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Abstract: The present study analyzes the geochemical composition of sandstone and shale of the Miocene Surma Group to 

decipher the provenance, tectonic settings and paleoweathering condition of source area in the Bandarban Anticline which is at 

the western margin of Indo-Burmese Hill Ranges. Statistical empirical index of chemical weathering of the sediments that have 

been extracted by the Principal Component Analysis (PCA) is used to understand the weathering profile of the sediments of the 

study area. The PCA of the geochemical composition yields three principal components (PC–1, PC–2, and PC–3), which 

capture total variance 52.83%, 17.58% and 6.94%, respectively. The PC–1 shows the loss of SiO2 during weathering of 

preexisting source rocks; PC–2 reveals the enrichment of Na2O, CaO, and P2O5 due to leeching and carried by groundwater 

during weathering; highest loadings with MnO and Cr shows in PC–3 due to redox environment during early diagenetic of 

marine sediments. The MFW and A–CN–K diagrams show an intense weathering trend, and backward trend of the MFW 

diagram and the major elements provenance discriminant diagram refers to the mature polycyclic quartzes provenance and 

originated dominantly from felsic to intermediate igneous rocks. The trend of the SiO2/Al2O3–Na2O/K2O shows the hydraulic 

sorting effect and sediments were originated primarily from a recycled sedimentary provenance. The CIA (67.68–80.89), ICV 

(0.60–1.29, avg. 0.83) and K2O/Na2O ratios show a moderate to high maturity of the sediments and is derived from both weak 

and intensively weathered source rocks. Discriminate diagrams related to tectonic provenance refer to the deposit of the 

sediment dominantly under the influence of collision (active continental collision, compression) and mature sediment derived 

to the depositional basin after upliftment of the source areas after that collision. 
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1. Introduction 

This work represents mainly the geochemistry of the 

exposed sandstones and shales of Surma Group from the 

Bandarban Anticlines, Chittagong Hill Tracts which lies in 

the Southeastern part of Bangladesh (Figure 1). The 

geochemical composition of clastic sedimentary rocks is 

controlled by various factors including parent rock 

composition, weathering process, climatic condition during 

weathering, transportation mechanisms, depositional 

environment of the basin and post-depositional processes [1–

3]. Hence, the geochemistry of clastic sediments represents 

the provenance, chemical weathering, hydraulic sorting, 

abrasion of the sediment and numerous investigations are 

substantiating the above aspects pertaining to genesis of both 

ancient and modern siliciclastic sediments [4–13]. 

Geochemical signatures of siliciclastic rocks have been 

used to identification of palaeotectonic settings of 

provenances [7, 11, 14–17]. Shale sediment contains most of 

the mineral constituents of the parents’ rock and represents 

the characteristic of the crustal composition of the 

provenance much better than any other terrigenous 

sedimentary rocks [18]. The original signature of the 

provenance and palaeo-weathering conditions of the 
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depositional basin is preserved well in the bulk chemistry of 

shale [19]. However, the monitor of the decomposition of the 

unstable mineral includes the Chemical Index of Weathering 

(CIW) and the Chemical Index of Alteration (CIA) [5, 20]. 

The CIA index predicts the conversion of feldspar mineral 

that is the most abundant rock-forming mineral in the earth’s 

crust have widely used in past studies [11, 21]. Other 

weathering indices like Al2O3/Fe2O3, SiO2/Fe2O3, 

SiO2/Al2O3, and K2O/Al2O3 ratio; Index of compositional 

variability (ICV) and Al2O3–(CaO+Na2O)–K2O (A–CN–K) 

ternary plots are widely used to interpret maturity and 

provenance of the rocks [5, 22]. 

 

Figure 1. Geological and tectonic map of study areas showing lithofacies and sample locations [33]. 

Several studies have been made in relation to the regional 

geology, sedimentology and tectonic evolution of the 

Miocene sediments of the Surma Basin as well as the 

southeastern part of the Bengal Basin. In these studies, have 
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used some traditional diagrams and statistical analysis to 

interpret the geochemical data. Geochemical analysis 

interprets Neogene sediments as the sediments are rich in 

quartz, sedimentary and metamorphic lithic fragments which 

indicating a recycled orogen source and have deposited in an 

active or passive continental margin setting and form from 

felsic source rocks [23–27] in these studies. Using the CIA, 

CIW, ICV, PIA values and the ratio of SiO2/Al2O3 in these 

studies interpret the sediments have low degrees of chemical 

weathering in the source areas as well as immature to 

moderately mature in nature [23, 27] and the potential 

sedimentary source supply of Himalayan detritus through 

Ganga-Brahmaputra river system [25, 26, 28]. 

The purpose of the study is to analyzes chemical 

weathering that is extracted by principal component analysis 

(PCA), using MFW diagram for interpret source-area 

weathering, SiO2/Al2O3–Na2O/K2O diagram for understand 

the hydraulic sorting processes [29, 30], discriminant-

function multi-dimensional diagram for interpret tectonic 

settings (in terms of plate tectonics) of Miocene sediment of 

Bandarban Anticline and compare with traditional 

geochemical model [16, 31, 32, 6–8]. 

2. Geology 

The initiation of the Bengal basin of Bangladesh and part of 

eastern India (West Bengal) occurred during the Gondwana 

continental landmass fragmentation at the late Mesozoic (ca. 

