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ABSTRACT: Mineralogical and chemical analyses of the major constitutive minerals from granite des Cré&es collected near the
thermal site of Plombiéres-les-Bains (Vosges Mountains, eastern France) clearly show that recently circulating thermal waters up
to 90 T do not impact them. Even the constitutive minerals smaller than 2 microns are not affected. As a result, all minerals reflect
the entire complex tectonic-thermal history of the granitic massif rather than just the recent thermal impact. Only the open faults
and natural drains contain calcite from recent thermal waters. This is confirmed by similar calcite deposits with the same elemental
contents sampled in the pipes of thermal installations. As a complementary conclusion, storage of containers of nuclear waste that
diffuse an overall temperature up to 100 <C will not alter the potential sealing properties of a plutonic host massif, of course, without
any recent thermal drainage that could potentially spread radioactive waste. This conclusion was already obtained on a moderately
faulted sedimentary environment after a one-year in-situ heating experiment at about 100 <C. Calcium is a key indicator of low
thermal impact. After an initial decrease, its levels rose significantly in the most "altered” granite samples, inducing calcite
precipitation, even in the water pipes at the thermal site. The negligible impact of a hydro-thermal activity at a maximum of about
100 <C in a granitic material represents, indeed, a piece of useful information, as deep sites for nuclear waste in plutonic host rocks
appear to act, also, as potential isolated host systems.
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1. Introduction

Thermal waters represent substantial assets of entire regions due to their implications for basic human health and
prosperity and for economic applications in terms of industrial and touristic aspects. This is the case in France, where
numerous well-known thermal cities, for instance, are located on plutonic or sedimentary geological grounds all over
the country. Incidentally, a supplementary technical application about host rocks affected by thermal water propagation
came up in the necessary safety evaluation of deep-storage nuclear waste, known now to induce a “storage” temperature
of about 100 <T to its immediate environment.

The site of interest in the context of a potential alteration induced by circulating thermal waters is that of
Plombieres-les-Bains located in the southern crystalline Vosges Mountains (northeastern France). About 2000 years
ago, the Romans “discovered” warm flowing waters there, where they constructed a site that was almost completely
destroyed later during the Barbarian invasions. Reconstructed during the Middle Ages, the thermal site remains
operational today, including 37 natural springs, 27 of them providing thermal waters between 9 and 80 <C with low
elemental charges and therefore applicable to diverse health therapies [1]. The thermal city of Plombié&es-les-Bains is
located on the granitic “Massif des Crétes” basement that extends on the western side of the southern Vosges Mountains
(Figure 1). Based on an U-Pb dating, the emplacement of this massif occurred 337.2 £1.8 Ma ago [2]. It was subjected
to an extensive hydrothermal alteration, some of the local massifs being also impacted by late magmatic hypo-volcanic
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activities. This mixed impact induced some alteration mainly characterized by a degradation of the amphiboles and the
initial plagioclases, while the biotite crystals appeared to be only slightly affected [3]. The granitic massif was also
subjected to a recent, low-temperature thermal alteration, whose impact can be followed along the visible tectonic
accidents that behave, therefore, as drains for the recent thermal waters.

In this context, the following geochemical and isotopic study was designed to test if this thermal activity could
have modified the major and trace elemental compositions, as well as the isotopic (Rb-Sr and K-Ar) signatures of the
main and the accessory minerals of this Massif des Cré&es that underwent, also, an early tectonic-thermal alteration.
Another interest of such a study is in connection with studies about long-term nuclear waste repositories in granite-type
potential sites. Indeed, such engineering/technical studies included recent long-term low-heating experiments to evaluate
the potential impact of the stored waste itself. Preliminary results have shown that the heating of potential sedimentary
host-sequences over one year at about 100 <C did not induce detectable mineralogical/chemical alterations [4]. In this
context, the impact of a thermal activity of about the same intensity in a granitic environment may represent a substantial
information, as deep repository sites of such waste are also evaluated in plutonic environments (i.e., [5]).
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The Granite des Crétes is in the dark blue color; only the southern of these outcrops are of concern here.

Figure 1. Simplified geological map of the southern VVosges Mountains. The Granite des Cré&es is in dark blue; the southern of
these outcrops are of concern here.

2. Geological Setting of the Granitic Massif

The crystalline basement of concern belongs to the granitic Massif des Cré&es, with most major outcrops to the
East in the Bresse Massif and over 60 km along the Sainte-Marie-aux-Mines fault to the NE (Figure 1). This massif
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represents a plutonic assemblage extensively studied for many years [3,6-10]. An important hydrothermal alteration
impacted some massifs of this assemblage, mostly induced by tardi-magmatic hypo-volcanic activities that induced
some high-temperature alteration. For Hameurt [9], the granite des Cré&es is younger than all regional crystalline terrains
that it crosscuts partly. Some early geochronological studies located its isotopic age between 350 and 320 Ma [11-13]. A
more recent U-Pb study on separated zircons gave a more precise age of 337.2 1.8 Ma [10].

