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Geochemistry and geochronology of Early Mesozoic tholeiites
from Central Morocco
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Zusammenfassung

Aus Zentralmarokko (Zentraler Hoher Atlas,
Mittlerer Atlas, Haute Moulouya) wurden, in kon-
tinentale Rotserien des frithen Mesozoikums
(Trias-Lias) eingeschaltete Tholeiite geochemisch
und geochronologisch untersucht. Haupt-, Spuren-
und Seltene Erden-Elementgehalte klassifizieren
die Vulkanite als basaltische bis andesitisch-basalti-
sche, quarznormative Tholeiite. Einige Spurenele-
mentverhaltnisse (Zr/Nb, Zr/Y, Y/Nb, Ti/V) wei-
sen auf eine MORB-édhnliche (P- bis N-typisch)
Zusammensetzung hin. Die erhohten LILE-Ge-
halte, die negative Nb-Anomalie und die ¥Sr/*°Sr-
Anfangsverhiltnisse (0.7064—0.7069) zeigen eine
krustale Komponente an (13—17 Gew%). Unter-
schiedliche *Sr/*Sr-Verhiiltnisse karbonatischer
Mineralseparate aus verschiedenen Lavastromen
weisen auf mehrere Alterationszyklen hin, deren
Alterationslosungen keine Meerwasserzusammen-
setzung besaBen. “’Ar/* ArDatierungen an Plagio-
klasen ergaben Extrusionsalter zwischen 210.4 +
2.1 Ma und 196.3 £ 1.2 Ma. Stratigraphisch um-
faf3t dies den Zeitraum zwischen Nor (Rhit?) und
oberem Sinemur.

Abstract

From Central Morocco (Central High Atlas,
Middle Atlas, Haute Moulouya) continental tho-
leiites were investigated geochemically and geo-
chronologically. These tholeiites are intercalated
within continental redbeds of the Early Mesozoic

(Triassic-Liassic). The major, trace and rare earth
element contents classify these volcanic rocks as
basaltic to andesitic-basaltic, quartz-normative tho-
leiites. Some trace element ratios (e.g. Zr/Nb, Zir/
Y, Y/Nb, Ti/V) suffer a heterogeneous source with
a composition similar to MORB (P- to N-type).
The enriched LILE contents, the negative Nb
anomaly and the inital ®'Sr/*°Sr ratios
(0.7064—0.7069) reveal the presence of a crustal
component up to 13—17 wt%. 5Sr/*Sr ratios of
carbonate mineral separates from different lava
flows show different cycles of alteration; however,
the major and trace element chemistry together
with Sr isotope evidence, indicate that the altera-
tion phases are not submarine in origin. “Ar/PAr
age determinations on translucent plagioclase phe-
nocrysts yield extrusion ages which range between
210.4 = 2.1 Ma and 196.3 + 1.2 Ma. These ages
correspond to a stratigraphic period between the
Norian (Rhaetian?) and the Upper Sinemurian.

Résumé

Des tholéiites du Maroc central (Haut Atlas
central, Moyen Atlas, Haute Moulouya) ont fait
'objet d’une investigation géochimique et géochro-
nologique. Ces tholéiites sont intercalées dans des
couches rouges continentales d’dge mésozoique
inférieur (Trias-Lias). Les teneurs en éléments
majeurs, en éléments en trace et en terres rares
classent ces roches volcaniques comme tholéiites
basaltiques a andésito-basaltiques, & quartz norma-
tif. Certains rapports d’éléments en traces (p.
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ex.:Zr/Nb, Zr/Y, Y/Nb, Ti/V) indiquent une com-
position analogue au MORB (type P a N). La
teneur €levée en LILE, Panomalie négative du Nb
et les rapports initiaux ¥Sr/*°Sr (0,7064 a 0,7069)
révelent la présence d’'un composant crustal dans
la proportion de 13 a 17% en poids. Les rapports
¥Sr/**Sr de minéraux carbonatés séparé€s de diver-
ses coulées de lave montrent I'existence de plu-
sieurs cycles d’altération; toutefois, le chimisme
des majeurs et des traces, ainsi que les données
isotopiques du Sr, indiquent que ces phases d’alté-
ration ne sont pas sous-marines. Les mesures d’4ge
par YAr/PAr effectuées sur des plagioclases four-
nissent des dges d’extrusion compris entre 2104 +
2,1 Ma et 196,3 = 1,2 Ma. Ces ages correspondent
a une période située entre le Norien (Rhétien?) et
le Sinémurien supéricur.

Kpatkoe cogepxanue

[Iposenu reoxummudeckrue U TEOXPOHONIOTUIEC-
KHC WCCIEOBAHNS TOJIEUTOB, BKIIIOUEHHBIX B
MaTEepPUKOBBIE KpAcHOIBETHBIE CBHUTHI DPAHHETO
M€e3030s1 TpHaciedac U3 LEHTPanbHOro Mapokko.
Ha ocHoBanum pacnpeniesieHusl IaBHbIX W MUKPO-
3JIEMEHTOB, a Takke Pemkwx 3eMmelb CUMTAIOT,
YTO 3TU BYJIKAHUTH] MOXHO OTHECTH K (a3anbTo-
BEIM JIO0 aHAE3WTHO-0A3aBTOBLIM TOJEUTAaM C
HOPMaNbHBIM cofiep:kaHueM kBapra. Ha ocHosa-
HUW COOTHOIICHMST MUKPO3neMeHToB Z1/Nb, Zt/Y,
Y/Nb, Ti/V npegnonaraioT cocTaB, HOAOOHBINA
MORB tuna P go N. Ilosbiunennoe cogepkanue
LILE, orpunatenssast aHoManns Nb 1 ucxonHble
COOTHOIIEHWs M30TOIOB CTpoMmms ° Sr/*°Sr =
0,7064—0,7069 yka3pIBarOT Ha NPHUCYTCTBHE KOM-
OHEHTOB KOpbI B HUX (13—17 Bec.-% ).

Paznuuust B COOTHOIIEHUSIX CONEPKaHUS CTPOH-
I¥sT B KapOOTHBIX MUHEpalax M3 pasiuyHNX
TIOTOKOB JIaB TOBOPSAT O MHOTOKPATHBIX IUKJIAYEC-
KPAX M3MCHEHWSX, MPOUCXOIVBILIMX B 3TH IIPOMe-
SKYTKK BPEMEHH, IIPUYEM COHEPKAHAC 3JIEMCHTOB
BO BHECEHHBIX PAaCTBOPAaxX HE COOTBETCTBOBAJIM COC-
TaBy MOPCKOH Boxpl. Ompefenenyue BO3pacTa Io
M30TOMAM aproHa Ha IUIarvoKIIa3axX YKas3bIBAIOT
Ha TO, YTO BO3PAaCT KCTpy3mi cocrasiser 210,4
+ 2,1 Ma - 196,3 + 1,2 Ma. Crparturpadudecku
9TOT BO3PACT COOTBETCTBYET HOPHUICKOMY SIPYCy
(paTcrKOMY ?7) U BEPXHEMY CHHEMIOPCKOMY APYCY.

Introduction

The early Mesozoic evolution of the Atlas sys-
tem is characterised by repeated volcanic activity.

This volcanism is related to the initial opening of
the Atlantic Ocean and the Atlas rift system (MAT-
TAUER et al. (1977), MANNSPEIZER et al. (1978),
Sters & WURSTER (1981), JACOBSHAGEN et al.
(1988)). K—Ar dating on these volcanic rocks
yield extrusion ages which vary from 200 to
180 Ma (ManNsPEIZER et al., 1978). This variation
would correspond to a period between the Lower
Sinemurian and the Upper Toarcian (OpIN et al.,
1982; Cowie & Basserr, 1989). However, these
ages contrast with the stratigraphic position of the
volcanic rocks which liec between continental Car-
nian (CoUSMINER & MANSPEIZER, 1976) and marine
Sinemurian (WARME, 1988; HauprMann, 1990).
Therefore, the first aim of this work is to deter-
mine the extrusion ages on clear plagioclase phe-
nocrysts from these continental tholeiites, using
the “Ar/’ Ar dating method. The dating problem
is compounded by the fact that most of the pub-
lished geochemical data are limited to major elem-
ent chemistry, and thus allows only approximate
interpretations of the origin and by inference of
the timing of these continental tholeiites. Our se-
cond aim, therefore, is to search for geochemical
and isotopic indications of the magma genesis of
these volcanic rocks.

