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Interpretation of Potassium-Argon Isotopic Data
Related to metamorphic Events in South-Western Alps

by Michel G. Bonhomme*, Pierre Saliot** and Yves Pinault*

Abstract

Potassium-argon data have been determined on fractions smaller than 2 microns along the
Avignon-Briangon traverse in two stratigraphic horizons: the Rhetian and the Oxfordian. The non-
metamorphic Rhetian suffered a late diagenesis at 155 £ 9 M. Y. The non-metamorphic Oxfordian
shows the stratigraphic age: 163 £ 6 M.Y. and inheritage of °Ar. The K-Ar apparent ages of fine
fractions generally decrease with increasing metamorphic grade as is shown by the increasing crys-
tallinity of illites. In the polymetamorphic alpine history an additional factor governing the K-Ar
system is the chemical composition of the micas, as it represents the thermodynamic conditions
which occured during crystallization. All the studied samples, except the radiolarite boulders of
Oligocene deposits at Barréme, have suffered the effects of the phase of relatively high temperature.
The K-Ar system of the radiolarites was preserved and show the age of the phase of high pressure,
i.e.854+3,5M.Y.

Résumé

L’analyse potassium-argon a été effectuée sur des fractions inférieures a deux microns prélevées
le long du profil Avignon-Briangon dans deux horizons stratigraphiquement bien définis, le Rhé-
tien et ’Oxfordien. Le Rhétien non métamorphique a subi une diagenése tardive 2 155 £ 9 MA.
L’Oxfordien non métamorphique montre ’dge stratigraphique: 163 + 6 MA et la trace d’héritage
isotopique d’argon. L'dge mesuré dans la zone de métamorphisme croissant décroit. L’indice de
cristallinité de D’illite, retenu comme premier critére d’intensité du métamorphisme, se révele insuf-
fisant. Dans un lieu donné, le critére déterminant pour la géochimie isotopique de ’argon donc
pour I’age est la composition chimique des phyllites analysées, représentative des conditions ther-
modynamiques ayant régné lors de leur formation. Ainsi, a cause de Jeur chimisme particulier, les
phengites des galets de radiolarite de I'Oligocéne de Barréme ont conservé 1’age de leur formation
lors de la phase de haute pression, soit 85,4 + 3,5 MA.

* Centre de Sédimentologie et Géochimie de 12 Surface. Institut de Géologie de I'Université Louis
Pasteur. 1, rue Blessig F. 67084 Strasbourg Cedex.
** Ecole Normale Supérieure. Rue d’Ulm, F. 75005 Paris.
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A. Introduction

The paper reports the results of analyses by potassium-argon method of two
particular features of the evolution of the southwestern Alps: the influence of
increasing metamorphism on the apparent ages of sedimentary formations; and
the age of boulders from the ophiolitic series deposited in the Oligocene basin
at Barréme.

The general geological outline of the Western Alps has been defined by DEs-
ELMAS and LEMOINE (1970), TRUMPY (1973), DEBELMAS (1974 and 1975), and
FRrEY et al. (1974) who summarized geochronological results. The results pre-
sented in this paper have been obtained from samples from the Briangon-Avig-
non profile. The tectonic and paleogeographical aspects of the central part of
this profile have recently been reassessed in great detail by CARON (1977).

1. PETROGRAPHY

The study of mineral paragenesis originating from the alpine metamorphism
in the Western Alps (e.g. KIENAST and VELDE <1970>, SAaLioT <1973 and 1978>,
BoCQUET et al. <1974>) has led to a global scheme of metamorphic evolution.
The effects of that evolution in sedimentary formations have been studied by
DuNoyYerR de SEGONZAC (1969), ARTRU (1972), Barlier (1974) and ABBAS
(1974).The petrographic analysis of the Oligocene boulders in Barréme has
been presented by DE GrRACIANSKI et al. (1971).