Later, this granite des Cr&es was pervasively subjected to a tectonic-thermal event along the N60 and N140-170
directions. Characterized by intense mineral transformations, including some rock crushing, these zones belong to
concomitant fractures. The early hydrothermal alterations were compatible with biotite preservation and are
characterized by: (1) a precipitation of chlorite and calcite at the expenses of framework actinolite, (2) a saussuritization
with a sericite-calcite-quartz assemblage, (3) a precipitation of basic plagioclases, and (4) a sericitization of the
oligoclase-type plagioclases [9]. In addition to sub-recent “drains” and thermal water springs, the granite also shows
typical transformations, including microcrystalline aggregates of hematite, chlorite, and sericite. Fluorite also
impregnates the rock matrix or forms independent veins. Only the calcite coatings appear later than the fluorite coatings.

3. Sampling and Analytical Procedure

Four granitic rocks were selected on the Plombiées thermal site, with an additional sample collected away from
recent to present-day thermal activity as the non-affected reference material. This reference sample collected farthest
from the thermal site, consists of 35% quartz, 20% K-feldspar, 30% plagioclase and 15% biotite. The altered rock types
(labeled SAV1, SAV2 and SAV3) were collected at the Plombié&es-les-Bains site in the extensively altered “Galerie
des Savonneuses” that was constructed to facilitate the access to the major thermal springs with the highest local water
supply. Sample SAV2, for instance, consists of 25% quartz, 10% K-feldspar, 15% plagioclases, 5% biotite and up to
45% clay-type material. Three thermal waters were also collected in the gallery at temperatures between 50 and 20 <C,
complementing earlier analyses [14]. Permanent maintenance by the thermal society in charge of the exploitation material
also allowed the sampling of carbonated crusts coating the inside of old man-made water pipes.

The whole rocks were crushed by hand and sieved at 135 meshes. Biotite and several types of feldspars were
separated using dense liquids. The different feldspar separates correspond in fact to material that settled successively
by changing the density of the used liquids. Clay material, calcite and fluorite were also separated from whole-rock
samples. The contents of the major and traces elements were determined by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS), respectively,
following the procedure of Samuel et al. [15]. The accuracy of the analytical equipment was regularly checked by
repeatedly analyzing the international mineral standards GL-O and BE-N.Their systematic analysis allowed them to set
the analytical uncertainty at #2.5% for the major and 5% for the trace elements.

The Ar extractions were made in a glass line following a method described by Bonhomme et al. [16]. The samples
were preheated under vacuum at 80 <C for at least 12 h to remove the atmospheric Ar adsorbed on the sample and
mineral powders during preparation, separation and handling. Potassium was measured by flame spectro-photometry
with a reproducibility better than 1.5%. The analytical precision of the Ar extraction was periodically controlled by
measuring the international glauconite standard GL-O, giving an average of 24.59 +0.17 (2c) <10 °cm%/g (STP) of
radiogenic “°Ar for 5 independent measurements at the time of the study, the recommended amount being 24.85 +0.48
x 10"°cm?/g [17]. The systematic control of the procedure also included periodic determinations of the atmospheric
“OAreAr ratio that averaged 289.7 +1.2 (20) at the time of the experiment, the recommended value being 298.6 +0.4
[18]. Because of the expected limited changes in the amounts of radiogenic “°Ar due to the natural hydrothermal
alteration, the extraction line and mass spectrometer blanks were also determined systematically before each Ar
determination. These blanks never exceeded 1 > 10°® radiogenic “°Ar. The K-Ar ages were calculated using the
recommended decay constants [19] with an overall estimated analytical precision of about #2.5%.

The Rb-Sr isotopic procedure is close to that of Schaltegger et al. [20], including a Sr purification by resin
chromatography and analysis on a thermo-ionization mass spectrometer with five mobile collectors for analysis of the
Sr isotope composition and concentration. In contrast, the amounts of Rb were determined on a second mass
spectrometer with a single collector. The analytical precision of the procedure was periodically controlled by analysis
of the &Sr/%Sr ratio of the NBS 987 standard that averaged 0.710257 =+ 0.000015 (2omean) for 4 independent
determinations during the study. The Rb-Sr data were calculated with the usual decay constants [19].
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4, Results

The driving factor of the potential low-temperature alteration of the major constitutive minerals from granitic
massif being the thermal waters, their analysis was included in the geochemical study.

4.1. Some Geochemical Information of the Thermal Waters

Eight thermal waters were collected at temperatures ranging between 9.9 and 73.0 <T [14] (Table 1). Their 8Sr/Sr
ratios range between 0.71972 +0.00007 (2c) for the water at 31.5 <C and 0.71746 %0.00012 for that at 65 <T (Figure 2).
In detail, the three waters collected next to each other in the Galerie des Savonneuses Yyield a significant increase in
their 8Sr/®®Sr ratio when the temperature decreases from 50 to 30 <C. This negative correlation with the temperature
suggests a mixing of waters at various temperatures and with various Sr isotopic ratios. The &’Sr/2éSr ratio also increases
slightly when the Sr content decreases (Figure 2) while remaining about constant, except for one value, when the Ca
content changes (Figure 2). Interestingly, the Sr contents also decrease in the other Savonneuses thermal waters when

the temperature decreases.
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Figure 2. The 8 Sr/®Sr ratio of the Plombiéres thermal waters relative to their temperature (top), the Sr contents (middle) and the
Ca contents (bottom). The black dots are for the waters collected in the galerie des Savonneuses and the empty dots for waters
collected elsewhere in the massif.
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Table 1. Data of the collected thermal waters and of the calcite from a hydrothermal pipe. IDs stands for identities.