Geological settings

In the Atlas system the early Mesozoic volcanic
rocks are commonly intercalated with Triassic-
Liassic redbeds which were deposited in elong-
ated, NE—SW striking basins (Lorenz, 1988),
consisting of red fluviatile and alluvial fan type
conglomerates, sandstones, lagoon mudstones,
and occasionally gypsum and halites. The volcanic
rocks are either intercalated in the upper part of
the redbeds (pelitic facies) or overlie the redbeds,
and are themselves overlain by dolomites of the
Imouzzer formation. Occasionally, the volcanic
rocks lie discordantly on Paleozoic basement
(granites, schists) rocks. The thickness of the red-
beds reach up to 1000 m (MarTis, 1977), while the
volcanics vary between 150 and 200 m (SALVAN,
1974). The volcanic sequence consists of one to
several lava flows (up to 14 flows, van HOUTEN,
1977) sometimes intercalated with mudstones and
limestones with lacustric stromatholithes and gym-
nospermpolls. The fossils within the limestones
document a non-marine extrusion environment for
the volcanic rocks, whereas the evaporites of the
pelitic sequence would point to lagoonal condi-
tions.
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Sample location (area 8, Fig. 1) consists of nine lava flows (Fig. 2)
and the samples were taken at intervals of
The surface and drill sampling points are lo- 0.5—1.0 m.
cated in the central High Atlas, the southern

Middle Atlas, and the southwest of the Haute Petrography
Moulouya and are distributed over 11 sampling
areas (Fig. 1). The coordinates of the samples are The volcanic rocks show common textural fea-

given in terms of the UTM-Grid (Lambert-coordi-  tures and modal compositions which are typical for
nates). The volcanic series of the drillcore HM 2 tholeiites. Primary minerals are plagioclase (An

to Marrakech )
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Fig. 1. Sketch maps shows the sampling localities (1~7 and 9—11) and the drilling well (8). The filled diamonds indicate samples
\(Nith age de;terminations, open diamonds those without age determinations. The exact sampling localities are the following one
UTM-grid):

1=Fi 7/88 UTM: 107000/298000; 2=Fi 5/88 UTM: 61100/315700;

3==Fi 74/88 UTM: 238600/483500; 4=Fi 111/88 UTM.: 272800/498500

5=Fi 113/88 UTM: 256500/510000; 6=Fi 1/88 UTM: 244500/505750

7=Fi 78/88 UTM: 231900/517000; 8=Fi 16/88 64/88 UTM: 226700/521500
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Fig. 2. Lithological profile of the volcanic series of drill core HM 2 indicating the stratigraphic position of the samples Fi 16/88

and Fi 64/88 used for geochronological work.

45—-68) with albite twinning, pigeonite and Ca-
poor augite and Fe-Ti-oxides. The fabrics of the
volcanic rocks are dominated by agglomerophiric/
porphiric to intergranular/hyaloophitic structures.
The size of minerals range between 1.2 mm (phe-
nocryst) and 0.1 mm (groundmass). The intergra-
nular/hyaloophitic samples can be compared with
the intergranular dolerites (group II) of BERTRAND
et al. (1982).

Most of the samples are strongly affected by al-
teration, and have secondary minerals like pum-
pellyite, saponite, chlorite, carbonate, quartz,
zeolite and epidote. These secondary minerals oc-
cur in amygdales (1 mm — 2 cm) and joint fillings.
The alteration phases of primary plagioclase are
either tiny white micas (serizite) or epidotes (saus-
suritisation). Pyroxenes show signs of saponitiza-
tion.

Analytical methods
A total of 74 volcanics (50 samples from HM 2)

were analysed for major and trace elements by
XRE using fused glass disks. In addition, thirty-

nine of these samples were selected for rare earth
element (REE) analyses by ICP-EM spectrometry
(CNRS; Vandoeuvre Cedex, France).

Rb and Sr isotope ratios of 26 whole rocks,
eight pumpellyite-chlorite mixtures and seven cai-
bonate mineral separates (all samples from HM 2)
were measured on a thermal ionization mass
spectrometer (Finnigan MAT 261). During this in-
vestigation the ’St/*Sr ratio of the standard NBS
987 was measured as 0.710266 *= 31 (n=14) norma-
lised to a %Sr/%Sr = 0.1194. All isotope errors are
quoted as 20 of the mean, and the *’Rb decay con-
stant used is 1.42 * 107" a™' (SteiGER & JAGER,
1977).

Ar/®Ar ages were obtained from nine hand-
picked translucent plagioclase separates (> 99%
pure). Weighed samples (Tab. 4) and LP-6 stand-
ards were irradiated using the facilities at the
Kernforschungszentrum Geesthacht (FRG). The
inhomogeneity of the neutron fluence was mon-
itored by Ni disks. The data reduction procedure
has been described previously (HAMMERSCHMIDT,
1986). The J-value was determined as 0.02129 + 67
(10) using biotite LP-6 (Ingamells & Engels, 1977)
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as an age standard. The Ar isotope composition
were determined by a dedicated Ar mass spectro-
meter. The reciprocal sensitivity is determined as
(5.6 = 0.2) * 107 ¢cm® STP/mV using a known
volume of an Ar standard. The mass discrimina-
tion per amu amounts to 6.3 * 107> (£ 0.2%). In
the temperature range of between 350° and
1200°C the blank of “Ar never exceeds (2.0 +
0.2) * 107 cm® STP with a “Ar/*Ar ratio of 285
+ 25. The blank values for the other Ar isotopes
are at least two orders of magnitude lower. For the
decay constants and the isotope ratios the recom-
mended values of STEIGER & JAGER (1977) are
used.

Geochemistry
Results and discussion

The geochemistry of the studied volcanic rocks
reveals a uniform compositional range. Systematic
trends in the volcanic sequence are only apparent
in the drill core between flow 1 and 9. Tab. 1 gives
the mean values of the element concentrations for
the fresh samples.

Major elements

The studied rocks can be classified as basaltic
to andesitic-basaltic, quartz-normative tholeiites
(DE 1A RocHE et al., 1982). According to Kuno
(1950) the rock data plot in the field of pigeonitic
basaltic rock and in the AFM-diagram (McDo-
NALD & KATSURA, 1964) the rocks occupy the tho-
leiitic basalt field. The [Mg]-value (Mg/Mg + Fe**
atomic ratio with an assummed Fe**/Fe’* ratio of
0.15) is 0.68 = 5 (1o) and indicate the primitive
character of these continental tholeiites (CT) com-
pared to other CT (Duruy & Dosrar, 1984). The
constant [Mg]-values suggest that the rocks have
not suffered extensive crystal fractionation. In the
FeO/ALOyMgO diagram of Prarce et al. (1977)
most of the samples plot in the field of »ocean
ridge and floor« basalts, which is typical for
Triassic-Jurassic continental tholeiites, and indicate
the similiarity of these early Mesozoic CTs to
MORB. The calculated TiO,/P,Os ratios varying
beween 7 and 11 are similiar to those of T- and P-
type MORBs (8—11, after Sun et al., 1979). The
different TiO, contents of flow 1 and 9 (HM 2)
suggest various degrees of partial melting. After a
model according to SUN and NEssrtT (1977) assum-
ing a Ti content of 0.125 wt% in the source the cal-

culated degress of melting are 16% (flow 1) and
22% (flow 9). Using ALOyTiO, and CaO/TiO; ra-
tios the composition of the mode of the residuum
can be estimated (SUN et al., 1979), which consists
here of plagioclase, pyroxene, olivine =+ spinel.
Because the ALOL/TIO, and CaO/TiO, ratios in
flow 1 are lower than in flow 9, the resulting modal
contents of plagioclase and pyroxene in the resi-
duum for flow 1 are higher than in flow 9. The
estimated mineral assemblage of the residuum
suggest a low pressure fractionation. This state-
ment is supported by the model of THOMPSON

HM 2 (flow 1) HM 2 (flow 9)

n=9 [ n=9 ag
Si0, (wt$) 51.54 0.41 51.62  1.01
Tio, 1.37 0.06 1.10  0.03
A1,0, 13.80 0.29 13.77  0.59
Fe,0, 10.19  0.85 11.17  1.92
Mno 0.12  0.02 0.11 0.03
Mgo 9.22  0.82 8.14 0.69
cao 8.30 0.49 9.59  0.74
Na,0 1.92 0.28 1.78  0.27
K,0 0.92 0.14 0.73  0.09
P,0q 0.16 0.02 0.13  0.02
L.0.I. 1.93  0.44 1.43  0.54
total 99.71  0.68 99.72  0.32
[Mg]-value 0.673 0.080 0.624 0.090
Ba (ppm) 232 25 168 17
cr 411 29 297 22
Nb 13 1 6 1
Ni 136 13 135 34
Rb 25 8 26 3
Sr 265 13 195 15
v 280 9 268 11
Y 22 2 21 2
Zn 150 125 78 14
Zr 140 13 103 5
La 15 2 10 1
ce 38 5 26 2
Nd 18 2 12 1
Sm 4.7 0.5 3.3 0.4
Eu 1.3 0.1 0.9 0.1
Gd 4.5 0.3 3.5 0.3
DY 4.3 0.4 3.6 0.3
Er 2.3 0.2 2.0 0.2
¥b 2.0 0.2 1.8 0.2
Lu 0.34 0.03 0.34 0.04
(La/¥b)y 5.1 0.8 3.6 0.5
Eu* 0.86 0.08 0.81 0.08

(87sr/86sr),  0.706704 25 0.706577 + 13

Table 1. Mean values (n=9) with standard deviation (o) of
major and trace element (XRF), REE (ICP-EM) and Sr iso-
tope analyses from fresh samples of flow 1 and 9.
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Fig. 3. Zr/Y — Zr/Nb variation diagram with a mixing hyper-
bola between P-, T- and N-type MORB according to L Roex
(1987). Filled and open circles indicate samples of flow 1 and
flow 9 (this paper).

et al. (1983), which shows the low pressure frac-
tionation of quartz-normative tholeiites dominated
by plagioclase-clinopyroxene-olivine-(+ magnetite)-
fractionation.

