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Abstract

The combined use of stepwise-heating and UV-laser abl4 SAr techniques with microprobe analyses on plutonic
plagioclase allows the investigation of complex argon release and retention. The complexity arises from the multiphase
nature of the samples comprising plagioclase, K-feld§par in antiperthite , secofsegigite’ and various inclusions, in
which some of the components also exhibit variable ages.

Fragments of plagioclase megacrysts and plagioclase separates from whole rock samples were selected from
well-constrained series of anorthosite—leuconorite intrusions of the Rogaland Igneous Coémplex SW)Norway intruded at ca
930 Ma. All samples exhibit saddle-like staircase-shaped argon-release spectra. Ages rise from around 400—600 to 750—-9(
Ma, though three samples exhibit excess argon released at high temperatures. The most remarkable aspect of this data
however, the apparently linear correlation “Bar */3?1\r with Ca/K. The stepwise-heating data reveal late stage cooling
ages, considerably younger than the intrusive age and low temperature reheating of the Rogaland Igneous Complex durir
Caledonian overthrusting. Arrhenius plots for the stepwise heated samples show a linear trend of diffusion data at low
temperatures followed by a systematic break around 9000060

Single spot ages obtained using a UV-laser show extreme age variations with heterogeneous excess argon contained
inclusions but no correlation ofAr * /*Ar with Ca/K. This lack of correlation indicates that the two-component mixing
model( with two end-members of distinct ages , suggested by the stepwise-heating data, is an artefact resulting from a mor
complex mechanism of argon release. The most apparent interpretation of this data is that both plagioclase and anotht
potassium-rich minor component, probably K-feldspar antiperthite yield variable but correlated ages. Because the exces
argon is found exclusively in samples from marginal leuconorite bodies and never in the core of the megacrysts, it is
probably derived from the outgassing of the K-rich country ra@R001 Elsevier Science B.V. All rights reserved.
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1. Introduction (= Grenvillian age. Stepwise-heating and UV-laser
ablation “°Ar /*Ar dating results have been com-
Among the feldspars, plagioclase is probably the pared with microprobe analyses; Arrhenius plots have
most challenging mineral foYAr /*Ar dating. It has  been calculated from the cumulatiVér released
low K concentrations( 0.05-0.5% and, therefore, during stepwise heating to countercheck whether the
requires larger laser ablation craters so as to attain multiple diffusion domaint MDD -mode( Lovera et
sufficient analytical precision, and is sensitive to the al., 1989 could explain the argon release from plu-
interference with minor K-rich impurities. Its reten- tonic plagioclases. During a preliminary investiga-
tivity for argon is not well understood and it occa- tion on plagioclases from the Rogaland Igneous
sionally yields discordant age spectra, which are not Complex( RIO ( Boven et al., 1996 , stepwise-heat-
always easily interpreted. Saddle-shaped argon-re-ing argon-release spectra were interpreted as result-
lease spectra have long been interpreted as indicatinging from a multiphase composition and not from
excess argofi Lanphere and Dalrymple, 1976; Harri- diffusive argon loss, inferring a inhomogeneity in the
son and McDougall, 1981 and the causes have beenK-distribution. UV-laser ablatiorf?Ar /**Ar, micro-
debated though some were shown to be a result of probe analyses and additionéqAr/39Ar stepwise
contamination( Lo Bello et al.,, 1987 . Recently, heating on additional samples have been performed
Esser et al( 1997 and Singer et &l. 1998 have to refine these earlier interpretations and to check for
shown the important effects of melt inclusions and inhomogeneity in the K-distribution within the pla-
the incorporation of older plagioclase grains into gioclase samples.
volcanic samples. Numerous isotopic studies Pasteels and Michot,
Despite all these pitfalls“,OAr/sgAr dating of pla- 1975; Pasteels et al.,, 1979; Wielens et al., 1981;
gioclase has become an increasingly significant tool Verschure et al., 1980; Scharer et al., 1996; Bingen
to constrain the timing of volcanism and contribute and van Breemen, 1996, 1998; Bingen et al., 1998a
to the calibration of the paleomagnetic record and provide a concise time frame for the magmatic em-
the astronomical time scalé Singer and Pringle, placement and subsequent cooling of the RIC and
1996 and has even been used to constrain coolingresulting contact metamorphism superimposed on a
histories of plutond Yu and Morse, 1992 . At first regional Sveconorwegian metamorphisffar /*Ar
sight, plagioclase may supposedly have a better sta-results obtained on these plutonic plagioclases pro-
bility during in vacuo laboratory heating experi- vide not only insights intdAr /*Ar systematics of
ments, compared to that of hydrous minerals such asplagioclase but also into the cooling history of the
hornblende and micas, which undergo reaction and RIC.
physical change. But as demonstrated by Parsons et
al. (1999 microtextures of alkali feldspars deuteric,
strain-controlled, fluid inclusions, efc. are unstable
during stepwise-heating experiments. It can be as- 2. Temporal constraints
sumed that plagioclase will have a similar behaviour,
considerably restricting the use of this mineral to
decipher thermal histories. On the other hand, be-
cause of its low K concentration levels, plagioclase
may be suitable to trace the effects of K-migration The RIC of Southwestern Norway Fig.) 1 is
under natural conditions. composed of three massif-type anorthosite intrusions
Our main aim is the investigation of Ar and K (Egersund-Ogna, Haland-Helleren and Ana-Bira, a
migration in plutonic plagioclase from a well-known folded layered intrusiof Bjerkreim-Sokndal lopo)ith
case sufficiently deciphered during previous field, consisting of a whole sequence from anorthosite-leu-
petrographic and geochronological studies. Plutonic conorite-norite through mangerite and charnockite, to
plagioclase has been separated for the purpose frommarginal leuconorite intrusioné Hidra and Garsak-
various anorthosite intrusions of the Rogaland Ig- nat). A stockwork of dykes of mainly jotunitic
neous Complex, South Norway of Sveconorwegian (monzonoriti) composition crosscuts the anorthosite

2.1. Magmatic emplacement and cooling of the RIC
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Fig. 1. Geological sketch map of Southwest Norw@ay Sigmond et al.,)1984 and the Rogaland cémplex Michot and Michot, 1969;
Duchesne et al., 198ba with isograds Tobi et al., 2985 , names of major units and sample location of analyzed plagioclases.

bodies and the lopolith. Charnockite bodies occur at

the top of the Bjerkreim-Sokndal lopolith, or at the

SE margin of the compleX Farsund charnockite ;

Field relations show that the Bjerkreim-Sokndal,
Hidra and Garsaknatt bodies were emplaced after the
anorthosite plutons. The best estimate of the time

they are considered to belong to the same magmaticelapsed between these successive intrusive phases is

province( Michot and Michot, 1969; Duchesne et al.,

1985a .

provided by geochronology although the high crys-
tallisation temperature¢ 1250-1200 (Fram and

The massif-type anorthosite plutons formed under Longhi, 1992 make the distinction between times of

polybaric conditions. Al-rich orthopyroxene

crystallisation and cooling ambiguous. Moreover,

megacrysts crystallised at high presstre 9-15)bar ; equating crystallisation time and emplacement time
the plagioclase-rich crystal mush rose in the crust to is misleading in anorthosite bodies with polybaric
its final emplacement depth of about 5 kbar Fram assemblages.

and Longhi, 1992; Longhi et al., 1993, leading to

A fine-grained border facies of jotunitic composi-

syn-emplacement deformation in the margin of the tion is observed at the contacts of the Hidra and

Egersund-Ogna intrusio Fig) I Duchesne et al.,

1985D .

Garsaknatt bodies and locally also at Bjerkreim-
Sokndal. These facies have been interpreted as chilled
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margins ( Demaiffe and Hertogen, 1981; Duchesne (Bingen et al., 1998a allow further evaluation of the
and Hertogen, 1988; Duchesne et al., 1974; Robins regional cooling history. In pyroxene-rich samples
et al., 1997 , suggesting a fast cooling rate of the (granulite-facies zone , located close to the RIC,
plutons just after intrusion and a significant differ- “°Ar /*Ar hornblende age$ ca. 916 Ma are essen-
ence in temperature between the intrusions and thetially the same as titanite U-Pb ages. In biotite- and
host rocks. amphibole-rich sample€ amphibolite-facies 2zone ,
Different units of the igneous complex yield con- the hornblende ages are significantly younger ca.
sistent U-Pb zircon and baddeleyite ages of 930-920871 Ma . That titanite and hornblende provide the
Ma (Pasteels et al., 1979; Scharer et al., 2996 same cooling ages in metamorphic terranes is unex-
interpreted as crystallisation ages. Zircons separatedpected since their reported closure temperatures range
from clusters of orthopyroxene megacrysts of the from 650-720C (Zhang and Scharer, 1996 to 550—
Egersund-Ogna, Helleren and Ana-Sira anorthosites500°C (Harrison and McDougall, 1981, respec-
are tightly grouped with ages of 9292, 932+ 3 tively. The U-Pb ages on titanite may, however,
and 932+ 3 Ma, respectively, indicating that a major correspond to recrystallisation ages and not cooling
magmatic pulse took place at 9312 Ma(Scharer et  ages( Zhang and Scharer, 1996 .
al., 1996 .

2.3. Post-magmatic evolution of the RIC

2.2. Metamorphism in the country rocks Further cooling of the RIC proceeded much more

slowly and affected the whole Sveconorwegian

The emplacement and cooling of the RIC cer- crustal segment leading to biotite-hornblende cooling
tainly influenced the mineral equilibria of the adja- ages around 870 Ma. The RIC has subsequently been
cent country rocks. The relative importance of this affected by a mild Caledonian overprinting. The
“contact metamorphisimeffect and its superimposi-  Sveconorwegian basement has been overthrust by a
tion or combination with the regional Sveconorwe- Caledonian nappe system ca. 4 km from the north-
gian metamorphism remains however difficult to de- western contact of the Egersund-Ogna anorthosite
cipher. body (Fig. 1, inset . In a ca. 6-km-wide zone along

Amphibolite- to granulite-facies regional meta- the front, the basement rocks display a secondary
morphism is bracketed between 1030 and 990 Ma greenschist-facies metamorphic assemblage devel-
(U-Pb data on zircon and monazite; Pasteels andopment of green biotipe( Sauter et al., 1983; Ver-
Michot, 1975; Wielens et al., 1981; Bingen and van schure et al., 1980 . The metamorphism decreased in
Breemen, 1998 . Although this metamorphism in- intensity eastward to reach the pumpellyite—pre-
duced penetrative deformation, Maijer 1996 noted hnite—quartz facies.
that the granulite-facies metamorphism appears to be  Secondary green biotite is formed upon metamor-
static. Contact metamorphism related to the RIC is phic reaction at about 400 and provides ca. 400
associated with limited formation of monazite at Ma Rb—Sr ages and 450 to 550 Ma K—Ar apparent
930-923 Ma( Bingen and van Breemen, 1998 . ages( Verschure et al., 1980 . This age difference is

