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Geochemistry and geochronology of Early Mesozoic tholeiites 
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With 14 figures and 5 tables 

Zusammenfassung 

Aus Zentralmarokko (Zentraler Hoher Atlas, 
Mittlerer Atlas, Haute Moulouya) wurden, in kon- 
tinentale Rotserien des friihen 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- 
mentverh~iltnisse (Zr/Nb, Zr/Y, Y/Nb, Ti/V) wei- 
sen auf eine MORB-~hnliche (P- bis N-typisch) 
Zusammensetzung hin. Die erh6hten LILE-Ge- 
halte, die negative Nb-Anomalie und die 8781/8681-- 
Anfangsverh~iltnisse (0.7064-0.7069) zeigen eine 
krustale Komponente an (13-17 Gew%). Unter- 
schiedliche ~ karbonatischer 
Mineralseparate aus verschiedenen Lavastr6men 
weisen auf mehrere Alterationszyklen hin, deren 
Alterationsl6sungen keine Meerwasserzusammen- 
setzung besagen. 4~ 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 (Rh~it?) 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, Zr/ 
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 878r/86Sr ratios 
(0.7064-0.7069) reveal the presence of a crustal 
component up to 13-17 wt%. 87Sr/86Sr 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. 4~ 
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. 

R~sum~ 

Des thol6iites du Maroc central (Haut Atlas 
central, Moyen Atlas, Haute Moulouya) ont fait 
l'objet d'une investigation g6ochimique et g6ochro- 
nologique. Ces tholdiites sont intercal6es dans des 
couches rouges continentales d'~ge m6sozo'ique 
inf6rieur (Trias-Lias). Les teneurs en 616ments 
majeurs, en 616ments en trace et en terres rares 
classent ces roches volcaniques comme thol6iites 
basaltiques h and6sito-basaltiques, h quartz norma- 
tif. Certains rapports d'61dments 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 ~ N). La 
teneur 61evde en LILE, l'anomalie n6gative du Nb 
et les rapports initiaux 87Sr/S6Sr (0,7064 h 0,7069) 
r6v61ent la prdsence d'un composant crustal dans 
la proportion de 13 5 17% en poids. Les rapports 
87Sr/S6Sr de mindraux carbonat6s s6par6s de diver- 
ses coul6es de lave montrent l'existence de plu- 
sieurs cycles d'alt6ration; toutefois, le chimisme 
des majeurs et des traces, ainsi que les donndes 
isotopiques du Sr, indiquent que ces phases d'alt6- 
ration ne sont pas sous-marines. Les mesures d'fige 
par 4~ effectudes sur des plagioclases four- 
nissent des ages d'extrusion compris entre 210,4 + 
2,1 Ma et 196,3 + 1,2 Ma. Ces figes correspondent 

une p6riode situde entre le Norien (Rh6tien?) et 
le Sindmurien sup6rieur. 

KpaTKOe co,~ep:,KaHtle 

1-IpoBeJn4 reoXHMHqeCKI4e H r e o x p o H o a o r H q e c -  
KHe tICCJ~ejioBaHi4a ToJIeI4TOB, BKJItOqeHHbIX B 
MaTepHKOBbIe KpacnoKBeTnbie  CBI/ITbI p a l m e r o  
Me3oao~ TptIacaefiac Ha IlenTpaJIbHoro MapOKKO. 
Ha OCHOBaHHH pacnpe;~e:ieHtm rJIaBHbIX I4 MHKpO- 
oJIeMeHTOB, a TaIOKe PeJIKUX 3eMeJIb CqI/ITaIOT, 
qTO aTe4 ByJIKaHtITbI MOZKHO OTHeCTI4 K 6a3am,TO- 
BbIM ~O aI-IjIe3m'no-6aaaabTOB~M Toaem'aM c 
HopMam,H~,IM co~epz~amieM KBap~a. Ha OCHOBa- 
HHtI coorHomemm MtlKpO~aeMenTOB Zr/Nb, ZrFY, 
Y/Nb, Ti/V npe~noaaraloT COCTaB, IIO~O6Ht, IfI 
MORB Tlana P ~o N. IIoB~,imeHnoe co~epx~anrle 
LILE, oTpi~aTe:ibaaa aHOMaII~ Nb ~I tlCXO~tlLie 
COOTHOIIIeHIGN HBOTOIIOB CTpOH~IH,q 87Sr/86Sr = 

0,7064-0,7069 yKa3~,IBamT . a  npHcyTCTBtle KOM- 
IIOHeHTOB KOpbI B Ht[X (13-17 Bec.-%). 

