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ABSTRACT 

Rocks of the late Neoproterozoic Askaoun pluton (558 ± 2 Ma) located in the Ouzellarh-Sirwa promontory (Anti-Atlas) 
include magmatic microgranular enclaves (MMEs) ranging from rounded to ovoid in shape, dark and fine grained and 
generally 5 to 10 cm in size, some reaching a size of 50 cm. They are composed of microdiorite, quartz microdiorite and 
micromonzodiorite, whereas the felsic host rocks comprise mainly quartz-diorite and amphibole-biotite granodiorite 
based on mineralogical compositions. The mineral assemblage is similar to those described in their hosting granitoids 
but with different proportions. In this study composition of minerals is used to describe the nature of the magma and 
estimate the pressure, temperature and oxygen fugacity at which Askaoun pluton is emplaced. Based on chemistry of 
biotite Askaoun pluton formed from calc-alkaline magma. Compositions of plagioclase (An5 - An29); hornblende (Mg 
≠= 0.59 - 0.65) and biotite (Mg ≠= 0.49 - 0.55) of MMEs are slightly distinct or similar to those of host rocks (An7-40; 
hbl Mg ≠= 0.64 - 0.69; Bi Mg ≠= 0.49 - 0.50) which suggest partial to complete equilibration during mafic-felsic 
magma interaction. The coexisting hornblende and plagioclase (hornblende-plagioclase thermometry), Al content in 
hornblende (aluminum-in-hornblende barometry) and the assemblage titanite-magnetite-quartz were used to constrain 
the P, T and fO2 during the crystallization of the parent magmas. The Askaoun pluton was emplaced at temperature ca. 
504˚C - 633˚C and at pressure ca. 0.9 - 4.66 ± 0.6 Kbars (average depth = 6.5 km) from a highly oxidized magma 
(logfO2 = −24.8 to −19.2). 
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1. Introduction 

The Ouzellarh-Sirwa Promontory (OSP) is located to the 
north of the Anti-Atlas belt (Morocco). It is bounded to 
the south by the North High Atlas Fault (NHAF), and to 
the north by the Anti-Atlas Major Fault (AAMF); sepa- 
rating the Cenozoic Ouarzazate basin to the North-Est 
and the Souss basin to the South-West, which extends 
towards the Atlantic ocean (Figure 1). In the north of the 
AAMF, the OSP is covered to the South-East by the 
large Cenozoic Sirwa volcano culminating at more than 
3300 m [1,2]. It is also the locus of the largest Panafrican 
granitoids outcrops in the Anti-Atlas, indicating that it 
was a preferential locus for magmatic intrusions and ex- 
trusions. Many works related to the petrographical and 
geochemistry characterizations as well as geological map- 
pings have been undertaken within the studied area by 

several authors. [3] has studied the zircon typology of the 
Askaoun Granodiorite and suggested a calco-alkaline par- 
entage of those granodiorite. 

[4,5] have investigated the same area and have per- 
formed a lithostratigraphy, geochemistry and geochro- 
nological study of plutonic, volcanic and sedimentary 
rocks outcropping within the Sirwa window. 

Recently, ([6], in reviews) have done a study of is- 
otopic geochemistry and geochronology of the granitoids 
and MMEs from the Tifnoute valley. This Askaoun plu- 
ton is one of the Ediacaran rocks in the Anti-Atlas belt. 
According to them, the plutonic rocks of the Tifnoute 
valley are a typical post-collisional mainly juvenile source 
in a metacratonic setting in the Anti-Atlas belt.  

However, no study on the conditions of crystallization 
of Askaoun pluton was made.  

In the last three decades, many thermobarometric equa- 
tions using the composition of calcic amphiboles have *Corresponding author. 
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been proposed for computation of pressure, temperature, 
oxygen fugacity [7-15] which prevailed during crystalli- 
zation of the magma. 

Hence, this paper aims to 1) describe the mineral com- 
positions of main rocks-forming of rocks and 2) estimate 
the physico-chemical conditions (pressure and tempera- 
ture of crystallization and oxygen fugacity prevailing dur- 
ing crystallization of Askaoun granitoids. 

