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Abstract

:

This study examines how the chemical composition of ultramafic and mafic rocks effects their physicomechanical properties and therefore how influences the concrete strength of the produced concrete specimens. For this scope, ultramafic (Group I) and mafic rocks (Group II) derived from the Veria–Naousa and Edessa ophiolite complexes (Greece) were selected in order to identify their chemical composition and their engineering properties according to international standards. Additionally, representative rocks were used as concrete aggregates in order to produce concrete specimens, whereas their mechanical strength was calculated. A geochemical index (Ga) was proposed and correlated with the engineering properties of the examined rocks as well as with the widely used alteration degree LOI (loss on ignition). Correlation diagrams between engineering properties and the proposed geochemical index (Ga) have showed that these properties were strongly influenced by the alteration processes expressed via Ga index. More particularly, mainly serpentine in ultramafic and chlorite in mafic rocks, minerals indicators for the alteration of ultramafic and mafic rocks, respectively, seem to determine their engineering properties. Concerning the mechanical strength of the produced concrete specimens, the results have showed that the increasing values of Ga index negatively effect concrete strength.
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1. Introduction


Engineering projects, in which natural aggregate rocks are used as raw materials, strongly influenced by their physicomechanical properties which are directly correlated with the particular characteristics of rocks. Several researchers have studied the effect of mineralogical composition, textural characteristics and chemical composition of various types of aggregate rocks in order to predict their mechanical behavior when used in various construction applications [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18]. During the last decades, particular emphasis, using variety of analytical methods, has been placed on the evaluation/quantification of alteration degree and on the influence of alteration of aggregate rocks in their engineering properties [4,5,18,19] and consequently in their construction applications [4,18].



Ultramafic rocks exhibit serpentine, a laminate soft mineral which belongs to the phyllosilicate subclass and forms smooth surfaces, as their main alteration product [20,21]. The serpentine group includes three closely related minerals: antigorite, lizardite and chrysotile. First-order changes to the major element composition of peridotites induced by serpentinization are the addition of 10–12 wt% water and loss of CaO [22,23,24]. Chlorite is the most common and abundant secondary mineral of heated seawater-mafic rocks as a result of substantive changes in the Ca/Mg ratio of the reacting fluid. [25], whereas its structure consists of silicate layers sandwiching a brucite layer in a silicate–brucite–silicate stacking sequence. The soft and platy nature both of serpentine and chlorite, the mesh texture of serpentine constitute critical factors for the development of porous areas in mafic and ultramafic rocks where they are contained and hence resulted in less mechanically durable aggregates and in aggregates with worse physical properties [4,5,18,19]. These minerals are also responsible for the formation of surfaces of weakness and for extended detachments between the cement paste and mafic and ultramafic aggregates in the, respectively produced concrete specimens [5,18]. Furthermore, numerous of petrographic [8,17,26,27,28,29,30,31] and chemical indices [7,32,33,34,35,36,37] have been proposed and have been used for each lithological group of rocks individually. Scientists have made efforts to correlate the alteration degree of rocks, expressed by chemical indices, with their main engineering properties (physical and mechanical) [7,32,33,34,35,36,37,38,39,40]. Nevertheless, most of them mainly concerns either sedimentary or acidic igneous rocks [11,12,15,16], while less metamorphic [16,32,41] and even lesser mafic or ultramafic igneous rocks derived from ophiolite complexes [38,42] and despite the fact that the latter are frequently used on several engineering works all over the world [43,44]. For example, weathering and alteration indices, based on major element analyses, investigated by Koca [38] and by Tugrul [42] in andesitic and basaltic rocks, respectively have been influenced their physical and mechanical properties. In mafic and ultramafic rocks, these indices express the geochemical changes of rocks derived from alteration processes which have been mineralogically expressed by the presence of secondary phyllosilicate minerals such as serpentine and chlorite.



Aggregates present the dominant constituents of concrete, typically occupying between 70% and 80% of its volume and therefore they have significant influence on the concrete performance [45,46,47,48]. The basic concrete component is the material which binds the aggregate particles together, commonly comprising a mixture of cement and water [45,49]. The mineralogical composition of the used aggregates and more specifically their alteration degree plays significant role on their mechanical behavior [17,18,50,51,52] and consequently on the mechanical performance of the produced concrete specimens [4,18]. Several researchers have studied the geochemical composition of different type of rocks used as concrete aggregates in order to evaluate their possibility in creating alkali silica reaction zones between the cement paste and the aggregate particles in concretes [53], while the geochemical composition of aggregate rocks hasn’t been correlated till today with the mechanical strength of the produced concrete specimens.



This study first focuses on the influence of chemical composition of ultramafic and mafic rocks on their physicomechanical performance and secondarily on how their chemistry affects the final strength of produced concrete specimens.




2. Geological Setting


Ultramafic and mafic rock samples of this study were collected from two ophiolite complexes, Veria–Naousa and Edessa both located on North Greece.



The Veria–Naousa ophiolite complex belongs to Almopias subzone of the Axios geotectonic zone (Figure 1). Tectonized serpentinized lherzolite and harzburgite, interfered by few pyroxenitic and rodingite dykes [54], as well as gabbro, diabase and pillow basalt compose this complex. It constituted a part of oceanic lithosphere, which was obducted onto carbonates of the Pelagonian Zone during Upper Jurassic to Lower Cretaceous. Neogene to Quaternary conglomeratic, breccia limestone and flysch lie unconformity on this dismembered ophiolite mass. Edessa ophiolite complex (Figure 2) consists of serpentinized harzburgite, lherzolite, diorite, gabbro, diabase and basalt with strong tectonic characteristics and variable alteration degree [55,56]. It represents remnant of oceanic lithosphere, thrusted out of ocean basins during Upper Jurassic to Lower Cretaceous time [57,58]. Serpentinized harzburgite is the main lithotype of this complex while lenses or beds of chromitite are also included [59]. Middle-Upper Cretaceous to Paleocene transgressive sediments lying conformably on ophiolitic rocks while volcanic rocks of Almopias subzone are bordered on these.




3. Materials and Methods


In this study, crushed ultramafic and mafic aggregates rocks derived from the referred ophiolite complexes were collected, during the research in the field area, in order to be analyzed according to their petrographic features, geochemistry, physicomechanical properties in the laboratory as well as concrete specimens were produced by these aggregates which were mechanically tested in a next stage.



3.1. Aggregate Tests


The collected rocks were first examined petrographically using a polarizing optical microscope (Leitz Ortholux II POL-BK Ltd., Midland, ON, Canada) following the EN 932–3 [62] standard. Whole-rock chemical analyses for major and trace elements were performed at Bureau Veritas Mineral Laboratories at Vancouver (BC, Canada). The mineralogical composition of the investigated serpentinites was also identified using powder X-ray diffraction (XRD) analysis, with a Bruker D8 Advance Diffractometer (Bruker, Billerica, MA, USA), with Ni-filtered CuKα radiation. The scanning area for bulk mineralogy of the samples covered the 2θ interval 2–70°, with a scanning angle step size of 0.015° and a time step of 0.1 s. The mineral phases were determined using the DIFFRACplus EVA 12® software (version 9.0, Bruker-AXS, Billerica, MA, USA) based on the ICDD Powder Diffraction File of PDF-2 2006. Polished thin sections of the examined rock samples were analyzed in scanning electron microscopes (SEM) in order to identify their mineralogical characteristics. Mineral microanalyses were performed using a JEOL JSM-6300 SEM equipped with energy dispersive and wavelength spectrometers (EDS and WDS) and INCA software. The scanning electron microscope used is located in the Laboratory of Electron Microscopy and Microanalysis, University of Patras, Rio Achaia, Greece. Operating conditions were accelerating voltage 25 kV and beam current 3.3 nA, with a 4-μm beam diameter. The total counting time was 60 s and dead-time 40%. Synthetic oxides and natural minerals were used as standards for the analyses, where the detection limits are ~0.1% and accuracy better than 5% was obtained. Major element analyses were carried out using an XRF (X-ray Fluorescence) spectrometer and a sequential spectrometer (ICP-ES).



