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Abstract: Wide varieties of igneous rocks are extensively utilized as stones for decoration purposes
and as a potential source for building. With the use of petrological (mineralogical and chemical)
and physico-mechanical analyses, the current work accurately mapped the Dokhan Volcanics (DV)
and utilized them as decorative stones and their prospective in building materials using Frattini’s
test. Field observations indicate that metavolcanics, DV, and monzogranites are the principal rock
units exposed in the studied area. The DV rocks are characterized by a dense series of stratified,
rhyolitic to andesitic lava interspersed with a few pyroclastics. Andesite, andesite porphyry, dacite,
and rhyolite are the primary representatives of the selected DV. The lack of infrequent appearance of
mafic units in the current volcanic eruptions indicates that the primary magma is not mantle-derived.
This is supported by their Mg# (17.86-33.57). Additionally, the examined DV rocks have Y/Nb ratios
above 1.2, suggesting a crustal source. The role of fractionation is interpreted by their variation
from andesite passing through dacite to rhyolite, which is indicated by gradual negative distribution
groups between silica and TiO,, Fe;O3, CaO, MgO, Co, and Cu from andesite to rhyolitic lava.
Additionally, a wide range of widely used DV rocks like Y/Nb, Rb/Zr, and Ba/NDb point to crustal
contamination in the rhyolitic rocks. The partial melting of the lower crust can produce andesitic
magma, which ascend to higher crustal levels and form lava of calc-alkaline. A portion of this lava
may split, settle at shallow crustal depths, and undergo differentiation to create the DV rocks. Based
on the results of physico-mechanical properties, the studied samples met the requirements for natural
stone to be used as decorative stones, whether as interior or exterior installations. The pozzolanic
assessment of the studied rocks revealed their usability as supplementary cementitious materials in
the building sector.

Keywords: Dokhan volcanics; geochemistry; physico-mechanical properties; decorative stones;
building materials

1. Introduction

The western edge of the Arabian—Nubian Shield (ANS) is made up of the Precambrian
rocks found in the Eastern Desert and Sinai [1]. The East African Orogen led to the evolution
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of the Precambrian ANS rocks “(900-540 Ma)” [2]. The Earth’s juvenile crust, with the
biggest expanse, is represented by the ANS. The post-collisional volcanic activities with
varying intrusive granitic rocks, ophiolites, and accreted arc associations are the ANS’ main
constituents. As the Ocean of Mozambique closed and East and West Gondwana merged,
accretion occurred. The Red Sea rifting caused an uplift along its shoulders, producing
exceptional Precambrian exposures on the eastern sector of Saudi Arabia and the western
side of Egypt [3,4]. It was at 540 Ma that the ANS reached tectonic stability.

The Precambrian rocks were formed through three stages comprising (a) subduction,
(b) arc accretions, and (d) post-collisional accumulations [5,6]. The last stage is segmented
by Dokhan Volcanics (DV), deposits of Hammamat, and pink to white granites. Three
categories of volcanic rocks can be distinguished in the Precambrian rocks: DV; younger;
and older metavolcanics. The latter are frequently linked to basaltic ophiolitic rocks,
whether they originate from the suprasubduction zone or Mid-Ocean Ridge. Conversely,
the arc setting is associated with the rhyolitic to basaltic younger. Both the Central
and Southeastern Deserts of Egypt are rich in both previous types. In contrast, the DV
(615-560 Ma) rocks, which are unmetamorphosed, have a K value between medium and
high, are commonly rhyolitic to andesitic with the widespread occurrence of welded
tuffs and extensively distributed in the Northeastern Desert and Sinai [2,7-12] (Figure 1).
There are disagreements on the setting and petrogenesis of the DV, and there are several
disagreements concerning the sources, tectonic setting, and other events that shaped
the history of these rocks. They may be emplaced in (a) compression regime [7,13], (b)
crustal accumulation (extension) [14,15], and (c) transition stage between the previous two
settings [16,17]. Field relationships show that the DV precede the younger granites, but
they are postdated by older granites [9,10,16].

A Dokhan Volcanics

{ Basement complex
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GSQ: Gabal Samr El-Qaa (592 Ma
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Figure 1. Dokhan volcanic distribution map, Egypt [7].

Any natural stones, whether igneous (volcanic, plutonic), sedimentary, or metamorphic,
can be used as decorative or ornamental stones, providing they achieve some parameters
such as the ability to be cut into specific sizes or shapes, compactness, durability, in
addition to the aesthetic appearance. Therefore, for a long time, ancient cultural projects
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and historical landmarks, including pyramids, palaces, and old historical cities, involved
the significant utilization of natural stones as building materials [17-23]. Additionally,
they have been used for other construction purposes such as building facing, curbing,
monuments, paving stones, and others [18,24].

The majority of natural stones used as decorative or ornamental stones fall under
two main groups; the first is called the siliceous stones group, encompassing, for example,
granite, basalt, gneiss, gabbro, and diorite, while the second group is called carbonaceous
stones, comprising, for example, marble, limestone, and onyx [25-28]. During the last
10 years and with the continuous increase in the world population growth rates, there
was a remarkable expansion in the urban development projects that led to the increasing
demand for the production of building materials, and one of them is dimension stone for
decorative purposes [29,30]. Therefore, in 2017, about one hundred fifty million tons of
dimension stones were produced by 27 countries worldwide [31]. The majority of this
production (about 72%) was shared by Italy, China, Turkey, Iran, and India [32,33].

Regarding the availability and world share of Egyptian natural stones, throughout
the nation, there are over fifty different categories of natural stones that are eligible to be
utilized as ornamental stones [34,35], with a production volume reaching about 5.25 million
tons annually, representing around 4% of world sharing [30]. In terms of dimension-stone
production, Egypt was ranked seventh [27,29,36].

The huge worldwide distribution of natural stones of aesthetic appearance with
a difference in their chemical and mineralogical composition attracted the attention of
researchers from ancient times to the present for studying their performance and suitability
for decorative purposes in construction sectors [20,21,27,37-40].