Regional cooling following the intrusion of the attributed to incorporation of°Ar released during
anorthosites is recorded by U-Pb titanite ages of metamorphism. Outside the green biotite-in isograd,
amphibolite- to granulite-facies calc-alkaline augen- brown Sveconorwegian biotites yield consistent ages
gneisse€ Bingen and van Breemen, 1996 : 12 sam-of about 870 Ma by both Rb—Sr and K—Ar methods
ples yield a weighted average of 948 Ma. This (Verschure et al., 1980 . To the west of this isograd,
figure implies a homogeneous regional cooling to two biotites coexist, brown biotite is locally affected
approximately 650—72C (closure temperature range  and retrogressed to green biotite, chlorite and sagen-
for titanite after Pidgeon et al., 1996; Zhang and ite needles. In this zone, the K—Ar affAr /*Ar
Scharer, 1996 at ca. 920 Ma, i.e. about 10 Ma after ages on the brown biotite range from about 870 to
anorthosite emplacement. Hornbler@r /*Ar ages 700 Ma, pointing to a varying degree of resetting.
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The RIC was intruded by the subvolcanic basaltic tional evolution is thought to correspond to that of a
Egersund dyke swarm at 6163 Ma (baddeleyite  closedC—O-H system. The predominant graphite—
U-Pb age, Bingen et al., 1998b, which exhibit CO, inclusions would have been trapped at about
glassy margins, in some cases, indicating that the 600°C, under 3—4 kb, while some H O inclusions, at
crystalline basement of SW Norway was eroded to temperatures as high as 500 However, most of the
approximately the present-day level at that time, late aqueous inclusions correspond to the introduc-
prior to the opening of the lapetus Ocean. Van den tion of external water, estimated to have occurred
haute( 197Y obtained fission track ages of ca. 240 around 2-3 kb and 25Q. None exhibit NaCl-rich
Ma on apatites from the RIC, and postulated the brines( halite cubs .
former existence, of a thick sedimentary cover. In
the Oslo grabef 200 km to the NE , up to 1400 m of
Lower Palaeozoic sediments have been preserved
from erosion by the Permian downfaulting and to the
west, while sediments of similar age have been
involved in Caledonian nappe deformation. There- 3.1. Sample preparation and characterisation
fore, the post-Sveconorwegian evolution can be
sketched as follows{ )1 uplift and erosion until ca. Eight plagioclases from different intrusions of the
600 Ma;( 2 marine transgression and deposition of a RIC (Fig. 1) were selected fof’ A(F?Ar analysis,
thick sedimentary cover{ )3 Caledonian metamor- with conventional stepwise-heating and UV-laser ab-
phism at ca. 400 Mayf ¥ uplift and erosion of lation. Three samples were from the cores of plagio-
sedimentary cover, resumed erosion of the basement,clase megacrysts up to 30 cm in length that occur
related with Permian to Tertiary block faulting. in the massif-type anorthosités sample 84-18A from
Egersund-Ogna, sample 9216 from Helleren and
sample 72073 from Garsaknakt . For comparison,
smaller(< 1 cm) plagioclase crystals have also been
sampled in a banded layer in the °Haland
Occurrence, composition and parageneses of fluid anorthosite—leuconorite sample M88 and in the
inclusions is related to the cooling and metamorphic main leuconorite body of Garsaknétt sample’38).
evolution of the RIC. Their argon isotopic composi- The Hidra leuconoritic body has been investigated
tion could have some importance on the interpreta- with some detail. Sample 024941 is a plagioclase
tion of the “Ar /39Ar data obtained on minerals, concentrate separated from a medium graifted.5
which carry fluid inclusions. Experiments on argon cm) leuconorite located at about 50 m from the
sorption carried out in quartz confirm that, in this contact with the older Farsund charnockite. Sample
mineral at least, a significant proportion of the argon 0328-3/1 is the core of a megacryét up to 20 cm in
released above 1080 is associated with microinclu-  length, while sample 006576 is from a very
sions(< 1 wm) (Roselieb et al., 1997 . A study of coarse-grained 5 cm anorthosite in the axial part of
fluid inclusions in charnockites from the Bjerkreim- the massif.
Sokndal lapolith( Wilmart et al., 1991 can be to After heavy liquid and magnetic separations, a

3. Experimental procedures

2.4. Fluid inclusions

some point generalised to the whole of the RIC.
Although mainly present in quartz, the inclusions
also occur in other minerals. They rarely exceed
10—15pm, some as small as 2m are still observ-

able. Except for a few dense, pure CO inclusions
(Wilmart et al., 1991, 199 , which may represent
the first fluid trapped at, or close, to magmatic
conditions, all other inclusion§ several types have

high degree of purity of the plagioclase concentrate
has been achieved by removal of all stained grains or
impurities through hand-picking of the dry-sieved
plagioclase fraction§ 180-5Q0m) under binocular
microscope( 4 magnification . Macroscopically
pure, undeformed, optically clear and transparent
plagioclases were obtained; however, abundant
minute impurities angdor inclusions and exsolutions

been described are associated with healed microc-are observed at high magnificatioqs Fig. 2A and B .

racks. For all CQ -bearing inclusions, the composi-

Antiperthitic textures with rectangular blebs of K-
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x s
Fig. 2. (A Photomicrograph of plagioclase 0065%51from Hidra showing K-feldspar exsolution occuring as dark rectangular flebs at a
slight angle with the plagioclase twinning . Sericitisation occurs locally. Contains various types of mineral or fluid indlusions magnification
~ 150X ). (B) Photomicrograph of abundant hemo-ilmenite needles within the same plagioclase Gample magniidiisn. Note also
the microcracks and microcleavages filled with seri€ite K-bearing phase .

feldspar and micromyrmekitic textures, such as de- been observed. Bgggild intergrowths producing
scribed by Maijer( 1996 have been observed in macroscopically the typical blue irridiscence, occur
restricted zones of the analysed plagioclaées Fig.in two samples( 0065-45 and 84-18A . Hemo-
2A). Their temperature of formation corresponds to ilmenite platelets and needlés exsolutibns are quite
the “postmagmatic cooling stage(> 600°C) and abundant, especially in the Hidra samples. They are
partly to subsequent stages of regional cooling distributed all over the megacrysts following two
(Smith, 1984 . Replacement antiperthites have not perpendicular orientations in the case of sample
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0328-3/1. Their occurrence is related to the associa-

111

latter appears to be inhomogeneous, confirming pre-

tion between anorthosites and Fe-Ti-rich magmas vious reports by Baksi et ak 1996, Villa et al.

(jotunites (refer to Duchesne( 1999 for an
overview .

Some low temperature metamorphic minerals such
as stilpnomelane, pumpellyite and prehnite have lo-

cally been observed within the plagioclases of the

(1996 and Renne et dl. 1998 at the less than 15 mg
aliquot level.

In the present study, an average/alue has been
used for each ampoule and is referred to an age of
513.9 Ma for the primary standard MMhb-1 based

RIC (Sauter et al., 1983 . The plagioclases are occa-on a cross-calibration with Fish Canyon sanidine

sionally locally altered to kaolinite, sericite, laumon-
tite and margarite. Sericite is generally only observed
within very thin veins, which cross-cut the plagio-
clase megacrysts.

3.2. Stepwise-heating experiments

Two aliquots of each plagioclase sample were
wrapped in high purity Al-foil and the foil capsules
were stacked on top of each other within vacuum-
sealed quartz-ampoules. Three ampoules VUB-2,
VUB-3, VUB-4) were irradiated under Cd-shielding
at the BR-2 reactor of the Belgian Nuclear Research
Centre SCK-CEN, in Mol. Each ampoule contained
three aliquots of MMhb-1 hornblende age monitor
(as supplied without further hand picking and two
aliquots of CakF and K SO salts to monitor the
neutron fluence and the Ca and K argon isotope
production rates, respectively. After half the pro-
jected irradiation time, each capsule was rotated,

results( Izett et al., 1992 and on K—Ar ages reported
in Baksi et al.( 1995 . A more recefit Renne et al.,
1998 age of 523.% 4.6 Ma(based on intercalibra-
tion vs. GA-1550 as primary standard with an age
of 98.79+ 0.96 Ma is more accurate, but the earlier
calibration is retained here for comparison with the
earlier work( Boven et al., 1996 and difference does
not affect the conclusions, which are based upon the
“Ar * /*Ar ratios. Cg/K ratios are deduced from
the relative production rates fofAr, and *Ar,
whereby CaK = 1.786x (*Ar.,/*Ar,). Correc-
tion factors for interfering argon isotopes produced
by the neutron irradiation deduced from GaF and
K,SO, salts irradiated together with the sam-
ples are(*® Ay°Ar).,=2.42x107*, (*Ar/°An) ¢,
=7.27x107%, (*Ar/*An), =1.21x 1072 and
(40Ar/3?6\r)K =9.23x 1074, respectively. The two
samples from Garsaknatt and the sample 0328-3
from Hidra were irradiated under the same condi-
tions together with two aliquots of the biotite HD-B1
standard for which an age of 24.210.32 Ma( Hess
and Lippolt, 1994 was usedl-values are presented

stacked in the same order and loaded at the samein Table 1.

position in the channel, in order to compensate for
the prevailing vertical gradient of the neutron flux.

Argon stepwise-heating analyses were carried out
at the Vrije Universiteit BrusséfAr /*Ar laboratory

The gradient was also measured using 0.5 mm-thick on an MAP216 mass spectrometer operating in a
Fe-wire placed parallel to each quartz-ampoule and static mode and equipped with a GS98 Bauer-Signer

cut into five equal pieces prior to ¥Mn activity

source, a Johnston electron multiplier and a manually

measurement. Each capsule received an average interetractable Faraday cup. Samples were incrementally

grated fast neutron fluencé energyl MeV) of
1.3344+ 0.007, 1.287 0.004 and 1.098- 0.009 in

heated in a high-vacuum resistance oven controlled
by a Eurotherm controller and a thermocouple. Ther-

10'° n cm 2, respectively. Errors are stated at the 1 mocouple readings as well as optical pyrometer mea-

sigma level. surements were used to obtain precise temperature
The activity measurements show that the fluence calibration ( better thart-10°C) at different extrac-

variation over the height of a capsule 55 inm is less tion furnace currents. Each sample underwent a simi-

than 0.8%, corresponding with a highfactor preci-
sion(for J=0.0841 errors are< 0.00079 . However,
higher discrepancie6é+5%) were measured among
the J-factors obtained for the three unpurified
aliquots of MMhb-1 placed in the same capsule. The

lar sequential extraction—purification but with differ-
ent temperature intervals between the steps. Oven
temperatures were lowered to 280between each
step. The whole volume of purified gases released
during each step, or a known partition of this vol-