Pa3a~mn,~ B COOTHOtHeHtI,qX co)Iep~aHtm CTpOH- 
~m~ B Kap6oTHbIX M~InepaJIaX H3 pa3aHun~x 
IIOTOKOB JIaB TOBOp~IT O MHOrOKpaTHblX KFIKJII4qec- 
KHX FI3MeHeI-IBNX, IIpOHCXO~II4BUlI4X B 3TH npoMe-  
)KyTKH BpeMem4, n p ~ e M  cojIepx~aHHe 3neMeHTOB 
BO BHeCeHHbIX pacTBopax He COOTBeTCTBOBaJIH COC- 
TaBy MopcKofI BO;IbI. OrIpejIeaeHI4e Bo3pacTa n o  
I43OTOIIaM a p r o H a  I-ia nna rHo~rm3ax  yKa3blBatOT 
Ha TO, HTO Bo3pacT 3KCTpy3IIfI CocTaBJIIteT 210,4 
+ 2,1 Ma - 196,3 + 1,2 Ma. CTpaTi~rpaqbnqec~a 
aTOT Bo3pacT COOTBeTCTByeT HopHf~CKOMy apycy 
(paTCKOMy ?) ~ ,epx.eMy C~II~eM~OpCKOVe~ apycy. 

Introduction 

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

This volcanism is related to the initial opening of 
the Atlantic Ocean and the Atlas rift system (MAT- 
rAUER et al. (1977), MANNSPEIZER et al. (1978), 
STETS & WURSTER (1981), JACOBSHAGEN et al. 
(1988)). K - A r  dating on these volcanic rocks 
yield extrusion ages which vary from 200 to 
180 Ma (MANSPEIZER et al., 1978). This variation 
would correspond to a period between the Lower 
Sinemurian and the Upper Toarcian (ODIN et al., 
1982; COWIE & BASSETF, 1989). However, these 
ages contrast with the stratigraphic position of the 
volcanic rocks which lie between continental Car- 
nian (CouSMrNER & MANSPEIZER, 1976) and marine 
Sinemurian (WARME, 1988; HAUPTMANN, 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 

40 39 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. 

G e o l o g i c a l  s e t t i n g s  

In the Atlas system the early Mesozoic volcanic 
rocks are commonly intercalated with Triassic- 
Liassic redbeds which were deposited in elong- 
ated, N E - S W  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 (MATrlS, 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  l o c a t i o n  

The surface and drill sampling points are lo- 
cated in the central High Atlas, the southern 
Middle Atlas, and the southwest of the Haute 
Moulouya and are distributed over 11 sampling 
areas (Fig. 1). The coordinates of the samples are 
given in terms of the UTM-Grid (Lambert-coordi- 
nates). The volcanic series of the drillcore HM 2 

(area 8, Fig. 1) consists of nine lava flows (Fig. 2) 
and the samples were taken at intervals of 
0.5-1.0 m. 

P e t r o g r a p h y  

The volcanic rocks show common textural fea- 
tures and modal compositions which are typical for 
tholeiites. Primary minerals are plagioclase (An 

to Marrakech Taferiate 

1~ Tizi-n-Tichka 

Quarzazate 

I ~. / IRIF .~  
o 0~" ~"  aabat -----'~@~,,~ 

~,,y f Casablanca ~"~OOvJ~/.A.UT~ 

t f ~ '  ~.4L~--------------~ Mid elt ~ /"Marrakech ~ / ~-z--{ ~v,~ ~ 

7'13 f Midelt 

Tounfite / ~ ' ~  Tiouzaguine ~10 
011 ~ , 

lO0 m , 1 / - -  
Rich ~ ~ 

Fig. 1. Sketch maps shows the sampling localities (1 -7  and 9-11) and the drilling well (8). The filled diamonds indicate samples 
with age determinations, open diamonds those without age determinations. The exact sampling localities are the following one 
(UTM-grid): 
l = F i  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 m m  (phe- 
nocryst) and 0.1 m m  (groundmass). The intergra- 
nular/hyaloophitic samples can be compared with 
the intergranular dolerites (group II) of BERT~ND 
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 m m  - 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. 

A n a l y t i c a l  m e t h o d s  

A total of 74 volcanics (50 samples from HM 2) 
were analysed for major and trace elements by 
XRF, 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 car- 
bonate mineral separates (all samples from HM 2) 
were measured on a thermal ionization mass 
spectrometer (Finnigan MAT 261). During this in- 
vestigation the S7Sr/~6Sr ratio of the standard NBS 
987 was measured as 0.710266 + 31 (n=14) norma- 
lised to a S6Srff8Sr = 0.1194. All isotope errors are 
quoted as 2o of the mean,  and the S7Rb decay con- 
stant used is 1.42 * 10 -11 a -1 (STEIGER & JJiGER, 
1977). 