All these studies focused on the granitoid rocks with different types, such as monzogranites,
syenogranite, alkali-feldspar granites, albitized granites, and granodiorite being the most
common and widespread igneous rocks. Few studies have investigated the suitability
of basalt, being the commonest volcanic rocks, as construction and building materials.
Agasnalli et al. [41] studied the physical and mineralogical properties of two types of
igneous rocks (basalt and granite) to assess their suitability as building materials. They
found that basalt in the aggregate form was most demanded in the construction sector
due to its interesting very low water absorbability, hardness, compactness, durability, and
availability at affordable prices. Sivanandhini et al. [42] investigated the suitability of using
basalt rock as aggregates in building construction. The characterization of basalt aggregates
showed a higher strength under impact load than normal aggregates, high specific gravity,
low water-absorption capacity, and high resistance against abrasion. All these features
enabled the basalt aggregates to be used extensively as an engineering material in the
construction of airfield pavement roads, concrete and asphalt mixes, and railroad ballast.

Other researchers utilized the wastes of the natural stone industry as alternative
materials for aggregates or even cement binders in the building materials and construction
sector. Regardless of whether plutonic or volcanic, mafic igneous rocks (such as gabbro
and basalt) are primarily used as an alternative source of aggregates for the production
of concrete [43—48]. The utilization of these types of rock was based on their distinctive
properties, such as low absorption, high density, and resistance to abrasion, in addition to
their chemical resistance compared with other aggregate types [45,46]. Furthermore, many
other works dealt with powders of some natural stones such as basalt, andesite, metagabbro,
and granite as an additional cement-making ingredient binder in cement mortar and
concrete products [49-58]. The additional materials, whether with a cementitious or filling
effect, were commonly used as alternative materials with variable proportions for cement
or fine aggregate in cement products to increase their resilience to unfavorable attack
circumstances [54,56].

On the other hand, the Ordinary Portland cement industry is considered one of the
main carbon dioxide-emitting industries, with an estimated 7% of global carbon dioxide
emissions [59]. One of the routes to mitigate the carbon footprint of cement production
is the usage of Pozzolanic materials. These materials are usually mineral admixtures,
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aluminous or siliceous materials that have no or very little cementitious ability. However,
when it splits finely and is combined with water, it reacts with calcium hydroxide at
room temperature to create substances that have cementitious qualities. The pozzolanic
materials are usually blended with cement or added to Portland clinker during the grinding
process [60].

Natural rocks such as pumice, tuff, diatomite, volcanic glass/ash, clay, and laterite
are reported as natural pozzolans [61]. The advantages of applying these materials as
cement additives in concrete products are the reduction in production costs, the energy
consumed in cement production, and the enhancement of various concrete properties such
as durability and physical and mechanical characteristics.

Laibao et al. [52] recorded a delay in the setting times and hydration process with
the addition of basalt powder, in addition to a trivial negative effect on compressive
strength. According to Labbaci et al. [51], the using of volcanic rock powders such as
basalt, andesite, and scoria up to 30% exhibited high pozzolanic activity, in addition to their
resistance to chemical attack conditions compared to cement. Ghorbani et al. [50] reported
an insignificant effect on the physical and mechanical properties of concrete using up to
20% granite dust. Moreover, a higher resistance toward sulfate and chloride attack was
observed. According to Rashwan et al. [56], using up to 15% of metagabbro improved the
physico-mechanical properties of cement pastes. Furthermore, an enhancement in several
types of chemical attacks was also reported.

2. Study Significance

Despite all the previous studies that dealt with the characterization of natural stones
as dimension stones for decorative and building purposes, there is a lack of information
on using volcanic rocks as ornamental stones. Along the same line, volcanic rocks of
different types, such as basalt, andesite, and dacite, have attracted the attention of many
researchers worldwide for their use as supplementary cementitious materials in mortar
and concrete [62-67]. However, no attempts have been made to investigate the pozzolanic
activity of volcanic rocks at Gabal El Dokhan, Egypt, despite the great areas they cover.

The choice of this study area results from the diversities of their rock units, which
range from acidic (rhyolite) to intermediate (dacite, andesite), which are characterized
by compactness and hardness, in addition to their wide extension. The hardness (high
compressive strength), compactness (low porosity and high durability), and fineness (rapid
cooling and a chance for active silica) are the main parameters that should be achieved in
the dimensions and building stones. Therefore, the present study evaluates the Dokhan
volcanics rocks’ suitability for usage in the construction sector as decorative stones and
their perspective as natural pozzolana in building materials. The evaluation requires
physico-mechanical investigation, in addition to pozzolanic assessment using standard test
methods and comparing the results with the international specifications. The novelty of this
research is that it is the first study that reports new physical and mechanical properties on
the Dokhan volcanics at Gebel Dokhan, NED, as well as new petrographic features, major,
and trace composition to deduce their setting and petrogenesis. The use of volcanic rocks
as a supplementary cementitious material in building and construction sectors can add
an environmental benefit by reducing carbon dioxide emissions from the cement industry.

3. Field Geology

The researched location is situated in the NED of Egypt (Figure 2a), some 50 km
northwest of the city of Hurghada. Field observations indicate that metavolcanics, DV,
and monzogranites are the principal rock units exposed in the studied area (Figure 2b,c).
Numerous dykes with varying compositions that primarily trend NE-SW, NNE-SSW, and
NNW-SSE divide all of these rock units. A large portion of the mapped region is covered
by the DV (1705 m a.s.l) (Figure 3a,b). This area is distinguished by its rough terrain,
crenulated summits, and gentle to deep slopes. The DV in the region have narrowly spaced
joints and are broken. They have a distinct layer that suggests a series of explosions. Sharp
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and sporadic intrusive interactions allow syenogranites to infiltrate them (Figure 3c). They
are characterized by a dense series of stratified, rhyolitic to andesitic lava interspersed with
a few pyroclastics [11]. They occur in sheets and are typically distinguished by columnar
jointing. Numerous faults cut through them, creating a unique rocky terrain, and numerous
small Wadis run through these rocks. The DV rocks are large and hard, and their colors
vary from pink to brownish red to crimson in acidic types. When they are chloridized,
the intermediate rocks turn from grey to dark grey or green. While basaltic rocks are rare,
andesite, dacite, and rhyolite are the most common types of DV rocks. These rocks are
mostly invaded by acidic dikes (Figure 3d).