Table 1
A “Ar /*Ar stepwise heating data on plagioclase separates
Temp “°Ar/3Ar  SAr/3Ar  SAr/ Ar Ry R A/ K AV /%Ar Ca/K YArt SAr “Ar */3%Ar  Apparent age 1000T —log
0 (107® (103 (% Cun( % +1SD.(inMa (YK) (D/r?)
Hidra sample 0065 1/5 aliquot (a), weight = 8.09 mg, VUB4: J = 0.0764
650 362.42 1.21 1138.13 234.68 5.15 21.60 2.16 7.20 5.76 26.10 +H1183D 1.08 6.70
720 6.09 3.17 3.97 13.43 236.17 1.55 5.67 80.73 17.58 4.92 +875 1.01 5.75
760 7.13 4.06 4.79 13.67 297.23 1.41 7.26 80.18 26.15 5.72 +@54 0.97 5.58
800 8.05 5.05 2.00 12.91 390.90 1.48 9.01 92.68 40.16 7.46 +814 0.93 5.13
850 7.87 5.65 0.47 12.46 453.85 1.37 10.10 98.24 49.27 7.74 +238 0.89 5.12
890 8.38 5.83 0.35 12.15 479.34 1.42 10.41 98.78 57.14 8.27 +884 0.86 5.05
915 8.84 6.08 0.81 12.67 479.61 1.42 10.85 97.29 65.75 8.60 +911 0.84 4.89
940 9.44 6.42 0.64 12.68 506.78 1.44 1147 9799 77.33 9.25 +964 0.82 4.58
970 10.54 6.83 0.68 12.51 545.79 1.51 12.19 98.11 85.45 10.34 #1850 0.80 454
1010  10.95 7.27 0.40 12.57 578.14 1.49 12,98 98.92 90.17 10.83 +1988 0.78 4.58
1070 11.18 7.44 0.08 12.69 586.41 1.50 13.29 99.78 94.03 11.15 412 0.74 4.47
1130 12.03 7.81 0.72 12.60 619.94 151 13.95 98.23 98.20 11.81 4460 0.71 4.09
1200 11.49 7.53 0.67 11.85 635.20 1.50 13.44 98.28 99.96 11.29 H122 0.68 3.87
1350 71.79 0.00 34.07 0.00 ~ ~ 0.00 85.98 100.00 61.72 3145132
Aliquot (b) weight = 6.48 mg, VUB4: J = 0.0764
650 133.50 1.50 408.99 89.17 16.84 8.42 2.68 9.47 520 12.64 #1216 1.08 6.79
720 5.47 2.71 3.30 13.18 205.67 1.66 484 82.15 16.96 4.49 +232 1.01 5.77
750 6.07 3.33 2.98 13.04 255.57 1.56 5.95 85.49 27.40 5.19 +@02 0.98 5.48
790 7.93 3.83 4.42 13.45 284.80 1.73 6.84 83.52 36.60 6.62 +439 0.94 5.33
825 8.80 4.99 1.86 12.78 390.50 1.65 8.92 93.74 50.89 8.25 +882 0.91 4.94
855 9.46 6.66 1.55 12.88 516.75 1.35 11.89 95.17 66.47 9.00 +944 0.89 4.67
885 9.86 6.71 141 12.74 526.96 141 11.99 9577 74.00 9.44 +880 0.86 4.80
915 10.13 4.70 ~ ~ ~ 2.23 8.40 100.00 86.27 10.13 10887 0.84 4.38
935 1291 7.76 3.26 13.33 582.17 1.54 13.86 92.55 90.03 11.95 #1470 0.83 4.67
955 12.58 8.01 3.79 13.40 598.10 1.43 1431 91.10 92.64 11.46 H135 0.81 4.69
1000 15.28 8.19 12.47 14.25 574.86 1.42 14.63 75.88 94.46 11.60 5 0.79 4.72
1100 18.10 7.88 23.69 15.40 511.65 1.41 14.07 61.33 95.80 11.10 +1H8 0.73 4.73
1250 19.22 7.25 27.12 17.29 419.31 1.55 12.95 58.30 97.20 11.20 11416 0.66 4.56
1350 18.65 7.09 28.40 17.92 395.81 145 12.67 55.00 99.65 10.26 +14 0.62 3.85
1500 114.23 7.04 324.46 71.10 98.95 2.61 12,57 16.06 100.00 18.35 +5881
Hidra sample 0249 1 /1 aliquot (a), weight = 7.17 mg, VUB4: J = 0.0764
650 225.18 2.37 685.74 154.78 15.30 9.52 4,23 10.01 6.15 22.54 HBIF 1.08 6.64
720 9.10 2.30 6.43 15.85 145.36 3.13 412 79.12 19.10 7.20 +291 1.01 5.67
760 8.73 2.21 6.94 14.85 148.98 3.02 395 76.52 28.72 6.68 +344 0.97 5.48
800 8.16 2.58 2.49 13.65 189.37 2.87 4.62 90.98 38.57 7.43 +811 0.93 5.27
840 11.78 3.19 2.07 13.35 238.97 3.50 570 9481 49.89 11.17 213 0.90 5.03
875 15.68 4.23 141 13.59 311.31 3.61 755 97.33 61.07 15.26 #1394 0.87 4.87
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900 17.32 4.39 1.01 13.58

925 17.91 4.46 0.63 13.51
950 18.61 4.55 0.60 13.23
975 23.20 5.91 0.46 13.50
1000 29.35 7.66 0.41 13.87
1035 34.71 9.25 0.73 13.43
1070 35.49 10.10 0.27 14.12
1110 36.46 9.68 ~ 13.76
1155 37.54 9.70 0.56 13.83
1210 35.49 7.86 ~ 12.02
1300 74.91 ~ 13.49 ~
1450 117.80 ~ 123.59 18.01
1500 309.61 ~ 436.97 49,52
Aliquot (b), weight = 8.07 mg, VUB4: J = 0.0764
550 115.38 3.43 282.92 97.17
600 98.51 2.35 256.94 69.96
690 210.27 5.05 571.63 187.42
720 7.35 241 1.36 9.66
760 7.86 3.16 0.96 9.13
790 9.54 3.36 1.13 8.39
820 13.01 3.67 0.47 8.32
890 19.12 5.08 ~ 12.95
940 21.77 5.79 ~ 13.36
990 24.01 6.79 ~ 12.84
1050 32.03 7.94 ~ 12.50
1100 36.11 8.84 ~ 12.15
1160 34.94 9.28 ~ 11.67
1225 28.46 8.34 ~ 11.85
1400 25.14 3.51 ~ 13.14
Hidra sample 0328-31, weight = 8.73 mg, VUB9: J = 0.09551
760 136.28 2.40 438.48 84.83
800 7.72 6.25 2.01 ~
860 4.74 2.53 1.80 11.95
900 4.62 3.09 1.41 11.81
960 4.85 3.86 1.51 11.91
1000 5.95 5.35 3.32 12.50
1050 5.57 5.49 1.26 12.31
1100 5.82 5.69 0.64 11.66
1150 6.07 6.16 1.60 10.77
1190 6.10 6.17 0.73 10.29
1230 6.24 6.42 1.55 11.88
1270 6.49 7.83 1.16 12.53

322.96
330.27
343.95
437.79
552.15
688.48
715.14
703.48
700.93
654.12

35.25
33.56
26.95
249.51
346.71
400.36
440.79
392.31
433.81
528.50
635.39
726.88
794.92
703.64
267.37

28.30

211.40
261.78
324.30
427.67
445.75
488.08
572.13
599.54
540.53
624.74

3.88
3.97
4.05
3.90
3.82
3.73
3.51
3.77
3.85
4.52

9.27
9.62
8.19
2.88
2.39
2.74
3.51
3.84
3.83
3.61
4.11
4.16
3.84
3.48
6.26

2.79
1.14
1.67
1.36
1.14
0.93
0.95
0.99
0.91
0.95
0.90
0.78

7.84 98.28 68.66 17.02
7.97 98.96 75.66 17.72
8.13 99.05 82.70 18.44
10.56 99.41 87.06 23.07
13.68 99.58 89.37 29.22
16.52 99.38 91.64 34.50
18.03 99.78 94.13 3541
17.29 100.00 97.12 36.46
17.32 99.56 99.44 37.38
14.04 100.00 99.89 35.49
~ 94.68 99.94 70.92
~ 69.00 99.98 81.28
~ 58.29 100.00 180.48
6.12 27.54 1.50 31.77
419 2292 3.69 22.58
9.02 19.67 6.15 41.36
430 9453 1433 6.94
565 9640 32381 7.58
6.00 96.51 42.72 9.21
6.55 98.93 52.85 12.87
9.07 100.00 64.13 19.12
10.35 100.00 76.49 21.77
12.12 100.00 85.15 24.01
14.18 100.00 90.23 32.03
15.78 100.00 94.93 36.11
16.57 100.00 98.74 34.94
14.89 100.00 99.54 28.46
6.28 87.54 100.00 22.01
4.29 4.92 1.66 6.71
11.16  92.32 3.35 7.12
451 88.78 6.87 4.21
552 90.97 10.86 4.20
6.90 90.81 15.94 4.40
9.55 8349 21.91 4.96
9.80 93.30 31.15 5.19
10.16 96.75 43.89 5.63
11.00 92.19 55.38 5.59
11.02 96.46 66.93 5.88
11.47 92.67 79.22 5.79
13.99 9473 87.11 6.14

#1303
#1345
41386
14833
1417
12829
12863
24@2
12435
2866
335488
3564103
4860157

12202
#1889
12582
+368
+@24
+261
#2335
1624
rer
1889
2283
2889
2843
2084
1¥22

+&08
936122
+@10
+809
+B33
+300
+427
+ 146
+322
+ 865
+194
+833

0.85
0.83
0.82
0.80
0.79
0.76
0.74
0.72
0.70
0.67
0.64
0.58

1.21
1.15
1.04
1.01
0.97
0.94
0.91
0.86
0.82
0.79
0.76
0.73
0.70
0.67

0.97
0.93
0.88
0.85
0.81
0.79
0.76
0.73
0.70
0.68
0.67
0.65

4.89
4.80
4.65
4.72
4.88
4.79
4.62
4.32
3.96
4.26
4.00
4.00

7.88
7.17
6.83
5.97
5.20
5.20
5.03
4.81
4.58
4.52
4.55
4.35
4.03
4.17

7.79
7.30
6.66
6.35
6.05
5.81
5.44
5.09
4.94
4.76
4.53
4.50

(continued on next page)
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Table 1(continued)