4~ 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 
(lo) 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) * 10 -10 c m  3 STP/mV using a known 
volume of an Ar standard. The mass discrimina- 
tion per amu amounts to 6.3 * 10 -3 (+ 0.2%). In 
the temperature range of between 350 ~ and 
1200~ the blank of a~ never exceeds (2.0 + 
0.2) * 10 .9 c m  3 STP with a 4~ 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 

R e s u l t s  a n d  d i s c u s s i o n  

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. 

culated degress of melting are 16% (flow 1) and 
22% (flow 9). Using A12OffTiO2 and CaO/TiO2 ra- 
tios the composition of the mode of the residuum 
can be estimated (SoN et al., 1979), which consists 
here of plagioclase, pyroxene, olivine _+ spinel. 
Because the AlzO3/TiO2 and CaO/TiO2 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 THOMVSON 

HM 2 (flow i) HM 2 (flow 9) 

n=9 o n=9 G 

SiO 2 (wt%) 51.54 0.41 

TiO 2 1.37 0.06 

AI203 13.80 0.29 

Fe203 10.19 0.85 

MnO 0.12 0.02 

MgO 9.22 0.82 

CaO 8.30 0.49 

Na20 1.92 0.28 

K20 0.92 0.14 

P205 0.16 0.02 

L.O.I. 1.93 0.44 

total 99.71 0.68 

51.62 1.01 

i.i0 0 03 

13.77 0 59 

11.17 1 92 

0.Ii 0 03 

8.14 0 69 

9.59 0 74 

1.78 0 27 

0.73 0 09 

0.13 0 02 

1.43 0 54 

99.72 0 32 

M a j o r  e l e m e n t s  [Mg]-value 0.673 0.080 0.624 0.090 

The studied rocks can be classified as basaltic Ba (ppm) 

to andesitic-basaltic, quartz-normative tholeiites cr 
(DE LA ROCHE et al., 1982). According to KuNo Nb 

Ni 
(1950) the rock data plot in the field of pigeonitic 
basaltic rock and in the AFM-diagram (McDo- sr  
NALD & KATSURA, 1964) the rocks occupy the tho- v 
leiitic basalt field. The [Mg]-value (Mg/Mg + Fe 2+ Y 

.3+ 2+  atomic ratio with an assummed Fe /Fe ratio of zn 
Zr 0.15) is 0.68 + 5 (l(J) and indicate the primitive 

character of these continental tholeiites (CT) corn- r.a 
pared to other CT (DuvtJY & DOSTAL, 1984). The ce 
constant [Mg]-values suggest that the rocks have Nd 
not suffered extensive crystal fractionation. In the sm 
FeO/A1203/mgO diagram of PEA~CE et al. (1977) ~.u Ga 
most of the samples plot in the field of >>ocean 

Dy 
ridge and floor<< basalts, which is typical for ~r 
Triassic-Jurassic continental tholeiites, and indicate Yb 
the similiarity of these early Mesozoic CTs to r.u 
MORB. The calculated TiO2/P205 ratios varying 
beween 7 and 11 are similiar to those ofT- and P- (La/Yb)N 
type MORBs (8-11, after SuN et al., 1979). The ~u* 
different TiO2 contents of flow 1 and 9 (HM 2) 
suggest various degrees of partial melting. After a 
model according to SuN and NEs~rrr (1977) assum- 
ing a Ti content of 0.125 wt% in the source the cal- 

232 25 168 17 

411 29 297 22 

13 1 6 1 

136 13 135 34 

25 8 26 3 

265 13 195 15 

280 9 268 ii 

22 2 21 2 

150 125 78 14 

140 13 103 5 

15 2 i0 1 

38 5 26 2 

18 2 12 1 

4.7 0.5 3.3 0.4 

1.3 0.1 0.9 0.i 

4.5 0.3 3.5 0.3 

4.3 0.4 3.6 0.3 

2.3 0.2 2.0 0.2 

2.0 0.2 1.8 0.2 

0.34 0.03 0.34 0.04 

5.1 0.8 3.6 0.5 

0.86 0.08 0.81 0. 08 

(87Sr/86Sr)0 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 LE RoEx 
(1987). Filled and open circles indicate samples of flow 1 and 
flow 9 (this paper). 

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 (0.8t-0.86) and the Lu en- 
richment compared to Yb, indicate plagioclase and 
orthopyroxene fractionation (HENbERSON, 1984), 
respectively. The Ce enrichment compared to La 
indicates a clinopyroxene accumulation (HENOER- 
SOY, 1984). The similiarity of (La/Yb)N ratios of 
different flows (flow 1: 3.6, flow 9: 5.1) excludes 
an extensive fractionation within the tholeiitic se- 
quence. The shallow H R E E  pattern indicates no 
significant flactionation of garnet. 

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

T r a c e  e l e m e n t s  

With decreasing [Mg]walue 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; DuPtpr 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 (LE 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 (DwPuY & DOSTAL 1984) visual- 
ized in Fig. 5a. 