33°15'0"E 33°18'0"E 33°21'0"E

33°18'0"E 33°21'0"E

® Sample Locations

/ Normal faults

Wadi deposits

| Monzogranites

- Dokhan Volcanics

51T

1

Figure 2. (a) Location map of the Gebel Dokhan area; (b) Landsat image of Gebel Dokhan area;
(c) Geological map of Gebel Dokhan area [11].
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Figure 3. Field photographs of Dokhan volcanics (DV): (a,b) General view of G. El Dokhan volcanics;
(c) Syenogranites intruding Dokhan volcanics; and (d) Acidic dike injected the Dokhan volcanic rocks.

4. Methodology
4.1. Petrological Study

Nineteen specimens were procured at the reference location of Gebel Dokhan. In the
Rocks Lab (Al-Azhar University), fifteen representative samples are thin-sliced, and a polarizing
microscope is used to determine the preliminary mineralogy and their relationships. As the
classification of igneous rocks as well as determination of their tectonic settings basically
depended on their chemical composition, fifteen samples were pulverized to less than 75 pm
size and then subjected to chemical analysis using the XRF technique (X-ray Fluorescence
Axios, PANalytical 2005). The detection of element concentrations was carried out with
a Sequential WD-XRF Spectrometer using a standard guide for elemental analysis (ASTM
E-1621) [68] by wave-length-dispersive X-ray fluorescence Spectrometer. The Loss on
Ignition (LOI) was measured according to the standard test method ASTM D-7348 [69].
The measurements were carried out at the National Research Centre in Egypt.

4.2. Physico-Mechanical Tests

The evaluation of natural stones to determine their suitability as dimension decorative
stones depends on some important parameters called physical and mechanical properties
according to (ASTM C615) These properties, which include water absorption, density,
compressive strength, and abrasion resistance, determine the hardness and durability of
dimension stones under various conditions (loads, abrasion, and wetting) of interior or
exterior applications. All physical and mechanical measurements are carried out in the
Marble and Granite Testing Laboratory (MGTL) at the National Research Centre in Egypt.
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Therefore, the DV rocks were prepared into cubic samples measuring 50 x 50 x 50 mm and
rectangular samples measuring 50 x 50 x 25 mm. These dimensional samples were subjected
to mechanical and physical properties (Figure 4). The primary physical characteristics
comprise the water absorption and bulk density according to (ASTM C97) [70] and apparent
porosity according to (EN 1936) [71]. According to these standard methods, the samples
were dried in an oven at around 60 °C until the constant mass was attained, in accordance
with these test procedures.

Figure 4. Photograph showing cubic specimens of different types of Dokhan volcanics.

Following their removal from the water bath, the saturated samples’ surfaces were
dried with a dumped cloth, and the weight of the saturated-surface-dry (SSD) sample
was recorded to the closest 0.01 g. Following that, they were submerged in water, and the
weight they were suspended in was calculated to the closest 0.01 g.

The water absorption, apparent porosity, dry bulk density, and saturate-surface-dry
bulk density were calculated according to the following equations:

*Water absorption, % =100 x (SSD weight — Dry weight)/Dry weight 1)

*Apparent porosity, % = 100 x (SSD weight — Dry weight)/(SSD weight — Suspended weight) )

*Dry Bulk density, kg/m> = 1000 x Dry weight/(SSD weight — Suspended weight (3)
*SSD Bulk density, kg/m?® = 1000 x SSD weight/(SSD weight — Suspended weight). (4)

These characteristics measure the ability of rocks to withstand the deleterious matters
that may penetrate through the rock pores and affect their durability.

The mechanical properties, which include the compressive strength test according to
(ASTM C170) [72] and abrasion resistance test according to (ASTM C241) [73], measure
the durability of rocks against loads and frictions, especially when used in the floors of
the exterior installations. According to these methods, the prepared samples were fully
dried in a ventilated oven at around 60 °C until they reached constant mass. Regarding
the compression test, the loading areas of the test samples were determined to the nearest
0.1 mm?; after that, the samples were centered between the upper and lower plates, and the
load was applied at a rate of 0.5 MPa/s. until reaching the failure load. The compressive
strength is computed using the following equation:

*Compressive strength, MPa = Total load (N)/Loading area (mm?) (5)
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Regarding the abrasion resistance test, the prepared specimens were subjected to
two types of abrasion tests. In the first type, the prepared specimens were abraded for
225 revolutions at a rate of 45 rpm using an abrasive material (white fused alumina) under
19 N (2 kg) load according to [73]. The values of abrasion resistance or abrasive hardness
(Ha) of each specimen can be calculated as follows:

*Ha = 10.95G (2000 + Ws)/2000 * Wa (6)

where “G” is the bulk specific gravity of the sample; “Ws” is the average weight of the
specimen (original weight plus final weight divided by 2), g, and “Wa” is the loss of weight
during the grinding operation, g.

The second type of abrasion test is based on the Wide Wheel test [74]. In this test, the
specimens were abraded for 75 revolutions in 60 sec using fused alumina (80 grit) under
137 N (14 kg) load. The value of abrasion resistance is expressed as the width (in mm) of
the resulting groove.

4.3. Pozzolanic Activity Assessment

The literature categorizes pozzolanic material classification tests into two primary
types. The first class directly assesses pozzolanic activity by measuring the consumed
calcium hydroxide during the reaction with the test material. The Frattini test method is
a prominent example in this category and is mainly used inBS EN 196-5 [75]

The second class employs an indirect method, evaluating pozzolanic activity through
comparative analysis of compressive strength. This involves comparing neat mortar with
mortar containing the test pozzolan at various hydration periods to determine the strength
activity index (SAI) according to ASTM C618 and ASTM C311 [76,77].