Temp “Ar/3Ar SAr/3nr SAr/ Ar Ry B A/ B A/ Ar Ca/K Art Ar “Ar */3Ar  Apparent age 1000T —log
(o) (107®) (103 (% Cur( % +1S.D.(inMa (¥K) (D/r?)
Hidra sample 0328-31, weight = 8.73 mg, VUB9: J = 0.09551
1300 6.66 7.99 1.79 12.96 616.70 0.77 14.28 92.07 92.07 6.13 +631 0.64 4.48
1340 7.72 8.27 4.21 13.13 629.94 0.78 14.77 83.90 93.15 6.48 +869 0.62 5.00
1410 7.79 7.79 4.37 13.43 580.13 0.83 13.92 8343 9553 6.50 +871 0.59 4.54
1570 7.39 7.43 3.24 12.63 588.00 0.87 13.27 87.05 99.16 6.44 + 865 0.54 3.95
1700 29.02 8.19 74.98 27.92 293.17 0.84 14.62 23.64 100.00 6.86 +Do9
Garsaknatt sample 56 / 73, weight = 15.54 mg, VUB9: J = 0.09551
760 81.06 2.80 258.66 48.44 57.77 1.65 5.00 571 3.65 4.63 +661 0.97 7.10
800 4.77 3.22 4.00 7.99 403.07 111 575 7521 5.30 3.59 +332 0.93 7.05
860 5.22 3.07 6.77 10.04 305.60 1.05 548 61.67 7.16 3.22 +484 0.88 6.85
900 4.19 3.15 2.12 7.62 413.10 1.13 5.62 85.01 10.98 3.56 +528 0.85 6.36
980 2.95 3.19 1.22 7.12 448.84 0.81 571 87.80 19.69 2.59 +299 0.80 5.75
1000 2.94 3.46 0.39 11.37 304.69 0.82 6.19 96.13 35.87 2.83 +432 0.79 5.17
1050 3.05 3.32 0.22 11.17 297.37 0.90 593 97.82 51.71 2.99 +853 0.76 4.89
1290 3.32 3.83 0.26 11.54 331.94 0.85 6.84 97.64 68.41 3.24 +487 0.64 4.62
1410 4.01 4.27 0.32 11.39 374.55 0.92 7.62 97.67 83.16 3.92 +513 0.59 4.39
1465  33.95 5.03 92.25 30.97 162.54 1.33 8.99 19.70 89.90 6.69 + 881 0.58 4.47
1570  46.39 5.03 131.49 38.47 130.77 1.50 8.99 16.24 98.36 7.53 + 578 0.54 3.91
1700 97.91 4.07 298.76 78.56 51.84 2.36 7.27 9.83 100.00 9.62 11436
Garsaknatt sample 72b / 73, weight = 12.33 mg, VUB9: J = 0.09551
880 44.24 111 135.21 36.99 30.02 3.86 1.98 9.69 7.79 4.28 +6869 0.87 6.43
930 3.83 1.32 1.18 11.28 117.48 2.62 237 90.88 12.61 3.48 +267 0.83 6.21
980 3.90 2.14 1.09 11.79 181.46 1.67 3.82 91.72 2094 3.58 +231 0.80 5.72
1000 4.15 2.72 0.82 11.81 230.58 1.44 486 94.14 28.50 3.91 +372 0.79 5.57
1030 4.66 3.45 0.99 11.91 290.08 1.26 6.17 93.70 31.96 4.36 +828 0.77 5.79
1050 16.47 3.59 38.39 19.46 184.43 1.43 6.41 31.11 36.25 5.12 +409 0.76 5.63
1080 6.96 4.23 6.14 13.16 321.53 1.22 7.56 7395 41.19 5.15 +321 0.74 5.49
1100 6.27 4.69 2.27 12.32 380.94 1.19 8.38 89.30 48.32 5.59 +372 0.73 5.23
1130 5.77 5.00 0.54 12.36 404.57 112 8.93 97.25 5233 5.61 +374 0.71 5.39
1150 5.83 5.25 0.54 12.15 432.04 1.08 9.37 97.29 56.85 5.67 +381 0.70 5.28
1170 6.11 5.50 114 12.05 456.66 1.05 9.83 9447 62.22 5.78 +393 0.69 5.12
1190 6.26 5.62 1.07 12.13 463.66 1.06 10.05 94.96 66.99 5.94 +811 0.68 5.09
1230 6.50 5.59 1.64 12.44 449.59 1.08 9.99 9255 7131 6.02 +819 0.67 5.06
1250 6.29 5.48 1.02 12.23 448.24 1.09 9.79 9522 76.25 5.98 +816 0.66 4.92
1270 6.24 5.45 0.74 12.20 447.00 111 9.74 96.51 82.05 6.03 +820 0.65 4.74
1300 6.60 5.92 1.57 12.42 476.93 1.04 10.58 92.96 85.11 6.14 +832 0.64 491
1320 6.74 6.20 0.92 12.15 509.98 1.04 11.07 9594 87.98 6.46 +867 0.63 4.84
1375 6.99 6.66 1.87 12.40 537.04 0.97 11.89 92.11 90.96 6.44 +865 0.61 4.72
1450 6.71 6.43 111 12.25 525.29 0.99 1149 9514 94.77 6.39 +859 0.58 4.43
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1570 6.94 6.53 1.99 12.30 530.80

1700 18.37 8.14 37.49 19.24 422.82
Egersund-Ogna sample 84-18A, weight = 5.30 mg VUB3: J = 0.0841
750  7.65 ~ 15.01 14.67 ~
800 5.48 7.77 4.35 17.57 442.52
875  5.44 11.48 1.44 13.61 843.11
950 6.26 12.88 1.08 13.66 942.83
1048  6.48 13.44 1.14 13.43 1000.93
1141 6.33 13.37 0.76 12.87 1039.21
1200  6.64 13.17 0.64 12.74 1033.42
Haland sample M88 / 7 aliquot (a), weight = 5.42 mg, VUB4: J = 0.0764
710 347.83 1.30 1116.32 231.37 5.61
750 5.72 1.98 591 13.47 146.67
790 5.11 2.66 3.43 13.17 201.81
830 4.90 2.80 2.36 12.60 222.10
860 5.14 3.14 2.16 12.59 249.09
910 5.30 3.25 1.62 12.62 257.33
960 5.35 3.36 0.94 12.83 262.21
1000 5.84 3.25 0.73 12.96 250.78
1045 6.91 4.71 0.69 13.04 360.96
1090 7.10 5.33 0.69 12.99 410.02
1150 7.08 5.44 0.56 12.76 426.27
1230 6.84 471 0.79 12.85 366.14
1350 41.92 2.25 63.23 21.68 103.75
Aliquot (b) weight = 6.99 mg, VUB4: J = 0.0764
650 428.07 1.43 1409.28 275.80 5.17
720 6.97 1.71 7.45 13.80 123.86
760 5.86 2.74 4.13 13.03 210.39
800 5.39 3.10 2.81 12.53 247.80
840 5.57 3.47 2.39 12.48 278.27
880 5.97 3.91 1.86 12.71 307.85
925 5.85 4.23 0.75 12.53 337.25
1000 6.14 4.10 0.78 12.73 322.31
1050 6.64 4.57 0.51 12.90 354.05
1110 7.11 5.15 0.35 12.78 403.05
1180 7.36 5.49 0.22 13.01 422.25
1240 7.42 5.89 0.36 12.90 456.83
1350 7.11 5.62 0.44 12.65 444.43
1450 12.03 4.59 0.48 11.38 403.18
1550 10.91 4.94 4.81 13.14 376.30
1750 14.36 4.89 12.67 15.41 317.51

0.97
0.90

0.54
0.44
0.46
0.46
0.46
0.49

13.83
2.01
1.54
1.50
1.43
1.48
151
1.73
1.43
1.30
1.27
1.40

10.33

8.15
2.79
1.69
1.47
1.40
1.39
1.33
1.44
1.42
1.36
1.33
1.24
1.24
2.59
1.92
2.17

11.66 91.53 98.96
1453  39.69 100.00
42.06 17.95
13.88 76.55 26.82
2050 9219 40.71
2301 94.92 54.66
2401 9482 68.36
23.88 96.44 91.93
2351 97.14 100.00
232 516 290
353 69.47 850
475 8014 12.07
5.00 8575 18.06
560 87.59 24.30
5.80 90.95 29.85
6.01 9479 36.41
5.80 96.30 58.75
841 97.06 66.73
951 97.15 76.25
9.72 97.68 8857
8.40 96.58 99.89
4.02 5542 100.00
255 272 220
3.05 6840 517
490 7920 8.68
554 8459 13.93
6.20 87.30 20.58
6.99 90.79 25.90
755 96.23 35.94
7.33  96.25 50.18
8.16 97.71 62.29
9.20 9853 69.30
9.81 99.13 74.14
1052 98.56 81.46
10.04 98.19 97.58
8.20 98.81 98.17
8.83 86.96 99.26
8.74 73.93 100.00

6.35
7.29

3.22
4.20
5.01
5.94
6.15
6.11
6.45

17.96
3.97
4.09
4.20
4.50
4.82
5.07
5.62
6.71
6.90
6.92
6.60

23.23

11.62
4.77
4.64
4.56
4.86
5.42
5.63
5.91
6.49
7.01
7.30
7.31
6.98

11.89
9.48

10.62

+855
+ 553

43245
+ 585
+635
+331
+552
+348
+§82

1558
+&78
+491
+802
+833
+565
+890
+845
+247
+264
+265
+237
+18a1

1349
+360
+848
+539
+670
+@25
+@45
+873
+327
+874
+399
+800
+271
41486
+983
4y 1

0.54

0.98
0.93
0.87
0.82
0.76
0.71

1.02
0.98
0.94
0.91
0.88
0.85
0.81
0.79
0.76
0.73
0.70
0.67

1.08
1.01
0.97
0.93
0.90
0.87
0.83
0.79
0.76
0.72
0.69
0.66
0.62
0.58
0.55

3.96

5.68
5.55
5.12
4.89
4.68
4.05

7.30
6.41
6.33
5.92
5.73
5.65
5.46
4.68
4.90
4.67
4.31
3.59

7.55
6.88
6.52
6.12
5.81
5.75
5.32
4.95
4.82
4.91
4.97
4.66
3.86
4.72
4.21

(continued on next page)
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Table 1(continued)

Temp “Ar/3Ar SAr/Ar SAr/ Ar R/ R A/ B AV /SAr Ca/K Art A “Ar " /3%Ar  Apparent age 1000T —log
(o) (107®) (1073 (% Cur( % +1S.D.(inMa (YK) (D/r?)
Helleren sample 92 16 / 7, weight = 6.19 mg, VUB3: J = 0.0841
650 24.02 2.00 56.15 25.96 77.00 3.86 3.57 32.16 3.51 7.73 +903 1.08 7.14
700 5.89 1.49 4.32 13.11 113.71 3.09 2.66 78.33 7.68 4.61 +591 1.03 6.55
750 5.80 2.38 4.00 13.54 176.07 1.94 426 79.63 13.73 4.62 +892 0.98 6.08
790 6.13 3.33 3.45 13.26 251.43 1.53 595 83.37 20.87 5.11 +645 0.94 5.78
820 6.57 4.24 2.67 13.26 319.89 1.36 7.57 87.96 26.87 5.78 +414 0.91 5.68
860 6.46 4.45 1.56 13.57 328.29 1.35 7.96 92.87 35.72 6.00 +3837 0.88 5.36
895 7.03 4.74 0.97 12.59 376.17 1.42 8.46 95.90 45.69 6.74 +811 0.86 5.15
955 7.31 4.71 0.64 12.62 373.24 1.51 841 97.39 54.81 7.12 +246 0.81 5.04
925 7.21 4.49 0.72 12.45 360.48 1.56 8.02 97.07 65.65 6.99 +35 0.83 4.80
990 7.60 5.08 0.55 12.35 411.00 1.47 9.07 97.87 70.53 7.44 +877 0.79 5.03
1060 7.76 5.25 0.52 12.38 423.84 1.45 9.37 98.02 74.78 7.60 +892 0.75 5.00
1150 7.69 5.83 0.67 12.55 464.86 1.29 1042 97.41 82.58 7.50 +882 0.70 4.62
1240 7.54 5.77 0.57 12.37 466.13 1.28 10.30 97.77 95.28 7.37 +870 0.66 4.06
1350 7.97 5.48 1.05 12.42 441.08 1.40 9.79 96.10 98.93 7.65 +897 0.62 4.00
1450 22.98 3.05 26.60 16.73 182.12 4.96 5.44 65.80 99.13 15.12 +1280 0.58 4.85
1500 25.22 3.12 34.91 18.19 171.71 4.77 558 59.10 99.34 14.91 H17AB6 0.56 4.73
1550 2141 3.55 34.87 16.70 212.78 3.13 6.35 51.87 99.70 1111 +1490 0.55 4.27
1600 32.73 3.06 58.41 19.19 159.22 5.06 5.46 47.27 99.90 15.47 1583 0.53 4.89
1700 56.67 0.96 112.76 23.05 41.80 24.24 1.72 41.20 100.00 23.35 +8I60

Isotopic ratios are corrected for mass discrimination, blank line levels, atmospheric contamination, and flux gradients. The quoted errsrareagesdard deviation. Thke
values are calculated as the average of the 513.9 Ma age of MMhb-1 andtM@HD-B1 standards in each vial. Last two columns show theDigg ? and 1000/ T (K)
values calculated after MDD program from Lovera et(al. 1989 .
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Table 2
Plagioclase UV laser ablation data on thick sections

Sample  Spo# Cratersize “° Ar  “OAy 3ar  4Ar/ BAr  Kr/ R K/ ¥  A/%Ar Ca/K  Apparent age
nature (wm) (mV) +1S.D.(Ma
Hidra sample 0065-1 /5 (J = 0.005296)