2. Geologic Settings 

The Askaoun Pluton with N-S trend occurs as an elon- 
gated body exposed in the Ouzellarh-Sirwa promontory, 
Anti-Atlas, Morocco (Figure 1). This pluton is intrusive 
within the volcano-detritic rocks of Saghro Group, and is 
crosscut by important mafic dyke swarm mostly NE-SW 
oriented. The main rock types of the pluton are quartz 
diorite and granodiorite. These plutonic rocks comprise 
abundant microgranular mafic enclaves (MMEs). These 
MMEs were studied in detail by [3], ([6] in reviews) who 
recorded monzodioritic, quartz dioritic and dioritic com- 
position.  

The zircon SHRIMP analyses of zircon from the As- 
kaoun pluton indicate a crystallization age of 575 ± 8 Ma 
[4]. However, this pluton dated from the Askaoun grano- 
diorite by LA-ICP-MS on zircon at 558 ± 2 Ma, ([6], in 
reviews). This confirms that the pluton is subcon-tem- 
poraneous to the volcanic and volcano-detritic rocks 
from the huge Ouarzazate Group (580 - 545 Ma), mark- 
ing the post-collisional transtensional period in the Anti- 
Atlas and which evolved towards alkaline and tholeiitic 
lavas in minor volume at the beginning of the Cambrian 
anorogenic intraplate extensional period.  

The geochemical analysis of the major and trace ele- 
ments, show that their MMEs and host rocks from As- 
kaoun pluton belong to alkali-calcic series (high K-calc- 
alkaline) ([6], in reviews). The recent Sr-Nd isotopic 
study by ([6], in reviews), confirms that the MMEs and 
host rocks from this pluton are mainly a juvenile source 
corresponding to a Pan-African metasomatized litho- 
spheric mantle partly mixed with an old crustal compo- 
nent from the underlying West African Craton (WAC). 

3. Analyticals Methods 

Two samples of Granitoids and two samples of the 
MMEs have been selected for analysis of mineral phases. 
Thin section preparation and polishing for microprobe 
analysis were done in the Applied Geology and Envi- 
ronmental Geology Laboratory, Faculty of Sciences, Ibn 
Zohr University. The electronprobe microanalysis of 
amphibole; feldspars and biotite from selected DZA, 
TA2, IM2, Ab6 samples were carried out on a CAMECA 
SX-50 Electron Microprobe at the Service Commun de 
Microanalyse, Université Henri Poincaré, Nancy, which 

operated at probe current of 10 nA with an accelerating 
voltage of 15 kV. Counting times were usually 20 s for 
each element. The electron beam diameter was kept 1 μm. 
Structural formulae for amphibole, Feldspars and Biotite 
analysis were calculated respectively on the basis of 23; 
8; and 22 oxygen. The chemical analysis and calculated 
structural formulae are listed in Tables 1-3. 

4. Petrography of the Askaoun Pluton and  
MMEs 

4.1. The Askaoun Pluton  

It covers a surface of about 600 km2. In its eastern part, 
the contact with the hosting volcanodetritic rocks of 
Saghro Group is sharp (Figure 1). It includes quartz dio- 
rite and amphibole-biotite granodiorite. The granodiorite 
is grey to pink, medium-grained; in addition to plagio- 
clase, amphibole and biotite, the quartz crystals form 
interstitial or poekilitic megacrysts and the K-feldspar 
(perthitic orthoclase or kaolinitized microcline) appears 
as anhedral megacrysts. Accessory minerals are apatite, 
zircon and epidote with rare titanite. The quartz diorite is 
grey, medium to coarse-grained, with euhedral plagio- 
clase (60% - 70% in volume) frequently transformed to 
sericite, quartz (14% - 17%), amphibole and biotite. 
Secondary chlorite, sericite, epidote, and opaque miner- 
als are present.  

