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Abstract. Seventy samples of Hercynian peraluminous gran- 
ites (Gu6ret, Millevaches and Saint Sylvestre massifs) and 
metamorphic units of the Limousin area were analysed for 
R b -  Sr and S m -  Nd. The source rocks of the peraluminous 
granites can be found in the metamorphic rocks of Limou- 
sin, among them meta-igneous rocks were largely predomin- 
ent over meta-sedimentary rocks in the source of the three 
granites. Millevaches and Gu6ret granites were generated 
by the partial melting of rocks comprising meta-volcanics 
and meta-sediments, whereas the Saint Sylvestre granite was 
produced exclusively by the melting of late Precambrian 
granites. This leads to confusing TDNM a values, the confusion 
being amplified by the segregation of monazite during the 
petrogenetic evolution of the peraluminous granites, which 
leads to dramatic fractionation in Sm/Nd ratios. The data 
of the present study tend to demonstrate that peraluminous 
granites do not give a good representation of isotopic mean 
crustal estimates. Late Precambrian time seems, however, 
to have been a period of extensive crustal generation in 
Western Europe. 

Introduction 

Peraluminous granites are generally considered to be gener- 
ated through partial melting of upper crustal rocks, especial- 
ly during continent-continent collisional events (e.g. Le Fort 
1975, 1981), but also occur at active margins. By reference 
to the S-type of Chappel and White (1974), the genesis of 
such granites in intra-continental situations is attributed 
to the melting of pelitic sediments, and, by analogy with 
the shale geochemical model (e.g. Taylor and McLennan 
1984), peraluminous granites may be tentatively considered 
to sample a mean isotopic estimate of the continental crust. 
This point of view seems to be widely accepted by isotope 
geochemists, contrasting with the problem of I-type granite 
genesis, which in most aspects remains problematic (e.g. 
McCulloch and Chappel 1982; Hensel et al. 1985; Liew and 
McCulloch 1985; Juteau et al. 1986). 

This apparent simplicity needs, however, to be assessed 
by a case study investigating both aluminous granites and 
their possible source rocks in a well-known area. Pelitic 
sediments are not so common in the upper crust, and the 
partial melting of meta-igneous rocks could equally well 
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generate peraluminous melts. The ubiquitous presence of 
ophiolitic and calk-alkaline granitoid remnants within col- 
lisional orogens indicates that most of these orogens were 
preceded by active margin episodes, and thus peraluminous 
rocks can be considered as having been "contaminated" 
by segments of newly accreted crust in the form of igneous 
rocks. This contamination could lead to an apparent reju- 
venation of isotopic charcteristics of upper crustal granit- 
oids, consequently the question of how representative pera- 
luminous granitic magmas are as "mean crust samplers" 
could be considered. 

This problem is particularly well illustrated in the Her- 
cynian orogen. Hercynian peraluminous granites generally 
have low initial STsr/a6sr (compared with the evolution of 
the STSr/S6Sr ratios of potential source rocks, the so-called 
Sr paradox; Vidal et al. 1981) and high 143Nd/144Nd ratios, 
but their Pb isotope patterns are indicative of a long resi- 
dence time for their source rocks, and they sometimes con- 
tain zircons which yield Archean to mid-Proterozoic upper 
intercept ages (e.g. Michard-Vitrac et al. 1981; Bernard- 
Griffiths et al. 1985; Kober and Lippolt 1985; Peucat et al. 
1988). Liew and Hoffmann (1988) and Peucat et al. (1988) 
proposed regional evolution models involving crustal accre- 
tion at approximately 1.8 Ga, and subsequent mixing of 
the products of this accretion with an Archean crust (ap- 
prox. 2.5 Ga) and lower Paleozoic crust (approx. 0.5 Ga), 
but the "mixing" mechanisms are not considered. 

In a comprehensive study of the South Mountain Batho- 
lith (Nova Scotia), Clarke et al. (1988) reported isotopic "in- 
compatibility" between the aluminous granitoids and their 
enclosing flyschoid rocks; they identified a "juvenile" com- 
ponent in the source of the granites. The general problem 
is then summarized: Hercynian granitoids have "paradoxi- 
cal" isotopic characteristics in the sense that there seems 
to be a decoupling between the different isotopic systems, 
and this situation is probably due to some kind of "mixing" 
between reservoirs, as initially proposed by All6gre and 
Dars (1965). 

