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that a high degree of weathering of the source materials 

occurred in a humid environment. The Th/U ratio, as well 

as the concentrations of Th and U, indicates a sedimentary 

origin and oxidizing conditions during sedimentation of the 

protolith rocks. The REE pattern coupled with prominent 

negative Eu anomaly and low Th/Sc ratios, as well as the 

plots of La/Sc versus Th/Sc, La/Yb versus La/Ce, and Th/Yb 

versus Ta/Yb, indicates a continental margin as the paleoen-

vironment of the sedimentary protolith. The Th/Sc ratios 

for the studied samples denote origin from a predominantly 

felsic igneous source, while the median Zr/Sc ratio indicates 

only a minor degree of sorting and zircon addition in all the 

studied samples. 

   Keywords     Sirginil phyllites group    ·  Graphite    ·  Allanite    · 

 REE pattern    ·  Palaeoenvironment  

       1  Introduction 

 The phyllites of the Sirginil Group in Mlay Lexaugira area 

are situated in NE Iraq, close to the Iranian borders, about 

10 km northeast of Penjween Town, Sulaimani Governorate 

(Figs.  1 A, B and  2  A). The rock formations of the studied 

area belong to the Qandil Thrust Block, developed along 

shear zones in the northwestern part of the Zagros Orogeny, 

endowed with a wide variety of mineral resources, some of 

which occur in considerable quantities and with exploitable 

qualities (Mirza et al.  2017 ,  2021 ).                 

 The Zagros Orogeny Belt resulted from the Late Creta-

ceous and Cenozoic convergence of the Iranian terranes and 

the Arabian Plate when the intervening Neo-Tethys Ocean 

went through a succession of subduction, obduction, and 

collision stages (Alavi  1994 , Sharland et al.  2001 , Agard 

et al.  2005 , Al-Qayim et al.  2012 , Ismail et al.  2017 , Mustafa 

                     Abstract     The Sirginil Phyllite Group being outcropping in 

Penjween area is investigated to determine the provenance 

and weathering level of the source area. Petrographic investi-

gation of the phyllites shows that they are almost homogene-

ous in composition and highly crenulated. The most promi-

nent features are kink band structures and network fabrics, 

consisting mainly of fi ne-grained mineral assemblages of 

chlorite, muscovite, quartz, and plagioclase feldspar. The 

geochemical data indicate that the phyllite rocks represent 

precursors of shales and greywackes as their protolith, hav-

ing undergone an intensive degree of chemical weathering 

without sorting. Additionally, the presence of graphite, as an 

indication of organic matter, points to quick transport and 

burial of the protolith sedimentary rocks, which originated 

from a unique source area. The average values of the chemi-

cal alteration index and chemical weathering index indicate 
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et al.  2023 ). The studied area is structured of alternating suc-

cessions of phyllites and massive beds of marble. They are 

cropped out as disconnected beds, sometimes brecciated and 

usually fractured, with widespread quartz veins and veinlets, 

which cut across both the phyllites and marbles (Fig.  2 B). 

The phyllite of Mlay Lexaugira ranges in width from 10 to 

50 m and extends to >500 m. This phyllite is cross-cut by 

quartz veins; the forms of these quartz veins are variegated 

depending on the basic rock fi ssuring, content, and origin 

conditions. The veins range in length from a few centimeters 

to several meters with varying thickness and granularity. 

The phyllite is composed mainly of low metamorphic rocks, 

which constitute much of the Sirginil Group. Phyllites in 

general are foliated, fi ne-grained rocks, originating from 

  Fig. 1        A  Tectonic subdivision 

of NE Iraq after Al-Kadhimi 

( 1996 );  B  geological map of 

the southern part of the Zagros 

Suture Zone, located in NE Iraq, 

displaying the studied area after 

Ma’ala ( 2008 )  
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low-grade regional metamorphism of pelites, and are com-

posed mainly of quartz, albite, and phyllosilicates, such as 

muscovite and chlorite (Silwal et al.  2024 ). 

 Using elemental geochemical features to determine the 

paleo-depositional environment of the basin is very impor-

tant for determining the tectonic setting (Rana et al.  2023 ). 

Determination of the composition of rocks in Mlay Lexau-

gira area using x-ray fl uorescence spectrometry, inductively 

coupled mass spectrometry (ICP-MS), scanning electron 

microscopy (SEM) and thin section petrography were 

necessary to obtain more comprehensive geological infor-

mation on the phyllites of the studied area. By combining the 

geological information with a detailed chemical classifi ca-

tion of the rocks in the area, using dominant mineralogical 

compositions, prediction of the petrogenesis and protoliths 

of the rocks in selected studied area could be made. In this 

paper, the authors discuss the mineralogical, petrographic, 

and geochemical characteristics of phyllites to understand 

their provenance, tectonic setting, and the paleoenvironment 

of depositions. Therefore, a variety of methods were used to 

  Fig. 2       Satellite image of the 

studied area (Google Earth 

maps) and details of the 

sampling scheme (ML 1–7: 

samples)  
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study the phyllite rocks in the selected area, such as petro-

graphic study and geochemical analysis (i.e., determination 

of major, minor, and rare earth element concentrations) in 

bulk rock samples. Additionally, the chemical compositions 

of phase minerals were determined. 

