
X < 10%, E < 15%, and X < 1%, E > 15%.

Bulk-rock analyses were carried out by X-ray fluo-
rescence (XRF) on fused glass disks (major elements);
instrumentation consisted of a Philips PW1480 with Rh
tube. Replicate analyses of rock standards show that the
major-element data are precise to within 0.5% to 2.5%,
and between 3% and 5% for Al, Na, and P. Concentra-
tions of the REE were determined using Inductively
Coupled Plasma — Mass Spectrometry (ICP-MS); the
samples were prepared with atotal dissolution method
(perchloaric, nitric, hydrofluoric acids). The accuracy of
the REE determinations on replicate analysesis between
2% and 3%.

OCCURRENCE

The rare-earth-element phosphates occur in meta-
cherts within the greenish beds and in veins or open fis-
sures cross-cutting them (Fig. 2). Other minerals
trapping the REE (allanite, apatite, and zircon) are
present in trace amounts, along the main schistosity as
scattered irregular grains. On the basis of textural rela-
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tionships, two popul ations of REE phosphates have been
distinguished, hereafter named P1 and P2.

P1 grains are present exclusively in greenish beds
associated with hematite and chlorite. They occur as
scattered irregular aggregates (up to 5 um) (Fig. 3A).
Owing to their small dimensions, quantitative analyses
of P1 crystals were not possible; nevertheless, qualita-
tive energy-dispersion spectra suggest that they are REE
phosphates, most likely monazite and xenotime.

P2 grains consist of microscopic euhedral crystals
of monazite and xenotime, the latter invariably subordi-
nate (xenotime:monazite ratio = 1:10). They occur
within open fractures (up to 1 mm wide) and veins (up
to 0.5 mm wide) cross-cutting the main schistosity
(Fig. 3B), associated with dark green sheaves of lamel-
lar chlorite, euhedral quartz, and dark yellow, steeply
pyramidal crystals of anatase. Monazite (Fig. 4A) is
present as light yellow tabular and prismatic crystals,
up to 200 um in length, whereas xenotime (Fig. 4B)
occurs as very pale honey-yellow elongate prismatic
crystals, up to 100 pwm in length.

ANALYTICAL RESULTS

Results of bulk chemical analyses of two samples of
monazite- and xenotime-bearing metachert are reported
in Table 2. Because the separation of the greenish and
reddish beds was impossible, the analytical results per-
tain to the whole metachert samples. As aconsequence,
in comparison with a pure chert, these compositions
contain significant amounts of elements such as Fe, Al,
and Mg that are concentrated in the pelitic fraction.

Patterns of REE distribution normalized with respect
to the NASC (North Atlantic Shale Composite: Gromet
et al. 1984) are very flat, without a significant positive
or negativeanomaly (Fig. 5A). Thegenerally lower REE
content in our samples compared to the NASC is possi-
bly due to the dilution effects of the cherty (nearly pure
silica) reddish beds.

TABLE 2. BULK-ROCK COMPOSTTION OF MONAZITE-
AND XENOTIME-BEARING METACHERTS,
SESTRI-VOLTAGGIO ZONE

81 52 81 52

S0, wt% 8279 8317 Le ppm 1506 1432
ALO, 511 4.80 Ce 3562 1440
Fe,0, 631 564 Pr 37 340
MnD 028 024 Nd 1506 1284
MgO 180 165 sm B 7
€10 015 08l Ev 0.78 069
Ne,O 131 0.76 Gd 324 277
KO 039 0.54 To 056 049
TiO, 022 019 Dy 351 328
PO, on o1 Ho 0.77 07
LOL 123 127 Er 217 201
T ¢33 028

total W 9916 vh 215 174
Lu 032 027

¥ 1630 1525
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Fic.3. SEM micrographs of monazite (mnz). The white boxesindicate the enlarged areas
(right side): A) Irregular grain of P1 monazite along the schistosity in pelitic beds; B)
euhedral monazite crystal (P2) in open fissure.

The chondrite-normalized REE distribution patterns
(Fig. 5B) show relatively steep LREE (La—Eu) distribu-
tion, with a slight Eu negative anomaly, and relatively
flat HREE (Gd—Lu) and Y patterns.

XRD data and quantitative chemical analyses were
obtained only from euhedral crystals of the P2 suite,
owing to the submicroscopic dimension of monazite and
xenotime from population P1.