~125 Ma) [34]. The collision of the Subsequent Indian and 

Eurasian Plates at ~55–50 Ma resulting in the formation of 

Himalaya (~27–17 Ma) is providing the major sediment to 

the Bay of Bengal [28, 35–37]. The sedimentary characters 

show the major deltaic influence since the Oligocene. The 

collision between the Indian and Burmese plates resulted in 

the formation of Indo-Burmese ranges during the Eocene–

Oligocene (and the folding of the outer part of the western 

part of this range occur within the last few million years (ca. 

~0.4–2.9Ma) [38–41]. Sediments within the Bengal basin 

have compressed and uplifted to form of Chittagong–Tripura 

Fold Belt (CTFB) which is on the western side of this ranges 

(Figure 1). The sediment of the Bengal Basin is carried out 

by the easterly palaeo-Brahmaputra river and westerly palaeo 

Ganges river system. Two variable fluvial system sediment is 

the main sources of the late Miocene shelf, which are similar 

depositional processes to the modern-day shelf that having 

high sediment loads and variable seasonal discharges (Figure 

1). The early to middle Miocene Bhuban Formation and the 

middle to late Miocene Boka Bil Formation comprise the 

sediments the study areas. These thick accumulations of 

sandstones and mudstone were deposited during repeated 

transgression-regression and derived from neighboring 

orogenic belts [33, 42, 43]. The Neogene Surma Group 

sediments deposited in the deeper part of the basin and a 

thickness reached about ≥4 km in the eastern fold belts [44]. 

Hence the lithology and their sedimentary structures are the 

basis established stratigraphy of that region. The rock 

sequence of the study areas is mainly composed of fine to 

medium-grained sandstone, silty shale, shale, sandy siltstone, 

siltstone, conglomerate, etc. [33, 45, 46]. The stratigraphic 

succession of the area is shown in Figure 2. 

 

Figure 2. Stratigraphic succession of the study area of the Bandarban 

anticline (Compile form of 33, 42, 47). 

3. Methodology 

The samples of Miocene Surma Group of sediments in 

Bandarban anticline were collected from the exposed rock 

section of this area. Twenty sandstone and shale crushed 

samples (10 each) have been used to determine the major 

elements (in percentage) and some minor elements (in 

ppm) composition using by the XRF technique on fused 

beads [48]. Analyses were carried out with an X-ray 

Fluorescence (XRF) model ZSX Primus, Rigaku with 

standard curves based on International Rock Standards at 

the laboratory of the Institute of Mining, Mineralogy and 

Metallurgy IMMM, Joypurhat, Bangladesh. Relative 

errors on major elements were determined by heating the 

dried samples to 950°C for 2 hours and it usually comes at 

<2% and causes Loss on Ignition (LOI). Cu, Zn, Ni, and 

Cr elements were measured by Atomic absorption 

spectroscopy (AAS) Model AA240, Agilent at IMMM to 

correlate with XRF measure. In this study, statistical 

empirical index of chemical weathering extracts by PCA 

is carried out to recognize the structure of the data. 

Discriminant Function diagrams have been used to 

characterize the sedimentary and tectonic provenance of 

the sediments [6, 8, 31]. The MFW diagrams, SiO2/Al2O3–

Na2O/K2O diagrams, A–CN–K diagrams, and CIW, CIA, 

and ICV values were utilized to quantify the effects of 

source weathering, climatic condition, sediment maturity, 

and hydraulic sorting processes [5, 6, 20, 22, 29, 30]. 

In this study, CO2 data was not quantified. CaO derived 

from carbonate was corrected using the method of [11] and 

[49]. The content of CaO was corrected for apatite using 

P2O5 (CaO
*
=CaO–10/3·P2O5). Based on that, if the corrected 

CaO
*
 value is lower than the amount of Na2O, this corrected 

CaO
*
 value is adopted. On the other hand, if the CaO

*
 value 

is higher than the amount of Na2O, it is assumed that the 

correction of CaO value is equal to the amount of Na2O. 
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4. Results 

4.1. Geochemistry of Sandstone and Shale 

The major element composition of the samples show high 

concentration of SiO2 (53.60–77.40%), moderately high 

concentration of Al2O3 (8.44–21.9%), Fe2O3 (4.17–7.55%) 

and K2O (2.21–4.5%) and low concentration of MgO (0.86–

3.16%), CaO (0.34–9.96%), Na2O (0.50–1.69%), TiO2 (0.37–

0.88%), P2O5 (0.09–0.25%) and MnO (0.05–0.28%) (Table 

1). The sandstones contain more SiO2 than those of the 

shales, but the concentrations of other major elements are 

higher in shales, which reflect their association with clay-

sized phases [50]. The sandstones and shales were also 

compared to UCC (Upper Continental Crust) and PAAS 

(Post-Archaean Australian Shale) as shown in Figure 3 [21, 

51]. The average concentration of SiO2 (1.05), Al2O3 (0.95), 

TiO2 (0.86), Fe2O3 (1.01), MnO (0.70), K2O (1.12) and P2O5 

(1.67) in these samples are highly comparable those of with 

the UCC, whereas the average concentration of CaO (0.21), 

Na2O (0.31) and MgO (0.57) are low comparable (Figure 3). 