Trace elements

With decreasing [Mg]-value from flow 1 to
flow 9, the Cr content decreases slightly, while Ni
shows little or no depletion. This suggests a weak
clinopyroxene fractionation, rather than an exten-
sive olivine fractionation. The Ti/V ratios of be-
tween 24 and 32 are MORB-like (LANGMUIR et al.,
1977; Dupuy et al., 1988) and the Y/Nb ratios
(1.7 for flow 1 and 3.5 for flow 9) are similiar to
those of T-type MORB (L Roex 1987, Y/Nb =
1.2—4.3). The MORB-like composition of these
CTs are demonstrated in Fig. 3. In Fig. 4 the
within-plate basaltic character of the CTs is re-
vealed. The distinct Zr/Nb, Zr/Y (Fig. 3) and Y/
Nb ratios (Fig. 4) of flow 1 and 9 requires a hete-
rogeneous source, because these interelement ra-
tios are not strongly affected by fractionation pro-
cesses. Further evidence for the heterogeneity of
the source is shown by significant differences in the
La/Ce, Sm/Nd and Nb/La ratios (Tab. 1). The pre-
sence of a crustal type component in some samples
is documented by high Rb/Sr ratios (0.09—-0.13),
low Ti/Zr ratios (59—64) and especially the nega-
tive Nb anomaly (Dupuy & DosrtaL 1984) visual-
ized in Fig. Sa.

Rare earth elements

The rare earth element (REE) patterns
(Fig. 5b) show some typical features for CI5. The

light REE (LREE) enrichment factors (norma-
lised to Cl-chondrite after EVENSEN et al., 1978)
scatter between 20—50, and those of the heavy
REE (HREE) between 5—17. Fig. 6 shows the
greater enrichment factors of flow 1 compared to
flow 9, suggesting a lower degree of melting and/
or a higher crustal contamination of flow 1. The
negative Eu anomaly (0.81—0.86) and the Lu en-
richment compared to Yb, indicate plagioclase and
orthopyroxene fractionation (HENDERsON, 1984),
respectively. The Ce enrichment compared to La
indicates a clinopyroxene accumulation (HENDER-
SoN, 1984). The similiarity of (La/Yb)y ratios of
different flows (flow 1: 3.6, flow 9: 5.1) excludes
an extensive fractionation within the tholeiitic se-
quence. The shallow HREE pattern indicates no
significant fractionation of garnet.

Sr isotope data

Analytical data of Rb-Sr isotopes are listed in
Tab. 2. Because of the small spread in *Rb/*Sr ra-
tios (< 0.5), the construction of isochrons (even
with fresh samples) was not expected. Anyhow,
87Sr/%Sr initial ratios and &g, — values of flow 1 and
9 (for definition see Tab. 3) could be calculated us-
ing the “Ar/®Ar ages. This is possible for these
non-metamorphic volcanic rocks because the clo-

2xNb

Irlk Y

Fig. 4. 2*Nb — Zr/4 — Y tectonomagmatic discrimination dia-
gram for basaltig rocks (MESCHEDE, 1986). Abbreviations:
WPA = within plate alkali basalt; WPT = within plate tholei-
ite; VAB = volcanic arc basalt; P-MORB = plume type mid-
ocean ridge basalt: N-MORB = normal type mid-ocean ridge
basalt (squares = fresh samples from flow 1; triangles = fresh
samples from flow 9).
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Fig. 5. A: Chondrite (C1-) normalized multi-element abundances in HM 2 — tholeiites, MORB (Sun et al., 1979) and continental
crust (TavLor & McLENNAN, 1985). Cl-condrite element abundances from EVENSEN et al. (1978) and THOMPSON et al. (1984)
were used for the normalisation of REE and major and trace elements respectively. B: Chondrite (C1-) normalized REE abun-
dances in flow 1 and flow 9 (HM 2), using the normalization constants from EVENSEN et al. (1978).

sure of the system will be contemporaneous with
the extrusion and solidification of the lava. The Sr
initial ratios (0.706640) and &' values (between
430 and +38) are distinctly higher than those of
the mantle array which indicates contamination of
the tholeiites by a crustal component. Fig. 6 pre-
sents a two-component mixing diagram with upper
continental crust and MORB as end members.
The calculated crustal component proportions for
the Rb-Sr system are 17 wt% (flow 1) and 13 wt%
(flow 9). The assumption of upper continental
crust as one end member, is based on the high
contents of large ion lithophile elements (LILE)
and the fact that quartz-normative tholeiites are
low pressure (< 5 kb) melting derivatives from oli-
vine tholeiites (JAQUEs & GRreeN, 1980). The
MORB composition of the other end member is
based on major and trace element contents and el-
ement ratios, as discussed above.

It should be noted that the calculated crustal
components of flow 1 (17 wt%) and flow 9
(13 wt%) are only approximate estimates. At pre-
sent, measurements of the Pb isotopes are in pro-
gress to quantify and qualify the presence of crus-
tal components more convincingly.

Alteration

Vesicles in the rocks are filled with second-
ary phases either with calcite-pumpellyite or
pumpellyite-quartz or seldom with epidote-calcite
and chlorite is usually present in excess. According
to Liou et al. (1987) this parageneses is stable

above 1.4 = 0.5 Kbar and at above 228 £ 30°C
and indicate the pressure and temperature condi-
tions during the alteration.

The profile of HM 2 (Fig. 2) shows nine lava
flows which can be distinguished by alteration re-
lated element mobility. In the altered samples the
K- and Rb-contents, the K/Rb- and the Rb/Sr ra-
tios increase significantly (K: 0.83 to 5.70 wt%,
Rb: 30 to 130 ppm, K/Rb: 275 to 440, Rb/Sr: 0.12

Mixing — Diagram
500 LANRLARE RN T T 71 T Tr T
450 | upper O=Flow 1 1
400 ®="Flow 9
i A= MORB
350 L = cont. Crusty
300 L A= cont. )
Tholeiite
_ 250 | .
ow
200 + _
B jower
150 .
100 | p
50 | 4
0+ _
-50 L | —
0.001 0.005 0.009 0.013

1/5r (ppm=T)
Fig. 6. 20 — 1/Sr mixing diagram for HM 2 tholeiites com-

pared to MORB (L Roex, 1987) and the upper and lower
continental crust (FAURE, 1986).
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sample Rb (ppm)  Sr (ppm) 87Rb /865y 87Sr/868r
Fi 98/88 (wr) 13.80 283.50 0.141 0.707270 + 16
Fi 100/88 (wr) 32.45 265.13 0.352 0.707837 = 60
Fi  10/88 (wr) 20.05 25717 0.223 0.707316 = 19
Fi  13/88 (wr) 12.56 255.92 0.141 0.707363 = 25
Fi  16/88 (wr) 37.68 242.29 0.442 0.707624 = 40
Fi  29/88 (wr) 129.08 65.04 5.75 0.720956 + 30
Fi  30/88 (wr) 142.80 217.35 1.90 0.711360 = 60
Fi 34/88 (wr) 120.70 68.76 5.09 0.719550 = 30
Fi  35/88 (wr) 126.90 208.30 1.76 0.710813 = 60
Fi 36/88 (wr) 144.90 129.80 3.23 0.713689 *+ 40
Fi  37/88 (wr) 61.60 258.60 0.689 0.708564 = 30
Fi 39/88 (wr) 130.12 113.90 3.31 0.713825 = 50
Fi  40/88 (wr) 92.50 227.25 1.18 0.708970 + 25
Fi  41/88 (wr) 92.60 66.08 4.06 0.716988 = 50
Fi  42/88 (wr) 71.18 233.06 0.884 . 0.708576 + 30
Fi  44/88 (wr) 129.30 81.09 4.62 0.714632 = 40
Fi  45/88 (wr) 22.80 291.80 0.226 0.707713 = 40
Fi  51/88 (wr) 81.70 70.60 3.36 0.715653 *= 40
Fi  52/88 (wr) 39.70 205.19 0.560 0.708880 + 35
Fi  57/88 (wr) 48.11 71.40 1.95 0.713198 + 25
Fi  58/88 (wr) 25.07 196.30 0.363 0.707707 = 18
Fi  63/88 (wr) 24.72 180.29 0.397 0.70753 * 25
Fi  64/88 (wr) 23.91 174.57 0.393 0.707751 = 30
Fi  85/88 (wr) 23.25 194.96 0.344 0.707701 = 30
Fi  88/88 (wr) 23.49 175.86 0.377 0.707548 * 45
Fi 95/88 (wr) 31.07 256.70 0.350 0.708198 = 40
Fi 29/88 (m1) 19.56 72.18 0.784 0.712502 = 25
Fi 34/88 (m1) 41.41 65.66 1.83 0.714405 = 9
Fi 34/88 (m2) 1.53 130.94 0.0339 0.712359 = 30
Fi  36/88 (m1) 51.44 78.67 1.89 0.714732 = 30
Fi  39/88 (m1) 10.24 78.32 0.405 0.711200 = 25
Fi  39/88 (m2) 0.63 72.34 0.0254 0.710536 = 30
Fi  41/88 (m1) 62.76 75.58 2.40 0.715322 = 35
Fi  41/88 (m2) 1.40 68.18 0.0594 0.709727 = 11
Fi  44/88 (m1) 12.99 64.64 0.582 0.711546 = 35
Fi 49/88 (m1) 341.03 65.18 15.2 0.736482 = 45
Fi  51/88(m1) 142.22 71.60 5.75 0.720566 = 50
Fi 51/88 (m2) - 124.07 - 0.708885 = 35
Fi 57/88 (m2) 0.16 134.58 0.00360 0.708394 + 45
wr = whole rock

ml = pumpellyit-chlorite-quartz

m2 = carbonate

Table 2. Sr isotope compositions of whole rocks (wr), pumpellyite-chlorite-quartz mixtures (m1) and carbonates (m2) from the

drill core HM 2 samples. Listed error are 20 of the mean.

