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G R W N e

Abstract: The present paper focuses on the geology, petrography, and geochemistry of the well-
known Dokhan volcanics encountered in the northern part of the Eastern Desert of Egypt. The basalts,
andesites, rhyolites, and agglomerates exposed at the Makhar Seal (flood plain) as well as Wadi Abu
Zoghot, Wadi El-Ghafiryia, Wadi Al-Radah Luman, Wadi Al-Ushsh, Wadi Umm Sidrah, and Gabal
Ghuwayrib are herein examined as sources of coarse aggregate in concrete mixes. A representative
total of 28 samples—collected from different Dokhan volcanics—was studied in terms of field geology,
petrography, and geochemistry wherein a variety of experiments related to construction material
validation apply. The petrographic examination revealed that the studied Dokhan volcanics consist
of basic, intermediate, and acidic volcanic igneous rocks. These rocks are represented through basalts,
andesites, imperial porphyry, dacites, rhyodacites, rhyolites, and their pyroclastics. Furthermore, the
applied geochemical analysis indicated that the studied Dokhan volcanics are alkaline to sub-alkaline,
calc-alkaline and classified as basalts, basaltic andesites, andesites, trachyandesites, trachydacites,
trachytes, and rhyolites, indicating an initial potential as aggregate for concrete mixes. Finally, the
results obtained from incorporating Dokhan volcanics as aggregates in concrete mixes demonstrated a
significant improvement in regard to the properties of the comprising concrete mixes. Herein, a higher
compressive strength was witnessed after 28 days for Dokhan volcanic concrete, when compared to
concrete comprising dolomite aggregate, amounting to an average increase that exceeded 36%.

Keywords: Dokhan volcanics; petrography; geochemistry; coarse aggregate; concrete mixes

1. Introduction

Concrete is indeed the most important material in the construction industry. It com-
prises water, cement, fine aggregate, and coarse aggregate. The latter component typically
consists of crushed rock that forms up to 60-80% of the concrete volume and 70-85% of the
concrete mass. The presence of coarse aggregate is paramount for the strength, thermal,
and elastic properties of concrete, as well as concrete dimensional and volume stability.
For the last two decades, the number of ready-mix concrete batch plants worldwide has
increased exponentially.

In Egypt, more than 50 million cubic meters of concrete were produced in 2021;
dolomitic rocks represent around 75-85% of concrete aggregates, produced mostly from
the quarries of Gabal Ataqa (located between the Suez Governorate and the Red Sea
Governorate). However, recently, ongoing developments within Gabal Ataqa to transform
it into a tourist attraction have ended up closing many existing quarries. The most popular
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of such aggregate-producing sites are namely Ben Laden, El-Daly, New-Gravel, Ready-
Rocks, El-Khawaja and Lafarge. In turn, exploring and discovering aggregate substitutes
has become a necessity.

Several authors have studied alternatives to dolomitic aggregates: e.g., Ismail and
Ghabrial [1] studied the use of acidic igneous rocks (granites) as aggregate in concrete
production; ref. [2] studied the use of basic Dokhan volcanics as aggregate in concrete
mixes; and ref. [3] presented a study exploring the feasibility of basalt aggregates in con-
crete mixtures. The latter also used normal laboratory tests and slump test analysis along
with calculating the compressive strength of the mixture. In ref. [4], the effect of incorpo-
rating volcanic tuff into cement mortar was investigated. The outcome demonstrated a
significant enhancement in flexural strength. Ref. [5] investigated the geological properties
of Azorean lava rocks as regarded their alkali and silica content; adverse effects on the
properties of building materials were observed. The application of advanced computing
and optimization methods onto volcanic rocks to compute compressive strength was evi-
dent in [6]. In ref. [7], a comparative analysis was conducted on the eligibility of volcanic
rocks within concrete mixtures, in terms of workability, compressive strength, and bulk
density. The researchers of [8] investigated the potential effect of volcanic rock aggregates
when mixed with concrete materials to ameliorate their compressive and tensile strength(s).
Refs. [9,10] carried out a study to investigate the effect of rocks from volcanic sites on
the industrial utilities of Turkey and Bologna (Italy). The effort at hand infers upon the
geology, petrography, and geochemistry of Dokhan volcanics in Egypt and the possibility
of their utilization as aggregates in concrete mixes. For this purpose, six field occurrences
of Dokhan volcanics were investigated: Makhar Seal Wadi Abu Zoghot, Wadi El-Ghafiryia,
Wadi Al-Radah-Luman, Wadi Al-Ushsh, Wadi Umm Sidrah, and Gabal Ghuwayrib (along
El-Sokhna-Hurghada Road) (Figure 1).