Sample IDs Temperature Ca Sr 1/Sr Sr/Ca 87Sr/88Sr
() (mg/g) (ng/g) (107 (+/-20in 107°)
Al 9.9 8.12 0.03 32.26 3.82 0.71794 (18)
Sab 31.5 7.68 0.03 35.71 3.65 0.71984 (18)
duplicate 0.71972 (7)
Sa7 42.0 8.68 0.05 18.52 6.22 0.71827 (14)
Sal0 50.0 9.40 0.08 12.66 8.40 0.71777 (15)
Ca 49.6 10.6 0.11 9.52 9.91 0.71771 (7)
DA 53.0 7.64 0.10 10.75 12.2 0.71777(13)
5B 65.0 7.8 0.15 6.80 20.8 0.71746 (12)
S09 73.0 5.12 0.19 5.26 37.1 0.71779 (22)
calcite 665 3320 337 2.97 <5.0 0.71731 (6)

4.2. The Elemental Contents of the Whole Rocks and the Separated Minerals

The changing contents of the major minerals of the rocks were evaluated before and after the impact of the
alteration on the minerals by examining the compositions of the whole rocks. For the biotite separates, the major
elements either accumulate, such as Si and Ca, or decrease, such as Mg, Ti, Fe and Mn (Table 2). The concentrations of
most trace elements (Rb, Ni, Sc, Zr, Y, Zn and Cu) increase when alteration increases; only those of Ba and Sr decrease.
The most visible changes occur for Ba, Sc, Y and Zr at the beginning of the alteration. At the same time, Sr increases
rapidly at the beginning and less afterward, Ni, Zn and Cu accumulate slowly at the starting alteration and faster afterward.

Table 2. Major elemental compositions of the feldspars, biotites, <2 micron fractions and whole rocks of the Plombiéres granite.
The contents are in weight per cent (%wt). IDs stands for identities, WR for whole rock, B for biotite, F for feldspar, A for <2
micron fraction and ign loss for igneous loss.

SampleIDs  SiO2  AlOz; MgO CaO Fe0O3 Mn3Os TiO2 P20s NaxO KO ign.Loss  Total
WR SAV  64.0 135 452 250 450 0.08 073 057 224 661 0.75 100.25

WR SAV3  64.2 13.0 3.83 110 430 0.07 0.70 0.66 1.74 6.50 2.32 98.50
WR SAV2 649 12.9 223 440 310 0.03 0.54 054 0.48 6.47 3.00 98.85
WR SAV1  67.3 12.8 236 1.00 3.10 0.03 0.57 0.53 0.65 7.12 2.39 98.11
B SAV 37.4 13.9 141 130 16.9 0.19 3.55 0.91 0.08 8.56 1.10 98.00
B SAV3 36.9 13.9 144 230 15.3 0.16 3.10 1.26 0.10 3.43 8.27 99.12
B SAV2 42.0 145 10.1 250 11.8 0.13 2.55 1.18 0.05 4.10 9.81 99.03
B SAV1 39.9 13.9 112 230 12.7 0.12 2.50 1.30 0.09 5.5 10.22 98.18
F1 SAV 63.2 17.6 005 020 0.10 <0.01 0.04 <010 3.13 11.00 3.28 98.98
F1 SAV3 69.8 17.0 009 020 0.20 <0.01 <0.02 <010 210 11.36 7.68 99.51
F1SAV1 61.4 18.4 1.23 0.80 1.70 0.01 0.12 0.41 0.76 9.52 5.81 100.31
F2 SAV 63.4 18.2 0.15 0.80 0.10 <0.01 0.03 <0.10 3.12 10.5 1.82 98.18
F3 SAV2 64.1 18.2 019 020 0.10 <0.01 0.06 0.19 121 1299 1.98 99.51
F3 SAV1 62.5 17.5 015 020 0.10 <0.01 0.06 0.14 1.62 12.45 3.55 98.45

F4 SAV2 63.8 18.4 031 050 040 <0.01 0.05 0.13 161 1230 3.80 100.34
F5 SAV1 32.3 9.3 346 217 7.20 0.18 0.49 0.69 0.28 1.46 21.32 98.51
Al SAV1 49.5 19.1 441 180 5.80 0.11 0.48 0.37 0.10 3.15 13.56 98.38