The physical properties which were performed in the examined samples were the total porosity (nt) and the moisture content (w). The cohesion of a rock could be affected by the presence of moisture in it. In the studied samples the moisture content (w) was examined according to the procedure described in AASHTO T-255 [63]. The total porosity (nt) was calculated using specimens of rocks according to the ISRM 1981 standard [64]. The examined mechanical properties of the samples were the Los Angeles abrasion value (LA) and the uniaxial compressive strength (UCS). The Los Angeles abrasion (LA) is one test to determine coarse aggregate strength. It is the test expresses resistance of rocks in abrasion and attrition and was performed according to ASTM C-131 [65]. The uniaxial compressive strength (UCS) was examined on core cylindrical samples according to the ASTM D 2938–95 (2002) [66] standard. Average value was calculated for six specimens of each sample. The point load index (Is(50)) is used in order to obtain an indirect measure of the uniaxial compressive strength, according to the ISRM [67] standard.




3.2. Concrete Tests


Thirty-six normal concrete cube specimens (150 × 150 mm) were made from the aggregate types (Table 1), according to ACI-211.1-91 [68]. In a cylindrical electrical cement mixer, the dry stirring of the aggregates (of all fractions) was carried out first and then the cement and water were gradually added. The mixing time is measured after entering all the materials in the mixer where in the present study the mixing lasted for 7 min in each sample. The aggregate were crushed through standard sieves separated into the size classes of 2.00–4.75 (23 w/v%), 4.45–9.5 (23 w/v%) and 9.5–19.1 (20 w/v%) mm, while in the size of sand the same carbonate sand (34 w/v%) was used in each concrete specimen. All of the parameters remained constant in all the concrete specimens. For optimal slump, the condensation was completed using a rod with a diameter Φ16 and a length of 60 cm with rounded edges. Each cast was filled using a scoop in two layers (half and half each time) and each layer was concentrated individually. To thicken each layer, 25 strokes were made with the relevant rod. After the condensation was completed, the final surface was leveled, the surfaces of the casts were cleaned, and the specimens were numbered. After 24 h, the samples were removed from the mold and were cured in water for 28 days. Curing temperature was 20 ± 3 °C. These specimens were tested in a compression testing machine at an increasing rate of load of 140 kg/cm2 per minute. The compressive strength of concrete is calculated by the division of the value of the load at the moment of failure over the area of specimen. The compression test was elaborated according to BS EN 12390-3:2009 [69].





4. Results


4.1. Aggregate Test Results


4.1.1. Petrographic Characteristics of the Examined Aggregate Rocks


The aggregate rocks which were examined in this study were classified into two groups. Group I consists of ultramafic and Group II of mafic rocks. Based on their macroscopic and microscopic observations, the examined ultramafic rocks are characterized by variety in their alteration (from low to highly altered). In most of the cases ultramafic rocks presented as highly serpentinized with mesh or scarcely ribbon texture (Figure 3a). Intragranular or transgranular microcracks were also observed as result of the tectonic deformation. The altered product of serpentine constitutes their dominant secondary mineral (65.0–90.0% of serpentine). Low amounts of chlorite, talc, tremolite, calcite, few relics of pyroxene and spinel crystals completed the modal composition of these rocks. Among the studied ultramafic lithotypes, only pyroxenites are presented as less altered and displayed mainly granular or locally porphyroclastic texture with intersected microcracks (Figure 3b). Orthopyroxene, clinopyroxene, olivine and chromite compose their primary mineralogy, while low amount of serpentine is observed too (<3.0%).



Similar to the ultramafic rock samples, mafic rocks also display a wide range of alteration degree (from highly to low altered) which expressed through the presence of secondary minerals. Diorites were mainly observed as fine to medium grained, with granular or subophitic texture. Their modal mineralogy is composed of plagioclase, hornblende, alkali–feldspar and clinopyroxene, less quartz, biotite and accessory phases of titanite, apatite and opaque minerals (Figure 3c). Chlorite, epidote, actinolite and sericite are the main secondary minerals which amount ranges from 3.0% to 7.0%. Gabbros present granular, subhedral to euhedral and scarcely subophitic texture (Figure 3d). They principally consist of plagioclase and clinopyroxene and they display a wide range of alteration degree. The secondary minerals are mainly chlorite, epidote, actinolite, sericite and saussurite, which amounts vary from 8.0% to 36.0% (Figure 3e). Accessory phases of opaque minerals and titanite are also complete their modal mineralogical composition. The diabase samples are fine grained rocks with mainly ophitic-subophitic and minor porphyritic texture (Figure 3f). Their mineral composition was not significantly different from those of gabbroic rocks while they present variations regarding to their alteration degree. Basalts were characterized by a microcrystalline to glassy matrix, locally porphyritic with major pyroxene and plagioclase phenocrysts (Figure 3g). The fine-grained ground mass contains primary minerals and low amounts of secondary phases such as chlorite, actinolite opaque minerals, clay minerals and quartz. The dominant texture is the porphyritic. Transgranular microcracks due to tectonic strain were secondarily saturated by oxides, epidote, calcite and quartz, while different size amygdules were also filled in with secondary minerals (Figure 3h).




4.1.2. X-Ray Diffractometry of the Examined Aggregate Rocks


Representative X-ray diffraction patterns of all the studied lithologies (Group I and Group II) are presented in Figure 4 and Figure 5. The dominant alteration product of samples of Group I is the serpentine, while talc and tremolite occurred in minor amounts. Concerning the bulk mineralogy of Group II (mafic rocks), chlorite is the dominant secondary mineral, whereas epidote, actinolite as well as prehnite and pumpellyite occur in minor concentrations.




4.1.3. Mineral Chemistry


Serpentine Group Minerals


Representative microanalyses of serpentine group minerals are reported in Table 1 and plotted in Figure 6. Serpentine group minerals are composed of SiO2 (42.60–46.01 wt%), MgO (35.96–40.53 wt%), Fe2O3 (1.79–5.40 wt%), as well as low contents of Al2O3, Cr2O3, NiO, CaO, Na2O and K2O. Serpentine group minerals from serpentinized harzburgite display higher SiO2, MgO, Fe2O3, Cr2O3 and lower Al2O3 contents than those of the others two lithotypes. On the other hand, serpentinized lherzolite display serpentines with higher amounts of Al2O3 and slightly higher contents of Na2O3 and K2O relative to those of pyroxenite and serpentinized harzburgite. On the SiO2 vs. MgO binary plot (Figure 6a), the analyzed serpentine group minerals from serpentinized harzburgite and pyroxenite are plotted in the overlap field between the three serpentine polymorphs, while those of serpentinized lherzolite are mainly plotted in the field of lizardite. On the MgO vs. FeO binary plot (Figure 6b) the analyzed serpentines from serpentinized harzburgite and pyroxenite are mainly plotted in the field of antigorite due to the higher FeO contents compared with those of lherzolite. FeO was calculated by the Fe2O3 in order to be shown in the diagram in Figure 6b.




Chlorite


Chlorite appears xenomorphic crystals with the shape of scaly, sheet or bunchy. Usually, chlorite is closely to plagioclase, epidote, and actinolite or partially replaced the clinopyroxene in the examined mafic rocks. The examined ultramafic rocks display lesser amounts of chlorite, which mainly replaced clinopyroxene. Representative microanalyses of chlorite from the examined rocks are given in Table 2 and plotted in Figure 7. The serpentinized harzburgite contains chlorites with lesser Fet/(Fet + Mg) ratio (0.03–0.06) and FeO contents (1.84–3.71 wt%), as well as higher contents of SiO2, MgO and Cr2O3 (33.30–34.50 wt%, 33.42–33.64 wt% and 0.72–2.33 wt%, respectively) than those of mafic rocks. The examined mafic rocks display chlorites with higher Al2O3 (15.27–20.53 wt%) and FeO (15.66–30.58 wt%) contents, as well as slightly higher amounts of MnO, CaO and K2O than those of ultramafic rock. Basalts present chlorites with the higher Fet/(Fet + Mg) ratio (0.29–0.45) than the other examined lithotypes.



Chlorites’ compositions of the examined rocks are presented on the Si vs. Fet binary plot (Figure 7). The serpentinized harzburgite contains penninite and clinochlore (Figure 7). The examined mafic rocks (diorite, gabbro, diabase) contain diabantine and pycnochlorite, while the basalt mainly contains diabantine and brunsvigite with few analyses plotted in the pycnochlorite field (Figure 7).