Figure 1. Landsat image showing the location of the studied Dokhan volcanics regions encountered
in Egypt. 1. Makhar Seal Wadi Abu Zoghot. 2. Wadi Al-Radah Luman. 3. Wadi Al-Radah Luman.
4. Wadi El-Ghafiryia. 5. Wadi Al-Ushsh. 6. Wadi Al-Ushsh (Wadi Mleiha). 7. Wadi Umm Sidrah.
8. Wadi Umm Sidrah. 9. Gabal Ghuwayrib.

2. Materials and Methods

Eighteen Dokhan volcanics samples were collected from the studied area (the northern
part of the Eastern Desert of Egypt), then crushed, and powdered using a stainless steel
jaw crusher and an agate ball mill machine. This was performed at the laboratories
of the National Research Center of Egypt (NRC). Accordingly, (i) petrography and (ii)
geochemical characteristics were identified. The chemical composition of major oxides and
trace elements was determined for the studied Dokhan volcanic samples by using an X-ray
fluorescence spectrometer (Model A: Philips Pw /2404, 30 kV), available at the Housing
and Building National Research Center (HBRC), Cairo, Egypt. Standard petrographic thin
sections were prepared and examined to analyze the microfabrics, identify the Dokhan
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volcanics” minerals, their mineralogical composition, as well as their structure and texture.
Concrete samples comprising crushed volcanics as aggregate were prepared according to
the Egyptian standards No. 1658 (1991), Part five, “Method for Casting Test Cubes”, as
well as the British Standards (BS) 1881-Part 108-1983 and ASTM C-192 (1988), “Method
for Making Test Cubes from Fresh Concrete”. The BS EN 12350-2 (2000), “Testing Fresh
Concrete D Part 2: Slump test”, was also considered, where mixing a specified weight of
aggregate, sand, cement, and water was conducted as follows: The studied samples were
cast within a 150 mm x 150 mm x 150 mm mold, consequently samples were compacted
using a standard compaction rod of 1.8 Kg mass, 380 mm long, and of a 25 mm squared
cross-section. The samples were cured in a treatment unit comprising heaters and air
conditioning to maintain a temperature within the standard limits of 21 + 3 °C. The
samples were tested using a calibrated and certified 1500 kN compression testing machine.

3. Geological Setting

The Dokhan volcanics under investigation are classified into basic (basalts), interme-
diate (andesites), and acidic (rhyolites) igneous rocks. They are composed of a series of
volcanic rocks ranging from basalts to andesites and rhyolites, formed towards the end of
the Precambrian era in the Egyptian basement complex, where the best type of locality is
recognized as the Gabal Dokhan region in the northern part of the Eastern Desert. Dokhan
volcanics have been studied by several authors [11-22].

Dokhan volcanics occupy a vast area, forming moderately high mountainous ridges.
They consist of varicolored alternating successions of lava flows of basic, intermediate, and
acidic composition, interlayered with pyroclastic rocks. Repeated eruptions of the volcanic
materials have locally produced layered structures as shown in Figure 2.