The behavior of the constitutive elements from feldspars is more difficult to delineate, probably because the
obtained separates do not strictly represent pure mineral fractions, depending rather on the global density of the crystals
relative to the used dense liquids. This means, in turn, that most selected feldspar fractions, for instance, are probably
mixtures of more or less pristine with more or less weathered crystals. However, based on the Na, K and Ca contents,
most feldspar separates are of the microcline type and only the fraction F5 of sample SAV1 seems to be of a plagioclase
type. The K>O contents are systematically high beyond 11%, which tends to state that the separated feldspar fractions
appear rather pristine, as expected. Clauer [21] raised this aspect in a study of feldspars affected by continental
weathering, which suggests that the apparent “freshness” probably results from the separation and purification
procedure of the minerals. The classical separation technique appears to remove fresh parts of the grains instead of the
altered/weathered parts. This likely happens because the fresh parts are coarser and harder to remove, while the altered
parts are finer and easier to separate. As a result, the weathered parts are more easily disintegrated and removed from
the clean cores, and are lost during the separation process using heavy liquids. This is somehow confirmed by the low
ignition loss, often below 3.5wt%, for the feldspar fractions of the weathered rocks. In sum, the thermal alteration
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decreases the Si, Na and K contents and an increase of the Al, Mg, Ca and Fe ones (Table 2). Among the trace elements,
the contents of Sr and Ba decrease, whereas those of V, Co, Cr, Zn, Cu, Y and Zr increase.

The contents of the major elements of the fresh whole rock analyzed here agree with the published average analysis
of 25 rock samples from the same granite des Cré&es [3]. By taking the increasing ignition loss as the alteration indicator,
the rock samples selected here follow the sequence SAV to SAV3, SAV1 and SAV2 (Table 2) that has been adopted
hereafter to follow the modifications due to the expected recent-to-present-day thermal alteration of the different
minerals and, consequently, of the whole rocks when combined. Relative to Al, the contents of Si and K increase, while
those of Ti, Fe, Mg Mn and Na decrease in this alteration succession (Table 2). The behavior of Ca is more complex:
its content decreases first and increases again significantly in the most altered rock, which suggests an initial leaching
followed by a late crystallization of calcite wherever the alteration process becomes dominant. The behavior of the trace
elements is also variable: Ba, Sr and Mn appear to have been leached from the rocks in that order when alteration
progresses, while Ni, Zn and Cu tend to accumulate (Table 3).

Table 3. Contents in ug/g of the trace elements from separated minerals, size fractions and whole rocks of the Plombiéres granite.
IDs stands for identities, WR for whole rock, B for biotite, F for feldspar, A for <2 micron fraction and nd for not determined.

Sample IDs Sr Ba \Y Ni Co Cr Zn Cu Sc Y Zr U

WR SAV 318 1432 77.2 52.9 23.8 268 94.3 19.3 13.0 22.1 339 nd
WR SAV3 210 1281 68.4 122 24.0 288 76.5 12.0 12.2 22.8 394 nd
WR SAV1 231 1330 51.9 65.5 22.7 223 125 14.1 9.6 18.7 303 nd
WR SAV2 189 1181 43.2 65.5 26.5 215 259 80.2 9.6 22.6 273 nd

B SAV 8.80 1431 338 236 61.7 1302 259 21.6 16.6 17.6 220 nd
B SAV3 314 888 268 247 71.5 1310 269 35.3 31.0 40.3 528 nd
B SAV1 35.6 976 235 290 50.1 1134 403 48.4 24.8 42.4 551 nd
B SAV2 39.9 1100 178 297 60.7 1051 996 270 22.8 42.9 506 nd
F1 SAV 665 3320 51 <1.0 <5.0 2.1 12.5 8.4 0.6 2.6 211 13
F1 SAV3 665 3597 5.2 <1.0 <5.0 7.8 9.2 9.8 0.7 25 17.9 1.4
F1 SAV1 202 1056 24.8 56.8 5.7 88.7 181 66.3 10.2 13.8 152 nd
F2 SAV 880 4188 5.4 2.6 <5.0 5.5 11.0 8.1 0.7 3.5 11.8 11
F2 SAV3 762 4698 4.2 5.5 9.3 7.2 2.0 <1.0 0.4 1.3 18.9 nd
F3 SAV1 508 2789 4.7 <1.0 5.9 11.0 3.4 8.7 0.6 2.1 354 1.8
F3 SAV2 381 2133 6.9 <1.0 5.8 14.9 26.5 30.0 1.3 45 68.1 2.3
F4 SAV2 501 2600 11.3 <1.0 5.0 20.9 22.5 14.6 2.9 55 50.1 2.3
Al SAV1 111 605 86.7 186 53.0 423 253 55.9 20.7 154 52.1 nd
A2 SAV1 112 609 87.0 186 52.2 432 259 57.0 205 15.6 57.1 nd
Al SAV2 56.1 522 97.6 102 311 346 306 234 23.0 14.7 72.6 nd
F1 SAV1 70.7 <1.0 5.9 21.9 <5.0 2.7 1.3 3.8 1.0 76.3 4.7 nd