X-ray-diffraction patterns and the calculated unit-
cell parameters confirmed that the analyzed REE phos-
phates correspond to monazite [a 6.795(4), b 7.036(4),
€ 6.483(3) A, B 103.91(3)°] and xenctime [a 6.856(4)
A, ¢5.986(3) A].

In the P2 suite, monazite and xenotime crystals do
not exhibit any systematic core—rim chemica zoning,
but significant chemical variations are present among
crystals.
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On thebasis of chemical compositions (Table 3), all
monazite crystals correspond to monazite-(Ce) with Ce
invariably the dominant REE (0.42-0.48 apfu). The
other light REE (LREE) occurring in significant amounts
are La (0.16-0.23 apfu) and Nd (0.18-0.24 apfu); mi-
nor amounts of Pr (0.03-0.05 apfu), Sm (0.02-0.04
apfu) and trace amounts of Eu (<0.01 apfu) aso have
been detected. The heavy REE (HREE) are invariably
below the detection limits, excluding Gd (about 0.02
apfu); Y is present, up to 0.05 apfu.

In our samples, La and Sm (Fig. 6A) show a weak
negative correlation and fall within the field reported
for the occurrence of monazite in greenschist-facies
rocks (Franz et al. 1996). As had been concluded by
Franz et al. (1996), no correlations are found among the
other LREE. Y and HREE contents are quite homoge-
neous, both ranging from ~1 to ~2 wt% of the relevant
oxide. Yttrium contentsare generally higher than mona-
zite from greenschist-facies rocks, whereas the HREE
contents are comparable (Fig. 6B).

The chemical analyses of xenotime (Table 4) reveal
very homogeneous Y contents (0.79-0.81 apfu). Dys-

Fic. 4. SEM micrographs of REE phosphates from open fis-
sures(P2). A) Tabular prismatic crystals of monazite (mnz)
together with quartz (qtz); B) prismatic crystalsof xenotime
(xen) together with quartz grainsand lamellar chlorite (chl).
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prosium (from 0.06 to 0.08 apfu), Gd (from 0.04 to 0.05
apfu), and Er (from 0.02 to 0.03 apfu) also are present
in significant amounts, whereas only minor amounts of
Sm (~0.01 apfu) and Lu (<0.01 apfu) have been de-
tected. The other REE are generally below their limits
of detection.

The chondrite-normalized patterns of REE distribu-
tion confirm that monazite and xenotime are respec-
tively LREE- and HREE-selective (Fig. 7), with the REE
between La to Nd strongly partitioned into monazite,
and the REE between Gd to Lu preferentially accom-
modated in the xenotime structure.

Only low amounts of Th (0.01-0.02 apfu), Ca(<0.01
apfu), and Si (0.01-0.03 apfu) areincorporated in mona-
zite and xenotime, whereas U has not been detected. The
presence and the relative abundance of these elements
seem related to two different types of isomorphous sub-
gtitutions that, as previously described by Franz et al.
(1996), can be represented by the exchange vectors

102 E\ I I I I I I I I I I I I I I
: *NASC values from Gromet et Al. (1984) A
I and ° Haskin et al. (1968).
x 10 &
Q E
(%) C
< L
Z |-
N
Y 1 &
[&) E
3 :W
= C
01 | | | | | | | | | | | | | | |
La °Pr Sm Gd Dy Er Yb Y
Ce Nd Eu Tb °Ho °Tm Lu
103 E\ I I I I I I I I I I I I I I
i B

rock/chondrite*

~ * Chondritic values from
L Anders & Ebihara (1982).

1 ey s S |

la Pr Sm Gd Dy Er Yb Y
Ce Nd Eu Tb Ho Tm Lu

Fic. 5. Bulk-rock patterns of REE distribution in monazite-
and xenotime-bearing metacherts. A) Patterns normalized
with respect to the NASC (North Atlantic Shale Compos-
ite); B) chondrite-normalized patterns.
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TABLE 3. REPRESENTATIVE ELECTRON-MICROPROBE DATA FOR P2 MONAZITE