The basic Dokhan volcanics are characterized by dark gray to black and blackish
green colors (Figure 3). Herein, basaltic rocks appear as rock extrusions within the granitic
rocks encountered in the Makhar Seal Wadi Abu Zoghot, whereas syenogranites serve as
intrusions within the basaltic rocks exposed at Wadi El-Ghafiryia. Basic and intermediate
Dokhan volcanics extruded within Al-Ushsh monzogranites are evident. Andesites, basalts
with dacites’ variety of porphyritic and flow textures, are developed along with laminated
lapilli tuffs and agglomerates exposed at Gabal Ghuwayrib and Wadi Al-Radah—-Luman.
Tholeiitic basalts encountered are associated with the intermediate and pyroclastic rocks
and many felsic dykes extruded within Umm Sidrah Dokhan volcanics. The intermediate
Dokhan volcanics demonstrate the presence of andesites and quartz andesites. The stud-
ied intermediate Dokhan volcanics, represented by andesite porphyry exposed at Wadi
Al-Radah-Luman, are exhibited as massive, jointed, and fractured layers of a light gray
color. Wadi Al-Ushsh andesitic rocks are extruded into monzogranites, whereas pyrox-
ene andesites and biotite quartz trachytes, associated with basic Dokhan volcanics, are
encountered in Wadi Umm Sidrah and Gabal Ghuwayrib. Basic and intermediate Dokhan
volcanics are extruded within Wadi Al-Ushsh monzogranites. Acidic Dokhan volcanics are
represented by spherulitic rhyolites, associated with basic and intermediate volcanics at
Gabal Ghuwayrib, also exhibiting buff rhyolites. Dokhan volcanics are jointed, fractured,
and light gray in color at Wadi Al-Radah-Luman. Pyroclastics are the individual crystals,
crystal fragments, glass, and rock fragments generated by disruption, as a direct result
of volcanic action [23]. Pyroclastics are produced from the consolidation of pyroclastic
accumulations into a coherent rock type and take many names such as ash tuff, lapilli tuff,
tuff breccia, pyroclastic breccia, and agglomerate. The studied agglomerate is exposed
at Umm Sidrah and Gabal Ghuwayrib, associated with basic and intermediate Dokhan
volcanics (Figure 3).
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Figure 2. (a—e) Geological maps of the study regions [24].
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Figure 3. (a—f) Photographs showing the following geological features: (a) syenogranites were
intruded by basaltic rocks at Wadi El-Ghafiryia (looking N-W); (b) Dokhan volcanics (basic and
intermediate) extruded within Al-Ushsh monzogranites (looking E-W); (c) Dokhan volcanic andesite,
basalts with dacites” variety of porphyritic texture, laminated lapilli tuffs, and agglomerates (looking
N-W); (d) tholeiitic basalts extruded by felsic dykes of Dokhan volcanics at Wadi Umm Sidrah
(looking E-W); (e) rhyolite appears massive, jointed, fractured, and light gray in color as shown
in Wadi Al-Radah-Luman (looking N-W); and (f) basic and intermediate Dokhan volcanics are
extruded within Al-Ushsh monzogranites.

4. Results
4.1. Petrography

The Dokhan volcanics under study are represented by trachybasalts, tholeiitic basalts,
andesites, spherulitic rhyolites, and their pyroclastics. Trachybasalts consist mainly of
plagioclase, pyroxene (titanaugite), and hornblende as well as some accessory minerals
such as biotite and opaques. Secondary minerals are represented by saussurite, quartz,
and carbonate minerals (calcite). Plagioclase occurs as medium- to fine-grained, tabular
prismatic crystals which are partially altered to saussurite, set in a fine-grained groundmass
from plagioclase, with a trachytic texture. Pyroxene (titanaugite) occurs as euhedral pris-
matic crystals of yellowish green and dark green colors, medium- to coarse-grained set-in
fine-grained groundmass, from plagioclase partially altered to pyroxene titanaugite. Horn-
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blende occurs as subhedral prismatic crystals demonstrating two sets of cleavage, subhedral
crystals set in fine-grained groundmass, occasionally altered to chlorite. Opaque minerals
occur as dispersed grains between other mineral constituents. Finally, saussurite occurs as
fine to medium grains as a result of plagioclase totally altered to epidote. Tholeiitic basalts
consist of plagioclase and pyroxene (pigeonite-hypersthene) as essential minerals in addi-
tion to accessory minerals such as biotite and opaque minerals. Secondary minerals such
as saussurite, chlorite, and iron oxides are also present. Plagioclase occurs as medium- to
coarse-grained, partially to totally altering to saussurite. Pyroxene (pigeonite-hypersthene)
occurs as medium- to coarse-grained, set-in fine-grained groundmass from plagioclase,
biotite, and opaque minerals. Biotite occurs with iron oxides in clots. Saussurite minerals
occur in fine grains of allanite, zoisite, and epidote, as a result of totally altered plagioclase
and biotite altered to chlorite (Figure 4).