The results indicate essentially three metamorphic domains:

- blue schist paragenesis with jadeite, ilawsonite and glaucophane mainly in the
so-called «séries piémontaises»;

- greenschist facies paragenesis which are superimposed onto those of glauco-
phane facies, mainly in the more western units;

- and parageneses of very low grade metamorphism can be observed toward
the West, between those already mentioned and the non-metamorphic do-
main.

The three metamorphic assemblages are related to three successive periods
of intense deformation which can be observed in the Avignon-Briangon tra-
verse of the Alps: -

a) During a period of high pressure and low temperature conditions the jade-
ite, lawsonite and glaucophane paragenesis was generated. Geological evi-
dence indicates an age for this episode of upper Albian to upper Cretaceous
and possibly even Paleocene (LEFEVRE and MICHARD,1976).

b) Greenschist facies conditions with lower pressure and relatively higher tem-
perature prevailed during the late Paleocene to early Oligocene time. How-
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ever, in the central part of the «Schistes lustrés» zone, high pressure condi-
tions were maintained and lawsonite and glaucophane recrystallized.
¢) The last period of metamorphism occured during the lower Miocene to Plio-
cene. It caused very low grade metamorphism in the Champsaur sandstones
(zeolite facies).
However, the distinction of these episodes in time is not well defined. In fact,
the mineral crystallizations and recrystallizations appear as a continuous proc-
ess marked by pulses (CARON, 1977, and LEFEVRE and MICHARD, 1976).

2. GEOCHRONOLOGY

There are relatively few papers concerned with the geochronology of the
south-western Alps: BERTRAND (1970), DAL P1Az et al. (1972), SCHEURING et al.
(1974), HUNZIKER (1974), BoCQUET et al. (1974) and DELALOYE and DESMONS
(1976).

From summarizing the previous publications, it follows that:

- the high pressure episode took place 100 to 80 M. A. ago;
- the high temperature metamorphism occurred 40 to 34 M. A. ago;
- the post-oligocene phase, the least well defined, has an age between 30 and 15

M.A.

B. Sampling

As the previously mentioned studies were devoted mainly to the innermost
part of the chain, it was considered important to analyze the variation of the age
of the clay fraction in the same sedimentary horizon along a profile going from
the non-metamorphic zone to the most highly metamorphosed zone. The same
type of work has been done by FREY et al. (1973) on glauconitic sediments from
central Switzerland. The youngest phases of metamorphism cause a partial or
total loss of radiogenic products and thus prevent the correct dating of the prev-
ious tectonic phases (see HUNZIKER, 1974, and BoCQUET et al. 1974). Dating the
pebbles of the Oligocene basin in Barréme might provide a solution to this pro-
blem as they have not suffered the effects of this latest metamorphic episode.

Because of these considerations, it was decided to undertake a geochrono-
logical study along:

(1) a West-East profile in the Rhetian, from the eastern border of the French
Massif Central towards Sestriere (Italy) where the easternmost outcorp of
undoubted Rhetian occurs. This profile follows an increasing grade of me-
tamorphism from a region where metamorphism is absent up to an area, in
the «Schistes lustrés» zone, where greenschist facies conditions were re-
ached.
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Fig.1 Western Alps geological sketch map and sample localisation.

(2) a similar profile in the upper Jurassic (Terres Noires) from Veynes to the

north of Briangon.

(3) additional pebbles in the northern part of Oligocene basin of Barréme.
They are representative of various facies of the metamorphosed ophiolitic

series, and include samples of radiolarite.
The sample localities are shown in figure 1.
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C. Experimental

The instrumentation and analytical techniques are described in detail by Pi-
NAULT (1974) and BONHOMME et al.(1975).

The analysed samples are granulometric fractions. Two types of fractions
were studied: the fraction finer than 2 microns in the sedimentary or slightly
metamorphosed rocks, the sieved fraction of the total rock selected between 250
and 500 microns from the pebbles. The less than 2 microns fraction, extracted
by the method described in «Mise au point collective» (1979), is representative
of the true clay fraction. The fraction between 250 and 500 microns is consid-
ered as representative of the total rock. The size limits have been chosen be-
cause they are sufficiently coarse to minimize argon loss during the crushing
and small enoughenot to be disturbed through sample inhomogenity using sam-
ple amounts of only 0,5 g.