Amphibole Group Minerals


Representative amphibole analyses from the examined ultramafic and mafic rocks are presented in Table 3. The amphiboles are primary in diorite and secondary in the other lithotypes, which derived from alteration of pyroxenes. The primary amphiboles from the diorite are represented by magnesiohornblende to ferrohornblende in the classification diagram of Leak et al. [72] (Figure 8). Secondary amphiboles are represented by actinolite in ferro-actinolite in mafic rocks, as well as by tremolite in serpentinized lherzolite (Figure 8). Mg# [(Mg/(Mg + Fe2+)] of amphiboles range from 0.924 to 0.942 in serpentinized lherzolite and from 0.449 to 0.734 in mafic rocks (Table 3). Actinolite from the diabase shows similar characteristics including high FeO and relatively low MgO contents in contrast to this from the diorite which displays higher MgO and lower FeO contents. On the basis of Al2O3, TiO2 and MnO contents, the amphiboles of the examined mafic rocks display relative compositions. Tremolites present the higher SiO2, MgO and CaO contents, as well as the lower Al2O3 and FeO contents than the other amphibole analyses.





4.1.4. Geochemical Characteristics of the Examined Aggregate rocks


Major elements data from the examined aggregate rocks are presented in Table 4. In the serpentinized ultramafic rocks MgO content ranges from 26.00 wt% to 36.71 wt% with the lower content in the less serpentinized pyroxenites (BE.67C, BE.67D). Moreover, pyroxenites are richer in CaO (1.90–2.14 wt%) compared to the highly serpentinized samples (0.02–1.29 wt%). The latter samples indicated increased loss on ignition (LOI) content (13.4–15.3%) since LOI index is related to the degree of alteration of igneous rocks [5,32]. Only traces of TiO2 presented in the studied ultramafic rocks. Diorites present SiO2 content which varies from 52.4 wt% to 53.55 wt%, while gabbros content ranges between 39.9 wt% and 43.82 wt%. LOI of diorites ranges from 2.0% to 3.1%. Gabbros are chemically differentiated between the two ophiolitic sources, especially in the case of CaO content which ranges from 6.35 wt% to 27.52 wt%. Regarding the LOI content, they presented similar values (5.1–5.8%). Diabases are characterized by SiO2 content ranging from 38.35 wt% to 57.17 wt%, with higher amounts in samples derived from Veria–Naousa ophiolite complex. Moreover, diabases present amounts of Fe2O3 and MgO which range from 7.14 wt% to 11.03 wt% and 4.16 wt% to 10.67 wt%, respectively. They are significantly differentiated in Al2O3 content (3.78–17.31 wt%) as well as in LOI (2.0–6.0%). Βasalt from Veria–Naousa ophiolite complex differs from that derived from Edessa complex mainly in the content of SiO2 (BE.15B = 59.34 wt%; ED.66C = 48.40 wt%) and minor in the content of TiO2 (BE.15B = 0.56 wt%; ED.66C = 2.39 wt%), while the LOI content of these samples don’t exceed the 3.0%.




4.1.5. Physicomechanical Properties of the Examined Aggregate Rocks


The results of the physicomechanical tests of the studied samples are presented in Table 5. The serpentinized ultramafic rocks revealed high values of total porosity (nt: 2.80–6.30%), the moisture content (w) range from 1.25% to 2.18%. Regarding their mechanical results, their resistance in abrasion (LA) range from 25.50% to 40.40%, their uniaxial compressive strength (UCS) varies from 20.0 to 55.0 MPa and their point load index (Is(50)) presents values from 1.2 to 3.8 MPa. The less ultramafic serpentinized rock samples constitute an exception of Group I, indicating better physical and mechanical properties compared to those containing higher alteration degree. In comparison to the serpentinized ultramafic rocks, the mafic samples present reduced values of their physical properties (nt: 0.13–1.74%; w: 0.2–0.6%) and increased values of their mechanical properties (UCS: 80.0–165.9 MPa; LA: 7.30–18.00%; Is(50): 4.1–12.0 MPa). In the Gerania, Guevgueli, Koziakas, Pindos, Vourinos and Orthrys ophiolite complexes, the values of the physical and mechanical properties [5,6,73] of both mafic and ultramafic rocks are similar to those shown in Table 5.





4.2. Concrete Strength Results


Concrete strength values vary from 25 to 32 Mpa in the examined specimens and in those specimens made by mafic aggregate rocks (Group II) display better mechanical strength than those made by ultramafic aggregates (Group I). More specifically, the uniaxial compressive strength of concrete specimens produced by ultramafic aggregate rocks presents value from 25.0 to 27.0 MPa, with the more serpentinized presenting the lowest concrete strength. Regarding the concrete strength values of specimens made by mafic aggregate rocks, their values vary from 29.0 to 32.0 MPa as is shown in Table 6. Sample BE.113B (diabase) exhibits the higher concrete strength (Table 6).





5. Discussion


5.1. The Effect of Chemical Composition of Mafic and Ultramafic Aggregates on Their Physicomechanical Properties


Chemical indices constitute a useful tool to estimate the physicomechanical performance of various types of rocks as they may present a quantitative measure of alteration extent of them. As a result, chemical indices considered to have high significance for the evaluation of the engineering properties of aggregate rocks (e.g., [1,12,73]). Numerous efforts were made over the past years trying to correlate alteration of rocks with their physicomechanical properties by using chemical indices, whereas most of them have been proposed for igneous rocks, mainly for acidic or intermediate rock types (e.g., [33,37]), while less of them for mafic and/or ultramafic rocks [74]. Some of the indices are quite simple (e.g, [39,75]) expressed just by ratios of oxides and other more complicated (e.g, [32,40,76,77]). The principal assumption in formulating these indices is that the behavior of chemical elements is exclusively controlled by the alteration degree expressed by the relationship between mobile and immobile oxides such as SiO2, Na2O, CaO, MgO, K2O and Al2O3, Fe2O3, TiO2, respectively.



In this study, in order to identify the effect of chemical composition of ultramafic and mafic rocks on their physicomechanical properties and hence on the mechanical strength of the produced concrete specimens, a new geochemical alteration index named Ga (alteration) is proposed. The proposed index takes into account a larger number of mobile and immobile elements so that through this index the geochemical depiction of rocks is more fully reflected. In general, Ga expresses the degree of the alteration process which takes place through the mobility of major elements and is attributed by the following mobile to immobile ratio:


Ga = (CaO + MgO + K2O)/(Al2O3 + Fe2O3 + TiO2)











Ga values of the examined samples are listed in Table 7.



The values of Ga index, in ultramafic rocks, range from 3.09 to 4.61, with the most serpentinized rocks having the highest values. This wide range of Ga values is due to their different MgO content. High concentration of MgO in ultramafic rocks can be explained by the presence of minerals such as olivine, pyroxene and mainly serpentine [78], as has been observed during the analysis of the chemistry of the main secondary minerals of the examined rocks. Generally, during serpentinization, the mobile CaO is leached, while minerals rich in magnesium and water (serpentine) dominate in their mineralogy as has been presented in the X-ray diffraction patterns of the investigated ultramafic rocks (Figure 4). On the other hand, mafic rocks present obviously lower values of Ga values, ranging from 0.33 to 1.50. The most altered mafic rocks contain higher amount of CaO (until 27.52%) compared to the less altered. The wide range of CaO content in mafic rocks indicates that Ca is an intense mobile element during the hydrothermal alteration process [79]. The altered mafic rocks contain higher amount of minerals rich in Ca such as epidote and chlorite as was presented when used combined petrographic methods such as analysis via polarizing microscope, X-ray Diffractometry and minerals chemistry (Figure 3, Figure 5, Figure 7, Figure 8).



To evaluate the influence of Ga index on the physicomechanical properties of the examined ultramafic and mafic rocks correlation diagrams among the engineering properties were carried out (Figure 9). Correlations observed between these engineering properties and the proposed geochemical index (Ga) showed that these properties were strongly influenced by the alteration processes. The physical properties both from Group I and II are strongly and positively correlated to Ga (Figure 9), while when this index (Ga) is plotted against to the uniaxial compressive strength (UCS) and point load index (Is(50)) a strong but negative relation is occurred. On the other hand, as the Los Angeles values (LA) increase the index (Ga) values increase, respectively (Figure 9). More specifically, among the studied ultramafic rock samples, the highly serpentinized ones, display Ga > 3.47, showing the highest total porosity (nt: 2.80–6.29%), moisture content (w: 1.25–2.18%) and LA values (25.50–40.40%) as well as the lower UCS (20.0–55.0 MPa) and Is(50) values (1.2–3.8 MPa). These results attributed to the presence of the hydrous phyllosilicate mineral serpentine which has extensively replaced the primary minerals [17,80]. Petrounias et al. [19] have studied the influence of secondary phyllosilicate minerals of the same ultramafic rocks with this study on their physical and mechanical performance by introducing a new petrographic index Uph (sum of secondary phyllosilicate minerals) highlighting the significant effect of serpentine. Additionally, Giannakopoulou et al. [5] by proposing the petrographic index SEC/PR in ultramafic rocks derived from Veria–Naousa and Gerania ophiolite complexes enhanced the negative influence of serpentine on the engineering properties when assuming that serpentine characterized by loose structure, fibrous or platy crystals, eminent cleavage, mesh texture and low microtopography negatively resulted in the engineering properties of ultramafic aggregates.