Figure 4. (a-f) Photomicrographs showing the main petrographic features of basic Dokhan volcanics
Mineral abbreviations were taken from [25]. (a) Tabular prismatic plagioclase crystals exhibit a
porphyritic texture (CN). (b) Pyroxene partially altered to chlorite (CN). (¢) Hornblende phenocrysts
occur as subhedral crystals (CN). (d) Plagioclase occurs as fine-grained totally altered to epidote (CN).
(e) Pyroxene altered to chlorite and iron oxides (PPL). (f) Biotite altered to chlorite (CN).
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The common intermediate Dokhan volcanics comprise andesites that are fine- to
medium-grained and range from aphanitic to typical porphyritic varieties. They consist
of plagioclase, pyroxene (titanaugite), hornblende, and quartz as essential minerals. The
accessory minerals consist of biotite, tremolite-ferroactinolite, titanite, apatite, and opaques.
Meanwhile chlorite, calcite, and saussurite occur as secondary minerals. Plagioclase occurs
as medium- to coarse-grained, tabular prismatic crystals that exhibit Carlsbad twinning set
in glassy groundmass, partially altered to saussurite minerals. Occasionally, plagioclase
occurs as medium to coarse grains of a glomeroporphyritic texture. On the other hand,
pyroxene and hornblende occur as medium- to coarse-grained anhedral crystals, having
one or two cleavages. These crystals are interbedded with ophitic to subophitic textured
pyroxene, partially altered to chlorite. Quartz occurs as essential minerals due to the
complete growth of crystals (subhedral and anhedral phenocrysts) that are scattered in
fine-grained groundmass. The latter occurs as secondary minerals that fill the vugs in other
cases. Biotite, chlorite, and opaques occur together in clots; biotite occurs as fine to medium
grains (subhedral to anhedral crystals), partially altered to chlorite wherein biotite and
quartz grains take a trill-like shape. Titanite occurs as brown or yellowish brown fine grains
scattered between the other minerals, often not visible in hand specimens, and is usually
associated with iron oxide, hornblende, and plagioclase, adopting a sphenoidal shape.
Finally, apatite occurs in short, minute, needle shapes and colorless crystals associated with
felsic constituents (Figure 5).

Acidic Dokhan volcanics, represented by spherulitic rhyolites, are composed essen-
tially of phenocrysts of quartz, plagioclase, and orthoclase, as well as other accessory
mineral scattered flakes of biotite and sericite. Chlorite and epidote are present as sec-
ondary minerals. A spherulitic texture emerges as a result of the substitution of plagioclase
by K-feldspar. Spherulite consists of a dense mass of very fine intergrown needles of both
quartz and feldspar that radiate form a common nucleus. Both spherulitic and porphyritic
textures are recognized in the studied spherulitic rhyolites. Plagioclase occurs as few
deformed prismatic phenocrysts, euhedral, and small subhedral crystals. Orthoclase occurs
as irregular euhedral crystals, characterized by shadow extinction that is highly cloudy due
to the alteration of kaolinite and sericite. Biotite occurs as accessory brownish minerals and
pale brownish anhedral pleochroic flakes, associated with sericite crystals, partly or highly
altered to chloritized biotite and chlorite. Finally, chlorite occurs as secondary minerals
comprising pale green flakes, and subhedral to anhedral crystals (Figure 6).

As regards the existing pyroclastic Dokhan volcanics in this effort, they are represented
by agglomerates having the same mineral composition. Anhedral to subhedral quartz,
plagioclase, biotite, devitrified glass, and opaques are recognized as the main mineral
phases of phenocrysts (relic) as well as in reconstituted groundmass. Plagioclase occurs
as medium to coarse grains, tabular prismatic crystals exhibiting Carlsbad twinning, set
in fine- to medium-grained groundmass, partially altered to epidote. Quartz occurs as
subhedral and anhedral phenocrysts that are scattered in fine-grained groundmass. Biotite
occurs as accessory minerals, brownish and pale brownish in color, accompanied with
opaques in clots, and partially altered to chlorite. Carbonate (calcite) occurs as secondary
minerals that fill microfractures and vugs (Figure 7).
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Figure 5. (a—f) Photomicrographs showing the main petrographic features of intermediate Dokhan
volcanics (mineral abbreviations taken from [25]): (a) tabular prismatic plagioclase crystals exhibit
Carlsbad lamellar twinning (CN); (b) pyroxene and hornblende appear in corresponding view (CN);
(c) secondary quartz grains filling microfractures and vugs (CN); (d) titanite crystals associated
with opaque minerals as a clot (CN); (e) biotite and quartz grains take a trellis-like shape (CN); and
(f) apatite and biotite minerals exhibited as having a needle-like shape (PPL).