to 1.66), while the contents of Na, Ca and Sr de-
crease (Na: 1.33 to 0.37 wt% and Ca: 6.44 to
2.15 wt%, Sr: 250 to 75 ppm). The large Rb con-
tents of altered whole rocks is attributed to the in-

crease of €% values, and the simultaneous decrease
of Sr concentration (Fig. 7). Because of this in-
crease of €2, values with enhanced alteration, the
€2, values correlate with the depth of the samples
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sample (87Sr/86Sr) i
flow 1:

Fi 98/88 0.706848 + 20
Fi 100/88 0.706784 % 70
Fi 10/88 0.706649 *+ 30
Fi 13/88 0.706942 t 30
Fi 16/88 0.706301 * 60
flow 9:

Fi 58/88 0.706656 + 25
Fi 63/88 0.70640 =+ 25
Fi 64/88 0.706634 *+ 40
Fi 85/88 0.706722 t 40
Fi 88/88 0.706476 * 50

eSrO €Srt
+39.9 +36.8
+47.3 +35.9
+39.9 +34.0
+40.6 +38.1
+44.3 +29.0
+45.5 +33.9
+43.0 +30.3
+46.1 +33.6
+45.4 +34.8
+43.2 +31.6

eg’ = ((87sr/8%sr)  / (87sr/86sr) 0 - 1) * 10%

1

€sr
with

((87sr/8%sr), / (875r/86sr), . - 1) * 104

(87Sr/865r)ur - ((87Sr/865r)ur0 - (87Rb/86Sr)ur0 * (e At 1)

m=measured; (87Sr/86Sr) uro

0.7045; (87Rb/86sr) 0 = 0.0816;

Table 3. (¥St/*°Sr):-, e5.’- and &g, values of fresh samples from flow 1 and 9 (Hm 2). ¥Sr/*Sr; ratios were corrected for an age of

210.4 Ma (flow 1) and 200.2 Ma (flow 9).

in the drillcore (Fig. 8). The ¥Sr/*Sr ratios of se-
condary carbonates mirror the 8St/%Sr ratios of al-
teration fluid(s). Because the ¥Rb/Sr ratios of
the carbonates are extremely low (< 0.06), radio-
§enic 87Sr growth cannot be responsible for these
’St/*Sr ratios. The element mobility and 3Sr/%Sr

ratios of secondary phases argue against a submar-
ine origin to the alteration. MENZIES & SEYFRIED
(1979) and WEbDEPOHL (1988) reported K depletion
and Na enrichment for submarine altered basalts
(temperature of alteration > 150°C). According to
FAURE (1982) the seawater 5'St/%Sr ratios decrease

Drillcore HM 2
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4 0.7205

4 0.7165

4 0.7125

»
1Sg9g/4S/g

- 0.7085

250 T T T
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A
o & 4
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A
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o . .
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0.009

0.7045

0.013 0.017

1/5r (ppm=T)
Fig. 7. &5’ — 1/St mixing diagram for the different altered samples of HM 2 tholeiites. With enhancing alteration e, values in-

crease whereas the Sr-contents decrease.
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Drillcore HM 2
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Fig. 8. Depth - e diagram, showing the rapid increase of £g

values in the upper strongly altered part of each flow. The
symbols are the same as in Fig. 7.

Temp °C Apr #1078 A0pr/%Bpr 340y
{cc STP/g)

fi 16/88, Plagioclase, drill core HM 2, bottom flow, weight: 98.59 mg,
500 22.80 ¢+ 1.15 318.9 + 141 0.0130 + 0.0002
610 9.37 + 0.50 435.5+ 62.5 0.0590 + 0.0006
715 27.5 + 1.4 1125.0 + 105.5 0.1167 + 0.0007
800 34.1 + 1.7 9800 + 6960 0.1655 + 0.0008
860 32.7 ¢+ 1.8 11200 + 9120 0.1690 1 0.0010
940 31.48 ¢+ 1.60 5400 + 2050 0.1655 & 0.0009
990 25.3 + 1.3 3970 £ 1100 0.1616 + 0.0008
1050 24.0 + 1.2 3180 = 8l12 0.1603 =+ 0.0009
1150 13.55 + 0.70 2080 =+ 505 0.1412 + 0.0009
1250 13.3 + B.6 2200 + 360 0.1434 1 0.0008

Total 234, + 12 1500 =+ 360 0.1375 + 0.0008

Fi 64/88, Plagioclase, drill core HM 2, top flow, weight : 94.15 mg, J-value : 0.

500 43.7 + 2.2 327.4 ¢ 8.7 0.01207 = 0.00010
610 16.19 + 0.80 395 : 35 0.03090 + 0.00025
715 32,38 + 1.60 1013 = 90 0.1168 + 0.0005
800 48.2 + 2.4 2330 = 280 0.1560 & 0.0007
860 85.6 + 4.3 5650 =z 1270 0.1706 : 0.0008
940 54.9 & 2.7 4640 = 900 0.1678 2 0.0007
990 43.6 ¢ 2.2 3780 =+ 640 0.1671 <+ 0.0007
1050 27.29 + 1.40 2050 =+ 310 0.1513 =z 0.0007
1150 17.16 £ 0.90 1030 = 160 0.1241 =z 0.0008
1250 18.46 + 0.18 690 =z 110 0.1204 = 0.0006

3
-
—
o

total 388. =+ 19 1200 0.1338 x 0.0006

from 0.70773 (220-200 Ma) to 0.70731
(200—180 Mag, thus they are distinctly lower than
the observed ¥Sr/*’Sr ratios in the carbonates. The
decrease from 0.7123 (flow 2) to 0.7083 (flow 8)
and distinct differences of secondary carbonate
¥Sr/*Sr ratios indicate the action of alteration
fluids different in chemical composition. The large
scatter in SRb/*Sr and ¥Sr/5’Sr ratios of the se-
condary minerals compared to the whole rock data
indicate isotopic disequilibrium in the secondary
minerals. This suggests that the fluid/rock reactions
causing the alteration proceeded rapidly.

Geochronology

The measured and calculated Ar isotope ratios
and the age values of the samples are listed in
Tab. 4. Traditionally, the data are represented as
age spectra which are constructed assuming that
the difference between the measured and neutron
induced argon isotope interferences at mass *Ar
gives the amount of atmospheric **Ar. Therefore,
the radiogenic *’Ar content of a degassing step is
calculated from the measured “’Ar content re-
duced by a factor of 295.5 times the atmospheric
3Ar value assuming that atmospheric argon was
incorporated into the minerals when the system
became closed. However, if the initial ratio is not

SgAr/NAr 40pr rad (%} 3 (%) “pr rad/agArk Age (Ma)
released
J-value : 0.02129 & 0.00067
0.140 ¢ 0.002 7.3+ 4.1 0.92 5.70 +3.15 205. ¢ 108
0.0560 + 0.0005 32.1 :10.0 2.54 5.44 + 1.60 198. + B0
0.04542 + 0.00010 73.7 ¢ 2.5 12.62 6.315 + 0.214 227.6+ 9.9
0.04567 + 0.00010 97.0 + 2.0 30.13 5.860 = 0.135 212.2+ 1.8
0.0476 =+ 0.0001 97.4 + 2.0 47.30 5.761 ¢ 0.130 208.8+ 7.8
0.04967 + 0.00010 94,6 + 2.0 63.47 5,731 + 0.130 207.1 7.8
0.05329 + 0.00010 92.6 + 2.0 76.18 5.728 + 0.130 207.6x 7.7
0.04554 + 0.00020 97.0 + 2.0 88.13 5.657 + 0.150 205.2+ 8.0
0.04757 & 0.00020 85.8 ¢ 3.0 94.07 6.07 +0.25 218.5 + 10.6
0.0437 1 0.0002 86.6 + 3.0 100.00 6.04 £ 0.25 218.2 + 10.2
0.04789 + 0.00007 80.27 + 0.90 5.838 = 0.070 211.4+ 6.8
02129 + 0.00067

0.6850 + 0.0160 9.7 + 2.4 1.01 8.1 +2.0 286. + B5
0.2670 + 0.0030 25.1 + 6.6 1.98 8.1 2.1 288, + 170
0.1131 = 0.0003 70.8 + 2.6 9.26 6.07 +2.25 219.2 + 10.1
0.07461 + 0.00016 87.33 + 1.50 23.75 5.56 + 0.10 203.2¢ 7.0
0.08782 + 0.00019 94.77 + 1.18 51.88 5.554 + 0.070 201.7 + 6.6
0.09453 + 0.00020 93.83 + 1.25 69.62 5.581 + 0,080 202.6 + 6.6
0.1286 & 0.0003 92.18 + 1.30 83.65 5.515 + 0,080 200.3 + 6.8
0.1479 + 0.0004 88.60 + 2.19 91.61 5.657 + 0.145 205.2+ 7.9
0.06618 * 0.00018 71.3 = 4.3 95.71 5.75 ¢ 0.35 208.4 + 13.4
0.04842 + 0.00016 57.1 + 5.8 100.00 4,74 ¢ 0.45 173.5 + 17.1
0.09216 + 0.00011 75.4 £ 7.0 5.629 + 0.060 204.2 + 6.4
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Temp "¢ 40ar % 1078 prs3r
(cc STP/g)