The present study aims to identify the source rocks 
which possibly generated peraluminous granites, and to de- 
termine the significance of their crustal Nd residence time. 
It focuses on R b - S r  and S m - N d  systematics of the late 
Hercynian peraluminous granites and the enclosing meta- 
morphic units of the Limousin area, in the North Western 
part of the French Massif Central. The outcropping meta- 
morphic units comprise both meta-igneous and meta-sedi- 
mentary rocks which have locally reached anatexis. 
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Geological setting 

The metamorphic series of Limousin consists of the stacking of 
five units (Floc'h 1983), respectively from bottom to top: (a) the 
"Dronne" unit, with predominent metapelites and subordinate me- 
tagranites; (b) the "Lower gneiss unit", with abundant metagranites 
dated at 530-450 Ma (data and references in Duthou et al. 1984) 
and meta-graywackes/meta-pelites; (c) The "Upper gneiss unit", 
consisting of meta-graywackes including eclogite and granulite 
remnants, and locally ultramafic slices; (d) the "Thiviers-Payzac" 
unit, which comprises calcalkaline volcanics and sediments meta- 
morphosed in mesozonal conditions; (e) the epizonal "Genis" unit 
characterized by marine sediments associated with tholeiitic volca- 
nic rocks. The three lower units have undergone anatexis in Eastern 
Limousin and may represent important contributors to the proto- 
lith of the peraluminous granites. The peraluminous granites 
(Fig. 1) appear as flat shearing, slab-shaped bodies, sometimes root- 
ed in migmatitic zones. The structural study by Bouehez and Jover 
(1986) emphasizes the parallelism between syn-magmatic and re- 
gional fabric in late Hercynian times (predominance of flat folia- 
tions and E - W  directed linear structures). 

The major element geochemistry of the peraluminous granites 
of the French Massif Central has been investigated in detail by 
La Roche et al. (1980). They defined an "alumino-cafemic" (A1C), 
biotite- and plagioclase-rich type with cordierite, and an "alumino- 
potassic" (A1K), biotite-poor, muscovite-bearing type. In the pres- 
ent study, we focused attention on three important massifs in which 
both A1K and A1C types are present. 

The Gu6ret granitic complex (4500 kin2), dated by R b - S r  on 
whole rocks at approximately 355 Ma (initial STSr/S6Sr=0.7098, 
Berthier et al. 1979), mainly comprises A1C types (La Roche et al. 
1980; Vauchelle 1987), from granodioritic to granitic composition 
(SiO2 content ranges between 60 and 70 wt.%), and locally small 
A1K bodies. Contrasting with typical S-type granitoids, the peralu- 
minous character of this granite increases with differentiation. The 
zircon typology indicates a dominantly crustal origin (Pupin 1985). 

The Millevaches massif (1000 km z) comprises both A1C and 
A1K types. A biotite-sillimanite bearing granitic facies (A1C) yielded 
a R b -  Sr whole rock age of 357 + 11 Ma (Augay 1979), and R b - S r  
whole rock ages at 332+25 Ma were proposed for several two 
mica (A1K) facies (Augay 1979; Monier 1980). These measurements 
of dates are, however, not convincing: they present considerable 
scatter, and the isochron at 357 Ma could well be a mixing line 
if one considers the very low initial STSr/86Sr=0.7054+0.0004. 
Nevertheless, it appears from field relationships that granites of 
different ages are present within this complex, so the scope of our 
study has been restricted to the most recently emplaced two-mica 
subtypes and to biotite-sillimanite subtypes shown to have under- 
gone the same deformational events (Jover 1986); samples are only 
from the best studied northern part of the Millevaches complex. 