For the rare-earth elements with an analytical precision set at +/—10%, it is probably appropriate to briefly recall
some of their specific aspects, which in turn explain their distribution and individual behavior. For instance, their
geochemical behavior is based on a continuous variation of their ionic radius, as well as on specific complexation
capacities of two of them with changes in their redox state: cerium occurs as Ce** and Ce** and europium as Eu?* and
Eu®". Also to be remembered are the facts that: (1) Eu is specifically related to plagioclase crystals and their alteration
products in surface and sub-surface processes, and (2) the rare-earth elemental (labeled REE hereafter) patterns
characterizing upper-crustal materials are often very uniform [22], which is easily tested by comparing them to an
international reference, such as the chondrites [23], the Post-Archean Australian Shales [24], or the North-American
Shale Composites [25]. The two latter patterns are mostly used in the study of terrestrial supergene products, the Post-
Archean Australian Shales (labelled PAAS hereafter) reference having been chosen here rather than that of the reference
chondrite. The reason is that it is easier to decrypt an almost flat global comparison spectrum than that relative to
chondrites, which are inclined and often need a logarithmic frequency scale, making the variations less easy to read.
The PAAS patterns often show negative Eu anomalies due to different oxidation-reduction conditions. They also display
positive Ce anomalies, which indicate the selective partitioning caused by plagioclase minerals or their weathering
products.

It is also important to remember the analytical uncertainties of REEs due to the mentioned interferences and to
their very low concentrations. For these reasons, only eight REESs were systematically analyzed in this study (Table 4),
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some REESs remaining below the detection limits of the used equipment. Internal reproducibility was controlled weekly
by analyzing international standards, as mentioned earlier. Relative to the PAAS reference, the REE of the biotite
separates outlines about similar patterns with a positive Sm and a negative Eu anomaly (Figure 3). The amounts of the
SAV biotite are lower but with the same distribution pattern as for the three other biotite separates. For the feldspars, all
patterns except two are similar again, with an expected positive Eu anomaly and very flat displays around (Figure 3). The
two feldspar separates with different distribution patterns are F1 from SAV2 rock and F5 from SAV1 rock. They display
two successive “bulky” patterns centered on the Ce and Eu elements with contents below the detection limit for Nd and
Lu. In the case of the clay fractions, in which crystallization is delayed relative to the emplacement of the granitic body,
as will be shown hereunder, the separates yield a homogeneous pattern different from those of the biotites and the
feldspars (Figure 3). A positive Sm anomaly with two smooth decreases on both sides, that of the light REEs (labeled
LREEs) being slightly higher than that of the heavy REEs (labeled HREES). In turn, the different samples yield similar
patterns that do not distinguish those of the altered from those of the fresh whole-rock samples (Figure 3). All patterns
display a kind of symmetric bulk distribution centered on the higher Sm and Eu anomalies with ratios of the LREES
and HREEs at similar values.

4 4 ()

biotites feldspars 1

La Ce Nd. Sm Eu o Yb Lu La Ce Nd Sm Eu. Tb Yb Lu
5 3
- feldspars 2 .3 | feldspars3
2.5 1.5
1.25 0.8
0 : (Y 0 ®; é

La Ce Nd Sm Eu Tb Yb Lu La Ce Nd Sm Eu Tb Yb Lu

whole rocks

La Ce Nd Sm Eu Tb Yb Lu La Ce Nd Sm Eu Tb Yo  Lu

Figure 3. Rare earth elemental patterns of the separated feldspars, biotites, <2 micron fractions and whole rocks from Plombiéres
granite relative to the Post-Archean Australian Shales reference.
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Table 4. Contents in ug/g of the rare-earth elements from minerals, size fractions and whole rocks of the Plombieres granite. 1Ds
stands for identities, WR for whole rock, B for biotite, F for feldspar and A for <2 micron fractions; bdl means below detection limit
and Eu* means Eu reference content The fluorite, calcite and sulfate at the bottom of the table are from nearby Plombiéres granites.

SampleIDs  La Ce Nd Sm Eu Tb Yb Lu Total La/Yb Eu/Eu* Eu/Sm
WRSAV 419 920 50.5 102 180 090 230 041 200 18.2

WR SAV3 433 838 42.3 92 156 0.70 250 0.37 184 17.3

WR SAV2 377 715 42.8 9.0 143 0.75 250 0.37 166 15.8

WRSAV1 318 785 335 89 175 0.80 220 0.30 157 144

B SAV 279 644 34.8 80 035 070 170 0.30 138 16.4 0.15

B SAV3 453 110.0 75.5 204 095 150 470 0.75 260 9.6 0.18

B SAV2 415 945 63.8 175 062 150 4.40 0.65 224 9.4 0.14

B SAV1 42,7  98.0 60.0 170 059 150 440 0.75 225 9.7 0.14

F1 SAV 6.19 8.33 bdl 052 427 0.03 014 bdl 19.5 44.5 8.16
F1 SAV3 6.68 10.3 bdl 082 384 005 014 bdl 21.8 46.7 4.67
F1 SAV2 38.2 80.1 bdl 72 183 048 124  Dbdl 129.2  30.9 0.26
F2 SAV 8.69 114 bdl 058 521 0.02 0.13 bdl 26.0 67.4 8.99
F2 SAV1 514 6.21 bdl 064 371 0.02 0.10 bdl 15.8 54.1 5.79
F3 SAV2 125 178 bdl 204 237 014 0.28 bdl 35.2 43.9 1.16
F3 SAV1 795 111 bdl 114 289 0.07 0.19 bdl 23.3 42.7 2.54
F4 SAV2 170 214 bdl 285 292 012 031 bdl 44.6 55.1 1.02
F5 SAV1 383 844 bdl 8.03 195 103 279 bdl 136.5 137 0.24