In this article, the Frattini test method, according to [75], was used to assess the pozzolanic
activity of the samples as it provides insights about the pozzolanic activity without the
interference of other factors like packing that can influence the strength activity index (SAI).

5. Results and Discussion
5.1. Petrography

Andesite, andesite porphyry, dacite, and rhyolite are the primary representatives of
the selected DV. The majority of these volcanics are porphyritic, with phenocrysts making
up between 25 and 70 percent of the entire rock mass. Both andesite (DV43) and its
porphyry (DV11) have a porphyritic texture (Figure 5a,b), with the latter showing sporadic
cumulophyritic (Figure 5b) textures (with plagioclase phenocrysts reaching up to 70%). The
primary phenocrysts in a fine-grained groundmass are hornblende and plagioclase. About
25-30 percent of the lava is made up of andesine (An32—41) phenocrysts that are euhedral
to subhedral, carlsbad, zoned (Figure 5c), and tabular. Occasionally, they are fractured,
saussuritized, epitodized, or kaolinitized. Therefore, their twins partially or completely
disappear. The lava contains roughly 10% modal percent hornblende phenocrysts. The primary
accessory is opaques; the secondary minerals include saussurite, chlorite, and epidote. In
a fine-grained groundmass, dacite (DV42 and 10) is composed of phenocrysts of biotite
and oligoclase (Anp,_»g). The majority of oligoclase is fresh (Figure 5d), lamellae, carlsbad
(Figure 5e), and pericline twinning; however, it can occasionally be slightly /completely
epitodized (Figure 5f). Chlorite is entirely changed from flak phenocrysts that biotite
generates (Figure 5g). Typical accessories include iron oxides and titanite. Secondary minerals
include epidote, kaolinite, and chlorite. In a finely obtained groundmass, rhyolites (DV22)
have quartz and platy K-feldspar phenocrysts along with small plagioclase phenocrysts.
Quartz is an elongated equant and is widespread in the groundmass as fine grains. Some
crystals have a definite extinction. K-feldspar phenocrysts are mostly orthoclase perthite
with flamy worm texture (Figure 5h) and turbid surface pointing to kaolinitization processes
(Figure 5i). Commonly, they are fractured and engulfing plagioclase. Secondary minerals
include kaolinite, chlorite, and sericite; accessories include hematite, apatite, and zircon.
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Figure 5. DV photomicrographs displaying the following: (a) fractured phenocrysts of plagioclase,
andesite (DV43); (b) laths of plagioclase producing cumulophyritic texture, andesite porphyry (DV11);
(c) euhedral plagioclase phenocrystal embedded in fine-sized plagioclase, andesite porphyry (DV11);
(d) fractured filled by sericite of fish head-shaped of plagioclase, dacite (DV10); (e) fresh carlsbad and
slightly altered plagioclase phenocrysts embedded in groundmass, dacite (DV42); (f) completely epitodized
plagioclase phenocrystal, dacite (DV10); (g) chloritized biotite phenocrystal embedded in groundmass,
dacite (DV10); (h) flamy perthite phenocrysts embedded in felsic groundmass, rhyolite (DV22); and
(i) turbid perthite phenocrystal enclosing zoned and dislocated plagioclase crystal, rhyolite (DV22).

5.2. Petrochemistry
5.2.1. Classification and Lava Variations

DV analysis (major and trace elements) displays variation in their composition (Table 1).
Several proposed diagrams classify the variety of DV rocks. In terms of the TAS binary
diagram [78], the rocks of DV straddle the rhyolite, dacite, and andesite (andesite and
andesite porphyry) fields (Figure 6a). On the Zr/TiO,-S5iO, diagram [79], rhyolite, dacite,
and both andesite and andesite porphyry lie within the fields of rhyolite, dacite, and andesite,
respectively (Figure 6b). The older volcanics are distinguishably basaltic andesite with low-K
basalts. Like the DV, the younger volcanics span a broad range of SiO,, but they differ in that
they are low- to medium-K. The DV rocks are commonly medium-K to high-K. The examined
rocks are sub-alkaline, their maximum value of agpaitic index is less than 0.84, pointing
to non-alkaline nature. Their alkalinity can be further identified by Irvin and Barger [80]
(Figure 6¢) and Le Maitre [81] with a SiO,-K,O diagram; the examined DV rocks are plotted
in medium-K and high-K calc-alkaline (rhyolite) suites (Figure 6d). Diverse parameters of
the DV analysis are used to differentiate adakites (of both low and high silica) from other
calc-alkaline [82]. The examined DV rocks are normal arc rocks rather than adakites due to
low Y (9.45-16) and Sr/Y (5.07-34.3) contents. This is supported by SiO,-Sr/Y (Figure 6e);
the examined DV samples are non-adakites and plotted in the arc field [82].
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Table 1. Whole rock analysis of the Dokhan volcanics, G. El Dokhan, Northeastern Desert, Egypt.

Dv No. 42a 42b 42c 43a 43b 43c 10a 10b 10c 22a 22b 22¢ 11a 11b 11c

SiO, 63.73 6350 6298 6140 6047 60.09 65.68 65.11 6484 7551 7326 7439 6170 60.36  60.23
TiO, 0.60 0.80 0.70 0.62 0.71 0.73 0.45 0.51 0.53 0.12 0.17 0.15 0.56 0.54 0.65
Al,O3 1673 1678 1636 1694 1626 1645 1570 16.04 16.17 1371 1482 1426 1512 16.03 1558
FeyO5 495 523 5.09 5.35 571 6.03 441 5.06 4.98 1.02 1.31 1.16 6.37 6.97 6.17
MnO 0.09 0.11 0.10 0.10 0.12 0.11 0.09 0.10 0.09 0.07 0.09 0.08 0.20 0.24 0.22
CaO 3.45 4.01 3.73 4.14 4.79 4.46 2.68 3.04 291 0.40 0.48 0.44 3.30 3.81 3.55
MgO 2.37 2.36 2.36 2.69 2.67 2.68 2.15 2.14 2.15 0.28 0.28 0.28 3.13 3.11 3.12
KO 1.71 2.09 1.90 1.19 1.45 1.32 2.12 2.59 2.35 3.20 4.01 3.60 1.52 1.84 1.68
NayO 4.64 448 4.56 443 427 4.35 4.66 451 4.58 4.84 474 4.79 3.90 3.76 3.83
P,05 0.58 0.46 0.52 0.62 0.49 0.56 0.55 0.44 0.49 0.06 0.05 0.06 0.45 0.36 0.41