In the Saint-Sylvestre massif (500 km2), the A1K type is widely 
predominant, A1C types occur locally. The coarse-grained two mi- 
cas facies (71) have been dated by U-Pb on zircon at approximately 
325 Ma (Holliger et al. 1986); locally, the 71 granite contains cor- 
dierite in place of muscovite, and is then called 71b. A1C fine- 
grained granites (72) are dated at approximately 310 Ma (Duthou, 
Leroy and Cuney, personal communication); they are biotite-rich 
and show magmatic contacts with 71. Leucocratic fine-grained 
granites (73) sharply crosscut Vl and 72. In the vicinity of these 
fine-grained intrusions, mineralogical transformations such as mus- 
covite crystallization and Li, F, Sn, U and Be enrichment appear 
as halos on the scale of hectometres (Friedrich et al. 1987; Monier 
1987). An important characteristic of the Saint Sylvestre granite 
is that it contains economic U-ore hydrothermal deposits, the Mil- 
levaches complex contains small U deposits or showings, whereas 
no uranium deposit has yet been discovered in the Gu6ret massif. 

Anatectie gneisses can be found as large xenoliths (kilometre- 
sized) in the Saint Sylvestre and Millevaches massifs, or as windows 
of the basement in the Gu6ret massif. In the Saint Sylvestre and 
the Gu~ret massifs, these gneisses have been identified as belonging 
to the "Lower gneiss unit" of Limousin (see above). 
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Fig. 1. Sketch map (modified after Floc'h 1983) showing the studied 
area and the sample locations. 1: "Dronne" Unit (unit 1); 2:"Unit6 
des gneiss inf~rieurs", i.e. lower gneiss unit (unit 2); 3: "Unit~ des 
gneiss sup6rieurs", i.e. Upper gneiss unit (unit 3); 4: "Thiviers-Pay- 
zac" unit (unit 4); 5:"  G6nis" series (unit 5); 6: Hercynian granites. 
A, Gu6ret, B, Millevaches, C, Saint Sylvestre 

Sample selection and analytical procedures 

The Gu6ret and Millevaches granites were sampled so as to cover 
wide but petrographically homogeneous areas, representative of 
the emplacement dynamics ( E - W  flat magmatic structures; Jover 
1986; Jover and Bouchez 1986). Smalt drill cores previously used 
for magnetic susceptibility anisotropy measurements were ground 
in agate mills, and in addition, seven samples of Gu6ret were se- 
lected from their major element characteristics so as to cover as 
wide a range of geochemical variation as possible. Saint Sylvestre 
samples were selected on the basis of a larger sampling by their 
major and trace element geochemical characteristics: they are desig- 
nated as "two-mica coarse-grained" (71), "biotite-cordierite coarse- 
grained" (71b), "biotite-rich fine-grained" (72) or "leucocratic fine- 
grained" (73) (Table 1). Some of the gneiss samples were collected 
within the granitic bodies where they outcrop either as large xeno- 
liths (10-100 m) or as showing evidence of having been partially 
molten. The other metamorphic rock samples come from the differ- 
ent thrust units and comprise ortho- and meta-sedimentary gneisses 
and schists. The metamorphic rock samples have been selected 
from 600 samples studied for their major and trace element charac- 
teristics by Bourguignon (1988) on their ability to produce signifi- 
cant amounts of minimum-melt magmas in upper crustal melting 
conditions: amphibolites, for instance, were discarded. 

Analytical procedures are those described in Turpin et al. 
(1988), with the exception of the following points: all the samples 
were digested in closed Teflon vessels using a CEM micro-wave 
digestion oven (Fisher 1986). This procedure was checked by dupli- 
cating some measurements using non-destructive neutron activa- 
tion analysis, and was shown to ensure a complete dissolution 
of REE-bearing accessory minerals; all the Nd and most of the 
Sr isotope compositions were determined on a 5-collector VG SEC- 
TOR mass spectrometer, which gave absolute external reproducibi- 
lities of 8.10-6(2~) on 1~3Nd/144Nd measurements as determined 
from 18 standard runs (a Johnson-Matthey Nd batch) during the 
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course of this study, and of 2.10- s (external, 2or) on 87Sr/S6Sr (NBS 
SRM 987=0.710283). 149Nm and lS~ tracers were calibrated 
using reference solutions prepared from REACTON sublimed met- 
al chips, weighed under Ar flux to avoid uptake of atmospheric 
nitrogen; during preparation of these reference solutions, we calcu- 
lated that the correction for buoyancy is greater than 1%0 on 1 1 
of 2 M HC1 solution, which implies that claims on 0.5%0 (or lower) 
absolute accuracy in Nd or Sm concentration determinations must 
take into account this correction. Th was determined at the 
C.R.P.G. (Nancy) by ICP-AES (Govindaraju et al. 1987). 