P 27 50X 50 16.45 449.92 127.16 13.46 ~ 43.64 24.04 37% 107
P 1 50x 50 43.48 923.18 80.86 12.04 ~ 54.98 21.50 46% 77
P 2 50x 50 145.87 670.65 110.52 3.68 346.92 61.83 6.57 BHPb
P 3 50x 50 44.80 948.92 94.04 12.66 ~ 64.76 22.60 532 63
P 32 50% 50 26.40 996.78 93.20 7.07 218.50 65.57 12.62 53
P 4 50x 50 46.00 977.43 96.65 13.88 ~ 67.43 24.79 55% 50
P 5 50x 50 27.08 ~ 72.18 7.54 ~ 72.75 13.47 588 44
Mi 20 50x% 50 21.55 3296.41 88.94 7.47 93.53 80.97 13.34 646
Fl 22 50x 50 26.91 ~ 82.95 6.21 ~ 83.42 11.09 66Q- 50
P 6 50x 50 53.00 935.02 125.12 19.09 181.46 85.58 34.08 b8
Mi 12 50x 50 28.55 1730.43 104.56 7.19 214.22 86.70 12.84 $£%2
P 7 50x 50 10.29 605.41 175.71 0.00 ~ 89.94 0.00 703 232
Fl 21 50x 50 19.61 ~ 92.92 12.22 ~ 93.84 21.82 728 62
P 8 50x 50 49.38 ~ 93.43 9.22 ~ 94.12 16.46 736 47
P 31 50x 50 12.20 ~ 94.17 11.43 161.45 95.03 20.40 78330
P 9 50x 50 46.31 ~ 94.97 9.23 321.50 95.66 16.49 73%1
P 10 50% 50 34.94 ~ 98.45 6.98 ~ 98.98 12.47 760 48
P 11 50% 50 33.47 ~ 103.39 9.21 325.20 104.08 16.44 54
MI 13 50x 50 21.18 ~ 105.17 7.71 ~ 105.76 13.77 802 113
Mi 19 50X% 50 31.58 ~ 107.81 10.38 ~ 108.59 18.54 82861
P 26 50% 50 26.42 995.88 155.07 10.83 201.38 109.05 19.35 82p4
Mi 14 100X 10 68.82 591.85 219.46 9.02 308.75 109.89 16.11 857
Fl+V 17 50% 50 20.05 ~ 110.80 7.45 69.68 111.36 13.30 8869
MI 18 50X 50 24.62 ~ 111.28 11.65 281.34 112.16 20.81 84105
P 33 50% 50 26.43 ~ 114.08 10.45 ~ 114.87 18.66 85# 77
Fl 23 50x 50 24.98 ~ 124.44 12.85 ~ 125.41 22.94 919 67
P 28 50% 50 59.60 ~ 129.99 2.89 44.79 130.21 5.15 9439
P 25 50X 50 47.16 ~ 132.83 6.54 120.02 133.32 11.68 9646
Mi 24 50x 50 131.56 1364.81 184.09 3.32 258.97 144.23 5.93 10327
Fl 16 50x 50 62.10 1699.08 245.81 6.96 ~ 203.06 12.43 131% 86
P+ FI 34 50x 50 24460 1659.44 296.03 6.40 377.75 243.32 11.43 1488
Fl 15 50x 50 143.58 8806.99 353.53 6.73 298.12 341.67 12.01 188a
P+ FI 29 50x 50 170.49  4656.93 805.35 7.24 ~ 754.25 12.92 2902 150
P 30 50% 50 16.79 193.94 120.22 12.09 184.27 ~ 21.60 ~

Hidra sample 0249-1 /1 (J = 0.005296)

CP 35 50x 50 29.48 337.53 76.73 14.38 228.48 9.55 25.68 181
P 36 100x 100 90.17 483.29 94.15 8.90 ~ 36.58 15.90 32@-24
P 37 50% 50 77.56 525.43 100.02 5.75 184.41 43.77 10.27 BB
P 38 50x 50 104.64 559.07 115.26 6.86 53.76 54.34 1225 420
P 39 50% 50 101.68 691.09 126.31 7.92 34.06 72.30 1414 58D
P 40 50x 50 58.98 2159.70 90.55 8.68 ~ 78.16 15.51 625 37
P+ Ml 41 50x 50 60.45 2227.96 95.90 10.07 453.08 83.18 1797 $8%
CP+MI 42 50X 50 34.45 ~ 84.85 9.24 155.06 85.54 16.50 67460
CP 43 50x 50 62.57 ~ 87.41 7.45 28.56 87.97 13.30 6328
CP+MI 44 50X 50 106.48  3859.31 95.54 4.08 ~ 88.23 7.28 692 39
CP 45 50x 50 127.63  2683.75 134.35 4.92 104.99 119.56 8.79 1883
P 46 50x 50 133.82 1334.75 153.60 3.83 31.73 119.59 6.84 883
P 47 50% 50 107.21 13630.80 134.58 4.35 247.70 131.66 7.77 1937
P 48 100x 100 268.93  3493.72 145.96 3.78 127.12 133.61 6.74 1968

(continued on next page)
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Table 2(continued)

Sample  Spo# Cratersize “© Ar  “OAy 3ar  Ar/ Ar EKry/ R K/ ® A '/3%Ar Ca/K  Apparent age

nature (um) (mV) +1S.D.(Ma
Hidra sample 0249-1 / 1 (J = 0.005296)

CP+MI 49 50% 50 91.79 ~ 160.62 10.45 ~ 161.41 18.66 1115 63
CP+MI 50 50X% 50 502.37 1402.84 260.61 1.30 29.40 205.71 232 1328
CP+MI 51 50x50 130.02 2261.12 236.79 8.93 202.60 205.85 1594 1330
CP 52 100x< 100 503.28 3979.21 317.67 5.63 137.27 294.08 10.05 1638
M 54 50X 50 247.13  6696.26 582.60  17.05 111.38 556.89 30.44 24781
Mi 55 50X 50 184.66  1361.49 3628.32 240.32 505.68 2840.82 429.15 5eERM
M 56 50X 50 218.78 1061.38  5218.03  245.06 97.25 3765.28  437.61 54D
Mi 57 50X 50 266.02 1808.62 19543.34 479.35 146.44 16350.26 855.97 80694
M 53 50X50 543.20 8201.15 ~ ~ 151.92 ~ ~ ~

Hidra sample 0328-3 / 1 (J = 0.005296)

CP 60 100x 100 111.61 825.65 95.08 6.08 241.83 61.05 10.86 503
Mi 61 50X% 50 213.31 ~ 61.91 1.89 130.41 62.05 3.37 5138
CP 58 100 100 108.42 1438.44 80.98 4.77 160.65 64.34 8.51 523
CP 59 100x 100 128.29 1217.68 92.97 4.66 332.56 70.41 8.33 512
Mi 62 50 50 50.49 ~ 77.54 7.78 78.12 13.89 62631
Garsaknatt sample 72b / 73 (J = 0.005296)

Mi 78 50X 50 51.15 351.05 88.30 8.77 ~ 13.97 15.67 129 27
P 63 200x 15 44.87 588.72 100.38 6.84 ~ 50.00 12.21 424 38
Mi 77 200X 15 94.50 697.07 92.58 5.50 ~ 53.33 9.83 44921
P 64 220x 15 66.42 693.00 95.89 6.57 75.71 55.00 11.73 461
Mi 76 100X 100 184.62 820.52 91.57 3.89 157.29 58.59 6.95 #43%
P 65 50x 50 41.13 732.14 101.36 7.92 166.20 60.45 14.15 5B@6
Mi 75 50X% 50 107.71  1638.30 79.78 3.64 ~ 65.39 6.50 536 20
Mi 74 200x 15 45.02 2853.91 75.03 8.01 248.23 67.27 1430 BT
P+ Mi 73 50X 50 251.56  3825.49 72.99 1.41 69.29 67.35 252 B30
P 66 220x 15 149.84 1751.45 99.65 3.77 ~ 82.84 6.73  656- 14
Mi 72 320% 10 95.09 2083.72 99.13 5.57 ~ 85.07 995 67k 26
P 67 100x 100 152.65 10033.48 87.77 4.03 237.10 85.19 719 613
P 68 50X 50 73.31 2043.64 99.90 6.03 ~ 85.45 10.76 674 35
P 69 50% 50 82.58 1096.84 117.72 9.56 731.75 86.01 17.07 B37
P+ Mi 71 200X 10 29.48 ~ 108.01 7.68 ~ 108.59 13.71 82684
P+MI 70 50X50 139.49 1028.22 187.60 7.05 ~ 133.68 1259 966 43
Egersund-Ogna sample 84-18A (J = 0.005296)

P+ Ml 85 50 50 14.38 385.12 85.39 32.62 ~ 19.87 58.25 18% 132
P+ Ml 84 50X% 50 16.16 593.18 102.34 37.54 ~ 51.36 67.03 434 144
P 81 50x 50 18.61 ~ 63.61 14.85 ~ 64.73 26.52 53271
P 79 50% 50 56.98 983.43 105.53 5.88 131.28 73.82 10.50 $H%8
P 80 50x 50 30.92 4125.85 90.02 14.33 ~ 83.57 25,58 66% 70
P 82 50% 50 3443  4527.12 89.44 11.67 ~ 83.60 20.84 661 63
P+ Ml 86 100X 100  49.93 ~ 89.75 16.90 ~ 91.02 30.18 71@ 46
Fl 87 50x 50 4566 6033.75 104.68 10.63 1213.79 99.56 18.98 769
P 83 50x 50 63.29  1355.63 161.13 20.59 334.32 126.01 36.76 1932
Helleren sample 92-16 / 7 (J = 0.005296)

P+V 94 50% 50 ~ 921.44 68.43 7.12 ~ 46.48 12.71  39%& 47
MI+V 95 50x 50 46.78 704.48 85.01 4.29 ~ 49.35 7.67 41942
P+ Mi 97 50X 50 30.48 654.57 96.96 5.48 58.33 53.19 9.79 445
MI+V 96 50x 50 37.10 654.83 98.61 3.59 ~ 54.11 6.40 45547
P+ Mi 93 50X 50 49.52  1362.62 85.24 4.43 ~ 66.76 7.92 546 27

P 90 50x 50 28.00 1049.65 95.21 4.32 43.02 68.41 7.72 558
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Table 2(continued)
Sample Spo# Cratersize “° Ar Ay 3ar Ar/ RAr Ky B Hr/ B A/%Ar Ca/K Apparent age

nature (pm) (mV) +1S.D.(Ma
Helleren sample 92-16 / 7 (J = 0.005296)

P+ Ml 92 50 50 57.85 873.73 105.23 5.64 160.25 69.64 10.07 565

P 91 100x 100 125.17 1086.52 98.04 5.53 364.65 71.37 9.87 £78

P 88 50% 50 3252 1981.71 94.32 6.72 119.71 80.26 12.00 632

P 89 100x 100 126.07 ~ 88.17 5.90 921.10 88.61 10.54 69419

\ 98 200x 20 60.55 9841.62 100.75 5.53 362.50 97.73 9.87 ¥23

P = clear plagioclase; CP cloudy plagioclase; M& mineral inclusion; Fi= surmised fluid inclusion; \.= microvein; ~ = too small*Ar

and/or *®Ar peak.