4.2. Microgranular Magmatic Enclaves (MMEs) 

MMEs are abundant in Askaoun pluton. They are rounded 
to ovoid in shape, dark and fine grained and generally 5 
to 10 cm in size, some reaching a size of 50 cm [5]. They 
are commonly porphyritic and range from microdiorite, 
quartz microdiorite and micromonzodiorite. The mineral 
assemblage is similar to those described in their hosting 
granitoids but with different proportions. Zoned, often 
altered, plagioclase is preponderant (43% - 65%) with 
abundant hornblende (5% - 19%), rarer quartz and sub- 
ordinate biotite. The monzodiorite contains nearly 20% 
of K-feldspar. Ouralitized clinopyroxene has been identi- 
fied sporadically such as sample (Ab6) from the Abrouay 
region. Accessory minerals include epidote, apatite and 
euhedral Fe-Ti oxides. 

5. Results and Discussion  

5.1. Minerals Chemistry 

5.1.1. Hornblende 
Hornblende, the most common ferromagnesian mineral, 
occurs as individual crystals or aggregates with biotite 
both in MMEs and host rocks. Amphiboles in the grani-
toids and their MMEs are of igneous origin, as their Si 
values do not exceed the 7.50 a.p.f.u. (atoms per formula     
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(b) 

Figure 1. (a) Schematic map of the Moroccan Anti-Atlas and localization of published Ediacaran magmatic ages. Map modi-
ied from [4,44]; (b) Geological map of the Tifnoute valley. Modified from the geological map of [45,46]. f 
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unit) of the limit for igneous amphiboles [16,17]. The 
results of representative analysis of amphiboles from 
MMEs and host rocks are given in (Table 1). In the 
IMA-approved nomenclature [17,18] these amphiboles 
are magnesio-hornblendes (Figure 2). The amphibole com- 
position of MMEs and host rocks are indistinguishable: 
The Mg-number [(Mg ≠= atomic ratios Mg/(Mg + Fe2+)] 
varies between 0.59 - 0.65 in MMEs and is similar to that 
of the host rocks (0.64 to 0.69), and a Si content varies 
between 6.62 to 7.38 atom per formula unit (apfu) in host 
rocks and between 7.01 to 7.27 (a.p.f.u.) in the MMEs 
(Table 1).  

5.1.2. Feldspars 
Representative analysis of plagioclase and their calcu- 
lated formulae are given in (Table 2). The plagioclase 
composition ranges from Ab37 An7 Or1 to Ab91 An40 Or20 
in the host rocks and from Ab63 An5 Or0.2 to Ab95 An29 
Or28 in the MMEs. In the [19] classification diagram for 
plagioclase (Figure 3) the rocks plotted mainly in the 
albite, oligoclase and andesine field. 

5.1.3. Biotite 
The results of representative analysis of biotites from 
MMEs and host rocks are given in (Table 3). This analy- 
sis of biotite from MMEs and host rocks indicates com- 
positions lying approximately midway between phlogo- 
pite and annite (Figure 4). The biotite of MMEs and host 
rocks is Fe-rich [Fe/(Fe + Mg) = 0.45 - 0.51; Figure 4; 
Table 3]. The Mg-number [(Mg ≠= atomic ratios Mg/  

(Mg + Fe)], varies between 0.49 and 0.55 in the MMEs 
similar to the host rocks (0.49 - 0.50), (Table 3). The 
alumina saturation index of biotite (AlT/(Ca + Na + K); 
ASI) is significantly low (1.17 - 1.34) in both, and re- 
flects decreased alumina activity in the crystallizing 
magma [20]. 

5.2. Magma Typology  

Biotite chemistry has been widely used to infer the nature 
of granitic magma and tectonic setting [21-32]. 

[21] suggested discrimination diagrams on the basis of 
major elements (FeO, MgO, Al2O3) of biotites in igneous 
rocks crystallized from A, P and C magma types. Based 
on his classification; biotites in anorogenic alkaline suites 
(field A) are mostly iron-rich, siliceous biotites (near 
annite), with an average FeO*/MgO ratio of 7.04; those 
in peraluminous (including S-type) suites (field P) are 
siderophyllitic in composition and have an average FeO*/ 
MgO ratio of 3.48; whereas biotites in calc-alkaline oro- 
genic suites (field C) are moderately enriched in Mg; 
with an average FeO*/MgO ratio of 1.76. It should be 
noted that the average FeO*/MgO ratio in biotite dou- 
bles from calc-alkaline through peraluminous to alkaline 
suites (FeO* = total Fe). Based on the biotite discrimina- 
tion diagram of the Abdel-Rahman (1994); these biotite 
of Askaoun granodiorite and MMEs are mostly located 
in calc-alkaline field (Figure 5). This corroborates with 
the geochemical features undertaken in the area using 
major and trace elements ([6], in reviews). 