Contents of K2O and Na2O and their ratios (K2O/Na2O>1) 

signify that K–feldspar dominantly source rocks and 

enrichment of K2O is associated with the Illite clay mineral 

in shales and sandstones. In comparison with UCC, the shale 

samples are low in CaO, Na2O and, high in TiO2, K2O, and 

Al2O3. The abundance of Al2O3 is used to make comparisons 

amongst different lithologies as Al2O3 shows its immobile 

nature during weathering, diagenesis, and metamorphism 

[52]. Enrichment in Al2O3 and TiO2 indicates that the Al and 

Ti are easily absorbed by clays and are concentrated in the 

finer, more weathered materials [53]. The average 

concentrations of SiO2 (1.01), Al2O3 (0.93), TiO2 (0.90), 

Fe2O3 (1.00), MnO (1.00), CaO (1.22), Na2O (1.29), K2O 

(0.93), MgO (1.24) and P2O5 (0.86) are comparable with the 

PAAS (Figure 3). 

The behavior of most of the major oxides (e.g. MgO, 

Fe2O3
*
, TiO2, CaO, and Al2O3) shows a negative correlation 

with SiO2. The negative correlation between SiO2 and Al2O3 

(r=–0.458, n=20; Table 2) indicates that most of the SiO2 is 

present as quartz grains [54, 55]. However, the positive 

correlation of K2O, TiO2, MgO, Fe2O3
*
 and P2O5 with Al2O3 

(Table 2) suggests a major influence of hydraulic sorting 

processes. A positive correlation between K2O and Al2O3 

(r=0.975, n=20; Table 3) implies that the concentration of the 

K-bearing minerals has a significant influence on Al 

distribution. Its abundance is primarily controlled by clay 

mineral content [54, 56]. The lower content of TiO2 (avg. 

0.64 wt%) suggests more evolved (felsic) materials in the 

source rocks. But lower P2O5 content (avg. 0.07 wt%) 

suggests a lesser amount of accessory phases such as Apatite 

and Monazite [10, 21]. 

4.2. Principle Component Analysis (PCA) 

The singular value decomposition of the centered log-ratio 

transformed data was performed for the PCA of these 

sediments. The extracted principal components can be seen 

as latent variables that best explain the variance of 

multivariate data. Table 3 and Figure 4 illustrate the result of 

the first three principal components graphically. Collectively, 

the cumulative proportion of the first three principal 

components account for 77.36% of the total variance of the 

geochemical data (Table 3). 

Principal component 1 (PC–1) shows positive loadings 

with elements (e.g. Al2O3, TiO2, K2O, Fe2O3, MgO, Zr, Zn, 

Rb, and V) suggesting positive correlations between PC–1 

and these elements (Table 3, Figure 4). Generally, these 

elements are enriched due to weathering of pre-existing felsic 

to intermediate igneous rocks and the highest negative 

loadings are found due to loss of silicate (SiO2) during 

weathering and recycling of sediments [57–59]. Positive 

loadings of Al2O3 and negative loading of SiO2 in PC–1 may 

be related to a de-silicification of alumino-silicates [6, 60]. 

Table 1. Major (in weight percentage) and some minor element (in ppm) abundance Miocene Sediment of Bandarban Anticline. 

Sam. 

No. 

Major element (in weight percent) Minor element (in ppm) 

SiO2 Al2O3 TiO2 Fe2O3 MnO CaO MgO Na2O K2O P2O5 Ba Ni Cu Zn Cr Sr V Rb Zr Ga 

SS1 77.2 11 0.37 4.45 0.06 1.1 1.13 1.41 2.54 0.09 375 63 30 33 137 71 75 90 100 18 

SS2 72.2 14.2 0.5 4.48 0.06 1.06 1.74 1.69 3.3 0.16 292 55 28 51 105 93 93 114 55 17 

SS3 64.8 21.2 0.82 5.41 0.05 0.72 1.68 0.70 4.07 0.14 360 76 52 85 63 130 128 170 130 9 

SS4 74.4 15.14 0.52 4.63 0.06 0.34 1.06 0.51 2.74 0.1 342 85 29 47 122 102 102 123 125 10 

SS5 64.9 19.2 0.73 6.47 0.1 0.84 1.93 1.14 3.9 0.24 573 67 38 80 63 122 128 152 90 21 

SS6 77.2 11.7 0.47 4.35 0.08 0.84 0.86 1.18 2.66 0.12 487 58 26 35 127 80 78 96 75 22 

SS7 77.4 12.3 0.41 4.41 0.06 0.36 0.88 0.64 2.82 0.09 373 62 30 48 114 73 82 100 88 14 

SS8 70.8 15.4 0.53 5.61 0.06 0.7 1.73 1.01 3.5 0.15 486 63 33 65 92 95 103 128 98 26 

SS9 67.2 17.5 0.72 6.29 0.09 0.88 1.98 1.00 3.65 0.19 363 68 43 79 81 117 115 135 105 18 

SS10 53.6 8.44 0.39 4.67 0.11 9.90 1.22 0.91 2.21 0.09 456 54 34 47 99 59 70 75 75 12 

Sh1 64.2 18.4 0.61 6.02 0.11 1.56 2.76 1.57 3.9 0.25 477 63 45 90 169 95 170 169 125 25 