     2   Geological setting 

 Mlay Lexaugira phyllites are a part of the Sirginil phyl-

lite Group. This complex geological area is situated at the 

northeastern edge of the Iraqi Zagros suture zone (IZSZ) 

(Fig.  1 A). The IZSZ represents a part of the larger Zagros 

Suture, which belongs to the Alpine-Himalayan Orogenic 

Belt that extends northwestward to Turkey and southeast-

ward to Iran. The lithology in the studied area belongs to 

the Qandil metamorphic series (QMS) of the Penjween-

Walash Zone, which develops in the Iraqi Zagros Suture 

Zone, based on the tectonic subdivision of Iraq by Buday 

( 1980 ) (Fig.   1 A). This series represents low-metamor-

phosed limestones and schists, building to the frontier range 

of eastern Iraq, and structurally overlays the Walash and 

Naopurdan Series. The Penjween-Walash Zone is a unit 

of the Central Neo-Tethys, which was thrust over the Ara-

bian Plate by an obduction and collision process during the 

Miocene-Pliocene epoch (Jassim and Goff   2006 , Mustafa 

et al.  2023 , Qaradaghy and Mirza  2023 ). It forms a con-

tinuous belt along the Iraq-Iran borders, being constructed 

by metamorphosed sedimentary and volcanic rocks of the 

Cretaceous and unmetamorphosed Palaeogene forearc and 

volcanic-arc rocks, which formed during the fi nal closure of 

the Neo-Tethys (Jassim and Goff   2006 ). Tectonically, Pen-

jween-Walash Zone is overlain and thrust over the Qulqula-

Khwakurk Zone or the Balambo-Tanjero Zone, whereas the 

Shalair Zone, which structurally forms the highest thrust 

sheet in Iraq, is thrust over the Penjween-Walash Zone (Jas-

sim and Goff   2006 ). The Qandil Metamorphic Series is sub-

divided into the Mawat, Gimo, and Sirginil Groups, from the 

youngest to the oldest, respectively. 

 The investigation area is named Mlay Lexaugira (local 

name), located 10 km far from Penjween town to the north 

on the main paved road in Penjween-Garmk (coordinates: 

35°42′34.30″ N, 45°56′22.59″ E (Figs.  1  A, B and  2 A). The 

studied area represents a part of Sirginil Group (Fig.  1 B). 

The Sirginil Group is composed of metamorphosed lime-

stones, calcphyllites, phyllites and sparse conglomerates, 

without any volcanic admixture. The contact of the Sirginil 

Group with the overlain sedimentary unit is erosional, while 

the contact between Gimo and Sirginil Groups is of tec-

tonic nature (Mirza et al.  2017 ). The outcropped phyllite 

beds in the studied area are inclined NE; the phyllites are 

dark brown in color, strongly foliated, and often fractured 

with widespread cross-cutting of quartz veins and veinlets 

that cross-cut the phyllite in the form of an open space-fi lling 

texture ( Fig. 2  B2) (Mirza et al.  2022 ). 

     3   Materials and methods 

 Seven representative fresh rock samples were selected from 

20 samples collected during the fi eld work for laboratory 

analysis. Samples were obtained from an outcrop covering 

all observable variations. Thin sections were prepared for 

petrographic study under transmitted light at the Department 

of Earth Sciences and Petroleum, University of Sulaimani. 

 Mineral assemblages in the phyllites were determined in 

powdered (−50 μm) samples by using a a Bruker D8 X-ray 

Diff ractometer equipped with a Lynx-Eye® detector. EVA 

and Topas softwares were used to determine the qualitative 

and quantitative features of the mineral phases, respectively, 

at the facilities of the Department of Geology, University of 

Patras. Polished blocks from rock slabs were prepared and 

examined using a LEICA DMRX coal petrography micro-

scope to study the texture and microstructural characteristics 

of the phyllites and the identifi ed graphite fl akes. 

 X-ray fl uorescence (XRF) analysis for major and minor 

elements was performed using a RIGAKU ZSX PRIMUS 

II spectrometer, equipped with a Rh-anode. Loss on ignition 

(LOI) values were determined by combusting 1 g at 950   

for 2 h (Heiri et al.  2001 ) using a Selecta muffl  e furnace at 

the facilities of the Department of Geology, University of 

Patras. 

 Additionally, chemical compositions of minerals in 

gold-coated polished blocks of samples ML1 and ML3 

were determined using JEOL JSM 6300 fi tted with an EDS 

X-ray analyzer. SEM and XRF analyses were performed at 

the facilities of the Laboratory of Electron Microscopy and 

Microanalysis of the University of Patras, Greece. Finally, 

the rare earth element (REE) content was determined by 

using sodium peroxide fusion/combined ICP-AES and ICP-

MS in the SGS laboratory in Canada. 

     4   Results and discussions 

    4.1   Petrographic and mineralogical features 

 The studied phyllites display well-developed schistosity and 

planar to crumple foliation, representing fi ne-grained and 

thinly banded, regionally metamorphosed foliated pellitic 

rocks. 

 The pressure causes development of the foliation, where 

mineral grains are well arranged into alignment and layers 

(Awadh and Kettanah  2008 ). Hence, the presence of schis-

tosity and crenulation cleavage indicates at least two phases 

of deformations. They are characterized by silky luster, 
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displaying shades of brown and yellow colors, with the 

dark color being related to higher  chlorite content (Figs.  3  

and  5 ). The metamorphic grain size of phyllites evidently 

copies the former inherited sedimentary grain size (Figs.  3  

and  5 ). According to the grain-size scale (Wentworth  1922 ), 

the studied samples range from silt (siltstone, clay, mud) to 

very fi ne-grained sand (grain size < 0.0625 mm); hence, 

the studied phyllite rocks are fi ne schistose and often dis-

play dark colors caused by the high chlorite content and 

frequently wide-spread organic pigments (Figs.  3  and  5 ). 