Potassium determinations were made by atomic absorption spectrometry
(KREMPP, 1969). .

Argon was determined by isotopic dilution using a 38Ar volume calibrated
with inter-laboratory standards. Gases were extracted by inductive heating us-
ing an aperiodic supply (KIEFrEL, 1973), then purified twice by cold traps and
titanium sponge at 800°C. Isotopic ratios were determined in the mass spec-
trometer under static conditions. Many of the argon analyses were repeated in
order to assess equipment isotopic accuracy.

The constants used are those of the Sydney International Geological con-
gress (STEIGER and JAEGER, 1977).

40K/K = 0,001167% (GARNER et al., 1976)
Mg 4,962 1010 an-! (BECKINSALE and GALE, 1969)
he +Ag 0,581 10-10an-! (GARNER et al., 1976)

i

i

The interlaboratory standards gave the following contents of radiogenic ar-
gon: '

biotite 4B 5.37 £ 0,07 (o) 106ccSTP/g 11 analyses
muscovite 4M 6.23 £ 0,14 (o) 106ccSTP/g 11 analyses
glauconite GI-O 2492 1 0,15(lc) 106ccSTP/g 22 analyses
muscovite  P207 28.15+ 0,78 (lo) 106ccSTP/g 5 analyses

D. Results and discussion

Analytical results are presented in Table 1.
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1. RELATIONS BETWEEN STRATIGRAPHY AND GEOCHRONQOLOGY DATA

a) The Rhetian

- Results

The age obtained on the two samples of the Rhetian in Corbes on the eastern
border of the French Massif Central is 155 M. A. This result is much younger
than the results of 190-195 M.Y. (HowART, 1964) and 208 M. A. (ARMSTRONG
and McDowaLL, 1974) for the top of the Rhetian. The ages calculated on the
two samples from Barles are almost the same, namely 142 M. A. and 156 M. A.
A 40Ar/36Ar-40K/36Ar-diagramm (McDouGALL and STipP, 1969; RODDICK
and FArRrAR, 1971) (figure 2) shows a fairly good alignement for three of these
four samples with an initial ratio (40Ar/36Ar), = 305 £ 91 (£ 20). The calculat-
edageis 155 £ 9 M. A. (£ 20) (fig. 2).
- Discussion

ESQUEVIN and MENENDEZ (1972) reported three similar Rb-Sr ages for the
fine fractions of Carboniferous samples collected in the Mistral 1 drill hole off-
shore of Languedoc. They attributed the isotopic redistribution to an anchime-
tamorphic transformation of the illites without being sure if the age was really
reflecting this event.

BELLON et al. (1973) obtained an age of 167 M. A. for the fine anchimetamor-
phic fraction of a Saxonian pelite from Lodéve basin (the stratigraphic age: 240

AT714
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Fig.2 K/Arisotopicdiagram of sedimentary Rhetian.
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M. A)), collected a few meters from a recent basaltic intrusive formation. How-
ever, the proximity of that intrusion could have led to both a mineralogical
transformation and a partial argon loss.

Thus the ages obtained on sedimentary formations older than Lias in the
western peri-mediterranean basin are too young. Such deviations from the sedi-
mentary age are generally related to late diagenesis or low-grade metamor-
phism. As there is no tectonic or metamorphic episode of that age known in the
area, (ROUIRE and RoUSSET, 1973, MATTAUER and PRoUST, 1962) the age of 155
M. A. might be attributed to a late diagenesis.

b) The case of the Jurassic «Terres Noires»