R e s u l t s  

The analytical results are given in Table 1. Initial isotopic 
ratios have been calculated at 325 Ma for Saint Sylvestre 
71 and Millevaches samples, 310 Ma for Saint Sylvestre fine- 
grained granites samples, and at 355 Ma for Gu6ret samples. 
The use of 325 Ma to correct the Millevaches data will 
be justified below. Concerning metamorphic samples, the 
143Nd/144Nd and eNd values calculated at 325 Ma are re- 
ported in Table 1, but the initial STSr/S6Sr ratios, subject 
to more important variations in small time intervals, are 
not given. Meta-sedimentary gneisses have low, homoge- 

r neous eNd, near --12, while meta-igneous gneisses have 
higher era, between - 2 . 2  and - 8 .  All the granite samples 
give eNra intermediate between these two ranges, but close 
to the ortho-gneiss characteristics. Crustal residence times, 

Nd given as TDM are between 1.08 and 1.77 Ga; their signifi- 
cance will be discussed below. Concerning the Saint Syl- 
vestre results, we emphasize the high Nd and Sm abun- 
dances (up to 117 ppm Nd) in samples of the 72 facies, and 
also the large absolute variation of Nd and Sm contents. 
In the granite samples, 147Sm/144Nd ratios range between 
0.07 and 0.13, and between 0.0986 and 0.1364 in all the 
gneiss samples. In granites, the STRb/S6Sr ratios cover a 
wide range between 1.2 and 104. 

D i s c u s s i o n  

The problem of age correction 

In spite of the care taken in sample selection, samples as 
old as 300 Ma may well have been subject to geochemical 
changes, especially those affecting the Rb/Sr ratio, which 
may have been modified by sub-solidus fluid migration 
linked, in the example of Saint Sylvestre, to the fine-grained 
granite intrusions at 310 Ma, or lamprophyre injection and 
hydrothermal alteration at approximately 300 Ma (Turpin 
et al., in press). Such modifications that can alter the calcula- 
tion of initial 87Sr/S6Sr ratios must be kept in mind when 
examining the results. Partly for this reason, some authors 
have focused on the S m - N d  system (e.g. Patchett and 
Arndt 1986; Liew and Hoffmann 1988), but this may involve 
loss of information: the geochemistry of the R b -  Sr system 
is controlled by major mineral phases during granitoid gen- 
esis, and thus its evolution is closely related to the petrogen- 
etic processes. 

Limousin gneisses as possible source rocks 

Peraluminous granitic magmas are generally produced by 
crustal anatexis. The petrogenesis of such magmas is known 
from experimental data either in wet melting (e.g. Winkler 
et al. 1975) or "dry"  melting (e.g. Vielzeuf and Holloway 
1988) conditions. In a comprehensive study of the Macusani 

glasses, Pichavant et al. (1988) demonstrated that a ~2o is 
internally controlled during the genesis of peraluminous ef- 
fusive melts. Therefore, potential source rocks producing 
Al-rich melts must themselves be A1- and HzO-rich: pelitic 
sediments may be considered to be ideal source rocks, but 
metagranites which occur in the Lower gneiss unit of Li- 
mousin can equally well fit petrogenetic modelling of pera- 
luminous granites (Friedrich etal. 1988; Bourguignon 
1988). Initially meta-aluminous, these granites became pera- 
luminous, especially during green-schist facies metamor- 
phism by Ca and/or alkali leaching (Bourguignon 1988; 
Marquer 1987). Moreover, these meta-granites have compo- 
sitions close to that of the minimum melt, which, provided 
an external water supply, favours melting and magma ex- 
traction. 

Figure 2 shows the Sr vs Rb contents of all the samples 
analysed in the present study. Partial melting paths of either 
meta-igneous or meta-sedimentary gneisses fit the data for 
all of the Saint Sylvestre samples, and most of the Mille- 
vaches samples: only a few data points for biotite granites 
from Millevaches and most of the Gu6ret samples, both 
of which have high Sr contents, require the participation 
of the fractional crystallization and crystal segregation of 
plagioclase and biotite, as suggested by Vauchelle (1987). 