 

 

Figure 2. Amphiboles classification diagram of [17] for Askaoun Pluton. 
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Table 1. Representative hornblende microprobe analyses from Askaoun Pluton and calculated thermobarometric results. 

Lithology Askaoun Qz-Diorite Askaoun-Granodiorite Micromonzodiorite (MME)  Qz-Microdiorite (MME)

Sample TA2 DZA IM2  Ab6 

Spot 88/1. 89/1. 90/1. 91/1. 66/1. 67/1. 53/1. 54/1. 56/1. 57/1.  8/1. 20/1. 21/1.

wt%               

SiO2 45.64 44.95 44.45 44.79 49.87 49.80 47.51 48.48 49.60 47.94  47.31 47.67 46.51

TiO2 2.00 1.77 2.17 2.28 0.64 0.88 1.53 1.29 1.03 1.28  1.30 1.17 1.37

Al2O3 7.93 8.48 8.73 8.84 4.57 4.82 6.07 5.74 4.70 5.56  5.74 5.50 5.83

FeO* 14.82 15.14 13.95 13.31 15.53 16.02 17.35 16.69 15.81 16.91  17.14 17.43 17.61

MgO 12.70 12.00 12.67 12.98 12.91 12.77 12.02 12.53 13.11 12.01  12.06 12.21 11.91

MnO 0.49 0.63 0.42 0.46 0.59 0.57 0.45 0.25 0.61 0.47  0.41 0.42 0.41

CaO 11.32 11.49 11.67 11.52 11.20 11.52 10.89 11.05 11.51 11.39  10.95 10.77 10.98

Na2O 1.61 1.44 1.69 1.77 0.78 0.85 1.19 1.07 0.81 1.06  1.41 1.34 1.56

K2O 0.57 0.62 0.65 0.75 0.57 0.54 0.66 0.66 0.48 0.61  0.65 0.60 0.66

Sum 97.08 96.10 96.40 96.70 96.66 97.76 97.66 97.74 97.64 97.22  96.97 97.10 96.83

Formula per Holland and Blundy, 1994            

T-sites               

Si 6.74 6.70 6.62 6.63 7.38 7.30 7.02 7.12 7.27 7.11  7.06 7.10 7.01

Aliv 1.26 1.30 1.38 1.37 0.62 0.70 0.98 0.88 0.73 0.89  0.94 0.90 0.99

Sum T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00  8.00 8.00 8.00

M1, 2, 3 sites               

Alvi 0.12 0.19 0.16 0.18 0.17 0.13 0.08 0.12 0.08 0.08  0.07 0.07 0.04

Ti 0.22 0.20 0.24 0.25 0.07 0.10 0.17 0.14 0.11 0.14  0.15 0.13 0.15

Fe3+ 0.47 0.46 0.38 0.37 0.26 0.31 0.45 0.39 0.34 0.43  0.38 0.37 0.23

Mg 2.80 2.67 2.81 2.86 2.85 2.79 2.65 2.74 2.86 2.65  2.68 2.71 2.67

Mn 0.06 0.08 0.05 0.06 0.07 0.07 0.06 0.03 0.08 0.06  0.05 0.05 0.05

Fe2+ 1.33 1.40 1.35 1.28 1.58 1.60 1.60 1.57 1.53 1.63  1.68 1.67 1.84

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00

Sum M1, 2, 3 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00  5.00 5.00 5.00

