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Omphacite found in eclogites from the Arquía Complex (Colombia) was characterized using scanning electron microscopy, electron probe microanalysis and single-crystal X-ray diffraction. The sample is chemically homogeneous. Omphacite usually shows symplectitic intergrowths or a relictic character partially and totally included in amphibole. The transformation of omphacite to symplectites colonies characterizes the initiation of the eclogites retrograde metamorphism. The reaction history can be summarized as the decomposition of omphacite into symplectites as a product of decompression through the reaction: omphacite + quartz = plagioclase + clinopyroxene (low in Na), which can be considered as a discontinuous precipitation reaction. The structure of the studied omphacite single-crystal is successfully refined in the P2/c space group. This structure is interpreted as an intermediate towards omphacite with space group P2/n. The structure of omphacite shows silicate chains formed by two crystallographically different silicon tetrahedra (T1 and T2) with an O2-O3-O2 angle of 169.002 (2)°, indicating that the chain is slightly distorted. The Na and Ca cations occupy the octahedral and 8-coordination sites. Fe occurs as Fe2+ and Fe3+ and are distributed over the octahedral sites M1 and M11, respectively.
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INTRODUCTION
Eclogites are widely spread in metamorphic belts of high-pressure and/or ultrahigh-pressure worldwide (e.g., Miyagi and Takasu, 2005; Kabir and Takasu, 2010; Nakano et al., 2010; Li et al., 2016; Arrieta-Prieto et al., 2020; Xie et al., 2020; Feng et al., 2021; Schorn et al., 2021; Wang et al., 2021). They are important witnesses of subduction-collision processes (e.g., Sizova et al., 2010; van Hunen and Moyen, 2012). Omphacite is a member of the clinopyroxene group of silicate minerals with the chemical formula (Ca,Na) (Mg,Fe,Al)[Si2O6]. It can contain Fe3+ and Fe2+ as acmite, NaFe3+Si2O6, and hedenbergite, CaFe2+Si2O6, respectively (e.g., Katerinopoulou et al., 2007). It represents a major constituent of eclogites, which play a key role in mantle convection and geodynamics in subduction zones. Omphacite provides valuable information on pressure–temperature conditions of high- to ultrahigh-pressure metamorphic rocks formed from basalts or gabbros in subduction zones (e.g., Nakamura and Banno, 1997; Zhang et al., 2006; Zhang and Green, 2007; Shu et al., 2014; Aulbach and Arndt, 2019). Omphacite can form in different environments where it can bring valuable thermobarometric constraints (e.g., Sheng and Gong, 2017; Ashchepkov et al., 2019; Liu et al., 2021). One of the main challenges for geologists investigating high-pressure rocks is to determine the mechanism and processes of exhumation. It is also clear that during exhumation, high-pressure rocks undergo, among other important processes, cooling, decompression and hydration of their main mineral phases, triggering retrogradation to amphibolite, epidote-amphibolite and green schist facies, with a notorious and easily differentiable symplectitic stage. Several authors discuss the occurrence of several stages of development of omphacite (e.g., Buatier et al., 1991; Su et al., 2011; Martin and Duchêne, 2015). Omphacite compositions are intermediate between calcium-rich augite and sodium-rich jadeite (Su et al., 2011). Previous investigations have already addressed the crystal chemistry of omphacites (e.g., Matsumoto et al., 1975; Rossi et al., 1983), its phase transitions (e.g., Carpenter, 1981; Pavese et al., 2000) and the solid solution properties along the augite—jadeite joint (Ballaran et al., 1998). In relation to subduction zone metamorphism, omphacite coexisting with jadeite or augite has attracted a great deal of attention for studies of the nature of sodic clinopyroxene miscibility gaps (e.g., Yokoyama and Sameshima, 1982; Matsumoto and Hirajima, 2005). However, the origin of omphacite remains controversial. Two miscibility gaps between omphacite and jadeite (e.g., Yokoyama and Sameshima, 1982; Tsujimori et al., 2005) and between omphacite and augite (e.g., Tsujimori and Liou, 2004) can occur. Previous studies (e.g., Black, 1970; Matsumoto and Banno, 1970; Carpenter, 1978; Zhang et al., 1999) revealed that different space groups can be adopted by omphacite (P2/n, C2/c, P2/c, C2 and P2). Omphacite commonly crystallizes in the monoclinic system (space group P2/n or C2/c) with prismatic, typically twinned forms, though usually anhedral. Matsumoto and Banno (1970) first reported the P2/n space group