Fi 78/88, Plagioclase, sw' Haut Moulouya, weight : 89.
500 27.40 + 1.40 373.8+ 21.3 0.
810 18.75 + 0.80 1115+ 150 0.
715 27.34 + 1.40 1263 ¢ 160 0.
800 37.8 + 1.9 2870 + 480 0.
860 19.17 + 1.00 4516 + 1180 0.
940 14.61 + 0.70 1920 = 520 0.
980 29.23 + 1.50 1542+ 190 0.
1050 15.37 + 0.80 2180 + 580 0.
1150 9.22 + 0.50 1180 =+ 320 0.
1250 15.50 + 0.80 1006 1+ 160 0.

total 215.1 £ 10.8 1153 ¢+ 90 0

Fi 5/88, Plagioclase, w' High Atlas, weight: 96.81 mg,
500 20.12 + 1.00 342 + 20
610 13.44 + 0.70 756 & 135
715 39.26 + 2.00 2520 + 325
800 68.3 + 3.4 2530 ¢ 290
860 48.2 + 2.4 2800 + 370
940 28.33 + 1.40 3160 3+ S70
990 28.39 + 1.40 1528 + 190
1050 17.19 + 0.90 1450 + 240
1150 17.93 + 0.90 907 1+ 11
1250 19.29 + 1.00 1387 &+ 180

total 300.5 = 15.0 1435 : 100 0

Fi 7/88, Plagioclase, w' High Atlas, weight: 103.35 mg,
610 7.47 £ 0.40 761 : 145 0.
715 20.07 + 1.00 2370 + 710 0.
800 18.43 ¢+ 0.90 5200 + 3470 0.
860 10.72 + 0.50 934 &+ 145 0.
940 7.30 £ 0.40 4700 & 2750 0.
990 5.05 + 0.25 26000  +70000 0.

1100 10.20 £ 0.50 964 ¢ 180 0.
1250 13.44 ¢+ 0.70 600 + 60 0.

total 100.5 + 5.0 1030 + 296 0

Fi 111/88, Plagioclase, s' Middle Atlas, weight : 94.14 mg,
500 34,10+ 1.70 311.0 8.2 0.
610 24.64 = 1.20 595 + 30 0.
715 26.59 + 1.30 1650 + 209 0.
800 42.1 ¢ 2.1 3400 + 609 0.
860 28.51 + 1.45 5050 + 1280 0.
940 33.69 £+ 1.70 1980 = 208 0.
990 ,37.76 £ 1.90 1131 = 100 0.
1050 38.78 + 1.90 708 + 35 0.
1150 41.2 + 2.1 778+ 40 0.
1250 27.54 + 1.40 838 ¢ 70 0.

total 334.9 + 16.8 830 1+ 50 0

rad : radiogenic

K : neutron produced from K only

\ : 5.543 10710 27! (STETGER and JHGER, 1979)

Standard LP-6 : K 8.33+3%

Ca 0.077 %
age 128.9 Ma

oo ocoQCcoc o oo

39Ar/wAr
13 mg,
03209 & 0.
1304 1 0.
1552 + 0.
1721 £ 0.
1657 + 0.
1583 = 0
1648 = 0.
1500 = 0.
1160 + 0.
1248 = 0.
.1384 £ 0
02073 + 0.
08932 = 0.
1489 + 0.
1605 + 0.
1801 & 0.
1520 = 0.
1496 £ 0
1368 ¢ 0.
1256 + 0,
1245 + 0.
.1385 ¢ 0.
1059 * 0.
1559 1 0.
1527 £ 0.
1381 + 0.
1272 £ 0.
1288 + 0.
1208 =+ 0.
1007 £ 0.
.1257 t 0.
02544 + 0.
08946 + 0.
1581 = 0.
1688 = 0.
1723 =+ 0.
1703 2 0.
1435 =z 0.
1040 =+ 0.
1083 =+ 0.
1124 + 0.
.1255 + 0

00020
0006
0007
0007
0007

.0007

0007
0006
0006
0006

.0006

J-value :

00018
00050
0005
0006
0006
0005

.0005

0005
0005
0005

0005

J-value :

0006
0007
0007
0007
0007
0009
0006
0005

0005

J-value :

00020
00050
0008
0009
0009
0009
0008
0006
0006
0006

.0007

Corrections for interferences:

38 /37 r (Ca)
38Ar/37Ar(Ca)
Ar/ 37Ar(l:a)
40Ar/‘WAr(Ca)
400 /3% (k)
Bars3r (k)

Table 4. Argon isotope compositions of plagioclase phenocrysts.

2.7 +0.2 107
6.0 £ 2.0 107
6.8 0.2 107
6.0 £2.010°3
3.0+ 3.0107%
1.4 £ 0.3 1072

STETTLER et al. , 1973
STETTLER et al. , 1973
STETTLER et al. , 1873
STETTLER et al. , 1973

TURNER et al., 1973
MAURER, 1973

39Ar/37Ar 40 rad (%) g (%)
released
J-value : 0.02129 £ 0.00067
0.1183 =+ 0.0006 23.0 ¢+ 4.5 2.95
0.07435 + 0.00018 73.5 + 3.7 11.16
0.05672 + 0.00014 76.6 ¢+ 3.0 25.41
0.06437 = 0.00015 89.71 + 1.70 47.27
0.07888 + 0.00019 93.46 + 1,70 57.94
0.1002 ~ & 0.0003 84.6 + 4.2 65.71
0.09532 + 0.00025 80.8 + 2.4 81.89
0.07609 ¢ 0.00019 86.4 + 3.6 89.63
0.05295 + 0.00020 749 + B.8 93.50
0.04817 + 0.00013 70.6 £ 4.9 100.00
0.07050 + 0.00008 74.36 £ 1,1
0.02129 + 0.00067
0.2418 + 0.0025 13.8 + 5.2 1.00
0.08735 + 0.00045 60.9 + 7.0 3.88
0.07355 + 0.00018 88.26 + 1.50 17.93
0.07831 + 0.00015 88.31 + 1.35 44.27
0.08822 + 0.00025 89.45 + 1.40 62.81
0.1281 + 0.0003 90,66 + 1.70 73.15
0.1294 & 0.0003 80.6 z 2.3 83.17
0.07451 + 0.00018 79.6 + 3.4 88.82
0.05426 + 0.00015 67.4 + 4.0 94.23
0.04767 + 0.00012 78.7 + 2.7 100.00
0.08134 + 0.00009 79.41 + 7.70
0.02129 + 0.00067
0.02990 + 0.00011 61.2 + 7.3 8.24
0.02552 + 0.00006 87.5 + 3.7 33.02
0.02414 + 0.00006 94.3 + 3.8 55.30
0.02438 + 0.00008 68.4 + 4.9 67.02
0.02505 + 0.00010 93.7 + 3.6 74.37
0.02510 + 0.00015 98.9 + 3.2 79.52
0.02588 + 0.00008 69.4 + 5.6 89.28
0.02476 + 0.00009 50.7 = 5.0 100.00
0.02548 + 0.00003 71.37 + 1.80
0.02129 + 0.00067
0.1831 + 0.0013 5.0 ¢ 2.5 2.08
0.06732 + 0.00020 50.3 + 2.7 7.30
0.08026 + 0.00020 82.1 £ 2.3 17.30
0.07867 + 0.00019 91.32 + 1.60 34.20
0.08881 + 0.00025 94.14 + 1.50 45.89
0.1055 = 0.0002 85.16 + 1.50 59.53
0.08975 + 0.00020 73.9 ¢+ 2.2 72.42
0.06674 = 0.00018 58.2 + 2.1 82.01
0.06234 = 0.00015 62.03 + 1.80 92.63
0.05250 + 0.00014 64.8 1+ 2.9 100.00
0.07767 + 0.00008 66.81 + 0.70

40 39
A d/ Ary

6.53 & 1.40
5.84 + 0.30
4.937 + 0.180
5.213 + 0.103
5.638 + 0.106
5.35 & 0.25
4.906 £ 0.145
5.76 + 0.25
6.46 x 0.60
5.66 + 0.40
5.373 & 0.080
6.6 +2.5
6.82 + 0.80
5.927 + 0.104
5.503 + 0.080
5.587 + 0.090
5.966 + 0.113
5.489 + 0.160
5.82 +0.25
5.37 & 0.30
6.32 & 0.20
5.732 + 0.060
5.77 = 0.70
5.61 # 0.25
6.18 £ 0.25
4.95 :0.35
7.37 =+ 0.30
7.67 £ 0.25
5.74 + 0.50
5.04 £ 0.50
5.676 + 0.145
1.96 ¢ 1.00
5.62 & 0.30
5.194 £ 0.145
5.41. £ 0.10
5.463 + 0.090
5.002 + 0.090
5.148 + 0.160
5.801 £ 0.200
5.727 + 0.170
5.76 + 0.25
5.323 + 0.060

Age (Ma)
235. & 48
204.6 ¢+ 11.5
180.4 + 8.6
189.9 + 6.7
2046+ 7.1
194,5 ¢+ 10.8
179:3 ¢+ 7.4
208.9 ¢ 10.3
233, & 21
205.3 + 14.2
195.5 ¢ 6.5
238, & 85
205. & 27
21442 7.3
199.9 ¢ 6.7
202.8 + 6.8
2158+ 7.5
199.5 + 8.1
210.8 + 10.5
195.3 £ 12.5
227.8 ¢ 10.0
207.8+ 6.5
209. & 25
203.7 + 10.3
223.0 £ 10.7
180.8 ¢+ 13.5
263.1 & 12.4
273.1 ¢+ 11.6
208.1 & 17.1
184.0 + 17.9
205.9+ 7.9
74, + 35
204.0 £ 12.1
1883+ 7.6
196.7 + 6.8
198.5¢+ 6.7
182.6 + 614
187.7+ 7.8
203.3 ¢+ 9.2
207.6+ 8.6
208.8 £ 10.6
193.7 ¢ 6.2