Mafic rocks (Group II) exhibit a more complex behavior in contrast to the ultramafic rocks (Group I). The less altered basalt (BE.15B) exhibits the lowest total porosity and Ga values (Table 5 and Table 8), relative low moisture content and the highest UCS value. It is also yielded high value of Is(50) and low moisture content and moderate LA value (Table 5). On the other hand, BE.167, one of the most altered gabbroic samples presents the lower compressive strength, one of the higher LA values as well as of the worst physical properties (Table 5). The above described correlations can mainly be attributed to the amount of secondary minerals (chlorite, actinolite, clay minerals) participating in the modal composition of these rocks. Low amount of soft phyllosilicate secondary minerals (chlorite) resulted in the increase of the mechanical strength. Moreover, the preservation of the initial textural characteristics, due to the low alteration degree and consequently to the low total porosity and moisture content values may also positively affects to their mechanical behavior [3,16]. Similar mismatches were also observed among several/some diabasic and dioritic samples and therefore Ga index should be used carefully as a prediction index in mafic rocks as it is quite possible that several mechanical properties of such rocks strongly depend more on other parameters such as primary mineralogy. The above-mentioned relationships among the proposed geochemical index and the engineering properties of ultramafic and mafic aggregate rocks result in the indirect predict of these properties through this index. A prediction index such as Ga may also act in the reduction of energy consumed during the unreasonable extraction of aggregates.



In order to test the viability of this index (Ga), their values were correlated with the loss on ignition (LOI) of the examined rocks since the latter constitute a widely accepted and extensively used approximate alteration index (Figure 9f). Most the examined ultramafic rocks are highly serpentinized, except pyroxenite which shows minor alteration degree (Figure 4c) and therefore extremely low Ga values (Table 7). This fact led us to exclude these two samples from the correlation coefficient as well form the trend line. A strong and positive relationship was obtained between LOI and Ga, hence proving the validity of the proposed Ga as a new alteration index for ultramafic and mafic rocks. LOI is widely believed to be an alteration index of rocks, while it is closely related to the serpentinization degree particularly for ultramafic rocks and mainly expresses the amount of hydrated secondary minerals (e.g., chlorite) contained in mafic rocks.




5.2. The Effect of Chemical Composition of Mafic and Ultramafic Aggregates on Their Produced Concrete Mechanical Behavior


Up to now, researchers have used the geochemical composition of aggregate rocks for testing the possibility of the existence of the alkali silica reaction zones between the cement paste and the aggregate particles in concretes [53]. Furthermore, researchers have tried to identify the results of the chemical reactions between cement paste and aggregate particles in concrete [4,18] while others have examined the alkali–silica reaction in concrete [81,82]. Moreover, the influence of petrographic and mineralogical characteristics of aggregate rocks on their engineering properties as well as on the mechanical strength on the produced concrete specimens has also been studied [4,18]. More specifically, the effect of the alteration degree of mafic and ultramafic rock aggregates on the concrete strength has recently studied by Petrounias et al. [4,18]. However, a research gap has been observed related to the existence of a geochemical alteration index of rocks as well as to the relationship between the index with the mechanical strength of the produced concretes. In this study, the geochemical composition of ultramafic and mafic aggregate rocks was correlated with the concrete strength. In the diagram of Figure 10, strong negative relation between the proposed Ga index and the concrete strength was observed.



The above relationship (Figure 10) indicates that the Ga index and consequently the alteration degree of ultramafic and mafic rocks are directly related with the concrete strength. The following diagram shows an expected trend between the samples relative to the degree of rock depletion as shown in Table 7. This fact is in accordance with the conclusions of Petrounias et al. [4,18] research, who have reported that as the serpentinization in ultramafic rocks increases the concrete strength decreases, respectively due to the platy morphology of serpentine minerals and due to the extended form of failures and detachments which results in intense debonding in concrete specimens. The above trend also supports that as the alteration degree of mafic rocks increases the concrete strength decreases too. In such a conclusion, Petrounias et al. [4] have also been conducted when they studied the mechanical strength of concrete specimens produced by mafic aggregate rocks. They noticed that the amount of chlorite contained in mafic aggregates constitutes the determinant factor for reducing the final concrete strength as chlorite also presents platy surfaces which act similarly to serpentine and hence displaying detachments between the cement paste and the aggregate particle. It is obvious that the mechanical strength of a construction product such as concrete is controlled by various factors directly dependent on each other, which are links in the same chain, such as the mineralogical composition of rocks which affects their chemical composition and on their engineering properties. Furthermore, the whole chemical composition of the aggregates used in concrete combined with the chemical composition of cement constitute a chemically complex system which affects the hydraulic properties of cement and consequently determines the final concrete strength.



In this study, other widely used chemical indices were calculated for the examined mafic and ultramafic rocks (Table 8 and Table 9) and were correlated with the engineering properties of the tested aggregates, with the LOI index and with the mechanical strength of the produced concrete specimens (Table 10) in order to identify their effectiveness compared with the proposed Ga index.



As you can see in the correlations which are listed in Table 10, PI and CIA index, which have been proposed by Rieche [76] and Nesbitt & Young [40], respectively, did not seem to present any relationship neither with the engineering properties of the examined rocks, nor with the mechanical strength of the produced concretes (r2 = 0.16 and 0.06, respectively). However, ba2 [75] and mainly VR [83,84] index are well correlated with the above mentioned parameters indicating the influence of the chemical composition of rocks on their properties as well as on the final quality of the construction applications in which they participate. On the other hand, we should notice at this point that Ga displays higher r2 with the aforementioned parameters in contrast to the last two indices (ba2 and VR), a fact which strongly indicates the effect of geochemistry on the engineering behavior of aggregate rocks. More specifically, concerning the VR index, which is a ratio of immobile to mobile elements of rocks: Ga seems to be a more complete index as it takes into account more mobile and immobile major elements of each examined lithotype.



The proposed geochemical index (Ga) of aggregates directly supports the concept of the influence of chemical composition of rocks on the produced concretes which are directly depended on the alteration of rocks and consequently on their mineralogical composition. Additionally, the proposed index (Ga) may also be used as a prediction index of the performance and of the mechanical strength of concrete specimens so as to avoid the study and use of altered rocks for concrete aggregates by investigating their chemical composition. A chemical index, such as the proposed Ga, may work properly as a prediction index, however, it is not possible to work as it is in any construction application such as concrete is a multifactorial system of dependent parameters, which determine the final strength of each construction application.





6. Conclusions


In this study, the influence of chemical composition of mafic and ultramafic rocks on their engineering properties was examined, and consequently, how their chemical composition may control the mechanical strength of the produced concrete specimens. This study led to the following remarkable conclusions:



	
Chemical composition of ultramafic and mafic rocks is directly correlated with their physicomechanical behavior when used as aggregates.



	
A geochemical alteration index (Ga) was proposed for ultramafic and mafic aggregate rocks as an indirectly indicator of engineering performance of aggregates. The variation of Ga values between ultramafic (Group I) and mafic (Group II) rocks is relative to the different type of alteration among these lithologies.



	
Chemical composition of ultramafic and mafic rocks, expressed by the proposed index (Ga) presented as a useful tool for predicting mechanical behavior of construction applications such as concrete and contributes for saving money, time and conserving energy in the construction field.