The conventional ages obtained on the non-metamorphic «Terres Noires»
formation show too old values for the upper Jurassic. For instance, in Veynes,
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the age is 230 M. A. On a 40K /36Ar-40Ar/36Ar-diagramm, the 4 points of the 3
samples fit on a straight line the slope of which indicates an age of 163 & 6 M. A.
with 40Ar/36Ar intercept of 655 £ 22. (fig. 3) Such an initial ratio confirms ex-
cess 40Ar heritage, due to the presence of detritus. The clay mineral fraction in-
cludes kaolinite and thereby suggests that also the fine fraction is detritic (AR-
TRU, 1972, BARLIER, 1974, CLAUER,1976). Other instances of such argon isotopic
anomalies in the clay fraction have been observed by BONHOMME et al. (1978).
In case of argon isotope equilibration during sedimentation, the slope of the
line at the time of sedimentation is equal to zero. Thus the slope of the line is a
measure of the time of sedimentation. The age of 163 M.A. for the «Terres
Noires» is compatible to the age of deposition. ARTRU (1972) indicates that the
end of sedimentation of the «Terres Noires» facies took place before the middle
Oxfordian, i.e. 155 M. A. following HOwWARTH (1964), 163 M. A. according to
ARMSTRONG and McDowaLL (1974) or 155 M. A. following ODIN (1975). Our
result is well included between the limits of error.

2. ARGON ISOTOPIC GEOCHEMISTRY AND PROGRESSIVE METAMORPHISM

As demonstrated by KUBLER (1966) and DUNOYER DE SEGONZAC (1969), a re-
lation exists between the intensity of weak metamorphism and the width at half
the height of the 10 A peak of illite, i.e. the so-called crystallinity index. On the
figure 4, the ages of the analysed illites have been plotted versus their crystallin-
ity index. With the apparatus used in Strasbourg, the limit between diagenesis
and anchimetamorphism is put et 5,75 and the limit between anchimetamor-
phism and epimetamorphism is placed et 3,5. The reference lines at 155 M. A.
for the Rhetian and at 163 M. A. for the «Terres Noires» allow to distinguish
the samples free of alpine influence from those which were affected by the al-
pine metamorphism.

- Results

Figure 4 shows that the age of the fine fractions decreases markedly when the
illite crystallinity increases. The better the crystallinity, the lower the index. The
age is already modified before the limit between diagenesis and anchizone is re-
ached as may be seen, for instance, in sample 713 in the Rhetian. Due to smaller
II—W ratio, A 713 is more sensitive to diagenetic transformation than A 714. Its
smaller crystallinity index also shows that it has been more affected by diagene-
sis. The diminution of the apparent age corresponds to a diminution of the
404%?‘1- ratio, that is, either to a loss of radiogenic argon, or to a gain of potassium.
The illite part of the fine fraction, assuming that it contains all the potassium,
shows a 20% increase of the potassium concentration. This corresponds to the
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observed transformation from sedimentary illite to metamorphic phengite and
is not sufficient to account for the actual diminution of the apparent age. The
decrease of the crystallinity index and the decrease of the age do not show a
simple correlation. The points scatter widely. For instance, the fine fractions
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with crystallinity indexes between 3 and 3,5 (the analytical uncertainty on the
index measurement is * 0,2) have ages between 95 and 38 M. A. The six fine
fractions, collected on the Gondran crest, within a distance of less than 100 m.,

and within an horizon of nearly one meter, give ages between 72 and 51 M. A.
for a cristallinity index of between 3 and 3,5.
- Discussion

The great variation of the ages for similar crystallinity indexes shows that the
crystallinity is not the only factor which governs the behaviour of the potassi-
um-argon system.

EsQUEVIN and MENENDEZ (1972) and BoNnHOMME (1976) have been able to
relate the argon loss and ability for strontium isotopic homogeneization to the
chemistry of the aluminous or ferro-magnesian illites, as determined by the ra-
tio of the heights of the 5 A and 10 A peaks, 2 (ESQUEVIN, 1969). That ratio is
lower than 0,25 for the ferro-magnesian iIlite’sO,mand greater than 0,4 for the alu-
minous ones. The more ferromagnesian types with a biotitic character, are gen-
erally more affected by rejuvenation than the more aluminous ones with a mus-
covitic character. This relation, however, is not applicable to illites which suf-
fered the complex history of alpine metamorphism.