56 L. FIECHTNER, H. FRIEDRICHSEN & K. HAMMERSCHMIDT

equal to the atmospheric value, in the presence of
excess argon for example, the above reduction me-
thodology leads to age estimates that are too old.
Fortunately, the *Ar/Ar vs *Ar/°Ar diagram cir-
cumvents this difficulty and measured ratios only
fit a straight line if the Ar isotope ratios were gen-
erated by two end members. The end members
are given by the interce}g)ts on the abscissa (*Ar/
“Ar) and the ordinate (¥ Ar/’Ar). The *Ar/°Ar
intercept represents the initial ratio when the min-
eral became a closed system. Usually the recipro-
cal of it is equal to 295.5. The *Ar/"Ar intercept
is given by the radiogenic amounts of “Ar due to
the in situ radioactive decay and the neutron in-
duced conversion of PK to *Ar. The reciprocal of
this ratio is proportional to the age of the degas-
sing step and here it is called intercept age. If the
reciprocal of the x-axes intercept is greater than
295.5, excess argon has to be considered. In the
following discussion we compare the plateau age
given by the age spectrum with the intercept age.
The mixing line was calculated by cubic regression
according to a treatment given by BRrooks et al.
(1972).

Results

Six separates of translucent plagioclase pheno-
crysts from the continental tholeiites yield mean-
ingful geological ages. In the case of two samples
(Fi 16/88 and Fi 64/88, drillcore HM 2) excellent
plateau ages were derived, presumably a result of
the extreme purity of the minerals. Under the
microscope, no inclusions and alterations effects
were detected. In contrast, the other four samples
were slightly altered (secondary phases), which
leads to poorly defined and disturbed age spectra,
but nevertheless their total degassing ages are sig-
nificant in the geological context.

Drillcore samples (Fi 16/88 and Fi 64/88)

The plagioclase samples from the drillcore, Fi
16/88 comes from the bottom (approx. 419 m be-
low surface) and Fi 64/88 from the top (approx.
350 m below surface), are representatives of flow 1
and flow 9. They yield excellent plateau ages of
208.2 + 2.3 Ma and 203.6 * 2.6 Ma, respectively
(Fig. 9). In both cases the plateau ages are defined
by five degassing steps (800, 860, 940, 990 and

1050°C) which covered more than 80% of Y Ar re-

leased. Fig. 9 reveals that the difference between
these plateau ages lies within the 1o error limits.

30 [ ——— T T—— T

o 3
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~— H [
]
g 250 ‘ i 4
Q
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Fig. 9. Age spectra for plagioclases of Fi 16/88 (flow 1 of
HM 2) with a plateau age of 208.2 £ 2.3 Ma and of Fi 64/88
(flow 9 of HM 2) with a plateau age of 203.6 + 2.6 Ma.

But nevertheless the plagioclase of flow 1 is
slightly older than those of flow 9.

Evaluating the measured ratios in more detail,
the data of the ?lateau steps of the two samples
are presented PAr/PAr vs *Ar/Ar diagram
shown in Fig. 10. Bot samples (Fi 16/88 and Fi 64/
88) yield a MSWD value (mean standard weighted
deviates) of 2.02, and 1.02 respectively. The initial
intercept of Fi 16/88 corresponds to a “Ar/*Ar ra-
tio of 220 £ 50 resulting from isotope fractiona-
tion, due to preferential leakage of °Ar in one
valve of the extraction and purification system.
The effect on the age value is negligible. The inter-
cept age lead to a value of 211.8 £ 2.1 Ma. Cor-
recting the plateau age values for the low initial ra-
tio, the age values decrease to 210.4 = 2.1 Ma.

The reciprocal of the x-axes intercept (*Ar/°Ar
= 330 % 15) from sample Fi 64/88 (flow 9) gives a
small, but negligible excess component, which
does not affect the age value (200.2 £ 1.0 Ma) sig-
nificantly.

The time span between the bottom (flow 1 and
the top (flow 9) of this lava flow sequence is about
10 = 2 Ma.

High Atlas samples (Fi 5/88 and Fi 7/88)

The age spectrum of Fi 5/88 yields a plateau
age of 207.8 + 6.5 Ma. Slight variations in the
WA+ Arg ratios of the high temperature steps
(Fig. 11) lie within the 2o0-confidence level, and
thus are part of the plateau (MCINTRYRE 1963,
DALRYMPLE & LANPHERE, 1969).

In the correlation diagram (PAr/°Ar vs *Ar/
“Ar) the data points of the plateau steps scatter
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Fig. 10. ®Ar/*Ar vs. ®*Ar/"Ar isotope correlation diagrams for plagioclases of Fi 16/88 (a) and Fi 64/88 (b). The age values
derived from these diagrams are within the error limit the same as in fig. 9. The data points are labelled with the degassing tem-
peratures. Only data points indicated with black dots are used in the regression (Brooks et al., 1972) analyses.

around a mixing line with a MSDW index of 6.34
indicating the bad correlation of the data. Of only
four plateau steps (800, 860, 990 and 1150°C) the
mixing line has a MSWD index of 1.12 and yiclds
an intercept age of 203.3 + 2.6 Ma. The other pla-
teau steps (940, 1050°C) liec on another mixing
line, with the same X-intercept (corresponding
“AI°Ar = 269 + 20) but a higher intercept age
of 218 Ma. The meaning of this result is discussed
together with that of sample Fi 78/88 further be-
low.

The K-Ar system of Fi 7/88 is strongly dis-
turbed, indicatini% an age spectrum with great
variations in the “Ar*/*Ary ratios (Fig. 11). How-
ever, the total degassing age of Fi 7/88 is 205.9 +
79 Ma and seems to be significant in the geolo-
gical context. Because of the scattering of data
points, mixing lines (Fig. 12b) have not been cal-
culated.

Haute Moulouya (Fi 78/88) and
Middle Atlas (Fi 111/38)

The age spectrum of Fi 78/88 yielded no pla-
teau age (Fig. 13), because of significant variations
in the 40A1‘*/39AIK ratios. The data points of Fi 78/

88 show an interesting feature in the *Ar/Ar vs
*Ar/“Ar diagram (Fig. 14). The three calculated
lines (610, 860, 1050, 1150, 1250°C; 715, 990°C,
and 800, 940°C) have the same reciprocal X-
intercept of 345 + 50 but different Y-intercepts
with corresponding intercept ages of 202.2 + 4.2,
192.8 = 1.1 and 174.2 + 1.2 Ma, respectively. The
higher ¥ Ar/*Ar ratios could be a result of radio-
genic “Ar loss due to diffusion or a result of ¥Ar
gain due to redistributed *Ar by recoil effects dur-
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Fig. 11. Age spectra for plagioclases of Fi 5/88 and Fi 7/88.
Only Fi 5/88 give a reasonable plateau age of 207.8 + 6.5 Ma.
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Fig. 12. ¥ Ar/PAr vs. **Ar/**Ar isotope correlation diagrams for plagioclases of Fi 5/88 (a) and Fi 7/83 (b). For discussion see text.

ing the irradiation. Radiogenic argon loss is consi-
dered to be associated with a stair-case age pat-
tern, where the low temperature degassing steps
result in low apparent ages. But this behaviour is
not observed with this sample. The non-systematic
disturbance of the age spectrum supports the idea
of ¥*Ar %ain induced by the recoil effect. Recoil
transfer Ar from less retentive lattice sites to
more retentive sites, which leads to PAr gain, is
described as the recoil effect. According to Hu-
NECKE & SmitH (1976), recoil effects dominate the
age spectrum only when potassium rich and potas-
sium poor mineral phase exist together. And in-
deed, exsolution phenomenon of plagioclase are
well known of submicroscopic intergrowth of
sodium-rich and calcium-rich domains. It may be
that the potassium contents of these domains are
different which would cause recoil effects of *Ar.
The same behaviour can be observed in sample Fi
5/88 (Fig. 12a) of the 750 and 1050°C degassing
steps as indicated in the P Ar/PAr vs BAr/MAr dia-
gram. It seems possible to distinguish between
9Ar loss and a recoil related *Ar redistribution.
However, the total degassing age of sample Fi 78/
88 is again meaningful in the geological context,
because *Ar loss from the whole system is subor-
dinate.