Al A2 A3 A4 A5 A6 AT AR A9 AlD All Al2 Al3 Al4 Al5 mean

range

Si0, wits
Ca0
PO,
ThO,
Y50,
La,0,
Ce0,
Pr.Q,
N4,0,
Sm, 0,
Eu, 0y
Gd,0,

total

Si apfu
P
B

Ca
Th
Y

La
Ce
Pr

Nd
Sm
Eu
Gd
pa¥:

015 003 013 bd 003 003 005 003 005 003 bd 005 011 011 005 006 bd. -0.15
005 002 003 002 005 002 005 bd. 026 005 015 025 017 0.10 002 008 bd -026
30.14 3022 30,05 30.14 30.25 30.26 30.16 30.13 30.31 30.52 30.35 30.28 30.38 30.38 30.51 30.27 30.05-30.52
031 018 019 016 032 025 045 0.10 1.87 043 024 137 044 018 011 044 010-187
078 160 074 104 150 157 10% 118 157 165 170 098 158 220 158 138 0.74-220
12,50 12.23 13.11 12,30 13.00 11.47 11.96 11.45 12.46 13.51 13.61 16,11 14.22 14.74 14.96 13.17 11.45-16.11
3073 3187 31.08 32.95 32.65 32.74 32.87 32.65 32.49 3285 33.04 31.03 29.64 30.05 30.11 31.78 29.64 - 33,04
302 325 305 299 320 223 251 246 296 3.12 221 298 302 310 301 287 221-325
17.41 1557 16.69 15.06 14,18 16.19 1571 1587 14.15 1434 14,17 13.18 15.69 14.62 1461 1516 13.18 - 1741
273 249 287 259 246 296 275 306 202 169 217 178 221 223 236 242 149-1.06
046 0354 047 Q.60 042 056 0.63 068 056 046 060 042 051 049 055 053 042-068
147 184 150 146 187 164 147 201 125 118 165 152 175 172 199 162 1.18-201

99.75 92 84 9991 99.31 99.93 99.92 99.70 99.62 99.95 99.83 99.89 99.95 99.72 99.92 99.86
Number of ions on the basis of 4 atoms of oxygen

0.006 0.001 $.005 b.d. 0.001 0.001 0.002 0.001 0.002 0.001 b.d.  0.002 0.004 0.004 0.002
1.000 1.001 0598 1.004 1.001 1.001 1.001 1.002 1.001 1.005 1.002 1.001 1.002 1.000 1.005
1.006 1.002 1.003 1.004 1.002 1.002 1.003 1.003 1.003 1.006 1.002 1.003 1.006 1.004 1.007

0.002 0.001 0.001 0.001 0.002 0.001 0.002 b.d. 0.011 §.002 0.006 4.010 0.007 0.004 0.001
0.003 0.002 9.002 0.001 0.003 0.002 0.004 0.001 0.017 0.004 0.002 ¢.012 0.004 0.002 0.001
0,016 0.033 0.015 9.022 0.031 0.033 0.023 0.025 0.033 0.034 0.035 0.020 0.033 0.046 0.033
0.181 G176 D190 0.178 0.187 0.165 0.173 0.166 0.179 0.194 0.196 0.232 0.204 0.211 0.215
0.441 0.456 0.446 0.475 0.467 0. 468 0.472 0.46% D.464 0,468 0.472 0.444 0423 0.428 0429
0.043 0,046 0.044 0.043 ¢.046 0.032 0.036 0.035 0.042 0.044 0.031 0.042 0.043 0.044 0.043
0244 0.217 0.234 0.212 0.198 0.226 0.220 0.223 0.197 0.199 0.197 0.184 0.218 0.203 0.203
0.037 0.034 0.032 0.025 0.033 0.040 0.037 0.041 0.027 9.023 0.029 0.024 0.030 0.030 0.032
0.006 0,007 0.006 0.008 0.006 0.007 0.008 0.00% 0.007 8.006 0.008 0.006 0.007 0.007 0,007
0.019 0.024 0.020 0,019 0.024 ¢.021 0.01% 0.026 0.016 0.015 0,021 0,020 0.023 0.022 0.026
0.992 0.996 0.997 0,994 0,997 0.995 0.994 §.995 0.993 0.989 0.937 0.994 0.992 0.997 0.9%0

Dy, 0, Ery0y, Yb,0;, and Luy(, results were below the limit of detection (0.05)in all cases. b.d.: below the limit of detection; apfu: atoms

per formula unit.