ume, were measured with either the Faraday cup or X 102, respectively. Thel-value reported in Table
the multiplier (depending on the intensity of the 2 is the average of seven out of eight IR-laser single
signa) . The multiplier gain and mass discrimination or double grain total fusion analyses. The UV-laser
have been checked regularly through measurementanalyses were carried out on a MAP215-50 mass
on a partition of an air pipette. spectrometer and a Spectron 401 quadrupled Nd-
The complete’Ar /*Ar data set is presented in  YAG (A =266 nm laser, using the experimental
Table 1. Argon isotopic results include dynamic setup described in Arnaud and Kelley 1995 . Differ-
background, mass discrimination and K and Ca inter- ent modifications of the ablation procedure were
ference corrections. They do not include the 0.8% adopted during the present experiment. The laser
error estimate on theJ-factor known from the beam was slightly defocused during the rastering of
dosimetry measurement, the unknown interlaboratory 50 X 50 or 100X 100 u.m squared pits within homo-
error on the J-factor because of variations in the geneous parts of the plagioclase, increasing the
reported K—Ar age of standards and the errors on the amounts of sample ablated. This resulted in a release
K, Ca correction factors. This approach is relevant of up to twice as much Ar for equivalent rastering
since particular attention is drawn on the interstep times and only slightly diffuse margins of the abla-
comparison of the argon isotope composition. Inter- tion crater. Ablation along rectangular tracks allowed
sample reproducibility can be estimated on the basis ablation of the elongated hemo-ilmenite inclusions.
of the duplicate measurements. A similar type of rastering was performed in order to
ablate elongated pits parallel to the orientation of
plagioclase lamellae. This procedure is expected to
3.3. UV-laser ablation experiments detec_t lamellae dependent Ar-isotopic or K hetero-
geneity.
In addition to samples prepared for stepwise heat-
ing, one-side polished, ca. 120m-thick sections
were prepared for UV-laser ablatiéfAr /**Ar anal-
yses. This technique was used for the Hidra, Helleren
and Egersund-Ogna samples and for one sample Two sets of electron microprobe analyses were
from Garsaknatt 72/673). Thick sections were irra-  performed to detect compositional changes within
diated without Cd shielding at the RISO3 reactor in the plagioclases. In a first set of experiments scan-
Denmark together with the biotite flux monitor ning profiles were obtained on small cleavage frag-
GA1550 (98.79+ 0.96 Ma; Renne et al., 1998 . ments of an®® Ay*Ar aliquot (totally free of any
Correction factors aré*® A{f"‘?ﬁ\r)SE =255x 1074, sign of cloudiness from the core of the megacrysts
CAr/*Ar),=0.67x 1072 and( ‘?Ar/%\r)K =48  of Egersund-Ogn& sample 84-1BA and Hifra sam-

3.4. Electron microprobe analysis
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ple 0065-1¥5) in order to evaluate sample homo- argon. However, the third sample 0328 33from the
geneity. An additional set of measurements was ob- Hidra massif, corresponding to the core of a
tained on unirradiated polished sections of the same megacryst(< 30 cm) exhibits lower ages: initially
samples on which UV-laser ablation experiments high ages in the range 893-936 Ma fall to 610 Ma,
were performed. followed by a staircase rise, a subplateau around 775

For the first set of analyses, a CAMEBAX-SX-50 Ma and, finally, rising to around 870 Ma. Although
electron microprobé CAMST, Universite Catholique there is no true plateau, these higher ages are in the
de Louvain, Belgium equipped with 4 WDS spec- range expected for post-Sveconorwegian cooling and
trometers and two or four monochromators has been there would be no immediate reason to suspect ex-
operated with an accelerating voltage of 15 kV and a cess argon.
beam current of 20uA. All data were corrected Note that no excess was observed in the Hidra
using ZAF procedures. The second set of analysesplagioclase megacryst nor in the cores of the other
were performed on a CAMECA-SX-100 electron megacrysts from the other massifs 84-18A from
microprobe( Open University, UK equipped with 4 Egersund-Ogna, 92-)& from Helleren and 72673
WDS spectrometers and operated with an accelerat-from Garsaknajt . This may possibly mean that Ar
ing voltage of 20 kV and a beam current of g\, did not penetrate in noticeable amount in the core of

the megacrysts. So far, the recognition of excess

argon remains however ambiguous. It is indeed only

based on the presence of apparent ages, which are
4. Results exceedingly high compared to the age obtained by
independent chronometers for the emplacement of
the RIC.

Samples 5873 and 7273 from the Garsaknatt
massif follow a similar pattern with sample 583
showing some of the youngest ages of any of the

The argon-release spectra for each sample aresampleq ages as young as 455)Ma while the stair-
presented in Fig. 3 together with the variation of the case climbs again to ages as old as 857 Ma. Sample
Ca/K (deduced from thé” Ar/*Ar,) and plots of  72b/73 shows only one step with high ages initially
Ca/K vs. “Ar * /*Ar ratios. The overall pattern of  followed by a low age of 556 Ma and a staircase rise
these spectra has generally been ternftedddle- to 1022 Ma. In fact, although it does not exhibit the
shaped (Dalrymple and Lanphere, 19Y4 . They ex- extreme ages of the Hidra samples, 33% of the
hibit similar features: an initially high set of ages released argon yields ages older than the K—Ar and
(developed in some but not all samples , followed by Rb-Sr ages of biotites around 870 Ma, Verschure et
a low and then a staircase rise, sometimes up to aal., 1980 and than th& AP?M ages of amphiboles
pseudo-plateau, sometimes until fusion. The relative in the area( around 871 Ma, Bingen et al., 1998a .
importance of these features varies, however, be- Given the relative difference between closure tem-
tween samples. peratures for biotitel 300—380) (Harrison et al.,

In detail, plagioclase separates 006%51and 1985 and the empirical closure temperature for pla-
0249-1/1 from the Hidra massif south of the ajea gioclase( 258C) (Harrison and McDougall, 1982 ,
exhibit reproducible patterns even when run as two this again indicates excess argon.
aliquots. Both exhibit initial ages older than the Finally, samples 84-18A, M887 and 92-1¢7
U/Pb intrusion agd 930 Ma followed by ages of from the centre of the large Egersund-Ogna body
532 to 575 Ma( sample 0065¢/5) and 768 to 791  vyield the lowest ages. Sample 84-18A shows no
Ma (sample 0249-11), then ages rise to around initial high and yields a simple staircase climbing to
1100 Ma for sample 006575 and close to 2500 Ma  the best approach to a plateau of all the samples at
for sample 0249-¥1. The latter apparent ages are 750 Ma. Sample M887 exhibits just one high step
much greater than the plausible intrusion age and in both aliquots analysed followed by lows of 478
are, therefore, attributed to the presence of excessand 560 Ma and staircases leading to noisy pseudo-

4.1. Sepwise heating
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plateau in the range 775 Ma though one aliquot feldspars( Lovera et al., 1997 . This may be an
showed ages in the final 2% of release above the indication that low temperatur8Ar release is domi-
intrusion age. Sample 92-Y@ exhibits only limited nated by K-feldspar rather than sericite, though it is
evidence for high initial ages followed by a staircase not possible to confirm this based only on the activa-
rise to a noisy pseudo-plateau around 870 Ma. While tion energy. The Arrhenius plots exhibit some simi-
this is almost within the range of regional cooling, larities with *Ar from plutonic K-feldspar in that
the last percent of release again exhibits very old they show discontinuities, in particular in the shaded
ages. area in Fig. 5 indicates the temperature ratige about
In summary, three( 0065/5, 0249-1/1 and 900 to 1060C), where all plagioclases display a first
56,/73) of the eight samples contain excess argon in break in the slope of their Arrhenius plot. Crucially,
the highest steps since they exceed the intrusion agethis break does not correspond simply with any
of 930 Ma. Note that no excess was observed in the variation in the age spectra. In sample 0065 1the
Hidra plagioclase megacryst nor in the cores of the break corresponds to a slight change in the slope of
other megacrysts from the other massifs 84-18A ages, though in sample 0249-1, the ages seem to
from Egersund-Ogna, 92-}G from Helleren and increase, perhaps because the plagioclase dominates
72b/73 from Garsaknalt . This may possibly mean and has more excess argon. In samplg’&h the
that Ar did not penetrate in noticeable amount in the large jump in ages is not related to the 900—TT50
core of the megacrysts. So far, the recognition of temperature range at all. Variations in the diffusion
excess argon remains however ambiguous. It is in- parameters derived fronfAr release from K-felds-
deed only based on the presence of apparent agespar result from correlated release as shown by the
which are exceedingly high compared to the age r/r, plots commonly used Lovera et al., 1997
obtained for the emplacement of the RIC, by inde- whereas the break of slope in the plagioclase Arrhe-
pendent chronometers. nius plots are not directly related to age variations.
Although often noisy, the high-temperature Thus, it seems more likely that the changes at 900 to
pseudo-plateau of the other samples fall in the range 1060C are related to initial sample breakdown, per-
775 to 870 Ma. All samples show the staircase haps by reaction between the phases.
increase in ages with the youngest ages generally
younger than the Egersund dyke swarm at &1%
Ma, which marks the end of post-Sveconorwegian
cooling. The young ages more likely reflect a Cale-
donian overprint rather than very slow cooling. Microprobe traverse€ open circle data in Ap-
Arrhenius plots for *Ar stepwise release from pendix A have been obtained on three clear grains
plagioclase is shown in Fig. 4 Table) 1. Kinetic of samples 0065-15 and 84-18A. Continuous
parameters were obtained from regression on the profiles show only two types of inclusions, a
first five points (or three first points for sample hemo-ilmenite in 0065-15 and a possible sericite
84-18A) representing our best estimate for a low (phengite? in 84-18A see Boven et al., 1996 for
temperature“domair’ (Lovera et al., 1997 . Al-  discussion . The mean Z& ratios measured by
though in the present experiment, the variation of microprobe on pure plagioclase correspond reason-
potassium contents will invalidate the assumption of ably with those deduced from the Ar degassed in
homogeneous initial potassium distribution used in high temperature steps. This confirms that pure pla-
MDD modelling (Lovera et al., 1997 , we can still gioclase is the main phase outgassing at high temper-
display the kinetic parameters of argon diffusion. ature.
The low temperature activation energigs) for the Another set of microprobe analyses Appendix A
analysed plagioclases range from 87 to 43+ 8 have been made in order to investigate on the com-
kcal/mol (excluding two outliers obtained on the position of the impurities. Analyses at aboutpdn
samples 84-18A and 0328-B1. These values areresolution were undertaken diclear feldspdr, mi-
slightly lower, though within errors of 46 6 crocracks, mineral antbr possibly fluid inclusions,
kcal/mol obtained on a population of plutonic K- spheroid inclusions, antiperthite exsolutions. The re-

4.2. Microprobe analyses
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sults on“clear plagioclasé for samples 0065-15 served from the microprobe traverses on the same
and 84-18A confirm the homogeneity previously ob- samples( Boven et al., 1996 , while large composi-
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Fig. 3(continued).
tional differences, particularly in K O, are observed In most sampled except 92-1%, 84-18A and

for the wide variety of inclusions and exsolution 0328-3/1), antiperthitic lamellae were observed un-
within the plagioclase. der the microscope. Microprobe data confirm this
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interpretation: K-feldspar is identified see Fig. 5 in feldspar. CaK ratios for the antiperthitic phase

the same samples. In sample 0248t1some analy- show a wide range of variation. Analyses of the
ses made on targets originally identified as plagio- various types of inclusioné spheroid mineral, sur-
clase reveal that they actually correspond to K- mised fluid inclusions and of the microcracks Fig.