M4 site               

Fe 0.03 0.02 0.01 0.00 0.08 0.05 0.10 0.09 0.07 0.03  0.09 0.13 0.14

Ca 1.79 1.83 1.86 1.83 1.78 1.81 1.72 1.74 1.81 1.81  1.75 1.72 1.77

Na 0.17 0.14 0.13 0.17 0.14 0.14 0.18 0.17 0.12 0.16  0.16 0.15 0.09

Sum M4 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00  2.00 2.00 2.00

A site               

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00

Na 0.29 0.27 0.36 0.34 0.08 0.10 0.16 0.13 0.11 0.14  0.24 0.24 0.37

K 0.11 0.12 0.12 0.14 0.11 0.10 0.12 0.12 0.09 0.11  0.12 0.11 0.13

Sum A 0.39 0.39 0.48 0.48 0.19 0.20 0.29 0.25 0.20 0.26  0.37 0.35 0.50

Al(total) 1.38 1.49 1.53 1.54 0.80 0.83 1.06 0.99 0.81 0.97  1.01 0.97 1.03

Fe total 1.80 1.86 1.73 1.64 1.84 1.91 2.05 1.96 1.86 2.07  2.05 2.04 2.08

Xmg 0.68 0.66 0.68 0.69 0.64 0.64 0.62 0.64 0.65 0.62  0.62 0.62 0.59

(Na + K)A 0.39 0.39 0.48 0.48 0.19 0.20 0.29 0.25 0.20 0.26  0.37 0.35 0.50

Fe3+/(Fe2+ + Fe3+) 0.26 0.25 0.22 0.22 0.14 0.16 0.22 0.20 0.18 0.21  0.18 0.18 0.11

T (ed-tr) HB (A) 748 736 761 775 626 647 694 697 673 686  722 720 727 

P (kb) HB (A) 2.60 3.28 3.01 2.75 0.9 1.1 1.87 1.55 0.87 1.54  1.36 1.18 1.41

P (A & S) 3.79 4.37 4.58 4.66 0.88 1.01 1.87 1.44 0.92 1.37  1.89 1.27 1.20

T (ed-ri) HB (B) 573 569 563 570 633 603 550 542 611 548  593 541 504 

P(Kb) HB (B) 3.79 4.37 4.58 4.66 0.88 1.01 1.87 1.44 0.92 1.37  1.89 1.27 1.20

LogfO2 −21.56 −21.74 −22.01 −21.71 −19.17 −20.32 −22.61 −22.98 −20.00 −22.71  −20.73 −23.00 −24.80

Copyright © 2012 SciRes.                                                                                  OJG 



A. TOUMMITE  ET  AL. 141

 

T
ab

le
 2

. E
le

ct
ro

n 
m

ic
ro

pr
ob

e 
an

al
ys

is
 o

f 
p

la
gi

oc
la

se
 f

ro
m

 A
sk

ao
u

n
 P

lu
to

n
. 

Copyright © 2012 SciRes.                                                                                  OJG 



A. TOUMMITE  ET  AL. 142 

Table 3. Representative analysis of biotite from Askaoun Pluton. 

Lithology Askaoun Granodiorite Qz-Microdiorite (MME) Micromonzodiorite (MME) 

Sample DZA Ab6 IM2 

Spot 64/1. 65/1. 68/1. 69/1. 5/1. 6/1. 7/1. 10/1. 11/1. 13/1. 17/1. 18/1. 58/1. 59/1. 62/1. 63/1.

wt%                 

SiO2 36.22 36.52 36.47 36.17 37.29 37.03 37.05 37.38 37.20 37.18 35.78 37.36 36.70 36.97 35.84 37.38

Al2O3 12.89 12.90 12.79 12.90 12.37 12.07 12.24 12.26 12.33 12.30 12.24 12.32 12.65 12.84 12.04 12.39

TiO2 3.60 3.65 3.99 3.61 4.97 4.82 4.73 4.77 4.75 4.73 4.91 4.82 4.28 4.16 4.60 4.66

FeO 19.92 20.47 20.57 20.17 18.14 19.40 19.29 18.48 19.57 19.03 18.55 18.03 20.48 20.51 19.19 20.68

MnO 0.27 0.24 0.19 0.20 0.12 0.14 0.16 0.06 0.11 0.14 0.08 0.18 0.25 0.26 0.30 0.17

MgO 11.26 11.62 11.18 11.33 12.34 11.36 11.70 12.06 11.51 12.32 12.07 12.43 11.52 11.09 10.83 11.06