X-ray diff raction indicates that quartz, muscovite, chlorite, 

and albite are the major constituents of phyllites, while 

siderite, orthoclase, and graphite occur as accessory miner-

als (Table  1 , Fig.  4 ). The amount of quartz ranges from 34 

to 44 wt% in the most studied phyllites, while albite varies 

from 5 to almost 20 wt%. Samples show variable concen-

trations of clinochlore and muscovite, varying from <10 

to ~24 wt% and from 12 to 20 wt%, respectively. The clino-

chlore to muscovite ratio ranges from 0.0 to 1.3, with mus-

covite being the predominant phyllosilicate in most samples 

(Table  1 ). Sample ML5 is enriched in K-feldspars (~16 wt%) 

and is relatively depleted in albite (10 wt%). The observed 

diff erences in the mineral composition of phyllite samples 

probably refl ect the variability of the protolith. The argilla-

ceous protolith turned into muscovite-chlorite-rich assem-

blages, whereas the higher silt fraction refl ects a psammitic 

protolith.                  

 Under the microscope, the phyllites are almost simi-

lar in composition and highly crenulated, showing a kink 

band structure and network fabrics. They are fi ne-grained 

foliated rocks occasionally showing segregation layering. 

The main identifi able minerals (< 0.1 mm) include quartz, 

plagioclase feldspar, chlorite, muscovite, and dark chlo-

rite, whereas hematite, allanite, rhodonite, and graphite are 

present as very minor constituents (Figs.  5  and  6 ). Finally, 

calcite occurs as intra-foliated grains, as well as within vein-

lets cross-cutting the phyllite. Elongated, lenticular quartz 

grains (clasts) are up to ~25 mm long and ~10 mm thick. 

They are aligned parallel to the foliation (Fig.  5 A) and often 

have an augen structure. Individual augens, usually present 

  Fig. 3        A–C  Field views of the 

phyllites showing thin banding, 

schistosity, minor folds, and 

crenulation cleavage  
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  Table 1       XRD mineralogical 

composition of the studied 

phyllites and quartz veins (in % 

of the crystalline phases)  

  Samples    Ml_1    ML_2    ML-3    ML_4    ML_5    ML_6    ML_7  

  Quartz    41    42    35    34    35    44    41  

  Albite    14    20    5    12    10    14    10  

  Muscovite    18    11    17    12    20    20    20  

  Clinochlore    24    21      8    18    19    20  

  Chamosite        26    30        

  Orthoclase        10          8  

  Microcline            16      

  Siderite        2          

  Calcite        4          

  Graphite    3    6    1    4    1    3    1  

  Total    100    100    100    100    100    100    100  

  Clinochlore /muscovite    1.33    1.91    0.00    0.67    0.90    0.95    1.00  

  Fig. 4       X-ray diff ractograms of 

the studied phyllite samples  



390 Acta Geochim (2026) 45:384–401

  Fig. 5        A  Photomicrograph of phyllite displaying fi ne grain texture and containing elongated quartz aggregated lensoid grains and quartz vein-

lets;  B  photomicrograph of phyllite containing porphyroblasts of quartz and pressure shadows of chlorite, with quartz veinlets transecting the 

rock matrix;  C ,  D  and  E  SEM images of the phyllite mineral constituent;  F  thin cross-cutting veinlet of crystalline quartz within a phyllite sam-

ple;  F  thin cross-cutting veinlet of crystalline quartz within a sample of phyllite;  G  opaque mineral representing hematite;  H  anhedral fi ne grain 

opaque mineral (Q: quartz; Qv: quarz vein; Ch: chlorite; amp: amphibole, Oq: opaque mineral mainly represents hematite, siderite, and illmenite  
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within the fi ne-grained matrix, are formed by plagioclase 

and quartz, representing former clasts. Albite grains are of 

similar size, but unlike quartz they are angular and appar-

ently less deformed. Muscovite and chlorite are intimately 

intergrown (Fig.  5 B), although in some cases chlorite over-

grows muscovite. There are two generations of chlorite: the 

fi ne-grained one in the phyllite matrix and coarse aggregates 

within quartz veins that cross-cut phyllite (Fig.  5  A, B). The 

latter generation shows anomalous indigo blue interference 

colors under the polarizing microscope. Ilmenite and hema-

tite are ubiquitous accessory minerals; they are often inter-

grown with quartz and display features indicative of partial 

dissolution; for instance, their grain boundaries are embayed 

and irregular (Fig.  5 C–G). Allanite, apatite, hematite, sider-

ite, ilmenite and rhodonite are accessory minerals.                 

 The textures and microstructures of the studied phyllites 

point to a very high degree of orientation, with elonga-

tion of quartz, either as grains or narrow aggregated lenses 

and stringers, and with chlorite in parallel fl akes and pods 

( Fig. 5 F and G). Iron oxide minerals appear in rounded and 

dusty clouds or as fi nely disseminated grains. Some phyllites 

contain porphyroblasts of quartz and pressure shadows of 

chlorite ( Fig. 5 A and B). Moreover, quartz veins and veinlets 

often transect the rock mass ( Fig. 5 E and F). Additionally, 

laminae of very fi ne-grained graphite alternate with granu-

lar quartz, muscovite, and chlorite ( Fig. 6 A and B). The 

mean random refl ectance values (Rr) of the graphite range 

between 5.5% and 6%. 