Al SAV2 56.5 96.0 38.7 88 100 050 160 0.27 203
A2 SAV?2 48.0 80.0 42.1 99 142 070 200 0.32 184
Al SAV1 43.3 103.0 43.9 79 090 050 160 0.29 201
A2 SAV1 38.9 110.0 41.0 84 100 060 190 0.33 202

fluorite 148 35.0 25.2 790 145 160 560 1.00 92.6 2.60 0.52
calcite 1 054 034 bdl 0.01 0.01 bdl 026 026
calcite 2 043 2.62 bdl 0.05 0.18 0.11 0.04 0.004

sulfate 0.73 0.23 bdl 0.01 0.01 0.13 0.05 0.01

4.3. The K-Ar Data of the Separated Minerals and the Whole Rocks

An appropriate way to visualize and identify the minerals that were affected by an alteration or weathering action
is a comparison of their K and radiogenic “°Ar contents in a Harper diagram [25] and also to transfer the results into an
isochron display. This procedure is effective for distinguishing fresh minerals from altered ones and for assessing the
overall impact of alteration on the whole-rock data.

The K-Ar system of the SAV, SAV1 and SAV3 biotites outlines equivalent contents for both the K and radiogenic
“OAr, as the data points plot along a line crossing the two coordinates at their initials, while those of SAV2 plot below
(Table 5; Figure 4). It is, therefore, probable that the three biotite separates with their data points on the line crossing
the two coordinates at their origins are fresh and that their average K-Ar age of 366.9 £2.7 Ma is at or close to the
emplacement time of the granitic massif. It can also be stated that the biotite SAV2 located below this line of equivalent
contents has been altered. The data of the feldspars are more dispersed than those of the biotite extracts, probably due
to the previously mentioned separation problems. The highest values obtained are for F1 of the SAV3 and F1 of the
SAV?2 fraction average of 333.0 2.7 Ma (Figure 4), slightly below the average age of the biotite separates. Even lower
values were obtained for the separate F1 of the rock SAV and F2 of SAV1 at 229-209 Ma. Two other feldspar fractions
yield K-Ar data slightly higher, at 245.1 £6.5 Ma for F2 of the SAV sample. A last set of feldspar separates, including
F3 of SAV1, F3 of SAV3, F4 of SAV2 and F5 of SAV1 provide an intermediate average age value of 266.5 +4.4 Ma.
The combined K-Ar data of the fine Al separate of SAV and the same A2 separate of the SAV1 sample, plot on a line
intersecting the origin of the two coordinates with a data of 156.1 0.7 Ma (Figure 4). The third Al fraction smaller
than 2 microns of sample SAV1 plots below that line and yields even younger age data.

The entire dataset and, therefore, the various mineral behaviors impact the results of the four whole rocks. The data
points of the SAV, SAV1 and SAV3 samples plot along a line in the Harper diagram [25] that intersects both coordinates
at their origins (Figure 4), meaning an homogeneous distribution of K and the “°Ar. The average age of 235 +10 Ma
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for these three samples is far younger than that of the massif emplacement. Therefore, it can be concluded that these
whole rocks were affected after emplacement by an invasive altering event. The fourth studied whole rock yields a data
point that plots above the line defined by the three other data points. Its age of 291.2 7.8 Ma is still slightly younger
than that of the emplacement evaluated above. It probably refers to an earlier and/or less altering combination unless it
results from an individual excess of radiogenic “°Ar relative to its overall K content.

110 —
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Figure 4. K-Ar data of the feldspars, biotites, <2 micron fractions and whole rocks of the Plombiées granite. The dotted line
outlines a second plausible numerical age.
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Table 5. K-Ar data from feldspars, biotites, <2 micron fractions and whole rocks of the Plombiéres granite. IDs stands for identities,
WR for whole rock, B for biotite, F for feldspar, A for <2 micron fractions. The B and F samples at the bottom of the table are
representative of biotite and feldspar analyses made earlier on material from nearby granites.