The combination of petrographic and chemical analytical methods with engineering properties constitutes a useful tool for the evaluation of rocks as aggregates.
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Figure 1. Geological map of the Veria–Naousa region [4,60]; modified after fieldwork and mapping by using ArcMap (version 10.1, Esri, Redlands, CA, USA); the rectangle in the inset shows the study area. 
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Figure 2. Geological map of the Edessa region [4,61]; modified after fieldwork and mapping by using ArcMap (version 10.1, Esri, Redlands, CA, USA); the rectangle in the inset shows the study area. 
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Figure 3. Photomicrographs of representative examined rocks (Crossed Polarized Nicols-XPL) showing: (a) mesh texture and subhedral spinel in serpentinized harzburgite (sample BE.12C); (b) porphyroclastic orthopyroxene with lesser clinopyroxene and subhedral grains of spinel in pyroxenite (sample BE.67C); (c) hornblende with irregular shape surrounded by sericitized plagioclase and quartz as well as enclosed titanite in diorite (sample BE.93); (d) gabbro exhibiting ophitic texture with plagioclase and clinopyroxene accompanied by subhedral grains of titanite and actinolite (sample BE.100B); (e) gabbro with high degree of alteration where clinopyroxene was altered to epidote and chlorite (sample ED.26C); (f) diabase exhibiting subophitic texture (sample BE.43B); (g) porphyritic texture in basalt showing clinopyroxene, plagioclase, chlorite, epidote and calcite veinlet (sample ED.66C); (h) porphyritic and microlitic textures in basalt with amygdules containing chlorite and quartz (sample BE.15B); srp: serpentine, sp: spinel, opx: orthopyroxene, cpx: clinopyroxene, hbl: hornblende, qz: quartz, ttn: titanite, ser: sericite, act: actinolite, plg: plagioclase, chl: chlorite, ep: epidote. 
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Figure 4. Representative X-ray diffraction patterns of the investigated ultramafic samples of Group I: (a) serpentinized harzburgite; (b) serpentinized lherzolite; (c) pyroxenite; (serp: serpentine, sp: spinel, cpx: clinopyroxene, mgt: magnetite, talc: talc, tr: tremolite, opx: orthopyroxene, ol: olivine). 
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Figure 5. Representative X-ray diffraction patterns of the investigated mafic samples of Group II: (a) diorite; (b) gabbro; (c) gabbro; (d) diabase; (e) basalt; (bio: biotite, act: actinolite, chl: chlorite, hbl: hornblende, qz: quartz, or: orthoclase, ab: albite, prh: prehnite, ep: epidote, plg: plagioclase, pum: pumpellyite, ap: apatite, tit: titanite). 
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Figure 6. (a) MgO vs. SiO2 plot and (b) FeO vs. MgO plot for examined ultramafic and mafic rocks. Fields of antigorite, lizardite and chrysotile are from Singh & Singh [70]. 
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Figure 7. Plot of analyzed chlorites on their classification diagram of the examined ultramafic and mafic rocks according to Bailey [71]. 
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Figure 8. Plot of the analyzed amphibole group minerals from examined ultramafic and mafic rocks on their classification diagram [72]. 
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Figure 9. (a) total porosity of the studied rocks plotted against their Ga index; (b) moisture content of the studied rocks plotted against their Ga index; (c) Los Angeles of the studied rocks plotted against their Ga index; (d) uniaxial compressive strength of the studied rocks plotted against their Ga index; (e) point load index of the studied rocks plotted against their Ga index; (f) Ga index of the studied rocks plotted against the loss on ignition values. 
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Figure 10. Uniaxial compressive strength of the produced concrete specimens (UCScon) (MPa) plotted against the geochemical index-Ga of the examined ultramafic and mafic aggregates. 
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Table 1. Representative electron microanalyses of serpentine group minerals from examined ultramafic rocks (-: below detection limit).






Table 1. Representative electron microanalyses of serpentine group minerals from examined ultramafic rocks (-: below detection limit).





	
Sample

	
Serpentinized Lherzolite

	
Serpentinized Harzburgite

	
Pyroxenite




	
BE.103B

	
BE.133B

	
BE.12C

	
ED.59B

	
BE.67C




	
Analytical Number

	
2

	
3

	
6

	
4

	
9

	
6

	
13

	
4

	
6

	
7

	
2

	
5

	
7

	
8

	
10






	
wt%

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
SiO2

	
44.13

	
45.30

	
45.28

	
44.42

	
42.70

	
43.65

	
46.01

	
44.86

	
44.48

	
44.51

	
42.60

	
44.68

	
45.06

	
45.17

	
45.96




	
TiO2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Al2O3

	
-

	
1.30

	
1.60

	
1.00

	
-

	
-

	
-

	
-

	
0.39

	
-

	
0.12

	
-

	
1.45

	
0.86

	
0.94




	
Fe2O3

	
4.80

	
2.30

	
2.41

	
2.02

	
3.31

	
4.56

	
5.28

	
5.40

	
2.73

	
4.31

	
3.83

	
1.79

	
4.79

	
4.07

	
4.02




	
MnO

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
MgO

	
38.63

	
36.60

	
37.38

	
36.43

	
36.93

	
37.98

	
40.02

	
40.53

	
35.96

	
36.13

	
36.04

	
39.17

	
36.75

	
36.37

	
37.46




	
CaO

	
0.17

	
0.01

	
0.03

	
0.08

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.76

	
0.57

	
0.69




	
Na2O

	
0.22

	
0.23

	
0.18

	
0.29

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
K2O

	
0.01

	
0.08

	
0.01

	
0.01

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
NiO

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.65

	
-

	
-

	
-




	
Cr2O3

	
-

	
-

	
-

	
-

	
-

	
1.21

	
-

	
-

	
0.36

	
-

	
-

	
-

	
-

	
0.72

	
-




	
Sum

	
87.96

	
85.82

	
86.89

	
84.25

	
82.94

	
87.40

	
91.31

	
90.79

	
83.92

	
84.95

	
82.59

	
86.29

	
88.81

	
87.76

	
89.07




	
Formula units based on 7 atoms of oxygen




	
Si

	
2.037

	
2.109

	
2.085

	
2.107

	
2.073

	
2.030

	
2.042

	
2.010

	
2.121

	
2.109

	
2.079

	
2.081

	
2.052

	
2.078

	
2.080




	
Ti

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Al

	
-

	
0.071

	
0.087

	
0.056

	
-

	
-

	
-

	
-

	
0.022

	
-

	
0.007

	
-

	
0.078

	
0.047

	
0.050




	
Fe3+

	
0.167

	
0.081

	
0.083

	
0.072

	
0.121

	
0.160

	
0.179

	
0.182

	
0.098

	
0.154

	
0.141

	
0.063

	
0.164

	
0.141

	
0.137




	
Mn

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Mg

	
2.658

	
2.540

	
2.565

	
2.576

	
2.673

	
2.633

	
2.648

	
2.707

	
2.557

	
2.552

	
2.622

	
2.720

	
2.495

	
2.495

	
2.527




	
Ca

	
0.008

	
-

	
0.001

	
0.004

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.037

	
0.028

	
0.033




	
Na

	
0.020

	
0.021

	
0.016

	
0.027

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
K

	
0.001

	
0.005

	
0.001

	
0.001

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Ni

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.024

	
-

	
-

	
-




	
Cr

	
-

	
-

	
-

	
-

	
-

	
0.044

	
-

	
-

	
0.014

	
-

	
-

	
-

	
-

	
0.026

	
-




	
Total

	
4.890

	
4.828

	
4.839

	
4.843

	
4.867

	
4.868

	
4.869

	
4.899

	
4.812

	
4.814

	
4.848

	
4.888

	
4.827

	
4.815

	
4.827
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Table 2. Representative electron microanalyses of chlorite from examined ultramafic and mafic rocks (-: below detection limit, t: total, iv: 4+, vi: 6+).
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Sample