Sh2 60 21.7 0.88 7.55 0.06 0.79 3.16 0.84 4.44 0.14 448 95 54 106 140 105 205 190 130 18 

Sh3 64.5 18.8 0.68 5.77 0.1 1.35 2.65 1.48 3.93 0.2 534 61 38 76 134 88 185 178 128 23 

Sh4 59.8 21.7 0.85 6.92 0.12 1.24 3.02 1.19 4.49 0.19 462 68 44 97 73 103 203 195 135 24 

Sh5 60.1 21.7 0.76 6.9 0.12 1.32 2.78 1.17 4.5 0.21 422 82 57 99 99 107 198 175 148 35 

Sh6 61.5 15.2 0.66 4.9 0.28 9.96 2.09 1.36 3.32 0.24 583 74 45 65 201 98 158 136 105 38 

Sh7 64.4 20.1 0.76 5.86 0.06 0.94 2.1 0.97 4.08 0.17 577 95 54 99 180 115 196 178 128 30 

Sh8 67.6 18.9 0.74 4.17 0.05 0.92 1.64 1.30 3.88 0.16 501 64 38 70 232 95 186 168 120 28 

Sh9 60.8 21.9 0.83 6.21 0.06 1.1 3.08 1.01 4.46 0.16 392 87 50 95 62 103 208 188 149 20 

Sh10 65.5 17.9 0.73 6.01 0.07 1.26 2.97 1.20 3.64 0.17 307 85 46 61 195 102 183 158 95 16 
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Table 2. Values of Pearson’s coefficient of correlation of the Miocene Sediments of Bandarban Anticline. 

 
SiO2 Al2O3 TiO2 Fe2O3 MnO CaO MgO Na2O K2O P2O5 Ba Ni Cu Zn Cr Sr V Rb Zr Ga 

SiO2 1 
                   

Al2O3 -0.458 1 
                  

TiO2 -0.575 0.949 1 
                 

Fe2O3 -0.593 0.763 0.752 1 
                

MnO -0.389 -0.061 0.045 0.063 1 
               

CaO -0.517 -0.508 -0.342 -0.231 0.405 1 
              

MgO -0.655 0.785 0.778 0.835 0.174 -0.195 1 
             

Na2O -0.033 -0.020 -0.058 -0.050 0.306 -0.046 0.277 1 
            

K2O -0.509 0.975 0.924 0.794 -0.013 -0.459 0.838 0.106 1 
           

P2O5 -0.433 0.564 0.539 0.518 0.553 -0.179 0.622 0.527 0.615 1 
          

Ba -0.320 0.142 0.188 0.141 0.472 0.173 0.102 0.190 0.191 0.472 1 
         

Ni -0.290 0.626 0.643 0.538 -0.080 -0.291 0.499 -0.427 0.531 0.090 -0.022 1 
        

Cu -0.689 0.804 0.833 0.742 0.162 -0.103 0.754 -0.093 0.805 0.479 0.169 0.722 1 
       

Zn -0.660 0.912 0.884 0.847 0.059 -0.247 0.807 -0.035 0.936 0.586 0.290 0.579 0.880 1 
      

Cr 0.075 -0.089 -0.034 -0.298 0.210 0.015 0.026 0.322 -0.099 0.120 0.264 0.132 0.040 -0.125 1 
     

Sr -0.237 0.799 0.792 0.573 -0.032 -0.498 0.438 -0.177 0.716 0.526 0.057 0.575 0.632 0.678 -0.196 1 
    

V -0.589 0.866 0.859 0.678 0.138 -0.279 0.879 0.164 0.878 0.569 0.289 0.624 0.800 0.837 0.261 0.488 1 
   

Rb -0.514 0.972 0.929 0.736 0.000 -0.436 0.842 0.070 0.960 0.583 0.236 0.596 0.792 0.906 0.049 0.681 0.938 1 
  

Zr -0.416 0.783 0.697 0.570 0.008 -0.314 0.602 -0.205 0.723 0.291 0.161 0.640 0.728 0.748 -0.015 0.475 0.766 0.799 1 
 

Ga -0.247 0.288 0.269 0.208 0.587 -0.077 0.345 0.482 0.385 0.644 0.661 0.105 0.351 0.359 0.409 0.119 0.493 0.345 0.282 1 

 

Figure 3. Spider plot of major elements in Miocene sandstones and shales normalized against UCC and PASS (after [48] and [21]). 

Principal Component 2 (PC–2) shows the highest loadings 

with Na2O, CaO, and P2O5 (Table 3; Figure 4). These 

elements are leached and carried away by groundwater 

during the weathering process [61, 62]. The Al2O3, Fe2O3, 

and TiO2 show nearly zero loadings and Ni show negative 

loading (Table 3). The result reflects that Al2O3, Fe2O3, and 

TiO2 remain in sediment and Ni are enrich during the 

weathering process [61, 62]. The result of PC–2 is consistent 

with the geochemistry of weathering processes observed in 

recent weathering profiles [63–67]. Principal component 3 

(PC–3) shows the highest loadings with MnO, Cr, Ga and 

decrease of Na2O, MgO and K2O, which reflects a change in 

the mineralogical composition of the sediments due to redox 

environment of marine sediments during early diagenetic 

processes [6, 60]. 