CaO 0.08 0.05 0.00 0.13 0.01 0.00 0.00 0.00 0.02 0.15 0.94 0.03 0.02 0.01 0.01 0.03

Cr2O3 0.01 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.02 0.01

NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 0.12 0.13 0.14 0.10 0.13 0.13 0.16 0.20 0.09 0.14 0.12 0.14 0.08 0.12 0.19 0.07

K2O 8.90 8.91 9.13 9.07 8.82 9.38 9.26 9.19 9.28 9.15 7.91 9.46 8.56 9.31 8.57 9.15

TOTAL 93.27 94.49 94.46 93.67 94.20 94.33 94.60 94.39 94.85 95.14 92.60 94.77 94.54 95.26 91.59 95.60

Structural formula (22 Oxygens)              

Si 5.68 5.66 5.67 5.66 5.72 5.74 5.71 5.75 5.72 5.69 5.61 5.72 5.68 5.69 5.71 5.73

AlIV 2.32 2.34 2.33 2.34 2.24 2.20 2.22 2.22 2.24 2.22 2.26 2.22 2.31 2.31 2.26 2.24

Z 8.00 8.00 8.00 8.00 7.96 7.94 7.94 7.97 7.96 7.91 7.87 7.94 7.98 8.00 7.98 7.97

AlVI 0.07 0.02 0.01 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe 2.61 2.65 2.67 2.64 2.33 2.51 2.49 2.38 2.52 2.44 2.43 2.31 2.65 2.64 2.56 2.65

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 2.63 2.69 2.59 2.64 2.82 2.62 2.69 2.76 2.64 2.81 2.82 2.84 2.66 2.55 2.57 2.53

Mn 0.04 0.03 0.02 0.03 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.03 0.03 0.04 0.02

Ti 0.42 0.43 0.47 0.42 0.57 0.56 0.55 0.55 0.55 0.54 0.58 0.56 0.50 0.48 0.55 0.54

Y 5.78 5.82 5.77 5.78 5.74 5.72 5.75 5.70 5.72 5.81 5.84 5.72 5.83 5.73 5.73 5.74

Ca 0.01 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.16 0.01 0.00 0.00 0.00 0.01

Na 0.04 0.04 0.04 0.03 0.04 0.04 0.05 0.06 0.03 0.04 0.04 0.04 0.02 0.04 0.06 0.02

K 1.78 1.76 1.81 1.81 1.73 1.85 1.82 1.80 1.82 1.79 1.58 1.85 1.69 1.83 1.74 1.79

X 1.83 1.81 1.85 1.86 1.77 1.89 1.87 1.86 1.85 1.85 1.78 1.89 1.72 1.87 1.80 1.81

XYZ 15.61 15.63 15.62 15.64 15.47 15.55 15.56 15.52 15.53 15.57 15.49 15.56 15.53 15.59 15.50 15.52

XFe 0.50 0.50 0.51 0.50 0.45 0.49 0.48 0.46 0.49 0.46 0.46 0.45 0.50 0.51 0.50 0.51

Fe/Fe + Mg 0.50 0.50 0.51 0.50 0.45 0.49 0.48 0.46 0.49 0.46 0.46 0.45 0.50 0.51 0.50 0.51

Mg/Mg + Fe 0.50 0.50 0.49 0.50 0.55 0.51 0.52 0.54 0.51 0.54 0.54 0.55 0.50 0.49 0.50 0.49

Alt 2.38 2.36 2.34 2.38 2.24 2.20 2.22 2.22 2.24 2.22 2.26 2.22 2.31 2.33 2.26 2.24

ASI 1.30 1.30 1.27 1.28 1.27 1.17 1.19 1.19 1.21 1.20 1.27 1.17 1.34 1.25 1.25 1.23
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ferent Al-in-hornblende thermometric algorithms on data 
from plutonic rocks, [14] concluded that edenite-richte- 
rite thermometer is the most reliable calibration. There- 
fore, we used edenite-richterite thermometer to calculate 
the temperature of crystallization of the Tifnoute valley 
plutonic rocks and their MMEs. Equilibration tempera- 
ture for hornblend-plagioclase assemblage were calcu- 
lated based on iteration using [13] pressure at various 
thermometers. The (Table 1) shows the types of ther- 
mometers applied for estimation of the temperature. 
From analyzed rocks, the calculated temperatures (edinite- 
richterite thermometer) are in the range 505˚C to 611˚C 
for host rocks and 563˚C to 633˚C for MMEs.  