Sr and Nd isotopic data 

Isotopic ratios 143Nd/144Nd (in the form of eNd notation) 
and STSr/S6Sr, corrected for in situ decay, are presented 
in Fig. 3. At 355 Ma, meta-granites, meta-volcanic rocks 
and meta-sediments plot within three different, well-delim- 
ited fields: metagranites have fairly constant eNd between 
- 6 and - 8 (with the exception of a plagioclase-rich orthog- 
neiss at -2.4),  and STSrff6Sr ratios dispersed toward highly 
radiogenic values, due to the abundance of Rb relative to 
Sr commonly observed in evolved granitic rocks. Meta-sedi- 
ment data plot at low ENd (--13 to --12) and medium 
SVSr/S6Sr (0.715-0.722). Meta-volcanic rocks have compara- 
tively high eNd(~--2 to --5) and low STSr/S6Sr(~0.707). 
These fields are slightly displaced at 325 and 312 Ma, but 
keep their relative positions due to similar Sm/Nd ratios 
and moderate Rb/Sr ratios. The data from Downes and 
Duthou (1988) on metamorphic rock samples collected from 
a wider area also evidence this difference between ortho- 
and meta-sedimentary rocks. 

The correction of Millevaches data at approximately 
330 Ma yields scattered points, but when corrected at 
325 Ma (the same age as Saint Sylvestre Massif) the data 
fit a near-hyperbolic distribution suggestive of mixing be- 
tween a meta-volcanic rock and a meta-sedimentary com- 
ponent (Fig. 3), except for one sample (MLA 47) which plots 
in the meta-granite field. As this sample was run in dupli- 
cate, the result cannot be considered as an artefact, and 
the existence of a meta-granite component as the source 
of Millevaches granite cannot be excluded. Both biotite 
granite and cordierite-garnet granite data are randomly dis- 
tributed along the hyperbole, which rules out the possibility 
of a batch mixing between two different magmas: the differ- 
ent facies are probably produced by different melting condi- 
tions of a mixed source. 

The Gu6ret data, corrected at 355 Ma, plot in an inter- 
mediate field between a meta-volcanic and a meta-sedimen- 
tary component. Data points are more tightly grouped than 
in the case of Millevaches, but they also define a kind of 
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Fig. 2. Sr -Rb distribution. Arrows denoted 1 are equilibrium par- 
tial melting paths; arrows 2-3 fractional crystallization paths (2: 
evolution of the melt; 3: evolution of the residual solid), partition 
coefficients taken from Hanson (1978). Data from Berthier et al. 
(1979) have been added. Discussion in text 

mixing trend. Batch mixing calculations indicate that the 
�9 eta-igneous terms was predominant over the meta-sedi- 
mentary term at the source of this granite. 

Saint Sylvestre data show a restricted range in eNd, near 
--7, and a dispersion in 87Sr/S6Sr, a distribution which 
overlaps the field defined by meta-granite data, both from 
the present study and from Downes and Duthou (1988). 
Although metasedimentary xenoliths (eyd~--13, sample 
84 103) are present in the Western part of the massif, none 
of the investigated samples have initial end < -- 8. An addi- 
tional problem comes from the reworking of the Rb--Sr  

system at approximately 310 Ma in relation with the intru- 
sion of 72 and 73 granites, which leads to an additional 
scatter in apparent initial Sr isotope ratios. The crystalliza- 
tion of phengite has been observed in some samples (indicat- 
ed by arrows in Fig. 3), and this probably caused a partial 
redistribution of the R b - S r  system. 

If the dispersion in 87Sr/86Sr could be in part attributed 
to this event, it is possible that the initial ratios of some 
samples were as high as 0.730, indicative of source rocks 
having had high Rb/Sr ratios. The study of metamorphic 
rocks shows that only meta-granites have 87Sr/S6Sr ratios 
compatible with those observed in Saint Sylvestre, and also 
a restricted range in end (between 6.2 and 7.7) in good agree- 
ment with the range defined by Saint Sylvestre samples. 