for omphacite which is now the consensus among X-ray crystallographers (e.g., Cameron and Papike, 1981; Sasaki et al., 1981). Omphacite with space group P2/n is a cation-ordered pyroxene with two distinct M1 and two M2 sites, which can undergo a structural phase transition at high temperatures (Su et al., 2011). At temperatures above 800°C, omphacite is disordered with respect to its cations in M1 and M2 sites and exhibits space group C2/c. At temperatures below 800°C (depending on the composition), the cations Mg and Al convergently order on the M1 positions of the structure which leads to omphacite with space group P2/n (e.g., Carpenter, 1981; Putnis, 1992). Other studies (e.g., Godard and van Roermund, 1995; Bascou et al., 2001; Ulrich and Mainprice, 2005) showed that lattice preferred orientation of garnet typically displays randomly orientated patterns for eclogites, independent of metamorphic conditions or deformation processes, whereas omphacite is the main carrier of strain in these rocks. The Arquía Complex located in the Central Cordillera of the Colombian Andes has been widely studied in many cartographic, petrographic, lithostratigraphic and tectonic works (e.g., Grosse, 1926; Restrepo and Toussaint, 1974; Mosquera, 1978; Orrego et al., 1980a; Orrego et al., 1980b; McCourt et al., 1984; McCourt and Feininger, 1984; Murcia and Cepeda, 1991a; Murcia and Cepeda, 1991b; González, 1997; Ríos et al., 2008; Bustamante et al., 2011; García-Casco et al., 2011a; García-Casco et al., 2011b; Villagómez et al., 2011; Bustamante et al., 2012; Ruiz et al., 2012; García et al., 2017; Ríos et al., 2017). However, there are few publications focusing on high-pressure metamorphic rocks of the Central Cordillera, such as eclogites and their constituent minerals. In addition, there are no reports of any crystal structure determination of eclogitic minerals in Colombia. In the present work, we report microstructural, geochemical and crystallographic data of omphacite from an Arquía Complex eclogite. We propose a crystal-chemical and structural model for omphacite based on a combined characterization using scanning electron microscopy (SEM), electron probe microanalysis (EPMA) and single crystal X-ray diffraction (XRD).
MATERIALS AND METHODS
The analyzed omphacite comes from an eclogite sample from the Arquía Complex, cropping out between Pijao and Genova (Quindío), Central Cordillera, Colombian Andes. Mineral abbreviations used in the discussion are based on Whitney and Evans (2010). The omphacite-bearing eclogite was first analyzed by transmitted light microscopy, using an Olympus Trinocular BX51 microscope with a Nikon 5.5 Mpx camera and Nikon NIS Element-Br software. Photomicrographs were captured with a 5x objective. Secondary electron (SE) imaging and EDS analysis of omphacite were carried out using a FEI QUANTA 650 FEG-ESEM (field emission gun environmental scanning electron microscope), under the following analytical conditions: magnification = 700–100,000x, WD = 10.4 mm, HV = 25 kV, signal = SE mode, detector = BSED, EDS Detector EDAX APOLO X with resolution of 126.1 eV (in. Mn Kα). Major element compositions of omphacite were determined using a JEOL JXA 8800M electron probe microanalyzer, under the following analytical conditions: accelerating voltage 15 kV and probe current 20 nA (analysis) and 300 nA (mapping). Data acquisition and reduction were carried out using ZAF correction procedures. Natural and synthetic minerals were used as standards. Mineral compositions were determined by multiple spot analyses. The classification of clinopyroxene was carried out following the methodology of Essene and Fyfe (1967) and Morimoto (1988). Carbon coating was performed using a Cressington Carbon Coater 108C/Auto with a voltage of 115 V, 30 s, 0.1 mPa and 20 nm of thickness. A crystal fragment of dimensions 0.37 × 0.25 × 0.20 mm was selected for single-crystal X-ray diffraction. The unit-cell parameters and diffraction data were measured at room temperature using a single-crystal Rigaku XTALAB P200 three circle diffractometer equipped with graphite monochromated Mo Kα radiation (λ= 0.71073 Å, 50 kV and 40 mA) and a Pilatus 200 K area detector. The intensity data were collected using the CrystalClear program (Rigaku, 2015a) and the integration and data reduction were carried out with the CrysAlys Pro program (Rigaku, 2015b). The structure was solved with SHELXT (Sheldrick, 2015a) and refined by Least-Squares methods with SHELXL (Sheldrick, 2015b). Anisotropic atomic displacement parameters were refined for all atoms. The details of the data collection are given in Table 1.