Figure 3. Feldspars chemistry in the Or-Ab-An diagram of 
[19] (Alb: Albite; Olig: Oligoclase; and: Andesine; Lab: 
Labradorite; Byt: Bytwonite). 

5.4. Al-in-Hornblende Barometry 

Understanding the evolution of a granitoid pluton re- 
quires knowledge of the depth at which various minerals 
crystallized and the amount of post-crystallization up- 
ward movement. The pressure of emplacement of a gran- 
ite pluton can be constrained by geologic and petrologic 
criteria. 

5.3. Hornblende-Plagioclase Thermometry 

As hornblende and plagioclase commonly coexist in 
calc-alkaline igneous rocks, they have been used for 
thermometry [10,12,33,34]. Based on hornblende solid- 
solution models and well constrained natural and ex- 
perimental systems, two hornblende-plagioclase geo- 
thermometers (thermometer A and B) were calculated by 
[12]. Thermometer A is based on the edenite-tremolite 
reaction (edenite + 4 quartz → tremolite + albite), which 
is applicable to quartz-bearing igneous rocks: and ther- 
mometer B is based on the edenite-richterite reaction 
(edenite + albite → richterite + anorthite), which is ap- 
plicable to both quartz-bearing and quartz-free igneous 
rocks [12,33]. On the basis of an assessment of the dif-  

[7,8] suggested that, in the presence of an appropriate 
buffer assemblage (amphibole + plagioclase + K-feld- 
spar/quartz, at medium to high oxygen fugacity condi- 
tions), the total Al content of calcic amphibole increases 
linearly with pressure of crystallization. Subsequent 
field-based and experimental studies [9,11,13,35] pro- 
vided general confirmation of increasing Al content of 
hornblende with increasing pressure. In the last two dec- 
ades, Al-in-hornblende barometry has been widely used 
to calculate pressures of magmatic crystallization, and 

 

 

Figure 4. Biotite chemistry plotted in Si vs XFe diagram. 
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Figure 5. Biotite composition diagrams showing the classification (I; II; III) of magmas after [21]. (I) Al2O3 vs MgO diagram; 
(II) MgO vs FeO* Diagram; (III) Al2O3 vs FeO* Diagram (Field A: anorogenic alkaline suites; Field P: peraluminous (in-
cluding S-type) suites; Field C: calc-alkaline orogenic suites). 
 
to constrain the emplacement depths of batholiths or ver- 
tical displacements of crust [13,33,36-38]. There are sev- 
eral calibrations for aluminum-in-hornblende barometry, 
including: 

P (±3 kbar) = −3.92 + 5.03 Al total, r2 = 0.80, [7]; 
P (±1 kbar) = −4.76 + 5.64 Al total, r2 = 0.97, [8]; 
P (±0.5 kbar) = –3.46 + 4.23 Al total, r2 = 0.99, [9]; 
P (±0.6 kbar) = –3.01 + 4.76 Al total, r2 = 0.99, [11]. 
Estimation of the pressure of solidification of a calc- 

alkaline granitoid body from the Al content of horn- 
blende assumes that: 1) the equilibrium pressure of the 
hornblende barometer and the host rocks are the same 
and; 2) the equilibrium pressure of the hornblende is the 
same as the pressure of emplacement of the pluton. 
These assumptions were questioned by many authors [8, 
39]. The computed pressure may be affected by ion sub- 
stitutions in hornblende, oxygen fugacity, volatiles and 
magma composition. Also, the computed pressure may 
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reflect the level at which the hornblende crystallizes 
rather than the pressure at which the granite consolidates 
(upward movement may continue after hornblende crys- 
tallization, [39]. 

In this study, we have chosen the calibration of [13] to 
calculate the crystallization pressures of the investigated 
Tifnoute valley plutonic rocks and their MMEs, as this 
calibration is more reliable for considering the influence 
of temperature and oxygen fugacity on the pressure cal-
culation than the other methods [33,38]. 