LOI 0.76 0.76 0.76 1.70 1.70 1.70 1.10 1.10 1.10 0.40 0.40 0.40 3.33 3.33 3.33
Normative values

Qz 20.87 18.63 19.11 19.97 17.27 17.77 23.09 20.49 21.13 34.06 29.06 31.56 22.74 19.70 20.42

C 2.34 0.94 1.24 2.33 0.15 1.09 2.18 1.33 1.96 1.72 1.94 1.83 2.15 1.79 1.97
Or 10.12 12.32 11.22 7.03 8.54 7.79 12.50 15.30 13.90 18.89 23.72 21.30 8.97 10.86 9.91
Ab 3929 3793 3861 3748 3612 3680 39.41 3817 3879 4094 40.08 40.51 33.02 31.78 3240
An 13.36 16.92 15.14 16.46 20.53 18.50 9.74 12.24 11.23 1.55 2.03 1.79 13.41 16.57 14.99
Hy 5.91 5.87 5.89 6.70 6.65 6.68 5.36 5.34 5.35 0.70 0.71 0.70 7.80 7.75 7.77

11 0.20 0.24 0.22 0.22 0.26 0.24 0.18 0.22 0.20 0.16 0.19 0.17 0.43 0.51 0.47
Hm 4.95 5.23 5.09 5.35 5.71 6.03 441 5.06 4.98 1.02 1.31 1.17 6.38 6.97 6.17
Ru 0.50 0.68 0.59 0.51 0.58 0.60 0.36 0.39 0.43 0.04 0.07 0.06 0.34 0.28 0.41
Ap 1.37 1.08 1.23 1.48 1.17 1.32 1.30 1.04 1.17 0.15 0.12 0.14 1.07 0.85 0.96

Sum 9891 9985 9834 9753 9698 96.81 9851 9957 9914 9923 99.22 9923 9630 97.04 9547

Trace elements (ppm)

As 1850  18.00  18.25 5.70 5.80 5.75 1310  13.00 13.05 4540 4587 45.64 3.30 3.56 343

Ba 443.00 441.00 442.00 38420 382.00 383.10 542.10 540.60 541.35 29820 301.00 299.60 606.10 605.00 605.55
Cd 8.80 8.22 8.51 6.20 5.98 6.09 7.80 791 7.86 4.00 3.99 4.00 5.80 521 551

Ce 5730 5722 5726 3290 3198 3244 5710 5691 57.01 2450 2399 2425 2950 30.01 29.76
Co 19.10 20.01 1956 32,60 3156 32.08 21.30 2091 2111 1850 17.88 1819 3190 3041 31.16
Cr 1280 1255 1268 16.00 15.09 1555 21.70 2093  21.32 3.30 3.11 321 1190 1097 1144
Cs 2.80 2.22 251 4.70 2.61 3.66 ND ND ND 7.40 6.87 7.14 10.30 9.55 9.93

Cu 6.40 6.03 6.22 6.40 5.94 6.17 5.10 4.65 4.88 3.70 2.95 3.33 5.70 4.87 529

Ga 23.00 23.06 23.03 2410 2405 2408 2190 21.09 2150 1550 1476 1513 2090 21.01  20.96
Hf 3.20 2.83 3.02 1230  11.05 11.68 1980 1899 1940 ND ND ND 1210 1143 1177
La 2590 2406 2498 13.80 12.03 1292 3330 31.22 3226 21.10 20.89 21.00 21.20 20.85 21.03
Nb 1.60 1.03 1.32 0.90 0.08 0.49 3.30 291 3.11 4.50 4.25 4.38 1.50 1.23 1.37

Nd 21.60 2075 2118 1230 1086 1158 34.60 3411 3436 1740 1588 16.64 9.40 9.21 9.31

Ni 5.90 4.87 5.39 8.00 7.54 777 10.30 9.88 10.09 1.10 1.02 1.06 8.70 7.93 8.32

Pb 2570 2454 2512 2370 2264 2317 3490 3374 3432 2200 21.07 2154 2770 26.04 26.87
Rb 3630 35.02 3566 2740 2701 2721 5020 51.00 50.60 8240 82.02 8221 5230 53.00 52.65
Sc 11.10 1054 1082 1350 12.05 12.78 8.30 7.88 8.09 2.20 2.02 2.11 1230 11.29  11.80
m 5.90 6.11 6.01 7.60 6.98 7.29 ND ND ND 8.00 9.52 8.76 10.60 1041  10.51
Sn 5030 50.82 5056 51.00 5067 50.84 6140 6082 61.11 1090 11.52 11.21 5090 51.03  50.97
Sr 496.80 495.00 49590 43220 433.00 432.60 302.30 303.00 302.65 50.70 51.77 5124 425.60 423.00 424.30
Th 1750 1701 1726 1860 19.00 1880 2330 2353 2342 9.80 8.67 9.24 16.80 1532  16.06
v 3340 3243 3292 3700 38.00 3750 3550 3522 3536 ND ND ND 69.70 6854  69.12
Y 16.00 1532 1566 1260 13.00 1280 1480 1406 1443 10.00 9.45 9.73 1310 1238 12.74
Zn 5430 55.01 5466 6580 66.01 6591 5010 51.01 50.56 29.80 30.40 30.10 241.80 244.00 242.90
Zr 14710 146.87 146.99 131.20 132.00 131.60 183.10 184.00 183.55 131.50 130.80 131.15 147.10 146.70 146.90