     4.2   Whole rock chemical composition 

    4.2.1   Major element composition 

 All investigated samples have similar bulk chemi-

cal compositions, displaying high  SiO 2  concentrations 

(56.56–62.26 wt%), because of the high quartz content 

(Table  S1 ). The silica content is inversely correlated with the 

concentration of aluminum (Fig.  7 ), with a negligible vari-

ation in the  SiO 2 /Al 2 O 3  ratio (Table  S1 ). The average con-

centrations of  K 2 O (3.89%) are generally higher than those 

of  Na 2 O (0.86%). The contents of  Fe 2 O 3  (6.31%–7.76%), 

MgO (1.56%–2.56%), CaO (0.17%–2.16%), and  TiO 2  

(0.76%–0.96%) are relatively low indicating a low abun-

dance of mafi c minerals. The geochemical approach to defi n-

ing the nature of the source area and the tectonic setting 

of the depositional basin is applied by using discrimination 

plots based on major element compositions of the phyllites. 

The diagram of average values of  SiO 2  wt% (58.9 wt%) and 

 Al 2 O 3  (19.06 wt%) indicates that Sirginil phyllites fall into 

the meta-pelite group (Fig.  7 ), with protolith suff ering inten-

sive weathering without sorting. The presence of graphite 

(Fig.  6 ) indicates relatively quick transport and burial of 

the protolith from the source area, evidenced by the organic 

precursors, which are not totally weathered and oxidized 

as well. It suggests that samples of the studied area have a 

similar composition to the parental rocks. The geochemical 

discrimination diagram by Herron ( 1988 ) indicates that the 

studied phyllites are ascertained in a relatively narrow fi eld 

corresponding to greywackes and shales (Fig.  8 ). Relatively 

high concentrations of  TiO 2 , compared to low concentrations 

of this element in chlorite and muscovite suggest accessory 

ilmenite as a major carrier of  TiO 2 , as detected using SEM 

(Fig.  5 C).                 

 Increased concentrations of CaO in sample ML3 

(Table  S1 ) coincides with the observation of intra-foliated 

calcite grains (Table  1 ) and accessory apatite (Fig.  5 C). The 

concentration of  K 2 O predominates over  Na 2 O, ranging 

between 3.1% to 4.25% and 0.58% to 1.44%, respectively. 

The ratio of  Na 2 O/K 2 O varies between 0.14 and 0.46, cor-

responding to the proportions between albite and muscovite 

or between orthoclase and microcline. Cox et al. ( 1995 ) used 

the  K 2 O/Al 2 O 3  ratio as an indicator of the original composi-

tion of ancient sediments and defi ned this ratio for clay min-

erals and feldspars as 0.0 to 0.3 and 0.3 to 0.9, respectively. 

The  K 2 O/Al 2 O 3  ratios of the studied samples range from 

0.17 to 0.22 (Table  S1 ), suggesting that muscovite is the 

most abundant phyllosilicate of the studied phyllites. 

 All samples are ferruginous and are enriched in 

 Fe 2 O 3  relative to MgO, as indicated by the high  Fe 2 O 3 /

(Fe 2 O 3  + MgO) ratio values, ranging between 0.75 and 

  Fig. 6       Photomicographs of a 

polished block ofphyllite taken 

under white refl ected light, oil 

immersion, X500, displaying 

graphite layers with the respec-

tive refl ectance values  
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0.83, with an average of 0.78 (Table  S1 ). The loss of igni-

tion (LOI) values refl ect the relatively high concentration 

of water in the phyllosilicates and the contribution of 

graphite. Overall, the chemical composition of the argil-

laceous phyllites from the Sirginil Group in Mlay Lexau-

gira area resembles  the average chemical composition of 

pelagic pelites. The notable diff erences include a lower 

 SiO 2 /Al 2 O 3  ratio and a higher  Na 2 O/K 2 O ratio in the lat-

ter. The much lower content of water in phyllite samples 

compared to pelites can simply be explained by water loss 

during pelites metamorphism. A metasedimentary origin 

of studied samples is confi rmed by the diagram of  K 2 O/

Al 2 O 3  against  Na 2 O/Al 2 O 3 , since all samples plot in the 

meta-sedimentary origin fi eld (Fig.  9 ).         

     4.2.2   Trace elements 

 The trace element concentrations in the studied phyllites 

compared to the average estimates of the Early Proterozoic 

crust (Condie  1993 ) show that all samples have limited 

amounts of both large ion lithophile elements (LILE) and 

high-fi eld-strength elements (HFS) but are enriched in fi rst 

series transition metals (Fig.  10 ). The concentrations of Ni 

and Cr in siliciclastic sediments are considered a useful 

  Fig. 7       Plots of  Al 2 O 3  versus 

 SiO 2  for the Mlay Lexaugira 

phyllite rock fi elds regarding 

lithologies and processes after 

Méres ( 2005 )  

  Fig. 8       Geochemical classifi -

cation of the Mlay Lexaugira 

phyllites after Herron ( 1988 )  
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indicator in provenance studies (Aliyari et al.  2014 ). Aver-

age Ni and Cr concentrations and average Cr/Ni ratios of 

the Sirginil phyllites are 85.7 ppm, 90.43 ppm, and 1.45, 

respectively (Table  S1 ), and for earlyProterozoic upper crust 

are 31 ppm, 59 ppm and 1.90, respectively (Condie  1993 ). 