R a r e  e a r t h  e l e m e n t s  

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

Sr i s o t o p e  d a t a  

Analytical data of Rb-Sr isotopes are listed in 
Tab. 2. Because of the small spread in S7Rb/s6Sr ra- 
tios (<  0.5), the construction of isochrons (even 
with flesh samples) was not expected. Anyhow, 
SVSr/S6Sr initial ratios and esr - values of flow 1 and 
9 (for definition see Tab. 3) could be calculated us- 
ing the 4~ ages. This is possible for these 
non-metamorphic volcanic rocks because the clo- 

2xNb 

Zr//~ Y 

Fig. 4. 2*Nb - Zr/4 - Y tectonomagmatic discrimination dia- 
gram for basaltig rocks (MEscnEDE, 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 (TAYLOR & 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 Ssr t values (between 
+30 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 & GREEN, 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. 

A l t e r a t i o n  

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 L[ou et al. (1987) this parageneses is stable 

above 1.4 + 0.5 Kbar and at above 228 + 30~ 
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 
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Fig. 6. eSr ~ - 1/Sr mixing diagram for HM 2 tholeiites com- 
pared to MORB (LE RoEx, 1987) and the upper and lower 
continental crust (FAum~, 1986). 
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sample Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 

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) 20.05 257.17 0.223 0.707316 _+ t9 
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 (ml) 19.56 72.18 0.784 0.712502 + 25 
Fi 34/88 (ml) 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 (ml)  51.44 78.67 1.89 0.714732 + 30 
Fi 39/88 (ml) 10.94 78.32 0.405 0.711200 + 25 
Fi 39/88 (m2) 0.63 72.34 0.0254 0.710536 + 30 
Fi 4 t / 88  (ml) 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 (ml) 12.99 64.64 0.582 0.711546 + 35 
Fi 49/88 (ml) 341.03 65.18 15.2 0.736482 + 45 
Fi 51/88 (ml) 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 (ml) and carbonates (m2) from the 
drill core HM 2 samples. Listed error are 2~ 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 e~r values, and the simultaneous decrease 
of Sr concentration (Fig. 7). Because of this in- 
crease of e~r values with enhanced alteration, the 
~o Sr values correlate with the depth o f  the samples 
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sample 

flow l: 

Fi 98/88 

Fi i00/88 

Fi 10/88 

Fi 13/88 

Fi 16/88 

flow 9: 

Fi 58/88 

Fi 63/88 

Fi 64/88 

Fi 85/88 

Fi 88/88 

(87Sr/86Sr) i 6Sr 0 6Sr t 

0.706848 • 20 +39.9 +36.8 

0.706784 • 70 +47.3 +35.9 

0.706649 • 30 +39.9 +34.0 

0.706942 • 30 +40.6 +38.1 

0.706301 • 60 +44.3 +29.0 

0.706656 • 25 +45.5 +33.9 

0.70640 • 25 +43.0 +30.3 

0.706634 • 40 +46.1 +33.6 

0.706722 • 40 +45.4 +34.8 

0.706476 • 50 +43.2 +31.6 

s 0 = ((87Sr/86Sr)m / (87Sr/86Sr)ur 0 - i) * 104 

esr t = ((87Sr/86Sr)i / (87Sr/86Sr)u r - i) * 104 

with 

(87Sr/86Sr)u r = ((87Sr/86Sr)ur 0 - (87Rb/86Sr)ur 0 * (e ~t _ I) 

0 0.0816; m=measured; (87Sr/86Sr)ur0 = 0.7045; (87Rb/86Sr)u r = 

Table 3. (87Sr/86Sr)i-, SSr 0- a n d  e t Sr values of fresh samples from flow 1 and 9 (Hm 2). S7Sr/86Sri ratios were corrected for an age of 
210.4 Ma (flow 1) and 200.2 Ma (flow 9). 

in the drillcore (Fig. 8). The 8VSr/86Sr ratios of se- 
condary carbonates mirror the a7sr/S6Sr ratios of al- 
teration fluid(s). Because the 87Rb/86Sr ratios of 
the carbonates are extremely low (< 0.06), radio- 
~7enic SVSr growth cannot be responsible for these 

Sr/86Sr ratios. The element mobility and 87Sr/S6Sr 

ratios of secondary phases argue against a submar- 
ine origin to the alteration. MENZmS & SEWRIED 
(1979) and WEDEPOHL (1988) reported K depletion 
and Na enrichment for submarine altered basalts 
(temperature of alteration > 150~ According to 
FAum~ (1982) the seawater a7sr#6Sr ratios decrease 
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Fig. 7. •Sr 0 - -  1/Sr mixing diagram for the different altered samples of HM 2 tholeiites. With enhancing alteration eSr ~ values in- 
crease whereas the St-contents decrease. 
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Fig. 8. Depth - ~si ~ diagram, showing the rapid increase of eSr ~ 
values in the upper strongly altered part of each flow. The 
symbols are the same as in Fig. 7. 