Minerals 2023, 13, 635

9 of 25

(d)

Figure 6. (a-d) Photomicrographs showing the main petrographic features of acidic Dokhan volcanics
(mineral abbreviations taken from [25]): (a) spherulitic texture (CN); (b) plagioclase crystals exhibit
porphyritic texture (CN); (c) fibrous orthoclase and quartz crystals radiating (CN); and (d) biotite and
chlorite fine grains scattered on plagioclase minerals (PPL).

Figure 7. (a—d) Photomicrographs showing the main petrographic features of pyroclastic Dokhan
volcanics (mineral abbreviations taken from [25]): (a) plagioclase phenocryst set in fine- to medium-
grained groundmass of quartz, plagioclase, and iron oxides (CN); (b) rounded to subrounded
quartz grains set in cryptocrystalline to glassy groundmass (CN); (c) consolidated ash invaded with
phenocrysts of biotite and quartz (CN); and (d) carbonate mineral occurring as secondary minerals
filling the microfractures of rock fragments (PPL).
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4.2. Geochemistry

In this study, eighteen Dokhan volcanic samples were analyzed for major oxides and
trace elements for the purpose of determining their geochemical characteristics (Tables 1-3).
Relevant analysis was conducted within the laboratories of the National Research Center
of Egypt (NRC). The compositions of Dokhan volcanics exhibit a wide range of silica
saturation from basalts to rhyolites (49.65 to 73.21 wt. % SiO,) with an average (63.58%)
variation. The Harker variation diagrams in Figure 8 display the chemical variations and
trends among the related rock varieties. Within such variation diagrams, the plot of SiO,
against major oxides and trace elements (Figure 8) discriminates two distinct geochemical
trends, corresponding to the physicochemical processes that operate in magmatic crystal-
lization. The studied Dokhan volcanics plot of SiO; against TiO,, Al,O3, FeO, Fe;O3, MnO,
CaO, P,0s, Zn, and Sr demonstrate the reversible relationships between SiO; and these
oxides (Figure 8). Meanwhile, SiO, versus NayO, K,O, and Rb demonstrate the irreversible
relationship(s) between these oxides and SiO,.

Table 1. Chemical data (major oxides, minor, and trace elements) of the investigated Dokhan volcanics.

Rock Type Basic Dokhan Volcanics
Major Oxides (wt. %) Trachybasalts Tholeiitic Basalts
S.No. 1B 2B 5B 1BD 4BD 4US
SiO, 56.31 64.64 65.66 57.54 49.65 50.88
TiO, 1.55 0.78 0.7 118 1.98 1.93
Al,O3 16.00 16.39 16.9 16.95 16.82 15.71
FeO 4.77 2.28 1.69 4.36 6.95 6.6
Fe; O3 3.79 2.39 1.91 3.47 4.48 4.62
MnO 0.12 0.09 0.11 0.12 0.19 0.17
MgO 3.74 1.66 1.35 227 525 5.74
CaO 6.19 34 271 6.25 5.98 6.23
Na,O 3.88 4.28 4.69 2.87 3.17 2.99
K,0 2.32 3.5 3.69 3.1 1.99 2.83
P,0s 0.62 0.26 0.23 0.47 0.89 0.79
SO3 0.21 0.08 0.06 0.03 0.08 0.06
Cl 0.03 0.03 0.03 0.03 0.04 0.02
LOIL 6.39 0.04 0.71 1.22 1.92 1.09
Total 99.53 99.76 99.73 99.85 99.39 99.64
Trace elements (ppm)
Zn 145 45 105 0 210 280
Ba 1795 890 870 1110 820 920
Co 150 95 0 130 240 240
Cr 160 0 0 100 0 250
Cu 70 50 0 120 110 100
Ga 0 0 0 40 50 30
Nb 0 0 0 0 10 30
Ni 0 0 0 60 120 170
Pb 0 0 0 30 0 330
Rb 0 0 0 100 60 70
Y 30 35 35 30 30 40
Zr 565 485 560 540 490 540
Sr 1010 500 560 1440 2340 1180
Ce 0 0 0 0 0 0
F 0 0 0 0 620 0