Wrafter’ and Graham ( 1989 ) and Kwankam et al. ( 2023 ) 

proposed that a low concentration of Cr indicates a felsic 

provenance. Bock et al. ( 1998 ) designated enriched ferro-

magnesian elements (e.g., Fe, Cr, Ni) to the contribution 

of mafi c and ultramafi c igneous rocks. Besides, elevated 

concentrations of these elements in the sediments and sedi-

mentary rocks may indicate addition of components derived 

from mafi c lithologies.         

 High Cr and Ni concentrations with low Cr/Ni 

(between 0.7 and 3.04) were further suggested to be 

indicative of ultramafic rocks in the source area of shales 

by Garver et al. ( 1996 ) and Bokanda et al. ( 2021 ). The 

above presented Cr, Ni, and Cr/Ni data therefore suggest 

the influence of mafic and ultramafic lithologies during 

sedimentation of the protolith of the metamorphosed sedi-

mentary rocks for Sirginil phyllites. Variable contents of 

Th and U in metamorphosed sedimentary rocks indicate 

variable oxidation-reduction conditions during their sedi-

mentation (Cambel and Khun  1983 ,  1985 , Cambel and 

Planderová  1985 ). Relatively high values of the Th/U 

ratio (>1) at higher contents of Th (>5 ppm) and lower 

contents of U (<5 ppm) in metamorphosed sedimentary 

rocks indicate oxidizing conditions during sedimentation. 

The Th/U ratio and thorium range also indicate a com-

mon source area and the same parental rocks. This is also 

confirmed by the similar range of Th/U ratios in meta-

morphosed sedimentary rocks and E-MORB-type  meta-

basalts, while the low contents of Th (<5 ppm) and high 

contents of U (U > 5 ppm) in metamorphosed sedimen-

tary rocks indicate reducing conditions during sedimen-

tation. Similarly, the range of Th/U and the values of Th 

  Fig. 9       Alkali-Silica diagram of 

the Mlay Lexaugira phyllites, 

modifi ed after MacDonald and 

Katsura ( 1964 )  

  Fig. 10       Upper crust normalized 

patterns for the studied samples; 

normalized values of early 

Proterozoic crust from Condie 

( 1993 )  
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(<5 ppm) and U (>5 ppm), as recorded in N-MORB-type 

metabasalts, indicate synchronous basic volcanism during 

sedimentation of the protolith of metamorphosed sedi-

mentary rocks (Ivan et al.  2001 ). Additionally, according 

to Wignall and Twitchett ( 1996 ), the Th/U ratio in the 

anoxic environments is <2, whereas it is >2 (up to 7) in 

rocks deposited under oxic conditions. 

 The Th/U (4.4–8.02) and range values of Th and U 

content of the studied samples, Th (10–20 ppm) and U 

(1.99–2.93 ppm) (Table  S1 ), indicate a sedimentary rock 

origin and oxidizing conditions during sedimentation. The 

La/Sc ratio in very fine-grained siliciclastic sediments 

resembles the average La/Sc ratio in the source area of sedi-

mentary rocks (Cullers  1995 ). The average La/Sc, and Th/

Sc in the studied samples are >1.6 and <1.0, respectively, 

indicating deposition in sedimentary rocks of the continental 

margin environment (Fig.  11 A). The studied phyllite sam-

ples are well discriminated by values of La/Yb against La/

Ce ratios (Fig.  11 B). The high value of La/Yb (6.79–11.56) 

indicates higher crustal fractionation of the parental rocks in 

the source area. Additionally, the range of the La/Ce ratio in 

the studied samples indicates Ce enrichment in the Sirginil 

phyllite because of the interaction of hydrothermal fl uids 

during metamorphism. This is further supported by the 

presence of allanite within the quartz veins in the studied 

samples. The high values of Th/Yb (>2.8) and Ta/Yb (>0.4) 

ratios also indicate sedimentation at the continental margins 

(Fig.  11 C, Table  S1 ).         

     4.2.3   Rare earth element geochemistry 

 The REE data of the phyllite samples were normalized using 

chondrite values from Palme ( 1988 ). The chondrite-normal-

ized REE signatures of the Sirginil phyllites are similar to 

the North American shale composition (NASC), indicating 

a possible sedimentary pre-metamorphic protholith (Fig.  12 ) 

(Gromet et al.  1984 ; Mclennan  2018 ). In general, the chon-

drite normalized REE pattern for the studied samples shows 

an enrichment of light REE (LREE) and fl at heavy REE 

(HREE), with a negative Eu anomaly. The most important 

characteristics include the Eu negative anomaly, with Eu/

Eu* varying from 0.54 to 0.72. The negative Eu anomaly 

probably is caused by fractionation of substantial plagio-

clase, which in turn confi rms the presence of plagioclases 

in the protolith. The (La/Yb)n ratios range between 10.1 

and 10.4, distributed with approximately uniform patterns, 

horizontal HREE patterns, and moderately enriched LREE 

with (Gd/Yb)n between 1.29 and 1.57. It refl ects an elevated 

content of clay admixture in the protolith. The high REE 

concentrations (ΣREE = 200–213 ppm, Table  2 ) compared 

to NASC is typical for the fi ne-grained fractions (Taylor 

and McLennan  1985 ). It is explained as a result of the 

high contribution of clays in fi ne-grained fractions of the 

protolith.          