The new calibration of [13] is as follows: 
P (±0.6 kbar) = 4.76 Al total − 3.01 − {[T (˚C) − 

675]/85} × {0.530 Al total + 0.005294 [T (˚C) − 675]}, 
r2 = 0.99 

The results yielded a pressure range of 0.9 to 4.66 
Kbar at 505˚C to 611˚C in the host rocks, and 0.9 to 1.87 
Kbar at 563˚C to 633˚C in the MMEs (Table 1). Other 
calibration to calculate the pressure was used for com- 
parison (Table 1). By using a conversion factor of 1 kbar 
= 3.7 km for continental crust [40] and an error factor 
calculated for the pressure of ±0.5 kbar, these values 
correspond to emplacement depths between ~3.3 and 17 
km. 

5.5. Oxygen Fugacity 

Oxygen fugacity (or oxygen potential) is a powerful 
mechanism for understanding crystallization of igneous 
and metamorphic rocks under variable pressure, tem- 
perature, and melt composition. Oxygen fugacity is de- 
fined as ƒO2 = γ*PO2 where γ is the fugacity coefficient 
and PO2 is the partial pressure of oxygen. Oxygen fuga- 
city values are shown on a logarithmic scale. 

The intrinsic oxygen fugacity of magma is related to 
its source of material, which in turn depends on tectonic 
setting. I-type granites are relatively oxidized, while se- 
dimentary-derived granitic magmas are usually reduced. 
It is difficult to establish the original oxygen fugacities of 
primary magmas from the study of granitoids, as mag- 
netite usually becomes Ti free during slow cooling and 
ilmenite undergoes one or more stages of oxidation and 
exsolution [41]. However, some inferences on the oxida- 
tion state of the magma can be made using the rock min- 
eral assemblage and mineral chemistry. Mg-rich amphi- 
boles suggest relatively oxidized magmas. The occur- 
rence of euhedral titanite and magnetite as early-crystal- 
lizing phases in felsic rocks indicate that magma was re- 
latively oxidized [42]. 

According to [43], the assemblages of titanite + mag- 
netite + quartz in granitic rocks permit an estimation of 
relative oxygen fugacity. The estimated LogfO2 bases on 
[43] equilibrium expression of LogfO2= −30930/T + 
14.98 + 0.142(P − 1)/T (where, T is temperature in Kel- 
vin and P is pressure in bars). Temperatures and pres- 
sures estimated from hornblende-plagioclase thermome- 

try and aluminum-inhornblende barometer were used in 
these calculations. The results of oxygen fugacity range 
from −24.8 to −19.2 in the host rocks and their MMEs 
(Table 1), which show that the calc-alkaline, and K-rich 
magma crystallized in low oxygen fugacity (fO2). 

6. Conclusions  

The main findings of the present work can be summa- 
rized as follows: 

The mineralogical composition in the MMEs is similar 
to that of host rocks in the Askaoun pluton but with dif-
ferent proportion.  

Compositional variation of plagioclase, amphibole, 
and biotite in MMEs and host rocks are more or less 
similar. This feature most likely evolved by reequilibrat- 
ing during magma mixing and mingling events at 2.25 
Kbar (average pressure) during the emplacement of As- 
kaoun pluton.  

Biotite compositions clearly define the nature of mag- 
mas from which they have been crystallized. Based on 
chemistry of biotites, Askaoun pluton is formed from 
calc-alkaline magma. 

The application of Al-in-hornblende barometry indi- 
cated a minimum pressure of 0.9 ± 0.6 kbar and a maxi- 
mum of 4.66 ± 0.6 kbar for the host rocks and their 
MMEs from the Askaoun pluton. 

The aluminum-in-hornblende barometer, hornblende- 
plagioclase thermometer and the assemblage quartz-mag- 
netite and titanite, were used to calculate pressure, tem- 
perature and oxygen activity, respectively. The host rocks 
and their MMEs from Askaoun pluton were emplaced at 
an average depth of (6.5 km), and a average temperature 
between 505˚C and 633˚C from a highly oxidized mag- 
ma (LogfO2: −24.8 - −19.2). 
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