CaThREE_, in monaziteand ThSIREE_;P_; in xenotime,
respectively. A comparison with alarge set of monazite
and xenotime data (Fig. 8) reveals that in our samples,
only limited substitutions are present along these vec-
tors. In contrast with what is expected, Th contents are
generaly higher in xenotime than in monazite.

DiscussioNn AND CONCLUSIONS

Monazite and xenotime found in metachertsfrom the
Sestri—-Voltaggio Zone are restricted to two modes of
occurrence, both within pelitic greenish beds, i.e., dong
the main schistosity associated with chlorite + hematite
(P1), and within veins and fissures together with chlo-
rite, quartz, and anatase (P2).

The occurrence of authigenic monazite and xenotime
from medium- to high-grade metamorphic assemblages
has been reported by many authors (Overstreet 1967,

Kingsbury et al. 1993, Franz et al. 1996, Bea& Montero
1999). Franz et al. (1996) reported authigenic monazite
and xenotime occurring in metapelites from a regional
metamorphic area in northeastern Bavaria, Germany,
over arange of P-T conditions spanning from green-
schist to almost granulite facies. Xenotime has never
been reported from subgreenschist-facies assemblages.
On the other hand, monazite is rare, and its authigenic
originisstill doubtful; in most of the cases, it is consid-
ered a detrital mineral (Overstreet 1967, Kingsbury et
al. 1993, Ohr et al. 1994).

The selective appearance of monazite and xenotime
(assemblage P1) in the phyllosilicate-rich greenish beds
suggests that the REE were concentrated almost exclu-
sively in the pelitic fraction of the metacherts. More-
over, as suggested by textura evidence, the rhythmic
aternation of reddish and greenish beds in the meta-
cherts presumably reflects the primary sedimentary
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TABLE 4, REPRESENTATIVE ELECTRON-MICROPROBE DATA FOR P2 XENOTIME

Al A2 A3 A4 A5 A6 AT A% A9 AlG A1l AlZ AIZ Al4 AlS mean range
510, wt%e 041 055 063 042 (081 058 084 106 042 060 057 036 045 064 055 06 036-106
Cad 021 010 020 000 026 014 bd 028 bd 026 015 bd bd bd bd 011 hd-028
PO, 3526 3487 34 97 55.64 34,67 3544 34.65 3445 3569 3519 35,15 3511 3541 3518 3535 35,14 34.49 - 3569
ThO, 133 1.72 158 179 188 145 119 169 1.11 1,78 198 154 132 147 138 155 1.11-198
Y 4529 44,67 44,48 4597 4527 4538 4505 4541 44.97 4583 4532 4528 4501 45.67 4581 45.29 44 48 — 4597
Ce,0, bd bd bd bd 004 004 006 bd 007 006 007 005 008 004 011 005 bd -0
Pr., bd bd bd bd bd 003 003 bhd 003 bd bd bd 005 003 bd 002 bd -005
Nd, 0, 042 038 043 040 041 042 089 42 077 052 049 Q60 0354 048 061 052 038-089
Smy0, 1.14 122 105 096 1.4 105 138 OB8 140 096 114 150 1,14 123 106 115 O88-1.5
Eu,0, 044 053 061 Q58 047 055 062 053 058 044 047 052 063 044 062 054 044 -062
Gd, 0, 383 3190 436 374 377 393 404 365 474 356 382 441 430 412 4323 407 3156-474
Dy, 0, 694 719 702 581 618 602 617 610 591 611 627 641 715 659 634 641 581-719
Er,0, 307 299 303 3105 288 296 281 289 301 256 237 238 229 234 247 274 220-3107
Yb,0, 109 124 128 114 132 143 117 1.24 129 095 1.13 108 115 099 114 118 095-143
Lu,, 043 034 039 032 028 035 014 025 03 017 034 023 030 028 020 029 0.14-043
total 9990 998410009 99,85 99 52 99 86 99,65 98.97100.38 99.01 99,29 99,69 59 82 99,57 00,98