TABLE 1 | Data collection and details of the structure refinement for omphacite.
[image: Table 1]RESULTS
Omphacite Microstructural Description
The retrograde host eclogite (Figure 1A) exhibits a general banded structure, from millimeters to a couple of centimeters, varying from continuous to discontinuous, with a clearly defined metamorphic foliation direction. These features are mainly defined by the distribution of the omphacite (green color) and by barroisite type amphibole (dark green color), generated by retrogradation. Garnets vary from equigranular to inequigranular and are predominantly red-orange in color, giving the rock a nodular structure, with an average diameter of 5 mm. Omphacite shows a prismatic to laminar habit, exfoliable, with a translucent grass green color and a characteristic vitreous luster. It is surrounded by asymmetric crowns of matt green symplectites (Figure 1B) and associated with barroisite, rutile and clinozoisite. Figure 1C shows a hand-picked fraction of omphacite from the analyzed eclogite. The omphacite crystal selected for single crystal X-ray diffraction analysis is shown in Figure 1D and Figure 1E shows the crystal mounted in the diffractometer.
[image: Figure 1]FIGURE 1 | (A,B) Macroscopic features of the analyzed omphacite-bearing eclogite showing the presence of omphacite (Omp), garnet (Grt), barroisite (Brs), clinozoisite (Czo), quartz (Qz), rutile (Rt). (C) Hand-picked omphacite crystals isolated from the eclogite. (D) Selected crystal fragment of omphacite used for single crystal data collection. (E) Omphacite crystal mounted on the diffractometer.
Petrographically, omphacite is abundant in the less retrograde eclogites (25%) and occurs in the rock matrix as separate individuals of subidioblastic to xenoblastic character or in leafy and exfoliable aggregates, with inclusions of rutile, clinozoisite and quartz. It is commonly observed rimmed by symplectitic intergrowths or as a relict partially or totally included in amphibole. Figure 2 shows a polysynthetic twinned omphacite blast. Note the occurrence of a symplectitic texture around omphacite, which contains inclusions of rutile and quartz. Omphacite is associated to garnet, quartz, barroisite and clinozoisite.
[image: Figure 2]FIGURE 2 | Photomicrographs of the omphacite specimen observed under a transmitted light microscope with (A) cross polarized light and (B) plane light. The presence of omphacite (Omp), garnet (Grt), barroisite (Brs), clinozoisite (Czo), quartz (Qz) and rutile (Rt) is indicated.