Geochemical Parameters

Agpaitic 0.57 0.57 0.59 0.51 0.53 0.52 0.63 0.64 0.62 0.83 0.82 0.83 0.53 0.51 0.52
Sr/Y 31.05 3231 3167 3430 3331 3380 2043 2155 2097 5.07 5.48 527 3249 3417 3330
Th/Zr 0.12 0.12 0.12 0.14 0.14 0.14 0.13 0.13 0.13 0.07 0.07 0.07 0.11 0.10 0.11
Rb/Zr 0.25 0.24 0.24 0.21 0.20 0.21 0.27 0.28 0.28 0.63 0.63 0.63 0.36 0.36 0.36
La/Sm 4.39 3.94 4.16 1.82 1.72 1.77 ND ND ND 2.64 2.19 2.40 2.00 2.00 2.00
Y/Nb 10.00 1487 1191 14.00 16250 26.12 4.48 4.83 4.65 222 222 222 8.73 10.07 9.33
Ba/Nb 276.88 42816 336.12 426.89 4775.00 781.84 164.27 185.77 17435 66.27 70.82 6848  404.07 491.87 443.63
K/Rb 47190 595.37 532.53 43431 53499 48429 42131 507.65 464.82 387.86 489.27 43845 29025 346.60 318.61
Mg# 3237 3107 3171 3346 3187 3078 3280 2976 30.12 2155 1786 19.52 3295 30.84 33.58

Among the studied lava, rhyolite has high SiO, (avg. 74.39 wt%), alkalis (avg.
8.39 wt%), As (avg. 45.64 ppm), Nb (avg. 4.38 ppm), and Rb (avg. 81.21 ppm), but
less much in TiO, (avg. 0.15 wt%), Al,Os (avg. 14.26 wt%), Fe,Oz* (avg. 1.16 wt%),
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CaO (avg. 0.44 wt%), MgO (avg. 0.28 wt%), Ba (avg. 299.6 ppm), Cr (avg. 3.21 ppm),
Cu (avg. 3.33 ppm), Co (avg. 18.19 ppm), Ni (avg. 1.06 ppm), and Sr (avg. 51.24 ppm),
reflecting highly fractionated rocks. In contrast, the andesite porphyry rocks have noticeable
enrichment of Fe;Os* (avg. 6.51 wt%), MgO (avg. 3.12 wt%), LOI (avg. 3.233 wt%), Ni
(avg. 8.32 ppm), Ba (avg. 605.55 ppm), Sr (avg. 424.3 ppm), and Zn (avg. 243 ppm),
suggesting to be less fractionated with abundant plagioclase minerals. In comparison to
N-MORB (Figure 6f), all the DV samples display enrichment in Ba, Rb, Pb, and K, but
much depletion in Ti and Nb, besides Sr and P in rhyolite (as a result of fractionation of
iron oxides, feldspar, and apatite). Such DV rocks with subduction-related calc-alkaline are
generally characterized by these geochemical characteristics [10,83].

5.2.2. Tectonic Emplacement

Regarding the DV environment, there is disagreement, with theories suggesting
a subduction-related regime [7,10], an extension regime [84], or a zone of transition from
subduction to extension [2,9]. The DV, which date from 600 to 590 Ma, erupted during the
period between collision and extension. The geochemical characteristics show that the DV
rocks are not linked to A-type intrusions [2,9]. All of the DV rocks have a calc-alkaline,
Ti and Nb negative anomalies and an enrichment of LFS elements in comparison to HFS
elements, yielding a signature of subduction setting. Immobile trace (Nb, Ti, Zr, and Y)
elements are extensively employed to distinguish between various DV settings. The
intermediate DV samples straddle the calc-alkaline basalt and Dokhan volcanic field, while
rhyolite lies near this field using ternary Zr-Ti/100-Sr/2 (Figure 7a) diagram [85], implying
a convergent setting. Additionally, all samples lie within the VOLG field according to the
Nb+Y-Rb (Figure 7b) diagram [86]. All samples of DV plot in the destructive plate (arc
basalt) according to the ternary tectonic Th-Hf-Nb (Figure 7c) diagram [87].

Additionally, the examined DV eruptions occurred in a continental rather than an oceanic
environment depending on the P,O5-K,O-TiO; (Figure 7d) diagram [88], similar to those
of Eliwa et al. [9]. These rocks are straddling the volcanic arc rather than within the plate
and transition zone depending on Nb-SiO, (Figure 7e) [89]. Therefore, instead of being
created in a post-collisional context, the DV rocks were likely placed in a subduction-related
context, which is a continental arc of thicker crust.
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Figure 6. (a) TAS binary diagram [85]; (b) Zr/TiO,-SiO, diagram [79]; (c) AFM ternary diagram [80];
(d) K,O-SiO, diagram [81]; (e) SiO,-Sr/Y [82], and (f) N-MORB diagram for the examined rocks [90].
Fields for comparison are YMV and OMV [91]. The DV field adapted from [2,7,9,92].
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with Figure 6.

5.2.3. Petrogenesis

Certain limitations on the nature of the magma sources during the Neoproterozoic
in the Northeastern Desert of Egypt can be obtained from their petrochemical data. The
examined DV samples demonstrate clear negative anomalies for Ti and Nb, and they are
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medium- to high-K and richer in LILE in comparison to HFSE. In reality, these characteristics
are indicative of a calc-alkaline orogenic setting [93]. On the other hand, during the
post-collisional phase, these characteristics might be the result of magmas originating from
the mantle that has undergone prior metasomatism during the early orogenic stage [9,10].
Many authors ascribed the post-collisional intrusive and their equivalent extrusive rocks to
the melting with different partial degrees of mafic source [9,27,36]. The lack or infrequent
appearance of mafic units in the current volcanic eruptions indicates that the primary
magma is not mantle-derived. This is supported by the Mg# of the current DV rocks, which
range from 17.86 in rhyolite to 33.57 in andesite porphyry. Additionally, the examined DV
rocks have Y/Nb ratios above 1.2, suggesting a crustal source [94].