Fig. 6.(A) Photomicrograph of plagioclase 00635Lprior to ablation with optically visible spheroid inclusions selected as ablation target.
(B) Distribution of the UV laser ablation pits, numbers between brackets correspond t# épdtable 2, apparent ages next to them are in
Ma. Filled ablation squares have been recognized as excess argof traps complete data set )n Table 2 .
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5) rarely permit identification of their composition.
Two analyses of microcracké in samples 84-18A
and 92-1¢'7) yield high CaO contents, possibly
indicating the presence of a carbonate infilling. One
microcrack is identified as epidote” * in sample
92-16/7, Appendix A, and another as epidate
carbonate(*** in sample 84-18A, Appendix A .
Spheroid inclusiong in sample 00654, Figs. 5
and 6B, resembling those observed in the thick
section of the same sample used for ffier /*%Ar
UV-laser ablation experiment, have a composition,
which is roughly that of a plagioclase, however, with
K and Fe impurities. The resolution of the micro-
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mean that extraction of measurable amounts of Ar
required ablation pits of at least 5050 um. The
ablation craters shown on Fig. 6A are 350 pm

or in a few cases 108 100 um. At this resolution

the UV-laser ablation does not discriminate the dif-
ferent plagioclase phases but highlights heterogene-
ity. Because of the very low amount of argon re-
leased during the laser ablation, the ABa ratio
derived from the argon isotopic analysis remains less
precise than the stepwise-heating analyses. Around
half of the UV-laser analyses were 6olear plagio-
clases, others hit different kinds of inclusions. Very
few laser analyses have actually been obtained on

probe analyses is, however, insufficient to detect any pure or nearly pure K-feldspar exsolutions, as indi-

small scale K-inhomogeneity. K—Ca feldspar inclu-
sions have been identified in plagioclase by high-res-
olution transmission electron microscopy Hoshi and
Tagai, 1997 . Selected-area electron diffraction pat-
terns reveal a complex mineralogical and chemical
zonation with unexsolved K-feldspar in the core of
the inclusions and lamella intergrowths of K-feldspar
and anorthite in the rim.

In summary, nearly all the plagioclases contain
alkali feldspar exsolution§ antiperthite . They also
contain other inclusions and impurities though none
with high potassium contents; the sericite though
observed locally is not present in sufficient quantity
to explain the low bulk CZK ratios of the samples.

4.3. UV-laser ablation

The UV-laser ablation technique allows in-situ
“°Ar /*Ar analyses at a high resolution. This tech-
nigue highlights sample heterogeneity. Identification
of the analysed targets within the thi€k ca. 3260)

cated by the CaK ratio derived from>Ar /*Ar. The
results of the analyses are presented in Table 2 in the
order of increasing C&K ratio for each plagioclase.

The two samples from the Hidra body 00635
and 0249-¥1), which provided the clearest evidence
for excess argon, also exhibit very high apparent
ages in some of the UV-laser pit analyses. However,
the pattern is strikingly different from stepwise-heat-
ing release, most of the ages span a range within that
seen in the stepwise-heating data, from around 400
to 900 Ma( though with larger errors than the step-
wise-heating analysgs . Although only few analyses
were undertaken in the third sample from the Hidra
body(0328-31), ages fall in a narrow rande 505 to
625 M3 and are lower than those obtained by
stepwise heating. This may be related to the cloudy
and altered state of the sample analysed using the
UV-laser system.

Several analyses yield high apparent ages, from
964 to 2902 Ma for sample 0065¢% and from 965
to 8069 Ma for sample 0249/1, resulting from the
presence of excess argon. The latter seems to be
confined to small areas, perhaps inclusions, which

sections used for the laser ablation technique is madeare highlighted by the laser but smeared out in the

by observation under reflected light with a video-
camera through the laser focusing microscope. Al-
though the resolution of the image on the monitor

was poor because of imperfect polishing of the upper

surface of the thick sections, the comparison with

stepwise heating. The Q& ratios of the ablation
targets yielding excess argon are similar to that of
plagioclase.

In sample 0065-15, the excess argon seems most
prominent in analyses of spherical mineral inclusions

observations made under binocular under transmitted (see Fig. 6A, spot# 15, probably filled with fluid

illumination together with photographs of the actual
samples taken prior to irradiation allowed us to
recognise minute inclusioné< 30 um) (see Fig.

6B). The low-potassium contents of the plagioclase

inclusions and spo# 24) and near these inclusions
(spots# 29 and 34 . The most inclusion-rich areas
also exhibit low potassium, causing high errors in the
resulting ages though the amounts of excess argon
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were very high. None of the other samples analysed a Caledonian sericite or reset K-feldspar exsolution
by the UV laser showed this dichotomy in ages would result in such &Ar * /*Ar vs. Ca/K mixing

indicating that the main source of the excess argon is line. Although plagioclase is certainly one phase,
confined to inclusions. there are problems in identifying the other phase in a

One sample from the Garsaknatt massif, 728 two-component mixture.
was analysed using the UV laser and yielded ages in  Firstly, fine-grained sericite is present but likely
the range 129 to 966 M@ Table 2 , though only one to be fully outgassed above 900—100@Jaboyedoff
age was older than the intrusion age. For the main and Cosca, 1999; Muller et al., 1999 . So it would
Egersund-Ogna body, sample 84-18A yielded ages in not contribute to thé’Ar released at higher tempera-
the range 181 to 922 Ma and sample 92416n the tures. The samples show, however, increasingiCa
range 397 to 753 M& Table)2 . ratios well above 100C. Thus, although sericite is
undoubtedly present in these samples, it is unlikely
to be the only factor, which generates the observed
staircase age patterns.

The second possible component is K-feldspar;
yet, if it is in a two-component mixture with plagio-
clase, it should be possible to calculate the ages of

The relationship between the UV-laser ablation the end-members, knowing the composition of the
and stepwise-heating data is crucial in understanding pure plagioclase end-member from electron micro-
the complex argon release from these plagioclase probe analyses , and using a &aratio of zero for
samples and discussion of the comparison is pref- the potassic end-member. For example, sample
aced by a repetition of their different approaches. 0328-3/1 (Fig. 30 yields a zero C& age of 430
The UV-laser ablation extracts all gas from small Ma and a plagioclase age of 995 Ma are obtained by
areas at a high resolution. The resolution during this extrapolating the mixing line to G& values of 0
experiment was limited to 58 50—-100x 100 pm and 18 ( deduced from microprobe data on clear
craters(~ 0.5 ng) in order to release measurable plagioclase, see Appendix)A . We note, however,
amounts of argon. During stepwise argon release, that the highest C&K value deduced from the Ar-
analyses are made on argon released sequentiallymeasurements of plagioclase is slightly lower than
from the whole sample at increasing temperatures, the electron microprobe values obtained for the same
and the samples are generally several milligrams in plagioclases. If the higher microprobe data are used
weight. in the two-component mixing model, for all samples

The staircase-shaped argon-release patterns andexcept 84-18A , the high end-member ages corre-
Ca/K ratios seem to indicate diffusive argon loss sponding to plagioclasé¢ 1017 to 2660 Ma, are
similar to the types of patterns interpreted using the greater than the intrusion age. In other words, this
MDD model of Lovera et al.{ 1997 and references implies that either all but one of the samples contain
therein , which has previously been considered and excess argon or that the high temperature release was
rejected as an interpretation of similar samples not from pure plagioclase.

(Boven et al., 1996 . We will show that the situation The zero CaK end-members are less subject to
is more complex. The role played by secondary uncertainties of composition than the high Ca end-
K-bearing phases will also be discussed later. The members, yet problems arise in the calculated ages,
important observation in this respect is that the step- when significant excess argon is present. For sample
wise-heating data show a linear correlation between 0065-1/5, the zero CAK age( 58+ 22 Ma) is obvi-
Ca/K and “°Ar * /*Ar; in other words, a correlation  ously too low and for 0249-41, it is even negative
between C@K and apparent age that can be inter- (—451+ 42 Ma, which is obviously an artefact.
preted as“mixing lines’ resulting from the de-  The low ages of the other samples fall in the range
gassing of a binary assemblage with distinct/€a 163+ 44 Ma to 430+ 14 Ma. Given the uncertain-
composition and ages. For example, a mixture of a ties involved, it is significant that four samples have
plagioclase with a Sveconorwegian cooling age and zero CgK ages in agreement, within errors limits,

5. Discussion
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of the known age of Caledonian thrusting. Thus, in 400
these limited number of cases, the data show the 1 0065-1/5
trend of a two-component mixture and indicate that 200 —| A
the resetting event was associated with Caledonian < IS N RS A
thrusting. In other samples, it is more complex and it °

may be that even in the apparently simple cases, the
two components are dominant over lesser compo-

nents, which, however, become important in other 20— 4 A

samples. In particular, the effect may be caused by 1 A, eheeae B
variable ages derived from a small K-feldspar com- 0 , \ 4

ponent. K-feldspar commonly displays a range of 00— 0328-3/1
ages as a result of subgrain size variatiobns Lovera et

al., 1997 and references thergin .

Another element, which weakens the interpreta- i\ )
tion of the data as a mixing line, lies in the UV-laser < A
ablation results. Stepwise-heating data show a linear #
correlation between G& and “°Ar * /*Ar, but there |4 A ¢
is no correlation between & and “Ar * /*°Ar in
the UV-laser data. In fact, the UV-laser ablation data 0 ' ‘
show a wide range of ages for samples with a single oo . 84-18A
Ca/K ratio (Fig. 7. This lack of correlation forces o o o 4
us to dismiss the simple two-component mixing hy- 50 - E
pothesis even in samples with no obvious excess &_ .
argon. In fact, there must be a correlated age varia- *:E
tion in the different components in order to explain s~ 100 A

a
A

A 0249-1/1

407 pk 9

Ar

C

A 72b/73

D

92-16/7

the appearance of a correlation at all. This situation |

may come about if components covary in age and ’ F

composition and the components release argon over 0 i

similar temperature ranges producing strong mixing 0 10 20 30 40

correlations. The fact that there is no correlation in Ca/K

the UV-laser ablation data indicates that K-feldspar, Flig- 7. Cg/K tVS- 4?}:*/31“ UVf'atief ab'atilonfdata Onh pl'agio' t
H : H clase separates. e nhature O e sample Tor eac aser spo

plagioclase or both yield variable ages. Unfortu- presenteg in Table 2 has been grouped (Dpc) for clear plagio- P

nately, the presence Of_even small amou_nts of K- clase and a ) for impure plagioclase or impuriti€s surmised fluid

feldspar mask the plagioclase ages particularly at or mineral inclusion, microveins .

low temperature so it is impossible to be certain that

the variations result only from K-feldspar age varia-

tion. The use of plagioclase for detailed ther-

mochronological studies may, thus, be restricted at

least until plagioclase closure temperatures can beages, which are clearly greater than the emplacement

fully quantified. As mentioned above, an additional age of the RIC( 930 Ma and are, therefore, inter-

element is playing a major role in the degassing preted as indicative of the presence of excess argon.

scheme of some of the plagioclase. Some of the Three samples actually display a stepwise-heating

stepwise-heating results yield steps with very high spectra indicative for the presence of excess argon

apparent ages; the UV-laser data reveals even highereleased at high temperatures. Samgles 024B-1

ages. Those observed in stepwise heating at low 0065-1/5 and 56/73) close to K-bearing country

temperature§ 65Q@) may be recoil effect¢ Onstott rocks contain significant excess argon, though sam-

etal., 1993 associated with impurities or fluid inclu- ples taken within the core of megacrysts in the same

sions. Those at high temperatures yield apparentarea( 0328-g1 and 72ky73) do not exhibit excess
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argon, indicating that the argon was mobilized from much of the linear correlation seen in the present
the country-rock after the crystallisation of the work but must be rejected in favour of a model
megacrysts. The UV-laser data also show the pres-including plagioclase, K-feldspar antiperthite,
ence of excess argon in samples for which excesssolid/fluid inclusions and sericite. The Caledonian
argon was indicated by stepwise-heating data. The overprint recorded by the stepwise-heating spectra in
UV-laser data reveal that excess argon is actually these samples originates from a combination of ar-
located within inclusions, an observation concordant gon released from K-feldspar antiperthite and sec-
with the observation of several generations of high ondary K-rich phases, during the initial argon re-
temperature fluid inclusions in the RIC Wilmart et lease. The higher step ages are in the range expected
al.,, 1991, 1994 . Although the specificity of the for post-Sveconorwegian cooling. Arrhenius plots
inclusions was not characterized during the present indicate that argon release from the complex plagio-
study, the highly variable ages centered around the clase system at temperatures below “@@® domi-
observed inclusions is strongly indicative of excess nated by a phase whose activation energy is similar
argon residing in inclusions. The presence of inclu- to that of K-feldspar. The release mechanisms at
sions in those samples where excess argon has beemigher temperatures are much more complex and
identified, probably affected the extrapolation of the involve mineral breakdown.

mixing lines described earlier, skewing the high The presence of excess argon in marginal leu-
temperature high G& end-member and, thus, af- conorite intrusions( Garsaknatt and Hidra massifs ,
fecting the extrapolation to the zero Ca end-member. but not within the core of large coexisting plagio-
The inclusion contribution does not suddenly appear clase megacrysts, indicates that potassium and excess
at a certain temperature but is mixed thoroughly with argon were introduced over short distances from the
argon release from the plagioclase. This indicates a adjacent K-bearing country rocks K-rich charnock-
homogenisation of the phases at high temperature,ites) during the cooling history of the anorthositic
which probably led to plateau-like release, and to complex.