Retrograde eclogites of the Arquía Complex generally show a geochemical behavior similar to tholeiitic basalts, mid-oceanic ridge basalt (MORB) and, more exactly, normal N-MORB, in agreement with reports by several authors (e.g., Pearce, 1982; Pearce, 2008; Meschede, 1986; Hastie et al., 2007). According to Castellanos (2021), the eclogites had to complete their equilibrium stage at a P-T peak in which the omphacite-garnet assembly was stabilized. These two index mineral phases are observed in net contact without the development of intergranular phases. The appearance of the garnet + omphacite assembly depends on the Ca/Na ratio and the total Na2O content, so that as the pressure increases, the Ca/Na ratio decreases progressively, and albite is stabilized at conditions of low pressure. Likewise, the orthopyroxene disappears at conditions that depend on the Fe/Mg ratio, as the solid garnet solution expands towards compositions richer in pyrope, which impedes the stability of the orthopyroxene within the assembly.
Omphacite Morphology and Composition
SEM images of the analyzed omphacite grain are shown in Figure 3. Omphacite shows two planes of cleavage in two {110} directions at nearly right angles (87° and 93°) to the c-axis [on (001)].
[image: Figure 3]FIGURE 3 | SEM images in BSE mode along with the EDS spectrum of the studied omphacite.
The EDS spectrum reveals that omphacite is mainly composed of O (32.30 wt%.), Si (30.46 wt%.), Ca (10.82 wt%.), Al (5.45 wt%.), Mg (5.16 wt%.), Na (4.75 wt%.), with minor amounts of Fe (2.92 wt%.) and Au (1.02 wt%.). The C peak is attributed to carbon coating.
Figures 4A,B show a back-scattered electron image and a compositional profile across omphacite, which is acmite-poor (2.13–4.09%) and diopside-rich (57.14–60.39%). It usually lacks compositional zoning and therefore it is almost chemically homogenous with the exception of the jadeite content {100 [(2Na/(2Na + Ca + Mg + Fe2+)) (AlM1/(AlM1+Fe3+M1))]}, which shows a slight increase from core (Jd36.23-37.53) to rim (Jd38.38-38.77). Figures 4C–F show the X-ray mapping of Na, Ca, Fe and Mg for Omphacite. The original mineral paragenesis with garnet and quartz is preserved and appears spatially associated with other mineral phases (plagioclase, barroisite, clinozoisite and calcite) that correspond to the retrograde metamorphism process. Omphacite shows medium Mg-concentration, medium to low Na- and Ca-concentration, and low Fe-concentration. We confirm that the chemical homogeneity of omphacite is probably due to reaching equilibrium at the peak PT conditions. Microtextural analysis reveals that the colonies of symplectites of the analyzed sample are morphologically similar to those described in previous studies (e.g., Mysen and Griffin, 1973; Boland and van Roermund, 1983; Anderson and Moecher, 2007; Su et al., 2011; Moulas et al., 2015). The symplectite formation is promoted in quartz-bearing eclogites unlike other contexts (quartz-free eclogites) in which this process may require intergranular transport of silica in a fluid phase or oxidation of omphacite (Mysen and Griffin, 1973). According to Mysen and Griffin (1973), either the original omphacite or the colony of symplectites are non-stoichiometric or the exsolution process has involved metasomatic exchange of material between the omphacite and its surroundings. The presence of symplectites after omphacite indicates a drop in pressure from 17.5 to 8 kbar (Castellanos, 2021).
[image: Figure 4]FIGURE 4 | (A) Back-scattered electron image of omphacite surrounded by a colony of symplectites, showing the spot reference for mineral composition analysis. (B) Compositional profile across omphacite from core to rim. (C–F) X-ray mapping of Na, Ca, Fe and Mg for omphacite. Red shows areas of high concentration, blue represents areas of low concentration and black represents areas of very low concentration. Omp, Omphacite; Grt, garnet; Brs, barroisite; Czo, clinozoisite; Qz, quartz.