The age spectrum of Fi 111/88 could be subdi-
vided into two segments, both with a “’Ar* loss in
lower temperature steps (Fig. 13). The high tem-
perature steps of each segment (800, 860°C and
1050, 1150, 1250°C) yield »plateaus« with ages of
197.6 + 6.5 Ma and 206.5 = 9.5 Ma respectively.
The subdivided age spectrum could be related to
albite-twinning, where “’Ar loss by diffusion occur-
red along the comgosition plane of the minerals.
In the ¥Ar/*Ar vs ¥Ar/*Ar diagram (Fig. 14) the

300 T T T T T T T T ]
[
o 0 - M
= L
~—r b ——
R N = N
o r
— L
C F ]
o 150 - —
jul - 4
o)
a F ]
a ]
o 100 [ Fi 78/88
E~3 Fi 111/88 1
50 N IS WU RN S NS RS ]
[} 10 20 30 40 50 80 70 80 80 100

fraction of 39Ar released (%)

Fig. 13. Age spectra for plagioclases of Fi 78/88 and Fi 111/88.
The total degassing ages are 195.5 + 6.5 Ma and 193.7 £
6.2 Ma, respectively.
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II

III

IV—

stage

age (Ma)

MA HA

MA HA

MA

HA

HM

Bathonian

Ladinian

204+4===

220t8--~

22945~~~

Table 5. Comparison of stratigraphic versus radiometric
authors. I. K-Ar ages after MANSPEIZER et al. (1978) with

age values of different lava flows from Morocco according to different
K/K =122%10"" 35 =472*107a L%, = 0.585 %10 a1 IL. te-

calculated K-Ar ages of I (using constants recommended by STEIGER & JAGER 1977); III. “°Ar/*Ar-ages (this paper); IV. strati-
graphically required ages (COUSMINER & MANSPEIZER, 1976; WARME, 1988; HAUPTMANN, 1990). Abbrevations: HA = High Atlas,
MA = Middle Atlas, HM = Haute Moulouya.
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five data points of the »plateaus« yield a mixing
line with a MSWD index of 0.69. The reciprocal
X- and Y-intercepts correspond to a “’Ar/*Ar ratio
of 320 = 7 and an age of 196.3 £ 1.2 Ma respect-
ively, which appears geologically meaningful.

Discussion

The contents of compatible elements from the
CTs are similar to MORB, indicating a source
composition of subcontinental and suboceanic
mantle. Therefore, high LILE contents and Sr iso-
tope characteristics evidence contamination by a
crustal component. These two features agree with
the models of ALLEGRE et al. (1982), CARTER et al.
(1978), Duruy & DostaL (1984), HEercr et al.
(1989), MENziEs et al. (1983) and STETTLER & AL-
LEGRE (1979), which descirbe a MORB-like mantle
and a crustal component for CT genesis.

The subaerial lava flows indicate rapid cooling
and, in connection with the low closure tempera-
ture of 200 £ 50°C (BerGEr & YoORrcK, 1981) for
plagioclase, the reported age values have to be in-
terpreted as extrusion ages. Translucent plagioclase
crystals gave well defined plateau ages whereas the
milky plagioclase phenocrysts yielded disturbed
age spectra. The Y Ar/*Ar vs *Ar/*Ar diagram re-
veals some interesting aspects such as excess ar-
gon, and *Ar redistribution by recoil during the
neutron activation. The highest age of 210.4 =*
2.1 Ma and the lowest age of 200.2 = 1.0 Ma from
the drillcore samples indicate the lava sequence of
about 100 m was extruded within 10 Ma. This is in
good agreement with the stratigraphic stage ac-
cording to OpIN et al. (1982) and Cowie & Bas-
SETT (1989).

In addition to the Ar-data presented here, there
are the published K-Ar ages (whole rock and fels-
par) for the Atlas system by MANSPEIZER et al.
(1978). These K-Ar ages range between 199 =+
15 Ma and 182 = 13 Ma, which corresponds to a
period of Lower Sinemurian to Upper Toarcian
(OpIN et al., 1982; Cowie & Bassert, 1989). The
discrepancy between the age data of the present
work and those of MANSPEIZER et al. (1978) results
from use of different decay constants and isotope
ratios. Recalculating MANSPEIZER's data with the
decay constants and isotope ratios recommended
by STEIGER & JAGER (1977), there is good agree-
ment (Tab. 5) with the “’Ar/®Ar ages (this paper)
and the biostratigraphic position of the tholeiites.
For the underlying continental redbed sediments,
CousMINER & Manspeizer (1976) published a
middle Camnian age. Marine Sinemurian sedi-

ments (WARME, 1988; HauprmMann, 1990) overlie
the early Mesocoic volcanics.

Comparing the tholeiites from Morocco with
tholeiites and dolerites from the circum-Atlantic
area (Spain and Portugal: Messejana Dyke
166—194 Ma?, Morocco: Foum Zguid in the Anti
Atlas 190—195 Ma* (SCHERMERHORN et al., 1978):
Liberia: Liberia-Dolerite 180—202 Ma® (Dupuy
et al., 1988); USA and Canada: New Jersey
194—205 Ma®, Connecticut 202 Ma’ and Nova Sco-
tia 208 Ma? (MANSPEIZER et al., 1978); Nova Scotia
191 Ma (Dupuy & DostaL, 1984), there is good
agreement of the geochemical data and the K-Ar
ages. This feature seems to be a further evidence
for the intimate relationship between the early
Mesozoic continental tholeiite volcanism of Mo-
rocco and the initial rifting of the Atlantic Ocean.

Conclusion

The investigated continental tholeiites have a
binary chemical character. The contents of compat-
ible elements are MORB-like, those of incompat-
ible elements are typical for tholeiites contamin-
ated by a curstal component (LILE enrichment,
negative Nb anomaly, &, values of about +40).
These quartz-normative continental tholeiites are
dominated by plagioclase and pyroxene fractiona-
tion. Most of the samples have been strongly al-
tered, characterised by K and Rb enrichment and
Na, Ca and Sr depletion. The e, values increase
up to +200 with enhanced alteration. 1S1/*Sr ra-
tios of secondary carbonates (0.7083 — 0.7123),
which are believed to mirror the ¥’St/*Sr ratios of
the alteration fluids, argue a%Oajnst a submarine al-
teration. The determined “Ar/*Ar plagioclase
ages range between 196.3 + 1.2 and 210.4 +
2.1 Ma, corresponding to the Norian (Rhaetian?)
and Upper Sinemurian stage respectively.

Acknowledgements

This work was part of L.E’s Ph.D. thesis and LF is in-
debted to Prof. Jacobshagen for the introduction in the geo-
logy of Central Morocco. The authors thank M. Bensaid and
M. Dahmani (Ministére de 1'Energie et des Mines, Rabat) for
the cession of the drill core HM 2. This study was granted by
the Deutsche Forschungsgemeinschaft (DFG) as a contribu-
tion to the DFG project »Mobilitit aktiver Kontinentalrin-
der« at the Berlin Free University (FUB). The authors express
their gratitude to Mr. Freitag and the staff of the Forschungs-
zentrum Geesthacht, who performed the fast neutron irradi-
ation. We also thank two anonymous reviewers for their help-
ful comments and suggestions.

2 recalculated with the constants recommended by STEIGER &
JAGER, 1977.



Geochemistry and geochronology of Early Mesozoic tholeiites from Central Morocco 61

References

ALLEGRE, C. J., Duprg, B., RicHarp, P., Rousseau, D. &
Brooks, C. (1982): Subcontinental versus suboceanic
mantle, II. Nd-Sr-Pb isotopic comparison of continental
tholeiites with mid-ocean ridge tholeiites, and the struc-
ture of the continental lithosphere. — Earth Planet. Sci.
Lett., 57, 25—-34.

BErGER, G. W. & Yorck, D. (1981): Geothermometry from
YA Ar dating experiments. — Geochim. Cosmochim.
Acta, 45, 795811

BerTrRAND, H., DostaL, J. & Dupuy, C. (1982): Geochem-
istry of Early Mesozoic tholeiites from Morocco. — Earth
Planet. Sci. Lett., 58, 225-239.

Brooks, C., Haxrr, S. R. & WeNpT, L. (1972): Realistic use of
two-error regression treatments as applied to rubidium-
strontium data. — Rev. of Geophys. and Space Phys., 2,
551-577.

CARTER, S. R. Evensen, N. M., HamiLton, P. J. & O’Nions,
R. K. (1978): Neodymium and strontium isotope evidence
for crustal contamination of continental volcanics. —
Science, 202, 743—747.

CousMINER, H. L. & MaNsPEIzER, W. (1976): Triassic polien
data Moroccan High Atlas and the incipient rifting of Pan-
gaea as Middle Carnian. — Science, 191, 943—945.

Cowig, I. W. & Basserr, M. G. (1989): Global stratigraphic
chart (1989) of the TUGS. - Supplement to Episodes, 12/2.

DacLrympLE, G. B. & LaNpHERE, M. A. (1969): Potassium-
argon dating: Principles, techniques and applications to
Geochronology, 225 S., San Francisco, (Freeman).

Duruy, C. & DosrtaL, J. (1984): Trace element geochemistry
of some continental tholeiites. — Earth Planet. Sci. Lett.,
67, 61—69.

—, MarsH, J., DostaL, J., MicHARD, A. & TEsTaA, S. (1988):
Astenosperic and lithospheric sources for Mesozoic doleri-
tes from Liberia (Africa): trace element and isotopic evi-
dence. — Earth Planet. Sci. Lett., 87, 100—110.

EvENSEN, N. M., HamirToN, P. J. & O’Nions, R. K. (1978):
Rare earth abundances in chondritic metorites. — Geo-
chim. Cosmichim. Acta, 42, 1199—1212.

Faure, G. (1982): The marine-strontium geochronometer. —
In: Odin, G. S. {ed.), Numerical dating in stratigraphy,
73—79, New York, (John Wiley & Sons).

— (1986): Principles in isotope geology, 589 S., 2d edition,
New York, (Wiley & Sons).

FiecHTNER, L. (1990): Geochemie und Geochronologie
frithmesozoischer Tholeiite aus Zentral-Marokko. — Berli-
ner geowiss. Abh., 118, 76 S., Berlin.