from 0.70773 (220-200  Ma) to 0.70731 
(200-180 Ma), thus they are distinctly lower than 
the observed STSr/S6Sr ratios in the carbonates. The 
decrease from 0.7123 (flow 2) to 0.7083 (flow 8) 
and distinct differences of secondary carbonate 
87Sr/86Sr ratios indicate the action of alteration 
fluids different in chemical composition. The large 
scatter in 87Rb/86Sr and 87Sr/87Sr 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 36Ar 
gives the amount of atmospheric 36At. Therefore, 
the radiogenic 4~ content of a degassing step is 
calculated from the measured 4~ content re- 
duced by a factor of 295.5 times the atmospheric 
36Ar value assuming that atmospheric argon was 
incorporated into the minerals when the system 
became closed. However, if the initial ratio is not 

Tamp "C 4OAr * 10 -8 40Ar/36Ar 39Ar/40Ar 
(cc STP/9) 

Fi 16/88, Plagioclase, drill core HM 2, bottom flow, weight: 98.59 mg, 

500 22.90 • 1.15 318.9 • 14.1 0.0130 • 0.0002 

610 9.37 • 0.50 435.5 • 62.6 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 • 0.0009 

860 32.7 • 1.6 11200 • 9120 0.1690 • 0.0010 

940 31.48 • 1.60 5400 • 2050 0.1656 • 0.0009 

990 25.3 • 1.3 3970 • 1100 0.1616 • 0.0009 

1050 24.0 • 1.2 3180 • 812 0,1603 • 0.0009 

1150 13.56 • 0.70 2060 • 505 0.1412 • 0.0009 

1250 13.3 • 6,6 2200 • 360 0.1434 • 0.0009 

Total 234. • 12 1500 • 360 0.1375 • 0.0006 

39Ar/3?Ar 4OAr rad (%) 39Ar (%) 4OAr rad/39Ark 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 2.64 5.44 • 1,50 198. • 60 

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 * 7.8 

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 • 7.6 

0.05329 • 0.00010 92.6 • 2.0 76.19 5.728 • 0.130 207.5 • 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 • 0.25 219,5 • 10.6 

0.0437 • 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 

Fi 64/88, Plagioclase, drill core HM 2, top flow, weight : 94.15mg, J-value : 0.02129 • 0.00067 

500 43.7 • 2.2 327.4 • 8.7 0.01207 • 0.00010 0.6850 • 0.0160 

510 16.19 • 0.80 395 • 35 0.03090 • 0.00025 0.2670 • 0.0030 

716 32.38 • 1,60 1013 • 90 0.1168 • 0.0005 0.1131 • 0.0003 

800 48.2 • 2.4 2330 • 280 0.1560 • 0.0007 0.07461 • 0.00016 

860 85.6 • 4.3 5650 • 1270 0.1706 • 0.0008 0.08782 • 0.00019 

940 54.9 * 2,7 4640 • 900 0.1678 • 0,0007 0.09453 • 0.00020 

990 43.6 • 2.2 3780 • 640 0.1671 • 0.0007 0.i286 • 0.0003 

1050 27,29 • 1.40 2050 • 310 0.1513 • 0.0007 0.1479 ~ 0.0004 

1150 17.16 • 0.90 1030 • 160 0,1241 • 0,0006 0.06618 • 0.00019 

1250 18.46 • 0.18 690 • 110 0,1204 • 0.0006 0,04842 • 0.00016 

9.7 • 2.4 1,01 8.1 • 2.0 266. • 65 

26.1 • 6.6 1.98 9.1 • 2.1 288. • 70 

70.8 • 2.6 9.20 6,07 • 2.25 219.2 • 10.1 

87.33 • 1.50 23.75 5,56 • 0.10 203.2 • 7.0 

94.77 • 1.18 51.88 5.554 • O,O70 201.7 • 6.6 

93.63 • 1.25 69.62 5.581 • 0.080 202,6 • 6.6 

92.18 :t 1.30 83.65 5.515 • 0.080 200.3 • 6.6 

88:60 • 2.19 91.61 5.657 • 0.145 205.2 • 7.9 

71.3 • 4.3 95.71 5.75 • 0.35 208.4 • 13.4 

57.1 • 5.6 100.00 4.74 • 0.45 173.5 • 17.1 

to ta l  388. • 19 1200 • 110 0.1339 • 0.0006 0,09216 * 0.00011 75.4 • 7.0 5.629 • 0.060 204.2 • 6,4 



Geochemistry and geochronology of Early Mesozoic tholeiites from Central Morocco 55 

Temp "C 4OAr * 10 -8 40Ar/36Ar 39Ar/40Ar 39Ar/37Ar 4OAr rad (%) 3gAr (%) 

(cc STP/g) released 

Fi 78/88, Plagioclase, sw' Haut Moulouya, weight : 89.13mg, J-value : 0.02129 • 0.00067 