Table 2 shows representative chemical compositions of omphacite and associated symplectites. The calculation of the structural formula was based on 6 oxygens and 4 cations. For the blasts in the matrix of retrograde eclogites, the jadeite content varies between 37.38 and 38.77 wt%. The Na content increases slightly from core (0.388 wt%) to rim (0.420 wt%). The Ca content decreases slightly from core (0.618 wt%) to rim (0.594 wt%). The XFe varies between 0.19 and 0.36, although these zonal variations are not graphically observed in the color compositional maps. For the clinopyroxene of the symplectites, the jadeite content varies between 5.41 and 14.32 wt%. The Na content varies between 0.086 and 0.115 wt%, the Ca content varies between 0.859 and 0.945 wt%, and the XFe varies between 0.01 and 0.22. These data indicate that omphacite-type pyroxene composes the matrix whereas sodium augite-type composes the symplectites.
TABLE 2 | Representative EPMA analyses of omphacite and symplectite in eclogite.
[image: Table 2]Figure 5A illustrates an elemental distribution map for Mg corresponding to a retrograde eclogite, with garnet porphyroblasts (in blue) associated with omphacite (in light blue) and amphibole type Mg-katophorite (in lemon green). The transition omphacite → symplectite presents all characteristics of a discontinuous precipitation reaction (e.g., Boland and van Roermund, 1983; Joanny et al., 1989). It is worth noting the occurrence of clinozoisite and quartz in the matrix, which are also black in color. Figures 5B,C show the elemental distribution maps for Na and for Ca, respectively, which illustrate an omphacite blast rimmed by a colony of symplectites. Figure 5D is a BSE image of a symplectite colony exhibiting a textural change with c-coarse, m-medium and f-fine varieties. Figures 5E,F illustrate the relationship between plagioclase, amphibole and pyroxene in Na and Ca color maps. Other features such as retrogradation textures can be seen in the elemental distribution maps for Na and Ca (Figures 5E,F). They reveal the occurrence of three textural types of symplectites, with the presence of fine-grained symplectites (<10 µm) in the upper left corner, medium-grained symplectites (30 µm) in the upper right corner, and coarse-grained symplectites (>50 µm) in the lower part. The change in the textural features of the symplectites probably reflects changes in temperature conditions. The chemical composition of omphacite in retrograde eclogites is shown in Figure 6. It varies from omphacite to sodium augite. Figure 7 illustrates the omphacite compositional field within the aluminous and ferric clinopyroxenes (Clark and Papike, 1968).
[image: Figure 5]FIGURE 5 | Chemical composition and textural features of omphacite and associated symplectites. (A–C) chemical distribution of Mg, Na, and Ca, respectively. (D–F) show coarse (C), medium (M) and fine (F) textural features of the symplectite colonies.
[image: Figure 6]FIGURE 6 | Triangular plot showing the compositional field of omphacite from retrograde eclogites. Jd, jadeite; Ac, acmite; Wo, wollastonite; En, Enstatite; Fs, Ferrosilite.
[image: Figure 7]FIGURE 7 | Classification proposed for alkaline pyroxenes, incorporating the field of omphacite as defined by Clark and Papike (1968). Ac, acmite; Hd, hedenbergite; Jd, jadeite; CaTs, Ca tschermakite.
Single-Crystal X-Ray Diffraction
Omphacite crystallizes in the monoclinic space group P2/c (No. 13) with the following unit cell parameters: a = 5.2627 (4) Å, b = 8.7953 (6) Å, c = 9.5316 (7) Å, β = 105.125 (8)° and V = 425.91 (6) Å3, Z = 4. Crystallographic data are shown in Table 1. Fractional atomic coordinates and equivalent isotropic displacement parameters for omphacite are presented in Table 3, while the interatomic distances and the selected angles are shown in Table 4. It must be mentioned that the structure can also be refined successfully in space group P2/a. Space group P2/c was selected as it is customarily considered the standard setting.
TABLE 3 | Atomic coordinates and equivalent isotropic displacement parameters of the non-hydrogen atoms in the omphacite structure.
[image: Table 3]TABLE 4 | Selected bond distances (Å) and angles (o) for omphacite.