The characteristics of the three aluminous granite mas- 
sifs investigated can be summarized as follows: meta-ig- 
neous components have been identified in the sources of 
these three massifs, possibly acid meta-volcanics in Mille- 
vaches and Gu6ret, meta-granites in Saint Sylvestre. Meta- 
sediments also participated in the genesis of Millevaches 
and Gu~ret, but not in Saint Sylvestre. As suggested by 
their strong isotopic heterogeneity, Millevaches and Saint 
Sylvestre magmas were not homogenized before emplace- 
ment, as observed in the Manaslu granite of the Himalaya 
by Deniel et al. (1987). From the isotopic measurements 
of the present study, it appears that the three granitic com- 
plexes may have been generated through partial melting 
of upper crustal rocks similar to those which outcrop in 
the Limousin, which is consistent with the regional recon- 
struction proposed by Friedrich et al. (1988). 

The data from the present study also emphasize the poor 
reliability of the R b - S r  isotopic chronometer: Saint Syl- 
vestre and Millevaches granites appears as strongly hetero- 
geneous in initial 87Sr/86Sr, and additional disturbance 
problems occurred in the Saint Sylvestre massif. 
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Sin- Nd geochemistry: 
REE fractionation during petrogenesis 

A fundamental feature of peraluminous granites is that al- 
most the totality of light REE and Th is contained in mona- 
zite (Cuney and Friedrich 1987). Below 800 ~ C, however, 
the solubility of monazite in peraluminous melt is rather 
low (Montel 1986), and consequently LREE behave as com- 
patible elements during the petrogenetic evolution of such 
melts (e.g. Mittlefehldt and Miller 1983; Friedrich 1984; 
Le Fort et al. 1987). In the case of the Saint Sylvestre gran- 
ite, the Nd content of 72 fine-grained granites, typically 
monazite-rich, is as high as 120 ppm, but is as low as 5 ppm 
in a 73 aplitic sample. A consequence of this phenomenon 
is that the Sm/Nd ratio is dramatically fractionated during 
the petrogenetic evolution of peraluminous granites, irre- 
spective of their SiO2 content. In the example of Saint Syl- 
vestre, l~TSm/~4Nd ratios range between 0.07 in 72 fine- 
grained granites and 0.13 in some 73 facies. Evolved peralu- 
minous granites from Brittany have 147Sm/144Nd ratios up 
to 0.16 (Bernard-Griffiths et al. 1985). Figure 4 shows the 
general negative correlation relation between Th and 
147 Sm/14.4Nd in Saint Sylvestre samples: cafemic facies have 
higher Th and lower 14.TSm/144Nd than leucocratic facies. 
Compared with potential source rock data, 72 and 73 facies 
respectively have higher and lower Th content, indicating 
either fractionation or accumulation of monazite. The plot 
of initial 143Nd/14.4Nd vs Th content (Fig. 5) shows a close 
identity in Nd isotope ratios between meta-igneous rocks 
and Saint Sylvestre data, as outlined in the previous section. 

Nd crustal residence time (TNo~) 

N d  , ,  TDM is Nd "model age , i.e. the time T which elapsed from 
the segregation of a crustal segment (C) from depleted man- 
tle (DM). It is commonly calculated from present day char- 
acteristics as follows: 

TNd 1 T [, [(143Nd/144.Nd)DM--(14.3Nd/144Nd)c\\ 
D M  L n  1 -~- 1 4 7  144.  1 4 7  1 4 4  

In the present study, (14.3Nd/144Nd)DM = 0.513114(e = + 8.7), 
and (lr As a first order approxima- 
tion, the fractionation in Sm/Nd during the crustal history 
may be considered as minor, relative to the fractionation 

between the depleted mantle and the upper crust which 
occurred at the time of crustal growth (e.g. DePaolo 1981; 
Taylor et al. 1983; O'Nions et al, 1983). This approximation 
is generally satisfied through earth history by fine-grained 
sediments whose Sm/Nd ~0.197 (147Sm/l~Nd ~ 0.119) (e.g. 
Taylor and McLennan 1984). The accuracy of T ~  determi- 
nation is, however, rather poor: a sample having 
147Sm/144Nd=0.119, 143Nd/144Nd=0.5121 would give 
0.96 < T ~  < 1.7 Ga assuming the present-day 143Nd/14r 
variability observed in East Pacific Rise and North Mid- 
Atlantic Ridge N-MORB-0.51275 to 0.51325, calculated 
with (147Sm/14r = 0.222. 