Sample K20 rad Ar rad Ar OArPAr OK/PEAr Age

IDs (%) (%) 10~ cm®/g (Ma +/— 20)
WR SAV 6.47 91.17 54.11 3345.1 0.20 242.4 (6.6)
WR SAV3 6.36 90.83 48.65 3321.4 0.21 223.1 (6.1)
WR SAV1 8.92 91.99 56.83 3687.6 0.23 238.4 (6.4)
WR SAV?2 6.32 93.31 64.35 4407.4 0.22 291.2 (7.8)
B SAV 8.56 98.51 108.86 20,888.1 0.88 356.9 (7.5)
B SAV3 3.43 92,51 44.22 3713.8 0.15 361.4 (8.6)
B SAV1 5.11 95.81 65.21 7261.8 0.30 361.5 (8.2)
B SAV2 441 95.51 45.91 5895.2 0.30 297.1(6.7)
F1SAV 11.20 93.01 86.64 4220.6 0.28 229.2 (6.2)
F1 SAV3 11.36 90.21 132.68 3019.0 0.13 330.3(9.1)
F1 SAV2 9.52 94.55 113.23 5417.9 0.24 335.8(8.9)
F2 SAV 10.10 94.16 85.11 5056.8 0.31 245.1 (6.5)
F2 SAV1 12.61 86.66 90.37 22147 0.15 209.0 (9.9)
F3 SAV1 12.39 92.98 116.61 4210.4 0.23 270.9 (7.3)
F3 SAV2 12.99 96.71 118.48 6895.8 0.40 262.9 (6.9)
F4 SAV2 12.31 95.89 109.21 7193.2 0.42 261.7 (6.3)
F5 SAV1 1.34 30.81 12.59 427.1 0.01 270.3 (18.0)

Al SAV1 3.15 74.78 9.91 1083.9 0.14 95.8 (2.7)
A1SAV2 251 78.34 13.13 1268.1 0.10 155.4 (4.4)
A2 SAV1 3.27 85.07 17.28 1803.8 0.16 156.9 (4.1)
BH1 9.26 98.08 105.75 323.5 (6.8)
BH2 8.65 98.98 93.63 308.0 (6.4)
FH1 9.81 99.43 77.72 230.5 (4.7)
FH2 7.15 99.46 66.01 265.9 (5.6)

4.4, The Rb-Sr Results

The set of Rb-Sr data, including those of the whole rocks, the biotites, the feldspars and of the clay separates, as
well as those of the calcite from the water pipe and those from nearby Granite des Cré&es already published [14] fit a
common array except the data of the biotite separates (Table 6; Figure 5). When the scale is enlarged and the focus is
on the lower cluster of points, additional data points appear outside the initial range (Figure 5). In detail, the data of the
whole-rocks are slightly dispersed in the Rb-Sr diagram, which confirms the occurrence of various late disturbing
tectonic-thermal events on the Rb-Sr systematics of its mineral carriers.

Table 6. Rb-Sr data from feldspars, biotites, <2 micron fractions and whole rocks of the Plombiéres granite. IDs stands for identities,
WR for whole rock, B for biotite, F for feldspar, A for <2 micron fractions. WR3343 is a carbonate from a water pipe of the thermal
site and calcite 3342 is its purified calcite. B, F and H3205 are pure biotite, feldspar and hornblende separates from Plombié&res
granite at the nearby Sainte Marie site.

Sample Rb Sr Rb/Sr 1/Sr (<1079 8"Rb/%sr 87Sr/esr
IDs (ng/g) (ng/g) (+/=26in 107
WR SAV 351 320 1.10 3.13 3.45 0.727920 (0.4)
WR SAV3 433 256 1.69 3.91 5.84 0.731895 (0.5)
WR SAV1 404 215 1.88 4.65 5.48 0.731880 (0.5)
WR SAV?2 438 191 2.29 5.24 6.65 0.737869 (0.5)
B SAV 1235 7.76 159.1 128.9 542.3 2.53
B SAV3 199 29.9 6.65 334 19.54 0.8660
B SAV1 779 324 24.0 30.9 71.30 0.9610
B SAV2 617 34.3 18.0 29.2 53.15 0.9160
F1 SAV 387 972 0.40 1.0 1.35 0.7170
F1 SAV1 658 554 1.12 181 3.43 0.7261
Al1SAV1 221 86.3 2.56 11.6 7.42 0.7310
A1SAV2 311 45.0 6.91 22.2 20.10 0.7572
WR3343 72.2 34.7 2.8 28.8 604 0.743177 (1.6)
calcite 3342 86.3 337 0.26 2.97 0.74 0.717312 (0.6)
BH3205 509 10.6 47.9 94.2 154.7 1.8955
F3205 341 430 0.79 2.3 2.30 0.722585 (0.7)

H3205 1.78 1.8 5.17 0.743177 (1.6)
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Figure 5. Rb-Sr data of the biotites and whole rocks of the Plombiéres granite. The straight lines are apparently isochrons
suggesting equivalent isotopic ratios. The dashed lines suggest mixings of at least two generations of minerals.

5. Discussion
5.1. What About the History of the Granite des Cré&es?

The Granite de Plombiéres was subjected to a complex post-plutonic history based on the various isotopic ages
obtained for its constitutive, more or less pristine minerals. The K-Ar ages of the fresh feldspars range from 230 to 245
Ma, supporting a regional, quite intense post-Variscan plutonic activity (Table 6). Alternatively to this age range, the
biotite separates are older at 357 8 Ma, within the timing of the probable Variscan emplacement. These results are
supported by the K-Ar ages of 308 to 324 Ma for biotite separates of two nearby Cr&es and Grosse-Pierre granite bodies
and the 230 to 265 Ma ages for feldspars of similar granites [26]. Consequently, the K-Ar age of the whole rocks appears
to be mostly controlled by the feldspars with an average value of about 242 Ma. In turn, all these results are far too high
to be assigned to a recent-to-present-day low-thermal alteration.