[image: Table 4]The P2/c space group reported in this study for omphacite is consistent with the possible space groups previously reported for this mineral. It can be interpreted as an intermediate description of a sliding replacement reaction whose final equilibrium would be described in space group P2/n (e.g., Carpenter, 1979). Therefore, it cannot be considered the same as the omphacite described by several authors (e.g., Matsumoto et al., 1975; Smith et al., 1980; Rossi et al., 1983; Mottana et al., 1997; Matsumoto and Hirajima, 2005; Moghadam et al., 2010; McNamara, 2012; Pandolfo et al., 2012; Xie et al., 2020), who concluded that the only permitted space group for primitive (ordered) omphacite is P2/n, which has 2M2, 2M1 and 2T individual cation sites.
The refinement of the structure was carried out using constraints based on the results of the chemical analysis. The chemical parameters considered were the atomic fractions of Al3+, Mg2+, Fe2+, Fe3+, Ca2+, and Na+ determined with the EDS facilities attached to the Scanning Electron Microscope. Elements such as Ti, Cr, and Mn were not considered as they do not exceed 0.005 atoms per formula unit (apfu) and their sum does not exceed 0.009 apfu in the analyzed sample. It was assumed that all the positions were fully occupied. The Ca and Na atoms were located at the M2 and M21 sites while the Mg and Al atoms were located in the M1 and M11 sites. The Fe2+ content was determined based on the residual electron density needed to achieve complete occupation of both M1 sites. The chemical formula obtained after the structural refinement process was (Ca0.173Na0.328)M2(Ca0.325Na0.148)M21(Mg0.464Fe0.032)M1(Al0.494Fe0.006)M11(Si1.95Al0.05)O6.
The omphacite site populations obtained from the structural refinement results were used to calculate the long-range order parameters [image: image] and [image: image] for the M1 and M2 sites shown in Table 5 using Eq. 1 and Eq. 2 (Carpenter et al., 1990). The order parameters expressed in terms of mean bond lengths ([image: image] and [image: image]) were calculated using the mean bond length of the octahedra and polyhedra (Eq. 3 and Eq. 4) as suggested by Carpenter et al. (1990).
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TABLE 5 | Site populations and degree of order for omphacite.
[image: Table 5]Figure 8 shows a projection of the omphacite structure along the c-axis. The M1 site is occupied by Mg2+ and Fe2+ while the M11 site is occupied by Al3+ and Fe3+, both with octahedral coordination. On the other hand, the M2 and M21 sites with coordination-8 are occupied by Ca and Na. Two types of tetrahedral sites are present in the structure: T1 entirely occupied by Si and T2 with Si and Al. O2 and O3 oxygens are bridging atoms attached to silicon atoms, while O1 is attached to the M1 octahedron and O5 to the M11 octahedron. The difference between the two tetrahedra in the structure is slight, in accord with Matsumoto et al. (1975). The Si-O bonds involving the bridging oxygens [O3(l) and O3 (2)] are significantly longer than those to other nonbridging oxygens, as in other clinopyroxenes. The angle O1-Si-O2 is 118o for each tetrahedron, compared with 105o for O2-Si-O3, reflecting the long O1 (1)-O2 (1) and O1 (2)-O2 (2) distances of 2.757 and 2.742 Å, respectively. The angle O2-O3-O2 is used as a measure of the extension of the silicate chain. Since its value of 169.002 (2)° (Table 6) is within the 150°–210° range, a sequence of layers of almost straight and slightly twisted silicon tetrahedra chains can be identified (Cameron and Papike, 1981). The M1 and M11 octahedra share edges to form zigzag chains parallel to the a-axis while M2 and M21 polyhedra lie diagonally to the octahedron´s sides.
[image: Figure 8]FIGURE 8 | Projection of the structure of omphacite viewed along the c-axis.
TABLE 6 | Bond distances, polyhedral volumes, quadratic elongation (TQE), bond angle variance (BAV) and other geometrical parameters for omphacite.
[image: Table 6]Bond angle variance (σ2) and quadratic elongation (λ) are employed to describe the deviation from the ideal polyhedral shape (Robinson et al., 1971). According to Rossi et al. (1983), some geometrical features of the tetrahedra as well as of the octahedra (e.g., tetrahedral quadratic elongation and TILT angle) are not a simple linear function of composition, even when no change in space group occurs.