Na,O/K,0 1.67 1.2 1.27 0.92 1.59 1.05
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Table 2. Chemical data (major oxides, minor, and trace elements) of the investigated Dokhan

volcanics.
Rock Type Intermediate Dokhan Volcanics
Major Oxides (wt. %) Andesite Porphyry izs’:;ei::; AS;::XES Trachytes
S.No. 2ID 51D 7USs 10US 16GW 1Us
SiO, 50.70 52.80 55.12 55.34 71.70 59.34
TiO, 1.72 1.65 1.38 1.42 0.21 0.98
Al,O3 18.85 17.61 15.32 14.78 13.93 17.62
FeO 6.07 5.66 431 4.65 0.62 2.54
Fe;O3 411 4.53 3.26 3.59 0.90 2.99
MnO 0.15 0.11 0.16 0.12 0.06 0.08
MgO 410 3.33 5.54 6.10 0.30 1.69
CaO 5.62 5.06 6.76 6.11 0.96 2.98
Na,O 3.40 3.51 3.31 3.01 3.63 5.16
K,O 2.08 344 2.65 3.05 6.73 4.88
P,05 0.71 0.66 0.54 0.56 0.03 0.17
SO3 0.15 0.06 0.09 0.17 0.07 0.09
Cl 0.04 0.03 0.04 0.03 0.03 0.02
LOI 1.92 1.52 0.94 0.99 0.46 0.45
Total 99.61 99.97 99.32 99.91 99.28 98.99
Trace elements (ppm)
Zn 180 140 180 200 0 60
Ba 1600 1650 950 480 420 980
Co 210 270 200 170 0 0
Cr 170 180 290 400 0 0
Cu 0 190 110 60 0 50
Ga 30 40 40 40 20 30
Nb 30 30 0 20 30 0
Ni 140 120 200 220 0 0
Pb 60 80 80 60 30 40
Rb 50 100 60 60 210 100
Y 40 30 30 40 50 30
Zr 730 630 610 590 470 440
Sr 1880 1500 1320 1140 130 980
Ce 0 620 540 640 390 810
F 0 0 1550 0 0 1060
Na,O/K,0 1.10 1.02 1.25 0.98 0.54 1.05

Table 3. Chemical data (major oxide and trace elements) of the investigated

Dokhan volcanics.

Rock Acidic Volcanics Pyroclastics
Type Spherulitic Rhyolites Agglomerates
S No. 11GW 15GW 21GW 23GW 13US 26GW
SiO, 73.21 66.02 73.20 73.10 68.74 67.26
TiO, 0.15 0.80 0.11 0.31 0.4 0.45
AL O3 4.19 13.66 14.09 14.15 15.5 16.5
FeO 0.56 2.03 0.46 0.44 1.04 1.01
Fe, O3 0.78 2.30 0.63 0.63 1.3 1.32
MnO 0.03 0.17 0.02 0.05 0.07 0.08
MgO 0.41 321 0.19 0.32 1.1 0.85
CaO 0.72 213 0.77 0.66 1.37 1.28
Na,O 4.40 4.05 4.46 433 4.72 3.16
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Table 3. Cont.

Rock Acidic Volcanics Pyroclastics
Type Spherulitic Rhyolites Agglomerates
KO 491 4.32 4.63 5.24 422 6.17
P05 0.05 0.02 0.03 0.04 0.17 0.12
SO3 0.06 0.01 0.04 0.17 0.08 0.03
Cl 0.03 0.03 0.03 0.04 0.02 0.03
LOI 0.40 1.14 0.50 0.47 0.55 0.88
Total 99.91 99.80 99.16 99.93 99.27 99.58
Trace elements (ppm)
Zn 0 520 0 0 110 80
Ba 720 2700 480 150 1220 1510
Cr 0 220 80 0 60 80
Cu 0 29,420 0 100 40 60
Ga 20 70 30 30 30 30
Nb 20 50 10 20 30 10
Ni 40 80 30 40 40 30
Pb 0 90 30 60 50 60
Rb 160 370 150 160 90 190
Y 40 90 20 50 40 30
Zr 210 1040 200 500 520 470
Sr 150 1010 50 70 560 360
Ce 720 0 190 300 0 0
Na,0/K,0 0.90 0.94 0.96 0.83 112 0.51