	
Serpentinized Harzburgite

	
Diorite

	
Gabbro

	
Diabase

	
Basalt




	
BE.12C

	
BE.103B

	
BE.77B

	
ED.93B

	
ED.26C

	
BE.100B

	
BE.165

	
BE.43B

	
ED.110B

	
ΒΕ.15Β

	
ED.66C




	
Analytical Number

	
2

	
4

	
2

	
8

	
2

	
10

	
7

	
10

	
1

	
3

	
8

	
9

	
1

	
1

	
4

	
11

	
11






	
wt%

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
SiO2

	
33.30

	
36.15

	
34.50

	
30.56

	
32.73

	
33.76

	
32.68

	
31.67

	
28.52

	
35.45

	
33.55

	
30.75

	
30.93

	
30.03

	
29.97

	
32.99

	
30.88




	
TiO2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Al2O3

	
18.79

	
13.09

	
11.47

	
20.53

	
17.73

	
17.28

	
20.22

	
15.27

	
17.68

	
18.99

	
18.44

	
18.52

	
17.64

	
17.82

	
18.13

	
15.76

	
19.07




	
Cr2O3

	
0.98

	
0.72

	
2.33

	
-

	
0.14

	
-

	
0.12

	
-

	
-

	
-

	
-

	
0.59

	
-

	
-

	
-

	
-

	
-




	
FeO

	
1.84

	
1.94

	
3.71

	
19.17

	
17.01

	
17.84

	
17.55

	
24.17

	
25.27

	
20.85

	
23.09

	
15.66

	
24.38

	
30.41

	
30.58

	
25.68

	
25.71




	
MgO

	
33.64

	
34.33

	
33.42

	
19.42

	
19.72

	
18.98

	
20.19

	
16.80

	
14.83

	
18.67

	
17.42

	
21.00

	
16.60

	
11.28

	
11.96

	
14.35

	
13.64




	
NiO

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
MnO

	
-

	
-

	
-

	
-

	
0.24

	
-

	
-

	
-

	
0.36

	
0.51

	
-

	
-

	
0.46

	
0.61

	
0.51

	
0.32

	
0.51




	
CaO

	
-

	
-

	
-

	
-

	
0.35

	
-

	
0.27

	
-

	
-

	
0.40

	
-

	
1.27

	
-

	
0.15

	
-

	
-

	
-




	
Na2O

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
K2O

	
-

	
-

	
-

	
-

	
-

	
0.48

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.30

	
0.28

	
0.42




	
Sum

	
88.55

	
86.23

	
85.43

	
90.10

	
87.92

	
88.34

	
91.03

	
87.91

	
86.66

	
94.87

	
92.50

	
87.79

	
90.01

	
90.30

	
91.45

	
89.38

	
90.23




	
Formula units based on 28 atoms of oxygens




	
Si

	
6.107

	
6.789

	
6.664

	
5.994

	
6.492

	
6.676

	
6.257

	
6.540

	
6.057

	
6.591

	
6.480

	
6.119

	
6.250

	
6.252

	
6.169

	
6.735

	
6.265




	
Aliv

	
1.893

	
1.211

	
1.336

	
2.006

	
1.508

	
1.324

	
1.743

	
1.460

	
1.943

	
1.409

	
1.520

	
1.881

	
1.750

	
1.748

	
1.831

	
1.265

	
1.735




	

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000




	
Alvi

	
2.169

	
1.686

	
1.275

	
2.740

	
2.636

	
2.704

	
2.819

	
2.256

	
2.482

	
2.752

	
2.677

	
2.463

	
2.451

	
2.625

	
2.568

	
2.526

	
2.825




	
Ti

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Fe2+

	
0.282

	
0.305

	
0.599

	
3.145

	
2.821

	
2.950

	
2.810

	
4.174

	
4.488

	
3.242

	
3.729

	
2.606

	
4.120

	
5.295

	
5.264

	
4.384

	
4.362




	
Cr

	
0.142

	
0.107

	
0.356

	
-

	
0.022

	
-

	
0.018

	
-

	
-

	
-

	
-

	
0.093

	
-

	
-

	
-

	
-

	
-




	
Mn

	
-

	
-

	
-

	
0.070

	
0.040

	
-

	
0.044

	
-

	
0.065

	
0.080

	
-

	
-

	
0.079

	
0.108

	
0.089

	
0.055

	
0.088




	
Mg

	
9.198

	
9.611

	
9.623

	
5.678

	
5.831

	
5.595

	
5.762

	
5.172

	
4.695

	
5.175

	
5.015

	
6.230

	
5.000

	
3.501

	
3.670

	
4.367

	
4.126




	
Ca

	
-

	
-

	
-

	
-

	
0.074

	
-

	
-

	
-

	
-

	
0.080

	
-

	
0.271

	
-

	
0.033

	
-

	
-

	
-




	
Na

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
K

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.079

	
0.073

	
0.109




	
Ni

	
-

	
-

	
-

	
-

	
-

	
0.121

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
11.791

	
11.843

	
11.853

	
11.633

	
11.425

	
11.371

	
11.453

	
11.602

	
11.730

	
11.329

	
11.422

	
11.663

	
11.650

	
11.562

	
11.671

	
11.406

	
11.509




	
Total

	
19.791

	
19.843

	
19.853

	
19.633

	
19.425

	
19.371

	
19.453

	
19.602

	
19.730

	
19.329

	
19.422

	
19.663

	
19.650

	
19.562

	
19.671

	
19.406

	
19.509




	
Fet/(Fet + Mg)

	
0.03

	
0.03

	
0.06

	
0.36

	
0.33

	
0.35

	
0.33

	
0.45

	
0.49

	
0.39

	
0.43

	
0.29

	
0.45

	
0.60

	
0.59

	
0.50

	
0.51
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Table 3. Representative electron microanalyses of amphibole group minerals from examined ultramafic and mafic rocks [-: below detection limit, iv: 4+, vi: 6+, Mg#: (Mg/(Mg + Fe2+)]
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Sample

	
Serpentinized Lherzolite

	
Diorite

	
Gabbro

	
Diabase




	
BE.133B

	
ΒΕ.77B

	
BE.100B

	
ED.110B




	
Analytical Number

	
3

	
6

	
5

	
9

	
17

	
3

	
5

	
10

	
1

	
7

	
16






	
wt%

	

	

	

	

	

	

	

	

	

	

	




	
SiO2

	
58.32

	
54.82

	
54.81

	
46.70

	
50.77

	
51.23

	
51.14

	
51.25

	
52.03

	
51.40

	
50.59




	
TiO2

	
-

	
-

	
-

	
-

	
-

	
0.82

	
1.02

	
0.83

	
0.50

	
0.34

	
0.67




	
Al2O3

	
0.66

	
0.87

	
3.05

	
6.82

	
4.90

	
4.40

	
4.07

	
4.98

	
2.94

	
4.96

	
3.77




	
FeO

	
2.60

	
3.05

	
10.75

	
21.36

	
18.59

	
18.20

	
16.24

	
16.41

	
16.63

	
13.93

	
20.67




	
MnO

	
-

	
-

	
0.31

	
0.25

	
0.47

	
-

	
-

	

	
-

	
0.36

	
0.32




	
MgO

	
23.84

	
20.88

	
16.67

	
9.76

	
12.72

	
12.78

	
13.82

	
12.93

	
13.57

	
13.76

	
11.82




	
CaO

	
12.60

	
13.80

	
11.28

	
10.01

	
11.06

	
10.58

	
10.49

	
11.38

	
10.83

	
11.14

	
8.51




	
Na2O

	
-

	
-

	
0.56

	
-

	
-

	
-

	
-

	
-

	
-

	
0.78

	
0.65




	
K2O

	
-

	
-

	
-

	
0.14

	
-

	
-

	
0.30

	
-

	
-

	
0.27

	
0.28




	
Cr2O3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
NiO

	
-

	
0.22

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Sum

	
98.02

	
93.64

	
97.43

	
95.04

	
98.51

	
98.01

	
97.08

	
97.78

	
96.50

	
96.94

	
97.28




	
Formula units based on 23 atoms of oxygens




	
Si

	
7.936

	
7.889

	
7.794

	
7.214

	
7.440

	
7.501

	
7.510

	
7.468

	
7.683

	
7.510

	
7.558




	
Aliv

	
0.064

	
0.111

	
0.206

	
0.786

	
0.560

	
0.499

	
0.490

	
0.532

	
0.317

	
0.490

	
0.442




	
Fe3+

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Ti

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
T

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000




	
Alvi

	
0.042

	
0.037

	
0.305

	
0.455

	
0.286

	
0.261

	
0.214

	
0.328

	
0.195

	
0.364

	
0.222




	
Ti

	
-

	
-

	
-

	
-

	
-

	
0.090

	
0.113

	
0.091

	
0.056

	
0.037

	
0.075




	
Fe3+

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Cr

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Mg

	
4.836

	
4.480

	
3.534

	
2.248

	
2.779

	
2.790

	
3.025

	
2.810

	
2.987

	
2.997

	
2.632




	
Fe2+

	
0.122

	
0.367

	
1.161

	
2.297

	
1.936

	
1.860

	
1.648

	
1.770

	
1.762

	
1.601

	
2.071




	
Mn

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
C

	
5.000

	
5.000

	
5.000

	
5.000

	
5.000

	
5.000

	
5.000

	
5.000

	
5.000

	
5.000

	
5.000




	
Mg

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Fe2+

	
0.174

	
-

	
0.117

	
0.462

	
0.343

	
0.369

	
0.347

	
0.231

	
0.292

	
0.101

	
0.512




	
Mn

	
-

	
-

	
0.037

	
0.033

	
0.058

	
-

	
-

	
-

	
-

	
0.045

	
0.040




	
Ca

	
1.826

	
2.000

	
1.719

	
1.505

	
1.599

	
1.631

	
1.650

	
1.769

	
1.708

	
1.744

	
1.362




	
Na

	
-

	
-

	
0.127

	
-

	
-

	
-

	
-

	
-

	
-

	
0.110

	
0.086




	
B

	
2.000

	
2.000

	
2.000

	
2.000

	
2.000

	
2.000

	
1.997

	
2.000

	
2.000

	
2.000

	
2.000




	
Ca

	
0.011

	
0.128

	
-

	
0.152

	
0.137

	
0.029

	
-

	
0.009

	
0.005

	
-

	
-




	
Na

	
-

	
-

	
0.028

	
-

	
-

	
-

	
-

	
-

	
-

	
0.111

	
0.103




	
K

	
-

	
-

	
-

	
0.028

	
-

	
-

	
0.056

	
-

	
-

	
0.050

	
0.053




	
A

	
0.011

	
0.128

	
0.028

	
0.179

	
0.137

	
0.029

	
0.056

	
0.009

	
0.005

	
0.161

	
0.156




	
Mg#

	
0.942

	
0.924

	
0.734

	
0.449

	
0.549

	
0.556

	
0.603

	
0.584

	
0.593

	
0.638

	
0.505
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Table 4. Representative geochemical analyses of examined aggregates from Veria–Naousa and Edessa ophiolite (- below detection limit).