We suggest that the partial melting of the lower crust can produce andesitic magma,
which ascends to higher crustal levels and forms lava of calc-alkaline. A portion of this
lava may split, settle at shallow crustal depths, and undergo differentiation to create the
DV rocks [10,95]. The role of fractionation is interpreted by their variation from andesite
passing through dacite to rhyolite, which is indicated by gradual negative distribution
groups between silica and TiO;, Fe,O3, CaO, MgO, Co, and Cu from andesite to rhyolitic
lava (Figure 8). Further constraints include depletion in Ti and Nb, Sr, and P in rhyolite on
the N-MORB/rock diagram, favoring the process of fractionation. On the other hand, for
detecting the role of contamination/mingling processes, some ratios of trace elements are
widely used, like Y/Nb, Rb/Zr, and Ba/Nb. There is no discernible change in these ratios
during fractionation [96]. The Rb/Zr values in the DV samples are widely varied (0.2-0.63),
pointing to crustal contamination certainly in the rhyolitic rocks (Figure 7f). Moreover, the
wide variations in Y/Nb and Ba/Nb suggest the significant role of contamination [96].
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Figure 8. Binary (Harker) variation diagrams between SiO; and some major and trace elements.
It is noticeable that there is a systematic, gradual distribution between different types of Dokhan
volcanics. Symbol’s explanation are consistent with Figure 6.
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5.3. Decorative Applications of Dokhan Volcanics

The utilization of natural stones, such as Dokhan volcanics, as decorative dimension
stones in outdoor and indoor installations involves performing their physical and mechanical
properties compared with the international standard specifications. Water absorption,
bulk-specific gravity (density), porosity, compressive strength, and abrasion resistance are
the main properties that evaluate the performance of natural stones and their suitability for
decorative purposes (Table 2).

Table 2. Provides outcomes of mechanical and physical attributes of the studied specimens with
minimum, maximum, and average values.

Studied Rock Specimens

Measured Statistical Reference Standard,
Parameters Parameters DV 10 DV 11 DV 42 DV 43 DV 22 ASTM Ce615 [97]
Water Max. 0.07 0.09 0.08 0.06 0.62
absorption, Min. 0.05 0.07 0.06 0.05 0.53 0.4% max.
% Av. 0.06 0.08 0.06 0.06 0.58
Apparent Max. 0.18 0.24 0.21 0.18 1.62
porosity, Min. 0.14 0.21 0.16 0.14 1.37 N/A
% Av. 0.16 0.23 0.18 0.16 1.52
Dry bulk Max. 2728.08 2772.23 2756.81 2771.11 2606.82 3
density, Min. 2723.81 2760.56 2747.59 2757.32 2600.03 2560 kg/m
kg/m? Av. 2726.54 2766.29 2752.77 2764.86 2603.07 min.
Wet bulk Max. 2729.58 2772.66 2758.41 2772.50 2620.52
density, Min. 2725.64 2762.88 2749.66 2759.07 2615.69 N/A
kg/m?3 Av. 2728.12 2768.56 2754.54 2766.42 2618.27
Max 1634.38 1625.54 1234.58 1360.92 1515.05
Compressive ' (160.28) (159.41) (121.07) (133.46) (148.58)
strength, . 690.59 802.83 1141.22 817.89 798.25 ,
kg/cm? Min. (67.72) (78.73) (111.92) (80.21) (78.28) 131 MPa min.
(MPa) Av 1130.21 1240.69 1189.10 1196.98 1219.30
' (110.84) (121.67) (116.61) (117.38) (119.57)
Max 58.63 34.14 43.16 33.73 37.82
Abrasion ' (15.04) (18.28) (16.81) (18.36) (17.62)
resistance, Min 32.07 26.52 32.08 21.01 21.79 o5 Ha mi
Ha : (18.69) (19.99) (18.69) (21.69) (21.41) a min.
(Groove width) Av 42.67 30.25 36.43 29.49 28.88
' (17.15) (19.13) (17.93) (19.41) (19.63)

Looking at the results of the physical measurements, it is clear that there is a convergence
in the values of water absorption, apparent porosity, and bulk density for the rock units
DV10, DV11, DV42, and DV43. For water absorption test results, as shown in Figure 9a, the
average values were found to be 0.06%, 0.08%, 0.06%, and 0.06%, respectively, that met the
requirements of the granite dimension stone (max. 0.4%) according to [97].

Compared to the literature related to dimension stones, the rock types DV10, DV11,
DV42, and DV43 revealed a lower water absorption and, consequently, porosity than
reported by Alzahrani et al. [34] (0.14-0.31%) and Siegesmund et al. [40] (0.3-3.37%) for
granitic stones.

For bulk density test results, as shown in Figure 9b, the average values were reported as
2726.54 kg/m?3, 2766.29 kg/m?, 2752.77 kg /m?3, and 2764.86 kg/m?, respectively, which also
met the requirements of the granite dimension stones (min. 2560 kg/m?). Compared to the
literature, the rock types DV10, DV11, DV42, and DV43 also achieved higher bulk density
than all studied granitic stones, such as 2.58-2.68 g/ cm? [98] and 2.55-2.84 g/ cm? [20,99].
As for the rock sample DV22, it exhibited different physical results from the previous rock
types, with a high-water absorption value (av. 0.58%) and low bulk density value (av.
2603.07 kg/m?).
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Figure 9. (a) Average water absorption and apparent porosity of different DV rock units; (b) Average
dry and wet bulk density of different DV rock units; (c) Average compressive strength of different
DV rock units; and (d) Average abrasion resistance of different DV rock units.