500 27.40 * 1.40 3 7 3 . 8 •  21.3 0.03209 • 0.00020 0.1183 • 0.0006 23.0 • 4.5 2.95 

610 1835 * 0.90 1115 • 150 0.1304 • 0.0006 0.07435 • 0.00018 73.5 • 3.7 11.16 

715 27.34 • 1.40 1263 • 160 0.1552 • 0.0007 0.05672 • 0.00014 76.6 • 3.0 25.41 

800 37.8 • 1.9 2870 • 480 0.1721 • 0.0007 0.06437 • 0.00015 89.71 • 1.70 47.27 
860 19.17 • 1.00 4516 • 1180 0.1657 • 0.0007 0.07888 • 0.00019 93.46 • 1.70 57.94 

940 14.61 • 0.70 1920 • 520 0.1583 • 0.0007 0.1002 "•  0.0003 84.6 • 4.2 65.71 

990 29.23 • 1.50 1542 • 190 0.1648 • 0.0007 0.09532 * 0.00025 80.8 • 2.4 81.89 

1050 15.37 • 0.80 8180 • 580 0.1500 • 0.0006 0.07609 • 0.00019 86.4 • 3.6 89.63 

1150 9.22 • 0.50 1180 • 320 0.1160 • 0.0006 0.05295 • 0.00020 74.9 • 6.8 93.50 

1250 15.60 • 0.80 1006 • 160 0.1248 • 0.0006 0.04817 • 0.00013 70.6 • 4.9 100.00 

total 215.1 • 10.8 1153 • 90 0.1384 • 0.0006 0.07050 • 0.00008 74.36 • I . I  

4OAr rad139Ark 

6.53 • 1.40 

5.64 • 0.30 

4.937 • 0.190 

5.213 • 0.103 

5.638 • 0.106 

5.35 • 0.25 

4.906 • 0.145 

5.76 • 0.25 

6.46 • 0.60 

5.66 • 0.40 

5.373 • 0.080 

Age (Ma) 

235. • 48 

204.6 • 11.5 

180.4 • 8.6 

189.9 • 6.7 

204.6 • 7.1 

194.5 • 10.8 

179:3 * 7.4 

208.9 • 10.3 

233. • 21 

205.3 • 14.2 

195.5 • 6.5 

Fi 5/86, Plagioclase, w' High Atlas, weight: 96.81 mg, J-value 

500 20.12 • 1.00 342 • 20 0.02073 • 0.00016 

610 13.44 • 0.70 756 • 135 0.08932 • 0.00050 

715 39.26 • 2.00 2520 • 325 0.1489 ~ 0.0005 

800 68.3 • 3.4 2530 • 290 0.1605 • 0.0006 

860 48.2 • 2.4 2800 • 370 0.1601 • 0.0006 

940 28.33 • 1.40 3160 • 570 0.1520 • 0.0005 

990 28.39 • 1.40 1528 • 190 0.1496 • 0.0005 

1050 17.19 • 0.90 1450 • 240 0.1368 • 0.0005 

1150 17.93 • 0.90 907 • 11 0.1256 • 0.0005 

1250 19.29 • 1.00 1387 • 180 0.1245 ~ 0.0005 

total 300.5 • 15.0 1435 • 100 0.1385 • 0.0008 

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 • 0.00016 88.25 • 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 • 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 i00.00 