Table 4. Representative geochemical analyses of examined aggregates from Veria–Naousa and Edessa ophiolite (- below detection limit).





	
Group

	
Sample

	
Lithotype

	
SiO2

	
TiO2

	
Al2O3

	
Fe2O3

	
MgO

	
CaO

	
Na2O

	
K2O

	
LOI






	
Group I

Ultramafic rocks

	
BE.01C

	
Serpentinized harzburgite

	
39.82

	
-

	
1.01

	
8.86

	
34.17

	
0.10

	
-

	
-

	
14.6




	
BE.12C

	
Serpentinized harzburgite

	
40.95

	
-

	
1.11

	
8.06

	
34.81

	
0.21

	
-

	
-

	
13.5




	
ED.59B

	
Serpentinized harzburgite

	
39.95

	
-

	
0.39

	
8.06

	
36.71

	
0.02

	
-

	
-

	
14.1




	
BE.122B

	
Serpentinized harzburgite

	
38.78

	
-

	
0.98

	
7.68

	
36.00

	
0.28

	
-

	
-

	
15.3




	
BE.103B

	
Serpentinized lherzolite

	
39,80

	
-

	
0.72

	
7.56

	
35.56

	
1.29

	
-

	
-

	
14.2




	
BE.133B

	
Serpentinized lherzolite

	
39.59

	
0.02

	
1.39

	
7.98

	
35.58

	
1.19

	
-

	
-

	
13.4




	
ED.115B

	
Serpentinized harzburgite

	
40.82

	
-

	
0.33

	
7.51

	
36.13

	
0.03

	
-

	
-

	
14.4




	
BE.67C

	
Pyroxenite

	
57.65

	
0.02

	
1.03

	
7.78

	
29.01

	
2.14

	
0.02

	
-

	
1.2




	
BE.67D

	
Pyroxenite

	
54.79

	
0.02

	
1.00

	
8.00

	
26.00

	
1.90

	

	
-

	
1.1




	
Group II

Mafic rocks

	
BE.77B

	
Diorite

	
52.40

	
0.52

	
14.94

	
10.84

	
6.47

	
7.25

	
3.36

	
1.80

	
2.0




	
ED.93B

	
Diorite

	
53.55

	
0.16

	
12.25

	
9.54

	
10.49

	
5.68

	
3.94

	
0.78

	
3.1




	
BE.100B

	
Gabbro

	
43.82

	
0.69

	
17.79

	
14.52

	
7.68

	
6.35

	
3.55

	
0.05

	
5.1




	
ED.26C

	
Gabbro

	
39.90

	
1.30

	
17.70

	
7.32

	
8.55

	
19.09

	
0.07

	
0.01

	
5.8




	
BE.165

	
Gabbro

	
38.92

	
1.44

	
14.71

	
8.24

	
6.37

	
27.52

	
0.07

	
-

	
5.6




	
BE.166

	
Gabbro

	
35.19

	
0.22

	
17.29

	
6.21

	
11.03

	
24.66

	
-

	
-

	
5.4




	
BE.167

	
Gabbro

	
38.49

	
1.71

	
11.71

	
9.72

	
7.53

	
27.34

	
-

	
-

	
5.3




	
BE.43B

	
Diabase

	
57.17

	
0.22

	
11.68

	
7.14

	
10.56

	
5.88

	
4.89

	
0.26

	
1.7




	
ED.24B

	
Diabase

	
38.35

	
1.23

	
18.30

	
8.76

	
9.35

	
17.31

	
0.18

	
0.01

	
5.4




	
ED.45B

	
Diabase

	
48.24

	
0.66

	
15.50

	
11.03

	
6.77

	
6.89

	
3.01

	
1.42

	
6.0




	
BE.113B

	
Diabase

	
52.99

	
0.34

	
12.85

	
8.46

	
10.67

	
5.94

	
4.83

	
0.15

	
3.2




	
ED.110B

	
Diabase

	
48.73

	
0.48

	
17.06

	
10.29

	
4.16

	
14.26

	
2.67

	
0.02

	
2.0




	
BE.15B

	
Basalt

	
59.34

	
0.56

	
14.36

	
10.02

	
4.20

	
3.78

	
3.89

	
0.47

	
3.0




	
ED.66C

	
Basalt

	
48.40

	
2.39

	
13.63

	
14.28

	
6.64

	
6.56

	
4.80

	
0.05

	
2.6




	
BE.3A

	
Basalt

	
0.96

	
0.96

	
15.58

	
9.23

	
6.02

	
21.08

	
0.02

	
0.02

	
4.1
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Table 5. Physicomechanical properties of the examined ultramafic and mafic aggregate rocks.






Table 5. Physicomechanical properties of the examined ultramafic and mafic aggregate rocks.





	
Group

	
Sample

	
Lithotype

	
Total Porosity (%)

	
Moisture Content (%)

	
Los Angeles (%)

	
Uniaxial Compressive Strength (MPa)

	
Point Load Index (MPa)






	
Group I

Ultramafic rocks

	
BE.01C

	
Serpentinized harzburgite

	
4.00

	
1.50

	
27.00

	
55.0

	
3.8




	
BE.12C

	
Serpentinized harzburgite

	
5.00

	
2.18

	
34.00

	
45.0

	
1.9




	
ED.59B

	
Serpentinized harzburgite

	
6.29

	
1.52

	
40.40

	
20.0

	
1.4




	
BE.122B

	
Serpentinized harzburgite

	
3.21

	
1.25

	
25.50

	
25.45

	
3.0




	
BE.103B

	
Serpentinized lherzolite

	
5.00

	
1.95

	
28.98

	
32.0

	
1.2




	
BE.133B

	
Serpentinized lherzolite

	
2.80

	
1.40

	
26.00

	
35.0

	
1.6




	
ED.115B

	
Serpentinized harzburgite

	
4.53

	
1.60

	
35.00

	
28.0

	
1.9




	
BE.67C

	
Pyroxenite

	
1.40

	
1.18

	
17.20

	
75.0

	
4.9




	
BE.67D

	
Pyroxenite

	
1.20

	
0.90

	
17.80

	
78.0

	
4.4




	
Group II Mafic rocks

	
BE.77B

	
Diorite

	
0.80

	
0.38

	
12.40

	
95.0

	
10.0




	
ED.93B

	
Diorite

	
1.27

	
0.50

	
11.80

	
100.0

	
8.0




	
BE.100B

	
Gabbro

	
0.88

	
0.47

	
13.90

	
85.0

	
9.0




	
ED.26C

	
Gabbro

	
1.74

	
0.60

	
16.00

	
80.0

	
7.0




	
BE.165

	
Gabbro

	
1.72

	
0.80

	
18.00

	
79.0

	
8.0




	
BE.166

	
Gabbro

	
2.00

	
1.10

	
19.50

	
79.0

	
7.0




	
BE.167

	
Gabbro

	
1.90

	
1.01

	
18.30

	
79.0

	
7.5




	
BE.43B

	
Diabase

	
0.53

	
0.25

	
8.70

	
120.0

	
12.8




	
ED.24B

	
Diabase

	
0.84

	
0.52

	
14.10

	
91.33

	
9.7




	
ED.45B

	
Diabase

	
0.24

	
0.41

	
10.00

	
110.0

	
8.4




	
BE.113B

	
Diabase

	
0.45

	
0.42

	
7.40

	
97.15

	
9.7




	
ED.110B

	
Diabase

	
0.86

	
0.20

	
7.30

	
148.0

	
12.0




	
BE.15B

	
Basalt

	
0.13

	
0.29

	
10.50

	
165.9

	
12.6




	
ED.66C

	
Basalt

	
0.38

	
0.46

	
7.60

	
140.0

	
11.0




	
BE.3A

	
Basalt

	
0.95

	
0.68

	
12.50

	
110.0

	
11.2
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Table 6. Uniaxial compressive strength of concrete specimens produced by the examined ultramafic and mafic aggregates.
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Group