HammerscaMpT, K. (1986): “Ar/°Ar dating of young sam-
ples. — In: Hurford, A. J., Jager, E. & Ten Cate, J. A. M.
(eds.), dating young sediments. — CCOP/TP, 16, 339357,
Bangkok.

HauptmanN, M. (1990): Untersuchungen zur Mikrofazies,
Stratigraphie und Paldogeographie jurassischer Karbonat-
gesteine im Atlas-System Zentralmarokkos. — unverof-
fentl. Dissertation, 150 S., Berlin.

HeNDERSON, P. (1984): Rare earth element geochemistry,
510 p., Amsterdam-Oxford-New York-Tokyo, (Elsevier).

Herct, J. M., CuarpELL, B. W., Faure, G. & MENsING, T.
M. (1989): The geochemistry of Jurassic dolerites from
Portal Peak, Antarctica. — Contrib. Mineral. Petrol., 102,
298—305.

Houten van, F. B. (1977): Traissic-Liassic deposits of Mo-
rocco and eastern North America: comparison. ~ Am.
Ass’n Petrol. Geol. Bull., 61, 79—99.

IncamELLS, C. O., & EncerLs, J. C. (1977): Preparation, ana-

lysis and sampling constants for a biotite. — In: Accuracy
in trace analysis: Sampling, sample handling and anlaysis.
~ National Bureau of Standards, Special Pub, 402, pp
401-419.

JACOBSHAGEN, V., GORLER, K. & Giesg, P. (1988): Geody-
namic evolution of the Atlas System (Morocco) in post-
Palaeozoic times. — In: Jacobshagen, V. (ed.), The Atlas
System of Morocco. — Lecture Notes in Earth Sciences,
481—499, Berlin Heidelberg New York London Paris To-
kyo, (Springer Verlag).

Jaques, A. L. & Green, D. H. (1980): Anhydrous melting of
peridotite at 0—15 kb pressure and the genesis of tholeiitic
basalts. — Contrib. Mineral. Petrol., 73, 287—-310.

Kuno, H. (1950): Petrology of Hakone volcano and the adja-
cent areas, Japan. — Geol. Soc. Bull., 61, 957—1020.

Lanemuir, CH. H., BENDER, J. F. BENCE, A. E., HansoN, G.
N. & Tavior, S. R. (1977): Petrogenisis of basalts from
the Fameous Area: Mid Atlantic Ridge. — Earth Planet.
Sci. Lett., 36, 133—156.

Liou, G. J., MaruyaMa, S. & Moonsup, C. (1987): Very low
grade metamorphism of volcanic and volcaniclastic rocks —
mineral assemblages and mineral mineral facies. — In:
Frey, M.: Low temperature metamorphism. pp 59--112.
Blackie, Glasgow, London.

Lorenz, J. (1988): Synthesis of Late Paleozoic and Triassic
red-bed sedimentation in Morocco. — In: Jacobshagen, V.
(ed.), The Atlas System of Morocco, 139—168, Berlin
Heidelberg New York London Paris Tokyo, (Springer-
Verlag).

MansPEIzER, W., PUFFER, J. H. & CousmiNEr, H. L. (1978):
Separation of Morocco and eastern North America: A
Triassic-Liassic stratigraphic record. — Geol. Soc. Am.
Bull., 89, 901-920.

Maurer, P. (1973): ®Ar/ArKristallisationsalter und *’Ar/
3 ArStrahlungsalter von Apollo 11-, 12- und 17-Steinen
und dem Apollo 17 »orange soil«. — Unpub. Lizentiatsar-
beit, 91 S., Bern.

MATTAUER, M., TaPPONIER, P. & Proust, F. (1977): Sur les
mécanismes de formation des chaines intracontinentales.
Lexemple des chaines atlasiques dd Maroc. — Bull. Soc.
géol. France, (VII), 19, 521526, Paris.

Marms, A. F. (1977): Nonmarine Triassic sedimentation, Cen-
tral High Atlas Mountains, Morocco. ~ J. Sediment. Pet-
rol., 47, 107-119.

McDonaLp, G. A. & Katsura, T. (1964): Chemical composi-
tion of Hawaiian lavas. — J. Petrol., 5, 82—133.

MCcINTRYRE, D. B. (1963): Precision and resolution in geo-
chronometry. — In: Albritton, C. C. (ed.): The fabric of
geology, 112—134, (Addison-Wesley).

MEnzies, M. & SEYFRIED, JR., W. E. (1979): Basalt-scawater
interaction: trace element and strontium isotopic varia-
tions in experimentally altered glassy basalts. — Earth Pla-
net. Sci. Lett., 44, 463—472.

Menzies, M. A., LEgmaN, W. P. & HawxeswortH, CH. J.
(1983): Isotope geochemistry od Cenozoic volcanic rocks
reveals mantle heterogeneity below western USA. — Na-
ture, 303, 205—209.

MEescHEDE, M. (1986): A method of discriminating between
different types of mid-ocean ridge basalts and continental
tholeiites with the Nb-ZrY diagram. — Chem. Geology,
56, 207—-218.

OpiN, G. S., Curry, D., Garg, N. H. & Kennepy, W. J.
(1982): The Phanerozoic time scale in 1981. — In: Odin, G.
S. (ed.), Numerical Dating in Stratigraphy, 2, 957—-960,
New York, (John Wiley & Sons).



62 L. FIECHTNER, H. FRIEDRICHSEN & K. HAMMERSCHMIDT

PEARCE, J. A., GormaN, B. E. & Birkert, T. C. (1977): The
realtionship between major element chemistry and tec-
tonic environment of basic and intermediate volcanic
rocks. — Earth Planet. Sci. Lett., 36, 121—132.

RoCHE DE LA, H., LEIERRIER, J., GRANDCLAUDE, P. & MARr-
CHAL, M. (1982): A classification of volcanic and plutonic
rocks using R, R;-Diagram and major element analyses. —
Its realtionship with current nomenclature — Chem. Geo-
logy, 29,, 183—~210.

Rokx LE, A. P. (1987): Source regions of mid-ocean ridge ba-
salts: Evidence for enrichment processes. — In: Menzies,
M. A. & Hawkesworth, C. J. (eds.), Mantle Metasomat-
ism, 389—419, London, (Academic Press Harcourt Brace
Jovonovich Publisher).

SaLvan, H. M. (1974): Les séries saliféres du Trias marocain:
charactéres generaux et possibilités d’interprétation. —
Bull. Soc. Géol. France, 7, 724—731.

SCHERMERHORN, L. J. G., Priem, H. N. A, BoeLrUK, A. [.
M., HeBepa, E. H., VerpURMEN, E. A. TH. & VER-
scHURE, R. H. (1978): Age and origin of the Messejana
dolerite fault-dike system (Portugal and Spain) in the light
of the opening of the north atlantic ocean. — J. Geology,
86, 299—-309.

SteiGer, R. H. & JAcer, E. (1977): Subcommission on geo-
chronolgy: convention on the use of decay constants in
geo- and cosmochronology. — Earth Planet. Sci. Lett., 36,
359-362.

Sters, J. & WURSTER, P. (1981): Zur Strukturgeschichte des
Hohen Atlas in Marokko. — Geol. Rdsch., 70, 801—-811.

STETTLER, A., EBErHARDT, P., GEiss, J., GROGLER, N. &
MAURER, P. (1973): Ar-""Ar ages and Ar"*Ar exposure
ages of lunar rocks. — Proc. Lunar Sci. Conf. 4™, 2,
1865—1888.

— & AvLEGRE, C. 1. (1979): ¥Rb-"Sr constrains on the gen-
esis and evolution of the Cantal continental volcanic sys-
tem (France). — Earth Planet. Sci. Lett., 44, 269—278.

Sun, S. S. & Nessirr, W. R. (1977): Chemical heterogeneity
of the archaean mantle, composition of the earth and
mantle evolution. — Earth Planet. Sci. Lett., 35, 429—448.

—, NesBITT, W. R. & SHARASKIN, A. Y. (1979): Geochemical
characteristics of mid-ocean ridge basalts. — Earth Planet.
Sci. Lett., 44, 119—138.

TayLog, S. R. & McLEnNaN, S. M. (1985): The continental
crust: its composition and evolution, 312 S., Palo Alto Ox-
ford London Edinburgh Boston Victoria, (Blackwell
Scientific Publications).

THompsoN, R. N., Morrison, M. A.. Dickin, A. P. &
HEenDRY, G. L. (1983): Continental flood basalts ... arach-
nids rule OK?. — In: Hawkesworth, C. J. & Norry, M. J.
(eds.), Continental basalts and mantle xenoliths, 158—185,
Cheshire, (Shiva Publishing Limeted).

—, MoRrrisON, M. A., HEnDRy, G. L. & Parry, S. J. (1984):
An assessment of the relative roles of a crust and mantle
in magma genesis: an elemental approach. — Phil. Trans.
Royal Soc. Lond., A 310, 549—590.

TurnER, G. (1971): PAr/¥Ar ages from the lunar maria. —
Earth Planet. Sci. Lett., 11, 169—191.

WarME, J. E. (1988): Jurassic carbonate facies of the central
and eastern High Atlas rift, Morocco. — In: Jacobshagen,
V. (ed.), The Atlas System of Morocco. — Lecture Notes in
Earth Sciences, 481—499, Berlin Heidelberg New York
London Paris Tokyo, (Springer Verlag).

WebpgroHL, K. H. (1988): Spilitization in the oceanic crust
and seawater balances. — Fortschr. Miner., 66, 129—146.