Hydraulic sorting processes were an important factor in the 

fractionation of sand grains and phyllosilicates that affect 

PC–2. Weathering and hydraulic sorting effects of the 
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Miocene sediments govern the geochemical composition of 

the source rocks. In PC–2, a composite latent variable shows 

the effects of source-area weathering and hydraulic sorting 

processes of sediments. Therefore, the present results verify 

the need to compensate for the effects of weathering and 

hydraulic sorting processes in order to achieve a robust 

provenance analysis [68–71]. 

Table 3. PCA loadings for PC–1, PC–2, and PC–2. 

Component 
Principle Component 

PC–1 PC–2 PC–3 

SiO2 -0.587 -0.332 -0.110 

Al2O3 0.967 0.061 -0.009 

TiO2 0.950 0.050 0.050 

Fe2O3 0.843 0.215 -0.170 

MnO -0.018 0.485 0.554 

CaO 0.262 0.839 0.270 

MgO 0.825 0.429 0.011 

Na2O -0.138 0.866 0.190 

K2O 0.942 0.207 -0.003 

P2O5 0.503 0.667 0.294 

Ba 0.139 0.209 0.693 

Ni 0.732 -0.462 0.189 

Cu 0.894 0.044 0.169 

Zn 0.949 0.138 0.048 

Cr -0.110 -0.010 0.777 

Sr 0.761 -0.093 -0.096 

V 0.872 0.184 0.314 

Rb 0.944 0.128 0.109 

Zr 0.809 -0.145 0.174 

Ga 0.252 0.427 0.739 

Eigenvalues 10.57 3.52 1.39 

Proportion 52.83 17.58 6.94 

Cumulative proportion 52.83 70.42 77.36 

 

Figure 4. PCA of the studied samples (compositional biplot). Circles 

indicate the principle loadings of these elements. 

4.3. Weathering and Diagenesis in Source Area 

The PCA of sediments represents the source-area 

weathering and hydraulic sorting of the original composition 

of the source rocks [29]. The M, F and W vertices represent 

the unweathered mafic (M) igneous rocks, unweathered felsic 

(F) igneous rocks and degree of weathering (W) of parent 

igneous rocks. Solid and broken lines of Figure 5 represent a 

compositional linear trend for igneous and weathering 

profiles of basalt, diorite, and granite respectively [72, 73]. 

The basalt profiles in Figure 5 is classified into facies 1: fresh 

rock, facies 2: intermediately weathered, facies 3: extensively 

weathered to facies 4: soil. The proportions of secondary 

weathering minerals of granite and diorite increase with the 

increase of weathering and a decrease in bulk density (Figure 

5) [29]. Weathering trends on the MFW diagram 

characterized the relative loss of Na2O and CaO, and relative 

enrichment of Al2O3, Fe2O3, and P2O5 during weathering. 

These elementals behavior are usually concordant with PC–2 

(Figure 4), which is interpreted as the weathering trend of 

these sediments. The sediments that are composed of 

phyllosilicates shows high W values in the MFW diagram 

(Figure 5). However, on the MFW diagram, sediments that 

are composed primarily of weathered residues of source rock 

depict low W values and recycled sediments/transported 

weathered sediments show high W values, which illustrates a 

compositional linear trend [74, 75] to the W vertex (Figure 

5). Therefore, the compositions of the sediments reflect the 

weathering or sorting profiles of the source rock 

compositions rather than the composition of the source rock 

itself. The weathering trend of the sediments, when extended 

backward to the M–F vertices has an average compositional 

value, which shows that the sedimentary source is dominant 

to felsic intermediate–igneous rock (Figure 5). In summary, 

the backward estimate helps to illustrate the composition of 

the source area of the sediment. 

In addition, the results of grain-size fractionation, 

weathering, and hydraulic sorting cause considerable 

modification of sediment compositions [30, 70]; 

transportation and sorting processes might influence the 

mineralogically mature sediments [76]. SiO2/Al2O3 and 

Na2O/K2O ratios are highly susceptible to the fractionation of 

quartz, albite, and illite during sorting effects and these ratios  

 

Figure 5. The MFW triangular plots for representative igneous rocks and 

weathering profiles [29]. See text for a discussion and Appendix Sl. No. 1 for 

the formula for vertices of the figure. 

can be utilized to measure a simple binary response of 

phyllosilicate and sand-sized particle endmembers during 
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hydraulic sorting processes [30]. In Figure 6 dashed lines were 

calculated contours for 50%, 25% and 15% matrix 

compositions for hypothetical sediment composed of quartz, 

albite, and illite [30]. In this diagram, sediments derived from a 

recycled sedimentary provenance delineate horizontal trends as 

shown by Miocene Sediment. On the SiO2/Al2O3–Na2O/K2O 

diagram, the sediments plot near the compositional domain of 

illite that is progressively at a distance from the illitic 

composition, which reflects the sorting and winnowing effect 

on phyllosilicates (Figure 6). The initial source compositions 

determine the slopes in the SiO2/Al2O3–Na2O/K2O diagram 

shows that Miocene sediments were sourced primarily from 

recycled sedimentary rocks [30]. 