Some of the expected altered feldspars fall within the 262—-271 Ma range. These can be considered fresh remainders
after separating and removing the altered outer layers and skins. This could have been the case for the separated F3 of
the SAV2 rock, F3 of the SAV1 rock, F4 of the SAV2 rock and F5 of the SAV1 rock. The other altered feldspar splits
yield K-Ar ages that either increased, as is the case for F1 of the SAV3 rock and F1 of the SAV2 rock, or decreased, as
is the case for the separate F2 of the SAV1 rock.

The <2 micron fractions mostly consisting of clay-type material, resulted probably from a lower-temperature
hydrothermal alteration with K-Ar ages systematically younger than either those of the host rocks or those of the
associated biotite and feldspar separates. The results suggest an authigenesis of these clay-type crystals, possibly about
155 Ma ago, for the Al and A2 of respectively the SAV2 and SAV1 separates. Unless their crystallization occurred
later, around 96 Ma, as seen in the Al of the SAV1 fraction, which includes higher age data for some associated older
crystals. On the other hand, it cannot be denied that these clay-type fractions could have also been somehow altered by
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the present-day thermal activity. At least they represent a fraction of granitic rocks susceptible to record the very discrete
low-temperature alteration that may affect the upper layers of such rock massif.

5.2. What About the Impact of Thermal Waters on the Retention Qualities of a Granite?

Opinions about the possibility of granites to act as safe repositories for nuclear waste are presently quite numerous.
However, determining conclusions based on detailed research appears to be still not enough, even if some appear very
convincing (e.g., [27]). The purpose here is not to add definitive arguments but to provide more evidence for the very
sensitive and determining topic of the deep storage of such waste. Previous studies have shown that metallic containers
filled with nuclear waste reach a surrounding temperature of about 100 <C by self-heating (e.g., [28]). Heating locally
potential clay-type host sediments have also already shown that such temperature does not affect the sealing potentials
of the studied sedimentary host sequence [4]. In this context, the purpose here is to prove if such basic storage
temperature affects the sealing qualities of potential granite-type host material.

The impact of sub-actual thermal waters at temperatures up to about 100 <C and circulating in a granitic host-
massif seems to be an appropriate objective to detail, as they add transportation aspects to a potential alteration of the
constitutive minerals. The mineralogical, chemical and isotopic data obtained in the present study do not support an
impact of the present-day thermal waters on the major minerals of the regional outcrops of the granite des Cré&es.
Alternatively, the recent deposition of calcite, even in the pipes of the thermal installations, obviously resulted from
dispersion and deposition of circulating thermal waters, their temperature being certainly a determining factor of its
crystallization, while not high enough to alter the constitutive minerals. This carbonate is most likely from a source
external to the granite, such as meteoric water, before entering the plutonic massif. However, discrete leaching of Ca
from feldspars altered earlier by late plutonic activity cannot be excluded.

As a partial conclusion, it can be assumed that the recent to present-day thermal activity in the granite did not affect
its retention capabilities as none of the constitutive minerals seem to have been affected, as did not the late <2 micron
crystals. However, it cannot be excluded either that the occurrence of waters from outside of granites penetrated the
massif, were heated to temperatures of about those determined here and have facilitated the dispersion of free elements,
such as radioactive compounds potentially released from altered containers, in plutonic rocks visited by waters from
outside the granitic massif after late tectonic-thermal episodes.

6. Conclusions

The mineralogical and chemical analyses of the main constitutive minerals of the granite des Cré&es near
Plombieres-les-Bains clearly show that they are not affected by the inflow of recent thermal waters. Even the lately
crystallized phyllo-silicate minerals smaller than 2 microns are not affected. They all detail the complex tectonic-
thermal history of the granitic massif without any evidence of recent thermal impact on the minerals. Only the open
faults and the drains of the massif contain calcite deposited from the running thermal waters, which is confirmed by
their deposits in the sub-actual water pipes of the local thermal installations.

It can be concluded that storing nuclear waste at temperatures up to 100 <C will not affect a potential plutonic host
massif, provided there are no migrating fluids of any temperature present. Such a conclusion was already obtained after
a one-year heating experiment at about 100 <C in a sedimentary environment in slight tectonic conditions. The behavior
of Ca is somehow a clear confirmation of the discrete low-temperated thermal event: after decreasing first, its content
increases significantly in the granitic rock samples containing the most Ca-carbonate, which confirms a late to recent
crystallization of calcite while such alteration becomes dominant, also in human-made water pipes. The minimal impact
of thermal activity, with temperatures up to 100 <C, is significant. Deep storage sites for nuclear waste in plutonic host
rocks remain stable and function as closed systems as long as they are not infiltrated by recent moving fluids.
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