To further persue these relations, two fine fractions of Sestriére material
have been studied in detail. Their characteristics are:

Sample Crystallinity Igoz Age(ML.A)
index Tom

A 747 3,3 0,50 38,2+ 1,2

A 748 2,8 0,60 48,8 £ 1,3

These results confirm that the two above mentioned relations are not valid.

The microprobe analysis and the petrographic study done by one of us (P.S.)
demonstrated that the two samples contain a phengitic mica which is to a high
degree substituted by a magnesian celadonite: the analytical technique and ac-
curacy are explained in detail in SaLioT (1978). The results are as following:

747 (1) (Sizs520A10%60010) (Al hooFed 6a0Mgo 450)
(Ko,376Nag g17) (OH),

748 (Siz.500A10500010) (AN $00Fed 030M8o 450)
(Ko,850Nag g16) (OH),
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This type of phengite is normally encountered in the «Schistes lustrés» with
mineral associations indicative of high pressure, and in certain carbonate rocks
of the «Briangonnais» domain as defined by DEBELMAS and LEMOINE (1970).
The sample 748 does not contain any other mica. However in sample 747, there
are two successive phengitic phases present. Microscopic examination revealed
that lawsonite is pseudomorphosed by calcite and white mica. It is a classical
transformation in carbonate rocks (see also CARON, 1974). The newly-formed
micas of the pseudomorphose have a different composition:

747(2)  (Si3310Al0600010) (Al 630Fed 01sMgo 370)
(K0,827Na0,049) (OH),

In these micas, the substitution of the phengitic component is less important
and might characterize a late metamorphic phase with different pressure and
temperature conditions. Such phengites are common in the «Briangonnais»
and in the Pelvoux massif.

The age of 49 M. A. of sample 748 may result either from a partial loss of the
radiogenic argon which has accumulated since the first closure of the micas,
probably related to the first phase of alpine metamorphism, dated at
80-100 M. A. (see references in the introduction), or may approximate the real
age of the micas. The age of sample 747 may be similarly interpreted. Neverthe-
less, detailed study revealed the existence of a metamorphic event which post-
dates the formation of high pressure phengites. The micas formed during that
second episode coexist with micas of the first phase. Thus, the age will be inter-
mediate between the dates of the two episodes unless the old phengites have lost
all their radiogenic argon or the fine fraction extraction technique has consider-
ably enriched the mixture in micas of the second generation. In that case, the
age of 38 M. A. would represent an age close to the time of mica formation. The
formation of Si; ; micas would then have occured less than 38 M. A. ago. Al-
though lawsonite was «muscovitized» with a corresponding potassium gain,
the analyses of the first generation phengites clearly show that their alkaline
content has not changed. If we assume that the sample A 748, which did not suf-
fer a modification of its potassium content, has not completely lost its radiogen-
ic argon, then its apparent age would lie between 37 and 80-100 M. A. This im-
plies that the age of the micas of the second generation has to be younger than
49 M. A,, that is, probably of the order of the age of A 747, i.e. 38 M. A.

This example illustrate the difficulty in interpreting correctly «the age» of
fractions less than 2 microns, collected in polyphased metamorphic systems.
The 494’\0"1:&‘1 ratio is the result of many factors with opposing and complementary
effects such as: the tectonometamorphic phases, the degree of illite crystallinity,

F . « . 1 . N . .
the = ; ¢ ratio as indicated by the 1222. ratio, the grain size. PURDY and JAGER
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(1976) attributed the difficulty of interpreting the potassium-argon ages of mi-
cas to some of these factors and concluded that K-Ar system closed at 350°.
CLAUER (1976) showed that crystallization and recrystallization of clays occur
in Sr isotopic equilibrium with the environment. Probably the same applies for