Ca/K values, which tend to be lower than for pure

plagioclase.

Acknowledgements

6. Conclusions
We thank M. Bass, R.H. Verschure and J.L.

The complexity of Ar and K migration in these Touret for their constructive comments upon reading
well-constrained, mildly overprinted, plutonic pla- an earlier version of the present manuscript. An
gioclase samples has been clearly illustrated and mayanonymous reviewer greatly helped in putting order
provide a model for argon release from other plu- into the ideas and his detailed review allowed us to
tonic plagioclases. In areas where plagioclase hasbetter address the complexity of Ar release from
been affected by low temperature metamorphism plagioclase. O. Lovera reviewed the manuscript and
and/or fluid circulation, careful study by UV-laser N. Arnaud provided us Arrhenius data making use of
ablation combined with conventional stepwise-heat- O. Lovera’s programs. A. Aquino and J. Van Meche-
ing procedure is a reasonable approach to estimatelen are thanked for their help in the irradiation and
thermal histories. Although the UV-laser data showed dosimetry analyses, A. Van de Maele for his techni-
the presence of inclusions and their importance in cal assistance at the Vrije Universiteit Brussel
understanding the behaviour of excess argon, only “°Ar /*Ar laboratory. The UCL-staff in Belgium and
stepped heating revealed the intimate mixing of the the OU-staff in the UK for the microprobe analyses.
low Ca/K and high CaK phases and the presence The present work is supported by a postdoctoral
of a Caledonian signal. FWO-fellowship to A. Boven during his stay at the

Plutonic plagioclase is best described as a multi- Open University. This work was partly supported by
phase assemblage, with respect to K and Ar distribu- a FNRS-NFWO grant to D. Demaiffe and P. Pas-
tions. A simple two-component mixture may explain teels.



A. Boven et al. / Chemical Geology 176 (2001) 105-135 131

Appendix A

SiO,, Al,O4, Cal, FeO, Na O, K O and ZK compositional variations obtained by electron microprobe
analyses on clear plagioclaé®), microcracks(m), inclusion(a) spheroid inclusiong @), antiperthite( X ,
clear K-spar exsolutionk) and surmised fluid inclusiérs). Open circle(O) stands for average composi-
tions of clear feldspar grain6é electron microprobe travérses . Identified minérals:  plagioclase with K, Fe

impurities, * * epidote,” * © epidote+ carbonate.
Sample SiQ A} Q CaO FeO Na O KO zK
measurement  ( wt.% ( wth C wpo ( wtPo ( whw ( wd%

number
0065-1/5
20 56.70 27.33 10.01 0.08 5.46 0.43 20.20
30 56.90 26.82 9.54 0.19 5.62 0.51 16.30
40 56.80 27.26 9.93 0.07 5.51 0.45 18.80
5@ 55.87 26.08 8.92 0.16 6.45 0.34 22.39
6@ 55.58 26.15 9.17 0.14 6.39 0.35 22.84
7@ 55.88 26.68 9.48 0.16 6.22 0.34 23.88
8@ 56.14 26.66 9.52 0.14 6.22 0.37 21.92
20 55.53 26.80 9.65 0.15 6.15 0.27 30.91
10@ 55.20 27.32 10.26 0.17 5.77 0.30 29.06
11@ 55.39 27.24 10.09 0.15 5.94 0.35 24.54
12 m 54.48 25.50 9.47 1.72 5.62 0.20 40.20
13 m 54.95 27.01 10.32 0.84 5.67 0.25 35.57
14 m 53.61 28.16 11.12 0.20 5.26 0.24 39.58
15 a 56.75 26.30 9.07 0.17 6.45 0.33 23.40
16 a 57.18 26.34 9.13 0.16 5.88 0.34 23.47
17 a 57.84 26.56 9.12 0.17 3.14 0.20 40.30
18 x* 62.68 18.06 0.08 0.13 0.82 15.24 0.00
19 % 71.87 15.79 5.00 1.51 2.36 0.85 5.04
20 x 63.76 18.21 0.06 0.04 1.83 13.64 0.00
21 % 62.42 18.01 0.08 0.02 1.04 15.13 0.00
22 % 63.56 18.17 0.03 0.03 0.85 15.30 0.00
23 % 62.69 18.06 0.08 0.02 0.75 15.35 0.00
249" 53.63 26.53 9.25 3.74 5.08 1.41 5.64
25 53.94 28.30 11.11 0.16 5.32 0.30 31.68
26 + 54.58 28.30 11.03 0.15 5.32 0.24 39.11
27 + 53.85 27.77 11.02 0.14 5.33 0.36 26.35
28 + 51.55 26.33 10.26 2.02 4.59 0.74 12.02
29 + 53.48 28.16 11.27 0.16 5.16 0.25 38.83
30+ 49.83 25.93 9.75 2.88 4.44 1.34 6.28
31 + 52.46 27.70 10.93 0.14 5.28 0.38 24.90
32 + 53.97 26.77 10.14 0.17 5.69 0.45 19.27
0328-3/1
330 54.21 26.79 9.96 0.17 5.76 0.39 21.76
34 @ 54.86 27.15 10.14 0.17 5.76 0.48 18.28
350 55.05 27.22 10.21 0.16 5.72 0.47 18.75

360 54.84 27.31 10.16 0.16 5.66 0.42 20.68
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37@ 54.68 27.09 10.18 0.16 5.75 0.42 20.68
380 54.88 27.10 10.08 0.16 5.73 0.35 24.67
39m 55.88 26.68 9.48 0.16 6.22 0.34 23.88
40m 54.87 25.99 8.90 1.52 5.70 0.22 34.37
41m 53.48 27.24 10.54 1.81 4.96 0.21 42.82
42m 54.86 28.02 10.91 0.22 5.52 0.25 37.00
43 a 52.44 28.47 11.08 2.36 3.96 0.15 62.79
0249-1/1

44 % 62.04 18.18 0.18 0.04 0.89 14.93 0.01
45 % 62.73 18.32 0.18 0.04 0.90 15.12 0.01
46 * 62.55 18.30 0.20 0.05 0.84 15.23 0.01
47 % 62.58 18.28 0.20 0.04 0.92 15.00 0.01
48 @ 54.56 26.49 9.49 0.16 6.01 0.56 14.49
49@ 54.53 26.48 9.52 0.14 6.02 0.52 15.93
50 @ 55.31 26.57 9.44 0.14 6.07 0.47 17.41
51@ 54.71 26.66 9.82 0.15 5.79 0.41 20.43
52@ 54.73 26.69 9.68 0.11 5.89 0.63 13.15
53@ 54.43 26.58 9.62 0.13 5.97 0.32 25.82
54 m 54.42 27.07 9.84 0.46 5.80 0.35 23.94
55 m 55.28 27.27 9.92 0.29 6.01 0.32 27.13
56 m 54.95 27.45 9.89 0.30 6.00 0.23 37.68
57 % 49.74 30.32 13.50 0.12 3.06 1.08 10.81
58 % 55.87 22.69 6.57 0.07 2.32 8.09 0.70
59 % 60.62 18.10 0.11 0.03 0.54 15.54 0.01
60 * 58.43 21.95 5.01 0.06 1.43 10.49 0.41
61 % 61.48 18.14 0.11 0.03 0.69 15.15 0.01
62 % 61.04 17.97 0.13 0.06 0.64 15.10 0.01
63 % 61.91 17.94 0.04 0.03 0.57 15.84 0.00
64 % 61.27 18.54 0.59 0.05 0.82 14.83 0.03
65 * 58.74 22.71 5.45 0.07 2.69 8.35 0.56
66 * 54.09 27.11 10.26 0.08 4.98 1.36 6.51
67 % 60.46 18.50 0.58 0.16 0.73 14.87 0.03
68 x 55.60 26.17 9.11 0.18 6.36 0.12 65.40
69 x 56.17 25.61 8.51 0.18 6.64 0.19 38.16
70 x 55.94 26.37 8.71 0.38 6.32 0.37 20.39
71 x 56.26 25.64 8.44 0.14 6.68 0.48 15.27
92-16 /7

720 55.90 26.10 9.16 0.19 6.27 0.41 19.39
73@ 55.46 26.25 9.22 0.21 6.26 0.30 26.56
74@ 56.12 26.36 9.21 0.18 5.33 1.68 4.72
75@ 55.10 25.92 9.05 0.20 6.24 0.44 17.92
76 @ 55.75 26.15 9.19 0.16 6.26 0.40 20.05
7@ 56.00 26.24 9.24 0.19 6.26 0.40 19.94
78 @ 55.37 25.99 9.25 0.18 6.25 0.21 38.66
79+ 55.99 26.66 9.45 0.19 6.09 0.32 25.75
80+ 55.46 26.16 9.13 0.17 5.18 1.92 4.10
81+ 54.64 26.24 9.46 0.20 6.07 0.55 14.78

82+ 54.79 26.22 9.44 0.18 6.10 0.38 21.28
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83m*" 36.39 24.33 23.24 4.00 0.01 0.00 70.00
84 m 56.54 26.05 8.78 0.17 6.75 0.37 20.55
85 m 55.52 26.37 9.24 0.18 6.21 0.26 30.73
g6 m 54.87 26.12 9.27 0.17 6.05 0.38 20.86
87 m 54.78 25.16 8.55 0.16 3.19 7.41 0.99
84-18A
88 m 53.67 28.11 10.88 0.15 5.54 0.21 45.28
89 m 53.57 28.01 10.97 0.15 5.55 0.33 28.90
00 53.77 27.92 10.80 0.13 551 0.18 52.57
91m """ 37.23 26.88 23.33 211 0.02 0.00 0.00
920 55.20 27.98 11.01 0.17 5.01 0.35 26.90
930 54.70 27.73 10.96 0.21 4,93 0.34 28.10
94 0O 55.10 27.87 11.00 0.19 5.00 0.33 28.50
72b /73
95 % 61.45 17.73 0.05 0.07 0.22 16.23 0.00
96 % 62.63 17.97 0.05 0.07 0.23 16.10 0.00
97 @ 56.53 26.12 8.91 0.19 6.33 0.59 13.08
98 @ 56.26 26.09 8.94 0.16 6.31 0.42 18.28
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