      4.3   Mineral chemistry 

 White micas are generally muscovite with a similar com-

position in the samples, with Si content ranging from 

4.47 to 7.08 ions per formula unit (p.f.u.). The Mg# [(Mg/

Mg + Fe +2 )] is 1, and it is similar to the average ratio observed 

in the investigated chamosite. Na and Ti contents are below 

the detection limit. The K content in muscovite ranges from 

almost zero to 1.38 wt%, while that of Ca is < 0.7 wt%. 

White micas in all samples are close to the ideal musco-

vite formula, indicating the presence of the ferri-muscovite 

component (Table  S2 ). The chlorite of Sirginil phyllite is the 

0 0.5 1 1.5 2

Continental
margin 
environment 
sedimentary 
rocks

Deep Ocean Basin
Ridge Environment 
Sedimentary Rocks

A

0

10

20

30

L
a

/Y
b

La/Ce

Deep Ocean Basin 
Ridge Environment 

B

Continental margin environment 
sedimentary rocks

0.01

0.1

1

10

T
h/

Y
b

Ta / Yb

Oceanic Arc 
System

Continental Margin
C

0.01 0.1 1 10

  Fig. 11       Geochemical classifi cation of Mlay Lexaugira phyllites:  A  
La/Sc versus Th/Sc;  b  La/Yb versus La/Ce after Méres ( 2005 );  C  Th/

Yb versus Ta/Yb after Cluzel et al. ( 2001 )  



395Acta Geochim (2026) 45:384–401 

predominant secondary mineral in all samples, providing the 

rock’s greenish color ( Figs. 5 A, B). Composition of chlo-

rites, analyzed by SEM, is presented in Table  S2 . According 

to Laird ( 1988 ), the (Al) n /(Al+Mg+Fe)  n  ratio in chlorite, 

formed by alteration of argillites, is >0.35, while in chlorite 

transformed from mafi c rocks it is < 0.35. In the chlorite 

of the studied samples, the (Al) n /(Al + Mg + Fe) n  ratios are 

>0.35, indicating that the source of these chlorites is from 

the alteration of argillites; this can be further supported by 

the plots in Figs.  7 ,  8 , and  9 . The (Al + Q)—Mg-Fe compo-

sitional classifi cation diagram of chlorite (Zane and Weiss 

 1998 ) in the study area shows that the chlorites belong to 

iron-rich chlorite composed mainly of trioctahedral cham-

osite (Fig.  13 ).         

 Relatively uniform  Fe +3  in hematite ranges from 1.2 to 

1.6 p.f.u. Plagioclase is almost pure albite, orthoclase, and 

microcline. In these siliceous rock’s laminae, very fi ne-

grained graphite alternates with granular quartz, muscovite, 

  Fig. 12       Chondrite normalized 

REE pattern of the studied sam-

ples, normalized values after 

Palme ( 1988 )  

  Table 2       REE concentration 

in Sirginil phyllite samples 

(chondrite normalized value 

according to O’Neill et al. 

 1998 ); North American shale 

composition (NASC) values 

after Gromet et al. ( 1984 )  

  REE (ppm)    Chondrite    NASC    ML1    ML3    ML5    ML7  

  La    0.24    39.00    45.60    42.00    44.30    41.30  

  Ce    0.61    76.00    92.30    86.80    88.40    90.00  

  Pr    0.10    10.30    10.71    9.61    9.87    9.10  

  Nd    0.47    37.00    37.80    34.30    35.60    33.98  

  Sm    0.15    7.00    6.70    6.70    6.80    6.40  

  Eu    0.06    2.00    1.41    1.32    1.37    1.02  

  Gd    0.21    6.10    4.97    5.63    5.30    4.90  

  Tb    0.04    1.30    0.78    0.84    0.79    0.68  

  Dy    0.25    6.00    5.05    4.92    4.98    4.40  

  Ho    0.06    1.40    1.06    1.00    1.02    0.97  

  Er    0.17    4.00    3.14    2.91    3.12    2.75  

  Tm    0.03    0.58    0.46    0.43    0.45    0.31  

  Yb    0.17    3.40    3.10    2.90    3.00    2.71  

  Lu    0.03    0.60    0.49    0.45    0.46    0.35  

  ∑ REE    2.59    194.68    213.57    199.81    204.16    198.87  

  ∑LREE        193.11    179.41    184.97    193.98  

  ∑HREE        20.46    20.40    20.49    23.42  

  ∑LREE/∑HRRE        9.44    8.79    9.03    8.28  

  (La/Yb)  n         10.42    10.26    10.15    10.79  

  Gd/Yb  n         1.30    1.57    1.43    1.46  

  Eu/Eu *         0.17    0.15    0.16    0.17  
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and chlorite (Figs.  5 ,  6 ). Allanite, ideally (Ce,Ca,Y) 2 (Al,Fe +3 

) 3 (SiO 4 ) 3 (OH), was observed in phyllite samples, especially 

in ML3. To our knowledge, this is the fi rst occurrence of 

this relatively rare mineral in the studied samples. Figure  5 C 

and the chemical data obtained by few measured ilmenite 

points (Table  S2 ) show that ilmenite occurs as subhedral 

to anhedral crystals with sharp edges. Ilmenite intergrows 

with quartz and muscovite, displaying features indicative 

of partial dissolution, i.e., its grain boundaries are corroded 

( Fig. 5  C, G). The ideal chemical formula of ilmenite in 

the studied samples is  Fe 0.71 Ti 0.78 . Rhodonite with the ideal 

formula  (Mn 1.32 Fe +3  
0.099 Mg 0.069 Si 0.5 O 3 ) is registered as well. 