Regarding the mechanical measurements, the results displayed a similarity in the
values of compressive strength and abrasion resistance between the studied rock samples.
As shown in (Figure 9c¢), the average values of the compressive strength test were calculated
in kg/cm? (MPa) for DV10, DV11, DV42, DV43, and DV22 as 1130 (110.84), 1240 (121.67),
1189 (116.91), 1196 (117.38), and 1219 (119.57), respectively, although the values of the
compressive strength test did not achieve the minimum limit of the granite dimension stone
specification (1335 kg/cm? or 131 MPa); however, it may be used for other applications such
as interior or exterior cladding and monuments provided that other relevant characteristics
shall be evaluated such as durability, permanent volume change, thermal expansion, and
modulus of elasticity [97]. Regarding the abrasion resistance test, Figure 9d illustrates the
average results of the studied rock samples. The average results were calculated in Ha or
(mm) as follows: 42.67 (17.15); 30.25 (19.13); 36.43 (17.93); 29.49 (19.41); and 28.88 (19.63) for
DV10, DV11, DV42, DV43, and DV22; respectively.

Comparing the test results considering dimension stones’ typical specifications, it is
observed that all the studied rock units exceeded the required minimum limit of abrasion
resistance (25 Ha). By correlating the physical characteristics of the samples under study,
we can observe a strong positive relationship between water absorption and apparent
porosity with a correlation coefficient (R? = 1), as illustrated in Figure 10a. Therefore, there
is a strong negative relationship between porosity and dry and wet bulk density, as shown
in Figure 10b, with correlation coefficients (R? = 0.92 and 0.91), respectively.
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(b) dry and wet bulk densities and apparent porosity; (c) abrasion resistance and apparent porosity

and (d) pozzolanic assessment of different DV rock units.
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As any rock type consists of porosity in the form of cracks or veins resulting from
either mechanical deformation or chemical decomposition by weathering, these kinds
of porosity could reduce the durability of the material by weakening the cohesiveness
between its grains [30,36,54]. Therefore, according to the previous relationship between
water absorption, porosity, and density, it is suggested from a practical view that any rock
type of low density due to its high porosity content can be installed indoors, avoiding the
deterioration effect resulting from high water absorption, as well as low abrasion resistance.
Figure 10c shows a negative correlation coefficient between the rocks” apparent porosities
and their abrasion resistance ratings (Ha) by (R? = 0.3).

5.4. Pozzolanic Activity of Dokhan Volcanics

In the present study, two parameters are used to determine the degree of pozzolanic
activity of the studied volcanic rocks: the first is determining their chemical composition,
particularly the percentages of SiO;, Al,O3, and Fe,O3; oxides. Comparing the results
of chemical composition (Table 1) with the standard specification [76], it was found
that the sum of (SiO,+ Al,O3+ Fe;O3) of the studied rock samples that are calculated
at 85.99%, 82.84%, 85.11%, 82.90%, and 89.81% for DV10, DV11, DV42, DV43, and DV22,
respectively, achieved the minimum requirement (70%). The second parameter measures
their pozzolanicity based on Frattini’s test to determine whether the values lie in the
pozzolanic or non-pozzolanic areas. Figure 10d shows that the volcanic rock sample
(DV22) is plotted within the pozzolanic area, while the other samples are plotted within

the non-pozzolanic area.
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It was found that the sample (DV22) exhibited superior pozzolanic behavior due to several
factors. Despite all samples exceeding ASTM C618 [76] limiting of 70% oxide summation,
the sample’s (DV22) notably higher value of 89.81% facilitated a more pronounced reaction
with calcium hydroxide. Additionally, according to Table 2, the sample (DV22) showed
the highest water absorption and porosity values, with about tenfold the other samples
values. This suggests the formation of pores within the rock, possibly resulting from
sudden temperature fluctuations in the magma that promoted the release of soluble gases.
Coupled with its high silica content, this evidence indicates a substantial amount of
amorphous glass phase, combined with a porous morphology, contributing to DV22’s
enhanced pozzolanic properties.

Further research is necessary to determine the optimal percentage of sample DV22 to be
added to OPC to achieve the best physical and mechanical properties. It is important to note
that each ton of produced OPC generates approximately 0.9 tons of carbon dioxide [100].
Therefore, incorporating 10% of sample DV22 into OPC is estimated to reduce carbon
dioxide emissions by roughly 90 kg.

6. Conclusions

The current work provides petrographical, petrological, physico-mechanical, and
pozzolanic assessments of some lava from the type locality of the DV in order to deduce
their setting and petrogenesis, as well as their favorability as a decorative stone and
perspective as a natural pozzolanic in building materials. The DV have a distinct, dense
series of stratified, rhyolitic to andesitic lava interspersed with a few pyroclastic layers that
suggest a series of explosions. Chemically, they are medium-K and high-K calc-alkaline with
an agpaitic index of less than 0.84. They are normal arc rocks rather than adakites due to low
Y (9.45-16) and Sr/Y (5.07-34.3) contents. In comparison to N-MORB, all the DV samples
display enrichment in Ba, Rb, Pb, and K, but much depletion in Ti and Nb, besides Sr and
P in rhyolite (as a result of fractionation of iron oxides, feldspar, and apatite), supporting
their subduction-related rather than post-collisional and followed by fractionation and
crustal contamination. For decorative purposes, the physico-mechanical measurements
of the studied Dokhan volcanic rocks revealed that their water absorption, bulk density,
and resistance to abrasion ranged from 0.06 to 0.57%, 2605.59 to 2766.29 kg / m?3, and 28.88
to 42.67 Ha, respectively, that fulfilled the requirements of the standard specifications.
Concerning the compressive strength, the results revealed that even though the average
values fell short of the minimal standards, they might still be suitable for light-duty
applications like indoor use and exterior applications like cladding and fagades. Based on
the pozzolanic assessment of the studied rock types, the results revealed the possibility
of using these natural stones as supplementary cementitious materials in the building
sector. Furthermore, in the same sector and based on their hardness, compactness, and
resistance to wear, the studied rock types can be crushed as aggregate materials of various
sizes in mortar, concrete, and asphalt mixes. Finally, the authors recommend further
experimental studies in the future, focusing on their effect on physico-mechanical and
durability performance of mortar and concrete products.
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