A method for evaluating K2O addition using the A–CN–K 

diagram (Figure 7)–demonstrated by [60] and [77]–is useful 

for identifying compositional changes of sediments that are 

related to source rock composition, chemical weathering and 

diagenesis. In this diagram a represent the Al2O3, 

CN=CaO+Na2O, K=K2O, CIA=Chemical Index of 

Alteration, Ka=Kaolinite, Gb=Gibbsite, Chl=Chlorite, 

Mu=Muscovite, Pl=Plagioclase, Ksp=K-Feldspar, 

Sm=Smectite. The stars represent average compositions 

B=Basalt, A=Andesite, F=Felsic volcanic, G=Granite [10]; 

and UCC=Upper Continental Crust composition [21]. The 

solid arrowed line illustrates the trend towards illite–

muscovite; the heavy dotted arrowed line is the ideal 

weathering trend (IWT) showed in this diagram. The 

sandstones and shale plotted above the line join plagioclase 

and K-feldspar and extends nearly parallel to the A–CN axis 

that delineates an ideal weathering trend (Figure 7). This 

indicates that the removal rate of Na and Ca from plagioclase 

is generally greater than the removal rates of K from the 

microcline. The trend inclines towards illite on the A–K edge 

of A–CN–K diagram and does not show any inclination 

towards the K apex indicating that the sediments are free 

from potash metasomatism during diagenesis. The general 

trends of MFW and SiO2/Al2O3–Na2O/K2O diagrams show 

that each formation depicted is closely analogous and the 

contribution from diagenesis is insignificant as long as CaO 

in the carbonate phase is corrected. 

 

Figure 6. The SiO2/Al2O3–Na2O/K2O plots of studied sediments illustrating 

the effect of hydraulic sorting [30]. 

 

Figure 7. A–CN–K (Nesbitt and Young, 1984) plots for the studied samples 

and the dotted field area show the Surma Group of sediments in the Surma 

basin from data in [25]. See text for a discussion of the figure. 

4.4. Tectonic Setting 

On the basis of the geochemical composition, the various 

tectonic setting discrimination diagrams are used to evaluate 

the tectonic setting of the region. Discrimination diagrams 

proposed by [7] and [16] have widely been used to interpret 

plate tectonics of unknown sedimentary depositional basins 

using the major-element compositions. Discrimination 

diagrams proposed by [7] divide tectonic settings as oceanic 

island arc (OIA), continental island arc (CIA), active 

continental margin (ACM) and passive continental margin 

(PM) (Appendix Sl. No. 2; Figure 8a). [16] Differentiate 

tectonic settings as the OIA, ACM, and PM in their diagram 

(Figure 8b). Calc-alkaline ternary diagram (CaO-Na2O-K2O) 

proposed by [32] also differentiates tectonic setting as OIA, 

CIA, ACM, and PM (Figure 8c). [78] Evaluated the success 

rate of the major-element-based discrimination diagrams and 

found a 0%–23% success rate for the [7] diagram and 

31.5%–52.3% success rate for the diagram of [8, 16]. Two 

new discriminate-function diagrams proposed by [31] have 

also been used to discriminate tectonic settings as arc (active 

volcanism), continental rift (extension) and continental 

collision (compression) for high silica (SiO2=>63%–≤95%) 

and low silica (SiO2=>35%–≤63%) sediments (Appendix Sl. 

No. 3; Figure 9). 

Bivariate plots of DF–1 and DF–2 diagram show that most 

of the samples represent the marginal line of the active 

continental and passive continental margin fields (Figure 8a). 

About 60% of samples represent the passive continental 

margin and about 40% fall in the active continental margin 

field in SiO2 and log (K2O/Na2O) diagram (Figure 8b) and 

Calc-alkaline ternary diagram (CaO–Na2O–K2O) (Figure 8c). 

Out of Twenty samples the thirteen samples contain high silica 

and seven samples contain low silica. These samples were 

used to identify tectonic settings using bivariate plots of DF–1 

(Arc–Rift–Col) and DF–2 (Arc–Rift–Col) diagrams [31]. Ten 

out of thirteen samples of high-silica and four out of seven 

samples of low-silica are plotted in the collision field (Figure 

9). The remaining three samples of silica-rich sediments are 

plotted in arc whereas three samples are plotted in the 
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continental rift field (Figure 9). By comparing all the tectonic 

discriminant diagrams, it is concluded that the source and 

depositional areas of the Miocene sediments of the Bandarban 

Anticline were under the influence of collision (active 

continental collision, compression) tectonic conditions. 

4.5. Provenance 

The composition of major elements or oxides of 

siliciclastic sedimentary rocks has been used to identify their 

source regions and some important methods have been used 

to characterize the source rocks [13]. In the provenance 

discrimination diagram of [8], the formulated discriminant 

functions (i.e., bivariate) distinguishes major provenance 

fields, P1 (mafic)–first-cycle basaltic and lesser andesitic 

detritus; P2 (intermediate)–dominantly andesitic detritus; P3 

(felsic)–acid plutonic and volcanic detritus; and P4 

(recycled)–mature polycyclic quartzose detritus. In this 

diagram, most of the samples plotted in mature polycyclic 

quartzose provenance field and some are scattered in both 

felsic to intermediate igneous provenance fields (Appendix 

Sl. No. 4, Figure 10).  