     4.4   Chemical alteration, paleoweathering conditions, 
and provenance 

 The textural features of the original rocks could have been 

altered during diagenesis and metamorphism; thus, recogni-

tion is hindered. The relative degree of alteration is defi ned 

by the chemical index of alteration (CIA = molar proportion 

 [Al 2 O 3  /(Al 2 O 3  + CaO* +  Na 2 O +  K 2 O)] × 100) (Nesbitt and 

Young  1982 ). The equation for the chemical index of weath-

ering (CIW) as proposed by Harnois ( 1988 ) is like the CIA 

except that  K 2 O is not involved in the equation. 

 The chemical index of alteration (CIA) and the chemical 

index of weathering (CIW) provide information about the 

elemental redistribution and amount of weathering in the 

source region and are therefore frequently utilized to evalu-

ate the severity of alteration and weathering of the source 

rock (Ismail et al.  2024 ). 

 McLennan et al. ( 1993 ) and Mongelli et al. ( 2006 ) pro-

vide the following ranges for both CIA and CIW: values 

of 50 refl ect unweathered or fresh bedrock (no chemical 

weathering), whereas values close to 100 refl ect complete 

conversion of feldspars to clay minerals (intense chemical 

weathering). Fedo et al. ( 1995 ) also confi rmed that when the 

value of the CIA is as low as ≤ 50, it might refl ect cool and/

or arid conditions. In the study area, the CIA and the CIW 

range from 66.39 to 76.38 wt% and 77.43 to 92.39 wt%, 

with an average value of 74.2 and 88.74 wt%, respectively 

(Table  S1 ). This is an indication of high to intense weather-

ing under humid conditions. 

 The index of compositional variability (ICV) (Cox et al. 

 1995 ) can be applied to sedimentary rocks to determine their 

compositional maturity. Immature sedimentary rocks usually 

show high ICV values (ICV > 1) typical of the fi rst-cycle 

deposits, indicating a tendency to occur in tectonically active 

settings. In contrast, compositionally mature sedimentary 

rocks usually show low ICV values (ICV < 1) typical of 

  Fig. 13       (Al + Q) –Mg–Fe 

compositional classifi cation 

diagram of chlorite in Mlay 

Lexaugira area according to 

Zane and Weiss ( 1998 ). Note: 

Q = 12 − Σ(R 2+ +  R 3+ +R 4+ )  VI  

represents structural vacancies  
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recycled deposits and characteristics of tectonically quies-

cent or cratonic environments (Cox et al.  1995 ). The ICV 

values of the studied samples range between 77 and 100 

(mean 82.83) (Table  S1 ), indicating low maturity and fi rst-

cycle deposits related to tectonically active settings (Wang 

et al.  2013 ; Ofi li et al.  2022 ). 

 The distribution of some major and trace elements refl ects 

the source area composition; generally, Fe, Mg, Cr, and Ni 

are related to mafi c sources, whereas Al, La, and Nb are 

typical of felsic sources (Aliyari et al.  2014 , Mitwally and 

Yu  2023 ). Cr shows high values for some samples of the 

phyllite suites (Ml1, M3, and ML7) and may be related to 

heterogeneous source areas characterized by both felsic and 

mafi c features. 

 Metapelites show low values of Cr/Th (average 6.85), 

relatively high La/Sc (average 1.70) (Table  S1 ), and strong 

negative Eu anomaly (average 0.153) (Fig.   12 ), indicat-

ing their origin from an evolved felsic source (Šoster et al. 

 2020 ). 

 Hayashi et al. ( 1997 ) proposed that the  Al 2 O 3 /TiO 2  ratios 

in fi ne-grained siliciclastic rocks could be directly traced 

back to the ratios of the corresponding major igneous pro-

toliths. Rocks with an  Al 2 O 3 /TiO 2  ratio >21 are considered 

to be derived from a felsic source; the ratio of intermedi-

ate rocks is between 21 and 8, while rocks of mafi c origin 

have  Al 2 O 3 /TiO 2  ratios of <8. Hayashi et al. ( 1997 ) showed 

similar behavior for the  TiO 2 /Zr ratio, whereas it decreased 

from 200 in mafi c rocks to 55 in rocks from a felsic source. 