According to the variation in K,O content with silica, and hence in the Na,O/K,0O
ratios, these differences tend to subdivide the silica-saturated alkalic suites into “sodic series”
(NapO/K,0 > 2; e.g., Ascension Island in [26]) and a “potassic series” (Na,O/K,0 <2; e.g.,
Nandewar volcano of [27]). In the present study, the (NayO/K;O) ratios of all Dokhan
volcanic samples that are less than 2 are set in the potassic series. Several discriminatory
diagrams were applied to aid in the classification, nomenclature, and interpretation of the
tectonic setting of the Dokhan volcanics.

According to the SiO; versus Nay,O + KO binary diagram recommended by the
“International Union of Geologist Sciences” (IUGS) for the classification of volcanic rocks,
proposed by [28,29], the studied Dokhan volcanics are distributed as trachybasalts, basaltic
trachyandesites, trachyandesites, andesites, trachytes, and rhyolites. According to the K,O
versus SiO, chemical classification diagram in [30], the studied Dokhan volcanics mostly
fall within the medium- to high-K andesites and dacites. Most samples of these Dokhan
volcanics fall within the subalkaline field as per [31], due to its low alkali oxide and silica
content compared to the normal ones. Moreover, most samples plotted in the Dokhan
volcanics field, suggested by refs. [31,32], used a (Nap,O + K,0)-5iO, binary diagram
to differentiate between alkaline and subalkaline rocks. According to this diagram, the
investigated Dokhan volcanics have a predominantly subalkaline nature.

Meanwhile, five samples within the plot are alkaline due to the increased SiO, and
NayO + K,O. According to the AFM ternary diagram in [31], the geochemical characteristics
of the studied Dokhan volcanics are derived from a calc-alkaline magmatic nature. In the
Zr-5i0;, variation diagram in [33,34], the majority of the plotted Dokhan volcanics’ points
fall within the active continental margin field, owing to its low Zr value. Meanwhile, the Ni
versus FeO/MgO binary diagram in [35] demonstrates the plot of the investigated Dokhan
volcanics in the field of island arc and active continental margins (Figure 9).
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Figure 8. (a—0) Harker’s variation diagrams for the investigated Dokhan volcanics.
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Figure 9. (a—f) The chemical classification, magma type, and tectonic setting of the investigated
Dokhan volcanics (symbols as per Figure 8). (a) Classification and nomenclature of Dokhan volcanics
through the total alkali versus silica (TAS) diagram of ref. [28] in ref. [27]. Q = normative quartz;
Ol = normative olivine, with the discriminating boundary between alkaline and sub-alkaline fields
taken from ref. [31]; field for Dokhan volcanics taken from ref. [32]. (b) K,O versus SiO, classifica-
tion diagram for the studied Dokhan volcanics [30]. (c¢) TAS diagram of the Dokhan volcanics [31].
(d) AFM diagram for the studied Dokhan volcanics showing a distinction between tholeiitic, komati-
itic, and calc-alkaline suites [31]. (e) Plots of the Dokhan volcanics on a Zr versus SiO; diagram [33,34].
(f) Plots of the Dokhan volcanics on an AFM ternary diagram [35].

4.2.1. Source and Fractionation

Major oxides and trace element variations versus SiO; (Figure 8) demonstrate smooth
curve trends with gradual decreases in MgO, CaO, Fe,O, TiO,, P,0s, and Sr, however,
increases with Rb. Meanwhile, some elements such as Al,O3, Nay,O + K,O, Ba, and Zr
illustrate a gradual increase in their contents up to a maximum value of approximately
68 wt. % SiO; after which decreases occur with increasing SiO, (Figure 10). This feature is
common in calc-alkaline igneous suites [36,37], where decreases in Al,O3, Na,O + KO,
and Ba can be attributed to the dominant role of feldspar fractionation. The decrease
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in Zr is predo