DISCUSSION
Na-pyroxene omphacite is a high-pressure mineral index of the eclogite metamorphic facies. According to previous studies (e.g., Maresch and Abraham, 1981; Bakirov et al., 1998; Miyagi and Takasu, 2005; Kabir and Takasu, 2010; Arrieta-Prieto et al., 2020), the average Na content in “fresh” eclogites worldwide is about 8.0 wt%, whereas in the present study we report an average Na content of 5.0 wt%. This fact could be interpreted as a product of the intense retrogradation and chemical imbalance exhibited by the Arquía Complex, which in light of these results becomes a highly limiting factor in geochemical, thermobarometric and geochronological models.
Depending on the crystallization conditions, omphacite can adopt one of two different crystal structures: the substitutionally-disordered high-temperature phase with space group C2/c and the cation-ordered phase with space group P2/n (e.g., Moghadam et al., 2010; McNamara, 2012). The structure of the pyroxene studied here is consistent with omphacite with ordered cations although the structure is better described in space group P2/c. The chains along the c-axis, formed by the M1 and M11 octahedra that share edges, alternate with M1 (Mg2+, Fe2+) and M11 (Al3+, Fe3+) octahedra. The larger volume M2 polyhedra link the octahedral chains in layers occupied by Na+ or Ca2+ cations. The adjacent layers along the a direction stack so that the M1 octahedron of one layer has an M11 octahedron above in the next layer and a similar zig-zag staggered arrangement prevails for M2 polyhedra. The two crystallographically distinct silicate tetrahedra are joined to form the two chains of slightly distorted tetrahedra.
In general, omphacites from geological contexts where exhumation proceeds slowly tend to be of the P2/n variety (Zhang et al., 2016). Omphacite can be used as geothermometer (e.g., Råheim and Green, 1974) and geobarometer (e.g., Zhang, 1998), taking into account its temperature sensitivity of cation distribution and thermoelastic properties, respectively. Castellanos (2021) reports the occurrence of eclogites in the Arquía Complex, which are primarily composed of omphacite and garnet. We consider omphacite as an intermediate phase in the diopside-jadeite solid solution system as reported in previous studies (e.g., Vinograd et al., 2007; Moghadam et al., 2010; Zhang et al., 2016). According to the phase diagram for the jadeite-diopside system shown in Figure 9, with increasing temperature, omphacite undergoes a phase transformation from the ordered structure with space group P2/n to the disordered C2/c structure. However, the analyzed omphacite shows a cation-ordered structure with space group P2/c, as evidenced by single-crystal X-ray diffraction, which reflects temperature conditions of formation below 800°C.
[image: Figure 9]FIGURE 9 | Phase diagram for the jadeite-diopside system (adapted and modified after Carpenter, 1981). The red box indicates jadeite content in omphacite and calculated equilibrium temperatures according to Holland and Powell (2003).
According to Skelton and Walker (2015), omphacite can show partial coupled substitution of (Na, Al)-(Mg-Fe, Ca), developing a relatively low symmetry space group P2/n. As temperature increases above ∼800°C, the movements of the atoms increase, rendering a structure that displays disorder in the cationic sublattice. The space group of the disordered structure becomes C2/c (Fleet et al., 1978).
Omphacite shows a jadeite content of 0.36–0.39. Based on the Holland and Powell (2003) geothermometer, the calculated equilibrium temperature of its formation is in the range of 585–671°C, which suggests a disordered structure for omphacite (Figure 9). This is not in accordance with the results obtained in the present study using single-crystal X-ray diffraction. Several authors (e.g., Arlt et al., 1998; Ross and Reynard, 1999) have suggested that, with increasing pressure, there is a first order phase transition from P2/n to C2/c. As it was mentioned before, in the P2/n structure there are 4 M sites (two M1 and two M2) while in the C2/c structure, there are only 2 M sites. On the other hand, the analyzed omphacite formed at temperatures below 800°C, exhibits a cation ordering better described in space group P2/c, in which there are also 4 M sites, two M1 and two M2. This space group has been suggested by several authors (e.g., Matsumoto et al., 1975; Fleet et al., 1978; Carpenter, 1981; Putnis, 1992). However, to our knowledge, this is the first detailed report of the structure of omphacite in space group P2/c.