	
Sample

	
Lithotype

	
Concrete Uniaxial Compressive Strength (MPa)






	
Group I

Ultramafic rocks

	
BE.12C

	
Serpentinized harzburgite

	
26.0




	
ED.59B

	
Serpentinized harzburgite

	
25.0




	
BE.122B

	
Serpentinized harzburgite

	
26.0




	
BE.103B

	
Serpentinized lherzolite

	
26.0




	
BE.67C

	
Pyroxenite

	
27.0




	
BE.67D

	
Pyroxenite

	
27.0




	
BE.77B

	
Diorite

	
29.0




	
BE.100B

	
Gabbro

	
30.0




	
ED.26C

	
Gabbro

	
29.0




	
Group II Mafic rocks

	
BE.165

	
Altered Gabbro

	
28.0




	
BE.166

	
Altered Gabbro

	
28.0




	
BE.167

	
Altered Gabbro

	
28.0




	
ED.24B

	
Diabase

	
31.0




	
ED.45B

	
Diabase

	
29.0




	
BE.113B

	
Diabase

	
32.0




	
ED.110B

	
Diabase

	
31.0




	
ED.66C

	
Basalt

	
31.0




	
BE.3A

	
Basalt

	
29.0
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Table 7. Geochemical index Ga of the examined ultramafic and mafic aggregates.






Table 7. Geochemical index Ga of the examined ultramafic and mafic aggregates.





	
Group

	
Sample

	
Lithotype

	
Qualitatively Measured Degree of Alteration

	
Geochemical Index-Ga






	
Group I

Ultramafic rocks

	
BE.01C

	
Serpentinized harzburgite

	
Medium to high

	
3.47




	
BE.12C

	
Serpentinized harzburgite

	
Medium to high

	
3.82




	
ED.59B

	
Serpentinized harzburgite

	
High

	
4.34




	
BE.122B

	
Serpentinized harzburgite

	
Medium to high

	
4.20




	
BE.103B

	
Serpentinized lherzolite

	
Medium to high

	
4.45




	
BE.133B

	
Serpentinized lherzolite

	
High

	
3.91




	
ED.115B

	
Serpentinized harzburgite

	
High

	
4.61




	
BE.67C

	
Pyroxenite

	
Low

	
3.57




	
BE.67D

	
Pyroxenite

	
Low

	
3.09




	
Group II Mafic rocks

	
BE.77B

	
Diorite

	
Medium

	
0.59




	
ED.93B

	
Diorite

	
Medium

	
0.77




	
BE.100B

	
Gabbro

	
Low

	
0.42




	
ED.26C

	
Gabbro

	
Medium

	
0.94




	
BE.165

	
Gabbro

	
High

	
1.39




	
BE.166

	
Gabbro

	
High

	
1.50




	
BE.167

	
Gabbro

	
High

	
1.50




	
BE.43B

	
Diabase

	
Medium

	
0.87




	
ED.24B

	
Diabase

	
Medium

	
1.05




	
ED.45B

	
Diabase

	
Low

	
0.55




	
BE.113B

	
Diabase

	
Medium

	
0.77




	
ED.110B

	
Diabase

	
Low

	
0.66




	
BE.15B

	
Basalt

	
Low

	
0.33




	
ED.66C

	
Basalt

	
Low

	
0.43




	
BE.3A

	
Basalt

	
Medium

	
1.05
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Table 8. Summary of the used chemical indices.






Table 8. Summary of the used chemical indices.





	Chemical Index
	Formula
	Reference





	PI
	100 × SiO2/(SiO2 + TiO2 + Fe2O3 + FeO + Al2O3)
	Rieche [76]



	CIA
	100 × [Al2O3/(Al2O3 + CaO + Na2O + K2O)]
	Nesbitt [40]



	ba2
	(CaO + MgO)/Al2O3
	Harrassowitz [75]



	VR
	(Al2O3 + K2O)/(MgO + CaO + Na2O)
	Vogt [83] & Roaldset [84]
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Table 9. Geochemical Indices (PI, CIA, ba2, VR) of the examined ultramafic and mafic aggregates.
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Group

	
Sample

	
Lithotype

	
PI

	
CIA

	
ba2

	
VR






	
Group I

Ultramafic rocks

	
BE.01C

	
Serpentinized harzburgite

	
69.06

	
90.99

	
33.93

	
0.03




	
BE.12C

	
Serpentinized harzburgite

	
71.38

	
84.09

	
31.55

	
0.03




	
ED.59B

	
Serpentinized harzburgite

	
71.78

	
95.12

	
94.18

	
0.01




	
BE.122B

	
Serpentinized harzburgite

	
71.35

	
77.78

	
37.02

	
0.03




	
BE.103B

	
Serpentinized lherzolite

	
72.52

	
35.82

	
51.18

	
0.02




	
BE.133B

	
Serpentinized lherzolite

	
70.49

	
53.88

	
26.45

	
0.04




	
ED.115B

	
Serpentinized harzburgite

	
73.66

	
91.67

	
109.58

	
0.01




	
BE.67C

	
Pyroxenite

	
78.46

	
32.29

	
30.24

	
0.03




	
BE.67D

	
Pyroxenite

	
75.69

	
35.14

	
25.67

	
0.04




	
Group II Mafic rocks

	
BE.77B

	
Diorite

	
59.24

	
54.63

	
0.92

	
0.98




	
ED.93B

	
Diorite

	
63.69

	
54.08

	
1.32

	
0.65




	
BE.100B

	
Gabbro

	
48.75

	
64.13

	
0.79

	
1.01




	
ED.26C

	
Gabbro

	
54.80

	
48.01

	
1.56

	
0.64




	
BE.165

	
Gabbro

	
54.56

	
34.78

	
2.30

	
0.43




	
BE.166

	
Gabbro

	
54.26

	
41.22

	
2.06

	
0.48




	
BE.167

	
Gabbro

	
54.22

	
29.99

	
2.98

	
0.34




	
BE.43B

	
Diabase

	
69.18

	
51.43

	
1.41

	
0.56




	
ED.24B

	
Diabase

	
51.46

	
51.12

	
1.46

	
0.68




	
ED.45B

	
Diabase

	
56.52

	
57.79

	
0.88

	
1.01




	
BE.113B

	
Diabase

	
64.42

	
54.06

	
1.29

	
0.61




	
ED.110B

	
Diabase

	
56.78

	
50.16

	
1.08

	
0.81




	
BE.15B

	
Basalt

	
63.60

	
63.82

	
0.56

	
1.25




	
ED.66C

	
Basalt

	
52.87

	
54.43

	
0.97

	
0.76




	
BE.3A

	
Basalt

	
2.80

	
93.61

	
2.34

	
0.43
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Table 10. Correlations between the chemical indices of Table 8 and tested parameters of this study (con: concrete).






Table 10. Correlations between the chemical indices of Table 8 and tested parameters of this study (con: concrete).





	Correlations
	Correlation Coefficient (r2)
	Correlations
	Correlation Coefficient (r2)





	PI-nt
	0.16
	ba2-nt
	0.69



	PI-w
	0.10
	ba2-w
	0.78



	PI-LA
	0.17
	ba2-LA
	0.73



	PI-UCS
	0.17
	ba2-UCS
	0.72



	PI-Is(50)
	0.29
	ba2-Is(50)
	0.48



	PI-UCScon
	0.16
	ba2-UCScon
	0.57



	PI-LOI
	0.11
	ba2-LOI
	0.56



	CIA-nt
	0.28
	VR-nt
	0.72



	CIA-w
	0.05
	VR-w
	0.72



	CIA-LA
	0.20
	VR-LA
	0.75



	CIA-UCS
	0.07
	VR-UCS
	0.77



	CIA-Is(50)
	0.08
	VR-Is(50)
	0.70



	CIA-UCScon
	0.06
	VR-UCScon
	0.82



	CIA-LOI
	0.34
	VR-LOI
	0.77
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