Additionally, the fractionation in Sm/Nd due to mona- 
zite (or any LREE-rich mineral phase) separation has dra- 

Nd matic consequences on TDM determination. Figure 6 shows 
initial 143Nd/14~Nd ratios of all the samples investigated 
in the present study plotted against 147Sm/la4Nd, and the 
i s o - T ~  lines. The a43Nd/14~Nd ratios of most of the gran- 
ites from the present study are between 0.5118 and 0.51195, 
which at a constant 147Sm/1~4Nd-~0.11 would give a T ~  
variation of ~0.2 Ga; in fact, the extreme dispersion in 
147Sm/l~4Nd leads to T~t  values difference of more than 
0.5 Ga, i.e. between 1.1 and 1.6 Ga. Including the aplite 
3132 from Saint Sylvestre, the difference is between 1.1 and 
1.9 Ga. This effect is still more pronounced in Vend6e-Brit- 
tany granites, whose Nd ToM plot between 1.4 and 2.2 Ga, for 
initial 143Nd/144Nd ratios=0.51185_+0.0005. A common 
way to eliminate this effect in T ~  calculation is to arbitrari- 
ly assume a constant (147Sm/144Nd)c=0.12 (e.g. Peucat 
et al. 1988; Liew and Hofmann 1988), but metamorphic 
rocks from the present study have 0.095<t47Sm/144Nd 
< 0 . 1 3 - T ~  values calculated with this approximation, 
combined with the approximation on the depleted mantle 
characteristics, suffer a non-negligible error propagation, 
which hampers their use as precise quantitative data. 

As outlined in the sections above, Fig. 6 emphasizes the 
importance of meta-igneous rocks as source rocks of peralu- 
minous granites. This, in addition to the 147Sm/144Nd vari- 
ations observed during the petrogenetic evolution of these 
granites, leads to an apparent rejuvenation of T ~ :  the pera- 
luminous granites from the present study cannot be consid- 
ered as "mean crustal samplers", and in any "historical" 
study of Western European crust, Nd ToM values of such gran- 
ites should be considered cautiously. 
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Fig. 6. Plot of initial 143Nd/144Nd vs 147Sm/144Nd ratios for all 
the samples from this study (same symbols than in Fig. 2). Inset 
shows peraluminous granites (diamonds) and metamorphic rocks 
(squares) from Vend6e: filled squares, metasediments; dotted 
squares, orthogneisses (Respaut, unpublished data) and Brittany 
peraluminous granites (open circles, Bernard-Griffiths et al. 1985) 
and sediments. All sediment data are represented by stars and are 
taken from Michard et al. 1985. Potential source rocks are enclosed 
within encircled areas. See text for discussion 

The crustal evolution of  N.W. French Massi f  Central 

Historical reconstruction studies need reliable U - P b  zir- 
con ages (e.g. Patchett and Arndt 1986). The compilation 
of the available U -  Pb zircon ages in Western Europe indi- 
cates: (1) ages of 2.3-1.7, either from direct dating of meta- 
morphic terrains or detrital zircons in N. Brittany, Spain 
and Massif Central (e.g. Gebauer and Grfinenefelder 1976; 
Calvez and Vidal 1978; Guerrot et al. 1987; unpublished 
work by Lancelot, quoted in Downes and Duthou 1988) 
or from upper intercept memory in granite or metamorphic 
rock dating (e.g. Pin 1981; Priem and Den Tex 1984; Lance- 
lot et al. 1985; Bernard-Griffiths et al. 1985); (2) scarce mid- 
Proterozoic ages (approx. 1.2 Ga), only as upper intercept 
memory in granite or eclogite dating (e.g. Priem and Den 
Tex 1984; Peucat et al. 1982; Bernard-Griffiths et al. 1985); 
(3) abundant upper-Precambrian/lower-Paleozoic ages (ap- 
prox 600 -  500 Ma), with evidence of oceanic crust genera- 
tion attest by dating of mafic gneisses and amphibolites 
in Brittany, Massif Central, Spain and the Alps (work of 
Rennes and Montpellier laboratories, e.g. Peucat et al. 1981 ; 
Vidal et al. 1984; Lafon 1984; Lancelot et al. 1985; L6v~que 
1985; Pin and Carme 1987; M6not et al. 1988; Galibert 
et al. in press). 