The MFW and SiO2/Al2O3–Na2O/K2O diagrams revealed 

compositional variations, even after adjusting for the effects of 

weathering and hydraulic sorting processes (Figures 5 and 6). 

 

Figure 8. (a) The tectonic discriminant function diagram [7], (b) K2O/Na2O vs SiO2 tectonic-setting discrimination diagram [16] and (c) Na2O–CaO–K2O 

ternary plot [32] for studied samples from the Miocene Bhuban and Boka Bil Formation. 

In the MFW diagram, The M and F vertices represent 

untethered mafic and felsic igneous rocks and the W vertex 

measures the degree of weathering of these parent igneous 

rocks. The slope and the range of sediment distribution 

represent that the sediments are extensively 

weathered/recycled sediment originates from mainly felsic to 

intermediate rocks. On the biplot (Figure 6) of the 

SiO2/Al2O3–Na2O/K2O diagram determined by the initial 
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source composition of sediment [30, 79] and the sediment 

sourced primarily from a recycled sedimentary provenance. 

 

Figure 9. Discriminant-function multi-dimensional diagram [31] for high-

silica (solid line) and low-silica (dotted line) clastics for studied samples. 

 

Figure 10. Major element provenance discriminant function plot [8] of 

studied samples. Fields for Surma Group of Group sediments in Bangladesh 

from data in [25]. * UCC — average upper continental crust [21]; BA, AN, 

DA, RD, RH — average basalt, andesite, dacite, rhyodacite and rhyolite [8]. 

4.6. Sediment Maturity 

The index compositional variation (ICV) can determine 

the original character and maturity of sediments, as well as 

the, prevailed climatic conditions [22]. In minerals that are 

high in weathering intensity and decreases in more stable 

minerals (less weathered minerals) show the highest tends of 

the ICV. The ICV decreases more in clay minerals of the 

montmorillonite group than the kaolinite group [22]. In 

addition, more mature sediment in the tectonically quiescent 

or cratonic environment tends to have low ICV values (< 1.0) 

and the first cycle immature sediments deposited in 

tectonically active settings tends to have more ICV values (> 

1). For the studied samples, the ICV values of sandstone 

range from 0.60 to 1.29 (averaging 0.83) and shale ranges 

from 0.63 to 0.88 (averaging 0.78). Based on these values, it 

can be inferred that the sediment is compositionally mature 

and deposited in the tectonically quiescent environment. 

The K2O/Na2O ratios of sandstone range from 1.81 to 5.81 

(averaging 3.47) and shale range from 2.44 to 5.29 

(averaging 3.51). These ratios indicate a moderate to high 

maturity of the sediment [80], which can compare with the 

ICV values and indicate those of sediments from passive 

margins, which increase with maturity of rocks [7]. The 

binary plot of the CIA against ICV for the studied samples 

(Appendix Sl. No. 5; Figure 11) shows that the samples are 

mature and were derived from both weak and intensively 

weathered source rocks. 

Alternatively, SiO2/Al2O3 ratios of siliciclastic rocks are 

depended on sediment recycling and the weathering process is 

an indicator of sediment maturity. The average ratios of 

SiO2/Al2O3 in unaltered igneous rocks range from ~3.0 (basic 

rocks) to ~5.0 (acidic rocks) and ratio > 5.0 indicates 

progressive maturity sediment [81]. The SiO2/Al2O3 ratios of 

the sandstones vary from 3.06 to 7.02 (averaging 5.11) and 

shales range from 2.76 to 4.05 (averaging 3.25). The ratios 

K2O/Na2O of the sandstones range from 1.81 to 5.81 

(averaging 3.47) and shales vary from 2.44 to 5.29 (averaging 

3.51). The low values of K2O/Na2O, as well as the high values 

of SiO2/Al2O3, indicate moderate sediment maturity. 

 

Figure 11. A binary plot of CIA vs ICV of studied samples. 

5. Conclusion 

The geochemical analysis of sediments reflects the 

provenances, tectonic settings and paleoweathering 

conditions of sources in the study area. The result of 

principal component analysis (PCA) of this study shows the 

enrichment of Al2O3, TiO2, K2O, Fe2O3, MgO, Zr, Zn, Rb, 

and V, and loss of SiO2 during weathering of preexisting 

source rock (PC–1); enrichment of Na2O, CaO and P2O5 due 

to leaching and carried by groundwater (PC–2); and highest 

loadings with MnO and Cr due to highly redox environment 

during early diagenetic (PC–3). The MFW diagram and A–

CN–K diagram show the intense weathering of the source 

area, and backward trend of MFW and the major elements 

discriminant diagram shows the sediments are mature 
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polycyclic quartzes provenance and originated from 

dominantly in felsic to intermediate igneous rock. The trend 

of the SiO2/Al2O3–Na2O/K2O diagram shows the hydraulic 

sorting effect and sediments were originated primarily from a 

recycled sedimentary provenance. The CIA, ICV, and 

K2O/Na2O ratios indicate a moderate to high mature 

sediment and derived from both weak and intensively 

weathered source rocks. Discriminate diagrams related to 

clastic sediment revealed the sediment deposit under the 

influence of collision (active continental margin) and mature 

weathered sediments derived to depositional basin after 

collation and upliftment of source area. 