As it was mentioned previously, the formation of the garnet + omphacite assemblage, which is typical of the eclogitic stage, depends on the Ca/Na ratio and the total Na2O content. The Ca/Na ratio becomes smaller as the pressure on the system increases stabilizing the albite phase. The stage of symplectite formation occurs upon decompression and cooling from eclogitic conditions in the presence of an aqueous fluid (e.g., Faryad et al., 2006; Ríos et al., 2017; Shuguang and Yi, 2021). The corresponding symplectites are characterized by the replacement of high pressure minerals by very fine-grained hydrated phases, where omphacite is rimmed by colonies of symplectites mainly composed of Na-rich plagioclase, Na-poor omphacite and Mg-hornblende, with minor amounts of edenite or pargasite. Omphacite grains (Figures 5E,F) in retrograded eclogites of the Arquía Complex are rimmed by symplectites that are successively composed of coarse-grained inner zone (first stage of formation), surrounded by a medium-grained texture (intermediate stage of formation), and a fine-grained texture in the outermost zone (last stage of formation). We highlight that towards the coarse-grained symplectite the Ca content increases, and the Na content decreases, possibly due to a longer period of development, decompression and hydration from the omphacite. A textural variation of the symplectite colonies can be associated to the growth and generation of amphibole and plagioclase upon hydration and decompression. These results are consistent with symplectites that represent decompressed omphacite in relict eclogites (e.g., Peacock and Goodge, 1995; Zhao et al., 2001), and which would result from a rapid uplift and significant over-stepping of a strongly pressure dependent reaction along a nearly isothermal decompression path as suggested by Anderson and Moecher (2007). The isochemical nature of the symplectite-forming reaction is also commonly accepted (e.g., Shervais et al., 2003), and reintegrated symplectite assemblages are used to estimate an original omphacite composition. Uncertainties exist with the inferred exsolution mechanism and the isochemical assumption of symplectite formation (Anderson and Moecher, 2007).
In summary, omphacite decomposes into symplectites consisting of plagioclase + low Na clinopyroxene, a product of decompression and hydration through the reaction: omphacite + quartz = plagioclase + clinopyroxene (low in Na) (e.g., Elvevold and Gilotti, 2000; Mposkos et al., 2012), which can be considered a discontinuous precipitation reaction (Joanny et al., 1991). When the transformation to symplectite involves clinozoisite, the reaction is omphacite + clinozoisite + H2O = amphibole + plagioclase (albite).
CONCLUSION
We report for the first time chemical and structural data on omphacite from the Arquía Complex on southwestern Pijao, Central Cordillera of the Colombian Andes. The analyzed omphacite crystallized in space group P2/c, one of the possible space groups in which this mineral may crystallize. The crystallization of omphacite in the P2/c space group may be interpreted as an intermediate stage towards the formation of equilibrium omphacite with space group P2/n. The structure of omphacite shows the Na and Ca cations at the 6 and 8 coordination sites. Fe occurs as Fe2+ and Fe3+ and is distributed over the octahedral M1 and M11 sites, respectively. All Fe3+ replace Al3+, and Fe2+ replaces Mg at the M1 sites. Na and Ca are distributed on alternating M2 sites (M2 and M21). The structure is made of silicate chains formed by two crystallographically different silicon tetrahedra (T1 and T2) with an O2-O3-O2 angle of 169.002 (2)°, indicating that the chain is slightly distorted. The transformation of omphacite to symplectites colonies characterizes the initiation of the eclogites retrograde metamorphism.
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