0.08134 • 0.00009 79.41 • 7.70 

6.6 • 2.5 

6.82 • 0.80 

5.927 • 0.104 

5.503 • 0.090 

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 

238. • 85 

245. • 27 

214.4 • 7.3 

199.9 • 5.7 

202.8 • 6.8 

215.8 • 7,8 

199.5 • 8.1 

210.8 • 10.5 

195.3 • 12.5 

227.8 • 10.0 

207.8 * 6.5 

Fi 7/88, Plagioclase, w' High Atlas, weight :  103.35rrg,  J-va lue 

810 7.47 • 0.40 761 • 145 0.1059 • 0.0006 

715 20.07 • 1.00 2370 • 710 0.1559 • 0.0007 

800 18.43 • 0.90 5200 • 3470 0.1627 • 0.0007 

860 10.72 • 0.50 934 • 145 0.1381 • 0.0007 

940 7.30 • 0.40 4700 • 2750 0.1272 • 0.0007 

990 5.05 • 0.25 26000 • 0.1288 • 0.0009 

1100 10.20 • 0.50 964 • 180 0.1208 ~ 0.0006 

1250 13.44 • 0.70 600 • 60 0.1007 • 0.0005 

total i00.5 * 5.0 1030 • 296 0.1257 • 0.0005 

0.02129 • 0.00067 

0.02990 • 0.00011 61.2 • 7.3 

0.02552 • 0.00006 87.5 • 3.7 

0.02414 • 0.00006 94.3 • 3.8 

0.02438 • 0.00008 68.4 • 4.9 

0.02505 • 0.00010 93.7 • 3.6 

0.02510 • 0.00015 98.9 • 3.2 

0.02568 • 0.00009 69.4 • 5.6 

0 .02476•  0.00009 50.7 • 5.0 

0.02548 • 0.00003 71.37 • 1.80 

8.24 5.77 • 0.70 209. • Z5 

33.02 5.61 • 0.25 203.7 • 10.3 

55.30 6.18 • 0.25 223.0 • 10.7 

67.02 4.95 • 0.35 180.8 • 13,5 

74.37 7.37 • 0.30 263,1 • 12.4 

79.52 7.67 • 0.25 273.1 • 11.6 

89.28 5,74 • 0.50 208.1 • 17.1 

100.00 5.04 • O.SO 184.0 • 17.9 

5.676 • 0.145 205.9 • 7.9 

Fi 111/88, Plagioclase, s' Middle Atlas, weight : 94.14 mg, J-value 

500 34.10 • 1.70 311.0 • 8.2 0.02544 • 0.00020 
610 24.64 • 1.20 595 • 30 0.08946 • 0.00050 
715 26.59 • 1.30 1650 • 209 0.1581 • 0,0009 

800 42.1 • 2.1 3400 • 609 0.1688 • 0.0009 
960 28.51 • 1.45 5050 • 1280 0.1723 • 0.0009 
940 33.69 • 1.70 1990 • 206 0.1703 • 0.0009 
990 .37.76 • 1.90 1131 • 100 0.1435 • 0.0008 

1050 38.78 • 1.90 708 • 35 0.1040 • 0.0006 

1150 41.2 • 2 - !  778 • 40 0.1083 • 0.0006 

1250 27.54 • 1.40 839 • 70 0.1124 • 0.0006 

t o t a l  334.9 • 16.8 890 • 50 0.1265 • 0.0007 

0.02129 • 0.00067 

0.1831 • 0.0013 5.0 • 2.5 2.06 

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 • 2.9 100.00 

0.07767 • 0.00006 66.61 • 0.70 

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 

5.601 • 0.200 

5.727 • 0,170 

5.76 • 0.25 

5.323 • 0.060 

74. • 35 

204.0 • 12.1 

189.3 • 7.6 

196.7 • 6.6 

198.5 ~ 6.7 

182.6 • 6~4 

187.7 • 7.8 

203.3 • 9.2 

207.6 • 8.6 

208.8 • 10.6 

193.7 • 6.2 

Correct ions fo r  in ter ferences:  

rad : radiogenic 
K : neutron produced from K only 36Ar/37Ar(Ca) 

\ 5.843 10 "10 a -1 (STEIGER and JAGER, 1979) 38Ar/SlAr(Ca) 

Standard LP-6 : K 8.33 • 3 % 39Ar/37Ar(Ca) 

Ca 0.077 % 40Ar/37Ar(Ca) 

age 128.9 Ma 40Ar/39Ar(K) 
38Ar/39Ar(K) 

2.7 • 0.2 10 -4 STETTLER et  a l .  , 1973 

6.0 • 2.0 10 -5 STETTLER et  a l .  , 1973 

6.8 • 0.2 10 -4 STETTLER et  a l .  , 1973 

6.0 • 2.0 10 -3 STETTLER et  a l . ,  1973 

3.0 • 3.0 10 -4 TURNER et  a l . ,  1973 

1.4 • 0.3 10 -2 MAURER. 1973 

Table 4. Argon isotope compositions of plagioclase phenocrysts. 
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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 S9Ar/4~ vs 36Ar/4~ 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 intercepts on the abscissa (36At/ 
4~ and the ordinate (39Ar/4~ The S6Ar/4~ 
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 39Ar/4~ intercept 
is given by the radiogenic amounts of 4~ due to 
the in situ radioactive deca~ and the neutron in- 
duced conversion of 39K to 39Ar. 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 BROOKS et al. 
(1972). 

Resu l t s  

Six separates of translucent ptagioclase 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. 

D r i l l c o r e  samples  (Fi 16/88 and Fi 64/88) 

3 5 0  ~ q  ; I [ I I I I I I I 

ZOS,Z ~ Z.3 No ,, 

(D 250 II 

1o0 II i I , I , I , I t I , I ~ I , I , I J I 

0 10 20 30 40 50 60 70 80 90 100 

fraction of 39At released (%) 

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 plateau steps of the two samples 
are presented 39Ar/4~ vs S6Ar/4~ 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 

40 36 intercept of Fi 16/88 corresponds to a Ar/ Ar ra- 
tio of 220 + 50 resulting from isotol~e fractiona- 

�9 o 6  tlon, 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 (4~ 
= 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. 