Appendix 

1. Formula Used for calculating vertices in Figure 5 [29] 

STEP 1 

M = −0.395 × ln (SiO2) + 0.206 × ln (TiO2)−0.316 × ln (Al2O3) + 0.160 × ln (Fe2O3) + 0.246 × ln (MgO) + 0.368 × ln (CaO) + 

0.073 × ln (Na2O)−0.342 × ln (K2O) + 2.266 

F = 0.191 × ln (SiO2)−0.397 × ln (TiO2) + 0.020 × ln (Al2O3)− 0.375 × ln (Fe2O3)−0.243 × ln (MgO) + 0.079 × ln (CaO) + 

0.392 × ln (Na2O) + 0.333 × ln (K2O)−0.892 

W = 0.203 × ln (SiO2) + 0.191 × ln (TiO2) + 0.296 × ln (Al2O3) + 0.215 × ln(Fe2O3)−0.002 × ln (MgO)−0.448 × ln 

(CaO)−0.464 × ln(Na2O) + 0.008 × ln (K2O) −1.374 

STEP 2 

Closure operation: C100[exp(M), exp(F), exp(W)] 

2. Formula Used for calculating Discriminant Function of Figure 8–(a) [7] 

DF1 = (-0.0447 × SiO2) + (-0.972 × TiO2) + (0.008 × Al2O3) + (-0.267 × Fe2O3) + (0.208 × FeO) + (3.082 × MnO) + (0.140 × 

MgO) + (0.195 × CaO) + (0.719 × Na2O) + (0.032 × K2O) + (7.510 × P2O5); 

DF2 = (-0.421 × SiO2) + (1.988 × TiO2) + (-0.526 × Al2O3) + (-0.551 × Fe2O3) + (1.610 × FeO) + (2.720 × MnO) + (0.881 × 

MgO) + (-0.907 × CaO) + (- 0.177 × Na2O) + (-1.840 × K2O) + (7.244 × P2O5) 

3. Formula Used for calculating Discriminant Function of Figure 9 [31] 

High-silica [(SiO2)adj = > 63%–≤ 95%] 

DF1 (Arc-Rift-Col) = (-0.263 × ln(TiO2/SiO2)adj) + (0.604 × ln (Al2O3/SiO2)adj) + (-1.725 × ln (Fe2O3t/SiO2)adj) + (0.660 × ln 

(MnO/SiO2)adj) + (2.191 × ln (MgO/SiO2)adj) + (0.144 × ln (CaO/SiO2)adj) + (-1.304 × ln(Na2/SiO2)adj) + (0.054 × 

ln(K2O/SiO2)adj) + (-0.330 × ln (P2O5/SiO2)adj) + 1.588 

DF2 (Arc-Rift-Col) = (-1.196 × ln(TiO2/SiO2)adj) + (1.064 × ln (Al2O3/SiO2)adj) + (-0.303 × ln (Fe2O3t/SiO2)adj) + (0.436 × ln 

(MnO/SiO2)adj) + (0.838 × ln (MgO/SiO2)adj) + (-0.407 × ln (CaO/SiO2)adj) + (1.021 × ln(Na2/SiO2)adj) + (-1.706 × 

ln(K2O/SiO2)adj) + (-0.126 × ln (P2O5/SiO2)adj)-1.068 

Low-silica [(SiO2)adj = > 35%–≤ 63%] 

DF1 (Arc-Rift-Col) = (0.608 × ln(TiO2/SiO2)adj) + (-1.854 × ln (Al2O3/SiO2)adj) + (0.299 × ln (Fe2O3
t
/SiO2)adj) + (-0.550 × ln 

(MnO/SiO2)adj) + (0.120 × ln (MgO/SiO2)adj) + (0.194 × ln (CaO/SiO2)adj) + (-1.510 × ln(Na2/SiO2)adj) + (1.941 × ln 

(K2O/SiO2)adj) + (0.003 × ln (P2O5/SiO2)adj)-0.294 

DF2 (Arc-Rift-Col) = -0.554 × ln(TiO2/SiO2)adj) + (-0.995 × ln (Al2O3/SiO2)adj) + (0.299 × ln (Fe2O3
t
/SiO2)adj) + (-1.391 × ln 

(MnO/SiO2)adj) + (-1.034 × ln (MgO/SiO2)adj) + (0.225 × ln (CaO/SiO2)adj) + (0.713 × ln(Na2/SiO2)adj) + (0.330 × 

ln(K2O/SiO2)adj) + (0.637 × ln (P2O5/SiO2)adj)-3.631 

4. Formula Used for calculating Discriminant Function of Figure 10 [8] 

DF 1 = (−1.773 TiO2) + (0.607 Al2O3) + (0.760 Fe2O3) + (−1.500 MgO) + (0.616 CaO) + (0.509 Na2O) + (−1.224 K2O) + 

(−9.090); 

DF 2 = (0.445 TiO2) + (0.070 Al2O3) + (−0.250 Fe2O3) + (−1.142 MgO) + (0.438 CaO) + (1.475 Na2O) + (−1.426 K2O) + (-

6.861). 

5. Formula Used for calculating ICV and CIA in Figure 11. 

ICV = (Fe2O3 + K2O + Na2O + CaO + MgO + MnO)/Al2O3 [22] 

CIA = [Al2O3 /(Al2O3 + CaO* + Na2O + K2O)] × 100 [5] 
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