Number of ions on the basis of 4 atoms of oxygen

Si apfu 0.014 0.022 0022 0014 9027 0.019 0.028 0.035 0.014 0.020 0.019 ¢.012 0.015 0.021 G018
P 0,988 0981 0982 0.993 {.975 0,988 0,975 0,971 0.993 0.986 0,987 0987 .99] (.985 0.986
IB 1.002 1.003 1,004 1.007 1.002 1.007 1.003 1.006 1.007 1.006 §.006 G959 1.006 1.006 1.004
Ca 0.007 0.004 9007 0.000 0.009 0.005 bd. 0010bd 00100005bd bd bd bd
Th 0,010 0.013 0.012 0.013 0.014 0,011 0,009 0,013 0008 0.013 0,015 0.012 0.010 0.011 0.010
Y 0,797 0,790 0,785 0.805 0.801 0.796 .797 0.804 0.787 0.807 0.800 (.801 0.792 O 804 O.803
Ce bd bd bd bd <0.001<0.001<0.00] bd 0.001 0.001 0.001 0.001 0.001<0.601 0.001
Pr bd bd bd bd bd <0001<0.00! bd <0G0] bd bd bd 0.001<0001 bd
Nd 0005 0005 0,005 0,005 0.005 0.005 0.011 0.005 0.009 0.006 0.006 0.007 0.006 0.006 0.007
Sm 0013 0014 0.012 0.011 0.013 0012 0.016 0.010 0016 0.011 0.013 0.017 0.013 0.014 0.012
Eu 0.005 0.006 0.007 0.007 0.005 0.006 0.007 0.066 0.007 0.005 §.005 0.006 0.007 0.005 0.007
Gd 0.042 0.043 0.048 0,041 0,042 0.043 0051 0.040 0.052 0.039 0,042 0.049 0,047 0.045 0.046
Dy 0.074 0.077 0.075 0,062 0.066 0.064 0.066 0.065 0.063 0.065 0.067 0.06% 0.076 0.070 0.067
Er 0,032 0.031 0.032 0.032 0.030 .031 0029 0.030 0.031 0.027 .025 0.025 0.024 0.024 0.026
Yb 00110013 0.013 0,017 4013 0.014 0012 0.013 0.013 0010 G011 D011 0.012 0.010 Q.01
Lu 0,004 0.003 0.004 ¢.003 0.003 0.003 0.001 0.002 0.003 0.002 0.003 0.002 D.003 0.003 0.002
24 1.000 0,999 1,000 0990 1.001 0.990 0.99% 0.998 0.920 3.996 0.993 1.000 0.992 (0.992 0,992
Y/Dy 108 103 105 130 121 124 121 124 125 124 119 1i6 104 115 120

La, 0, results were below the fimit of detection (0.03) in all cases. b.d.: below the limit of detection; apfur: atoms per formula unit.

layering; thusit islikely that these mineralsformed asa
consequence of local mobilization and reconcentration
processes during the metamorphic recrystallization of
the clay fraction, without the necessity of involving any
external source.

The genesis of monazite and xenotime in veins and
fissures (assemblage P2) cannot unequivocally be con-
strained as being synmetamorphic. Nevertheless, the
concentration of monazite and xenotime exclusively in
veins cross-cutting the greenish pelitic beds suggests
that they probably have formed as a consequence of
local mobilization of REE from the adjoining rocks.

However, therelatively constant Y/Dy ratio (mean value
~ 11.8, Table 4), which approaches the value in the
Earth’s crust (11.5: Taylor & McLennan 1985), is in
favor of the absence of complexing agentsin the depos-
iting solutions (Gramaccioli et al. 1999).

The composition of P2 monazite and xenotimeisin
good agreement with the constraints inferred by field
and experimental data (Franz et al. 1996, Gratz &
Heinrich 1997, Heinrich et al. 1997) relative to low-
grade metamorphic conditions. In particular, our data
indicate avery low content of HREE in monazite and of
LREE in xenotime, as observed in samples from
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Franz et al. 1996) represent monazite from metapelitesin
low-grade metamorphic conditions.

greenschist-facies conditions elsewhere (Franz et al.
1996). Moreover, the Th content of monazite is gener-
ally very low, as observed at low temperature in
metapelites and hydrothermal veins (Overstreet 1967,
Franz et al. 1996).

These data suggest that monazite and xenotime
found in metacherts from the Sestri—Voltaggio Zone
possibly represent thefirst occurrence of these minerals
under subgreenschist metamorphic conditions (pumpel-
lyite—actinolitefacies; 300° < T < 350°C, 3< P< 4 kbar),
thus extending the stability field of these phosphate
minerals to awider range of metamorphic conditions.
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