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-_ 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~ which covered more than 80% of S9Ar re- 
leased. Fig. 9 reveals that the difference between 
these plateau ages lies within the lo  error limits�9 

High  At las  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 
40Are/39ArK ratios of the high temperature steps 
(Fig. 11) lie within the 2o-confidence level, and 
thus are part of the plateau (McINTRYRE 1963, 
DALRYMPLE d~; LANPHERE, 1969). 4 

In the correlation diagram (39Ar/OAr  vs 36Ar/ 
4~ the data points of the plateau steps scatter 
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Fig. 10. 39Ar/4~ vs. 36Ar/4~ 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~ the 
mixing line has a MSWD index of 1.12 and yields 
an intercept age of 203.3 + 2.6 Ma. The other pla- 
teau steps (940, 1050~ lie on another mixing 
line, with the same X-intercept (corresponding 
4~ = 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, indicatin~ an age spectrum with great 
variations in the ~'Ar*/39ArK ratios (Fig. 11). How- 
ever, the total degassing age of Fi 7/88 is 205.9 + 
7.9 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. 

H a u t e  M o u l o u y a  (Fi 78/88) and 
Midd le  At las  (Fi 111/88) 

The age spectrum of Fi 78/88 yielded no pla- 
teau age (Fig. 13), because of significant variations 
in the 4~ ratios. The data points of Fi 78/ 

88 show an interesting feature in the 39Ar/4~ vs 
36Ar/4~ diagram (Fig. 14). The three calculated 
lines (610, 860, 1050, 1150, 1250~ 715, 990~ 
and 800, 940~ 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 39Ar/4~ ratios could be a result of radio- 
genic 4~ loss due to diffusion or a result of 39Ar 
gain due to redistributed 39Ar 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. 39Ar/4~ vs. 36Ar/4~ isotope corre la t ion  diagrams for  plagioclases of Fi 5/88 (a) and  Fi 7/88 (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 39Ar gain induced by the recoil effect. Recoil 
transfer 39Ar from less retentive lattice sites to 
more retentive sites, which leads to 39Ar gain, is 
described as the recoil effect. According to HU- 
NECKE & SMmq (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 39Ar. 
The same behaviour can be observed in sample Fi 
5/88 (Fig. 12a) of the 750 and 1050~ degassing 
steps as indicated in the 39Ar/4~ vs 36Ar/4~ dia- 
~0ram. It seems possible to distinguish between 

Ar loss and a recoil related 39Ar redistribution. 
However, the total degassing age of sample Fi 78/ 
88 is again meaningful in the geological context, 
because 39At 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 4~ loss in 
lower temperature steps (Fig. 13). The high tem- 
perature steps of each segment (800, 860~ and 
1050, 1150, 1250~ 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 4~ loss by diffusion occur- 
red along the composition plane of the minerals. 
In the 39Ar/4~ vs'36Ar/4~ diagram (Fig. 14) the 
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Fig. 13. Age  spectra  for  plagioclases of Fi 78/88 and  Fi 111/88. 
T h e  total  degassing ages are 195.5 +_ 6.5 M a  and  193.7 + 
6.2 Ma ,  respectively. 
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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 4~ ratio 
of 320 + 7 and an age of 196.3 + 1.2 Ma respect- 
ively, which appears geologically meaningful. 

D i s c u s s i o n  

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 ALLgCRE et al. (1982), CARTER et al. 
(1978), DuPtn ~ & DOSTAL (1984), HERCT et al. 
(1989), MENzms et al. (1983) and STErrLER & AL- 
L~RE (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~ (BERGER & YORCK, 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 39Ar/4~ vs 36Ar/4~ diagram re- 
veals some interesting aspects such as excess ar- 
gon, and 39Ar 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 OD~N et al. (1982) and COmE & BAS- 
sErr (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 
(ODIN et al., 1982; COmE & BASSETr, 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 4~ ages (this paper) 
and the biostratigraphic position of the tholeiites. 
For the underlying continental redbed sediments, 
COUSMINER ~; MANSPEIZER (1976) published a 
middle Carnian age. Marine Sinemurian sedi- 

ments (WARME, 1988; HAUPTMANN, 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 2, Morocco: Foum Zguid in the Anti 
Atlas 190-195 Ma 2 (ScHERMERHORN et al., 1978): 
Liberia: Liberia-Dolerite 180-202 Ma 2 (DuPuY 

et al., 1988); USA and Canada: New Jersey 
194-205 Ma t, Connecticut 202 Ma 2 and Nova Sco- 
tia 208 Ma 2 (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. 

C o n c ~ o n  

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, e0Sr 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. 87Sr/86Sr ra- 
tios of secondary carbonates (0.7083 - 0.7123), 
which are believed to mirror the 87Sr/86Sr ratios of 
the alteration fluids, argue a ~ n s t  a submarine al- 
teration. The determined "~'Ar/39Ar plagioclase 
ages range between 196.3 + 1.2 and 210.4 + 
2.1 Ma, corresponding to the Norian (Rhaetian?) 
and Upper Sinemurian stage respectively. 
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