argon. In the Alps, the recrystallization of micas, a common phenomenon

(CARON, 1977), normally resets the K-Ar clock. During low-grade metamor-
phism, temperature generally reaches less than 350°C. Thus, without recrystal-
lization, the radiogenic argon would only be partially outgassed. Furthermore,
the argon pressure of the fluid phase remains rather high and is enriched in ar-
gon 40. As a consequence of the various amounts of radiogenic argon out-
gassed, the 40Ar/36Ar is variable. The recrystallization will occur in an envi-
ronment in which the ratio of the 40Ar/36Ar pressure is higher than that of at-
mosphere and variable. Under these conditions, the minerals will already have
an «apparent age», at the time of closure of the K-Ar system. Thus, if the rock
system remained open to allow the complete escape to the argon 40 and if the
minerals completely recrystallized would one obtain a meaningful K-Ar age. If
the 40Ar did not escape but equilibrated with the other argon isotopes one ob-
tains a meaningful age from the slope of the linear array of the data points in a
40Ar/36Ar-40K/36Ar-diagram.

3. DATING THE OPHIOLITIC PEBBLES OF BARREME OLIGOCENE BASIN

The pebbles of the ophiolitic suite were deposited during the Oligocene in
Barréme and thus escaped the third phase of alpine metamorphism.

The ages obtained on ophiolitic total rocks lie between 30 and 38 M. A. (Ta-
ble I). The radiolarite boulders show total rock ages of nearly 80 M. A. (fig. 5)
The lack of effects of the third phase is verified: there is no age younger than
30 M. A.

The petrography of the four dated ophiolitic samples, a variolite, a prasinite,
an amphibolite and a diabase, shows that they contain two alpine parageneses:
the first with glaucophane corresponding to the high pressure episode, the se-
cond with chlorite due to a lower pressure episode. It might be assumed that the
argon loss during the second phase was complete. However, the effect of the se-
cond phase was not observed on'the radiolarites. In a 40K/36Ar-40Ar/36Ar-
diagramm, they fit on a straight line which shows an age of 85,4 £ 3,5 M. A.
with a 40Ar/36Ar initial ratio of 291 * 12. The structural and metamorphic fra-
mework was the same for the two types of rocks. Thus, that complete retention
of the radiogenic argon must be attributed to the peculiar chemistry of the radi-
olarites. A microprobe analysis of the very small phengite, not visible under the
microscope, gave the following formula:
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] v VI 2 |
(513,610A10,390010) (A11,140‘F‘30,380M80,380)
(Ko,846Nag 930) (OH);

The special technique for microprobe analysis of these very fine minerals is
also described in SAL1OT (1978).

The phengite included in the radiolarites is really a high pressure phengite.
The rock contains more than 99% quartz, small amount of hematite and phen-
gite. The isotopic result suggests that the rock has not been open during the se-
cond phase. The reason of that peculiar isotopic behaviour has probably to be
sought in the mineralogical composition, which enabled these rocks to remain
closed systems since the first crystallization of the phengites.

Thus, the age of 85 M. A. would be considered as the age of the high pressure
event.
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Conclusion

Potassium-argon dating of the non-metamorphic «Terres Noires» gives an
age corresponding to lower Oxfordian, i.e. the time of the end of deposition of
that formation. The data demonstrate the presence of excess 40Ar in the clay
minerals and the homogeneity of the 40Ar/36Ar in the sedimentary eviron-
ment.

The non-metamorphic Rhetian showed an age of 155 M.A., an age which
was also observed on older formations in the same region. The result does not
correspond to the age of deposition. It might be attributed to a late diagenesis.

The age of the fine fractions of both Rhetian and «Terres Noires» from areas
with increasing grade of alpine metamorphism show an overall correlation be-
tween argon loss and illite crystallinity. The detailed crystallochemical analyses
of two samples which do not strictly follow the general pattern lead us to con-
clude that, locally, the decisive factor is the mineral chemistry. In addition to
these considerations, the situation is further complicated by the effects of the
peculiar argon isotope geochemistry.

The Oligocene pebbles in Barréme confirmed that the ophiolitic suite has
suffered two metamorphic episodes before being eroded. The radiolarites pre-
served the age of the first phase, due to their peculiar paragenesis. That high
pressure phase is dated at 85 M. A.
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