Crustal material accreted during upper Precambrian 
times can be expected to have had isotopic characteristics 
close to those observed in present-day arc-type components 
which generally have eNd g +4~-7 and thus apparent 

--DM . . . .  Ga, so continental crust newly accreted at ap- 
proximately 0.6 Ga would yield Nd TOM in the range 1.(~ 
1.2 Ga: for example, mafic amphibolites from the deep drill- 

ing G.P.F.-Couy (N.E. Massif Central), dated at 495 Ma 
(Galibert et al., in press) and having trace element features 

TOM close to approximately close to arc-type material, yield Nd 
1.2 Ga (Turpin and Quenardel, unpublished work). Assum- 
ing that the 147Sm/144Nd ratios of primary sources of pera- 

TOM luminous granites were between 0.10 and 0.13, their Nd 
values would be in the range 1.2-1.6 Ga, i.e. identical to 
South Brittany peraluminous granites (Peucat et al. 1988). 
This range overlaps the orthogneiss range (Downes and 
Duthou 1988; this study), while meta-volcanic rocks of Li- 
mousin have Nd N TDM=I.1 Ga. Following the 2-component 
(Archean/upper Precambrian) mixing model proposed by 
Liew and Hofmann (1988), and the supposition that peralu- 
minous granites represent a mean estimate of the bulk crust, 
this leads to the conclusion that in Western Europe, more 
than 50% of the crust would have been accreted at approxi- 
mately 6 0 0 -  500 Ma, i.e. at Pan-African time. 

This estimation could readily explain the "Sr paradox" 
pointed out by Vidal et al. (1981) which is that given the 
m e a n  STSr/S6Sr and Rb/Sr ratio of granites and enclosing 
rocks, the bulk Sr in most of the Western European granites 
cannot have a crustal residence time older than 700 Ma. Nd 
More than 50% seems, however, an exageration: TOM 
values are biased by the fact that peraluminous granites 
were more efficient samplers of late Precambrian igneous 
rocks than sediments. In the area considered in the present 
study, the importance of uppermost Precambrian meta-ig- 
neous rocks (meta-volcanic rock and meta-granites) in the 
genesis of the peraluminous granites makes them mimic 
Nd isotope characteristics of upper Precambrian igneous 
rocks. This, together with the considerable bias due to mon- 
azite separation, contributes to the scrambling of isotopic 
data, especially Nd TDM values, but also 87Sr/86Srl. Additional- 
ly, Sawka et al. (1986) indicate that at the mineral scale, 
the S i n - N d  system could be not chemically homogenized 
by weathering or metamorphic and magmatic processes. 

Conclusions 

The present study demonstrates that source rocks of Her- 
cynian peraluminous granites may plausibly be analogous 
to the thrust metamorphic units of Limousin. Among the 
metamorphic units, meta-igneous formations of uppermost 
Precambrian to early Paleozoic age extensively participated 
in the genesis of peraluminous granites, and exclusively in 
the case of the U-enriched Saint Sylvestre granite. Fine- 
grained meta-sediments did not play an important role in 
the genesis of the three peraluminous complexes investigat- 
ed. 

This has two major consequences. First, combined with 
the fact that Sm/Nd ratios are extensively fractionated along 
their petrogenetic evolution, cautions use has to be made 
of Nd TDM values in tectonic models: the 143Nd/144Nd charac- 
teristics of the Saint Sylvestre granite are those of a Precam- 
brian granite. Second, the I -  S classification does not clear- 
ly apply to such granites, since peraluminous granites can 
be produced by melting of peraluminous igneous material. 

In spite of the difficulties in interpreting Nd TDM values, 
and of the decoupling of the R b - S r  system from the 
Sm - Nd system, it seems than an extensive crustal accretion 
occurred in late Precambrian time in Western Europe, i.e. 
during the Pan African events. 
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