 The  Al 2 O 3 /TiO 2  ratios (19.66–24. 05; median 22.52) 

and  TiO 2 /Zr ratios (35.3–47.09 median 42.70) of the stud-

ied metapelitic samples are variable because they derive 

from felsic to intermediate sources. Using the  TiO 2 –Al 2 O 3  

diagram, mafic (basaltic) and felsic (granitic) source 

rocks were discriminated (Fig.  14 ); samples were plotted 

between the basalt + granite and granite + basalt bounda-

ries, suggesting heterogeneous source areas. The A-C + N-K 

 (Al 2 O 3 –CaO +  Na 2 O–K 2 O) system is useful for evaluating 

fresh rock compositions and examining their weathering 

trends because the upper crust is dominated by plagioclase- 

and K-feldspar–rich rocks and their weathering products, 

the clay minerals (Nesbitt and Young  1984 ,  1989 ). The ter-

nary diagram  Al 2 O 3 –CaO +  Na 2 O–K 2 O by Fedo et al. ( 1995 ) 

was used to ascertain palaeoweathering conditions as well 

as post-depositional K- metasomatism. From this diagram, 

trends resulting from the chemical weathering of crystal-

line bedrock are roughly parallel to the  K 2 O–Al 2 O 3  bound-

ary. The analyzed Sirginil phyllites, plotted in the A–CN–K 

diagram (Fig.   15 ), defi ne a linear array that is distinctly 

diff erent from the expected weathering trend. A straight 

line through the data intersects the feldspar join at a point 

representing the fresh composition of potential bedrock. In 

this case, the bedrock source is dominantly granodiorite to 

andesite in composition.                 

 The weathering trend as shown in the A–CN–K diagram 

(Fig.  15 ) indicates that the analyzed phyllites have under-

gone post-depositional K metasomatism (i.e., possibly 

K-metasomatism of illite). 

  Fig. 14       Plot of  TiO 2  versus 

 Al 2 O 3  ratios used to determine 

source rock compositions for 

the Mlay Lexaugira phyllite 

samples  
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 The range of intracrustal diff erentiation is well indicated 

by ratios  La N /Yb N  and Eu/Eu*(Mclennan et al.  1993 ). The 

higher values of  La N /Yb N  (> 10) and values Eu/Eu* in the 

range of the values 0.15–0.17 indicate that protolith of 

metamorphosed sedimentary rocks of the Sirginil phyllite 

group represented the more diff erentiated crustal material 

(Fig.  16 B).         

 Based on geochemical data of the Sirginil phyllites and 

using the La-Th-Sc ternary diagram proposed by Bhatia and 

Crook ( 1986 ) and Eu/Eu* vs. Lan/Yb n  by Méres ( 2005 ), 

most of the samples are plots in the fi eld of the continental 

margin ( Fig. 16 A, B). This assessment coincides with the 

results obtained from the plots La/Sc vs. Th/Sc, La/Yb vs. 

La/Ce and Th/Yb vs. Ta/Yb. Cluzel et al. ( 2001 ) in Fig.  11  

support deposition in the continental margin. 

 The diff erentiation between mafi c and felsic provenance, 

together with the estimation of the degree of sorting and 

accumulation of heavy minerals, can be achieved by the 

ratios of compatible and incompatible element pairs such 

as Zr/Sc and Th/Sc (McLennan et al.  1993 ). Zirconium is 

mainly bound in zircon and serves as a proxy for the degree 

of sorting, whereas Th is rather concentrated in sediments 

derived from highly developed magmatic protoliths (Šoster 

et al.  2020 ). Th and Zr elements are compared with Sc, 

which generally retains the signature of the parent rock. 

In addition, the Th/Sc ratio commonly refl ects the average 

composition of the source rocks. Scandium and Th are trans-

ferred quantitatively from source to sediment; hence, the 

ratio is used to deduce the composition of the source rock 

(McLennan et al.  1993 ). The studied phyllite samples show 

a simple positive correlation between these ratios. The Th/

Sc ratios are (0.71–1.57; median 0.99) (Table  S1 ) and have 

a characteristic of origin from predominantly felsic igne-

ous source, while Zr/Sc ratios (11.47–14.50; median 13.49) 

indicate only a minor degree of sorting and zircon addition 

in all samples (Fig.  16 C). 

      5   Conclusions 

 The protoliths of the Sirginil Group were greywackes and 

shales, deposited in a relatively oxidized environment. Minor 

organic matter fragments were syngenetically deposited as 

the occurrence of graphite indicates. 

 Geochemical indices such as CIA, CIA’, and ICV provide 

useful insights into the maturity of the sedimentary protolith. 

The CIA and CIW indices indicate a high degree of chemi-

cal weathering or a relatively immature source area. Simi-

larly, ICV indicates low maturity for the studied samples 

and, thus, the fi rst-cycle deposition related to the continental 

margin setting. 

  Fig. 15       A–CN–K ternary plot 

for the Mlay Lexaugira phyl-

lites; pre-metasomatized CIA 

values can range from ~50 for 

fresh primary igneous rocks 

to a maximum of 100 for the 

most weathered rocks (Fedo 

et al.  1995 ); average data of 

basalt (1), andesite (2), and 

granodiorite (3) are taken from 

Méres ( 2005 ). The arrows are 

trends for the weathering of the 

protolith  
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 The REE composition and fractionated REE pattern, cou-

pled with prominent negative Eu anomaly and  low Th/Sc 

ratios along the La/Sc versus Th/Sc, La/Yb versus La/Ce 

and Th/Yb versus Ta/Yb plots, indicate a continental margin 

environment as the provenance for these metasedimentary 

units. 

  Fig. 16        A  Plot of the Mlay 

Lexaugira phyllite samples of 

the Sirginil Group in the tec-

tonic discrimination plots La–

Sc–Th after Bhatia and Crook 

( 1986 ) and  B  Eu/Eu* versus 

Lan/Ybn after Méres ( 2005 ).  C  
Discrimination plot Th/Sc ver-

sus Zr/Sc after McLennan et al. 

( 1993 ) establishes the degree 

of sorting, recycling, and upper 

crustal input  
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