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Abstract

:

Diamond etching in high-temperature ambient-pressure experiments has been performed aimed to assess possible postimpact effects on diamonds in impact craters, for the case of the Popigai crater in Yakutia (Russia). The experiments with different etchants, including various combinations of silicate melts, air, and inert gases, demonstrated the diversity of microstructures on {111} diamond faces: negative or positive trigons, as well as hexagonal, round, or irregularly shaped etch pits and striation. The surface features obtained after etching experiments with kimberlitic diamonds are similar to those observed on natural impact diamonds with some difference due to the origin of the latter as a result of a martensitic transformation of graphite in target rocks. Extrapolated to natural impact diamonds, the experimental results lead to several inferences: (1) Diamond crystals experienced natural oxidation and surface graphitization during the pressure decrease after the impact event, while the molten target rocks remained at high temperatures. (2) Natural etching of diamonds in silicate melts is possible in a large range of oxidation states controlled by O2 diffusion. (3) Impact diamonds near the surface of molten target rocks oxidized at the highest rates, whereas those within the melt were shielded from the oxidizing agents and remained unchanged.
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1. Introduction


Natural diamonds form in the Earth’s mantle at high pressures and temperatures, and they acquire different morphologies depending on their environment, rate of growth, etc. However, the morphology of diamond crystals can change in the postcrystallization history by dissolution (oxidation) under the effect of different agents, especially the melts that carry them to the surface. Dissolution of diamonds has been quite well studied in kimberlite melts [1,2,3,4,5,6,7,8], as well as in mantle Fe(+Ni)-S-C liquid [9,10,11,12,13], which may be their growth medium [14,15].



Diamonds found in impact craters, such as Kara, Ust’-Kara, and Puchezh-Katun in Russia; Bilylivka (Zapadnaya), Illintsi, Rotmistrivka, Bovtyshka, Zelenyi Gayi, Terny, and Obolon’, as well as in some Neogene titanium-zirconium placers on the Ukrainian Shield; Ries in Germany; and Sudbury in Canada [16], have received much attention recently. The Popigai impact crater located in East Siberia, Russia [17,18,19], is of special interest in this respect. It stores plenty of extremely hard and stable impact diamonds exceeding the world resources of kimberlitic diamond [20,21].



The Popigai diamonds are pseudomorphs after graphite [19,22] resulting from an impact by a large bolide and shock metamorphism. The abundant crystalline graphite in the target rocks underwent martensitic transformation to a polycrystalline aggregate of nanometer cubic (diamond) and hexagonal (lonsdaleite) grains [23,24] with the predominant cubic phase [17,18,25]. The impact diamonds inherit the morphology of primary graphite while decreasing in volume by a factor of 1.6, which is the graphite/diamond density difference.



The impact energy also caused melting of the target Archean gneisses, whereby diamond converted from graphite became exposed to hot silicate melt, with the ensuing partial graphitization and resorption. That is especially true for diamonds from tagamites which stayed for a long time in hot melt and underwent sintering, dissolution, and graphitization that resulted in the surface sculptures uncommon to primary graphite. The diamond content in tagamites is ~1.5 times greater than that in their high-temperature counterparts [18]. The behavior of impact diamonds in these essential but yet poorly investigated processes is controlled by their particular origin and properties.



Naturally etched detrital diamonds have pitted or matted (honeycomb) surfaces, rounded edges and corners, and striation in the place of twinning sutures and cracks inherited from graphite crystals. The surface sculptures consisting of numerous intricately shaped steep-walled voids and round or hexagonal pits in the Popigai impact diamonds (Figure 1) are common to other diamonds of this origin. Resorption often produces irregular lacework-looking grains [17,18,25,26,27,28].



Surfaces of the Popigai impact diamonds [19,29] are decorated by negatively and positively oriented triangular or hexagonal etch pits, often with irregular contours and rounded corners. These features are similar to those on {111} faces of kimberlitic diamonds because the (0001) plane of graphite is parallel to the (111) plane of cubic diamond.



Impact diamonds often enclose lonsdaleite and both primary and secondary graphite. Lonsdaleite coexists with graphite mainly in grey to black colored diamonds and may constitute up to tens of percent, but it has never been found as a single phase [18,30,31,32].



On the one hand, polymorphic diamond-to-graphite conversion occurs at >1900 °C and is as fast as 1 min at 1960 °C as shown by experiments with the Popigai impact diamonds, simulating volumetric graphitization in helium, at ambient pressure of 0.1 MPa [33]. On the other hand, the newly formed diamond exposed to impact loading in high-pressure experiments [34] converted back to graphite and became amorphous. The Popigai tagamites are rich in graphite (100/1 relative to diamond), which appears to be mainly residual, i.e., not converted into diamond during the impact event [35], though some diamonds bear signatures of surface graphitization [27,30,36,37].



Unlike diamonds from kimberlites and metamorphic rocks, the impact diamonds remained after their formation in silicate melt at high temperatures ranging from 430 °C to 1730 °C [38], but at a pressure that decreased to nearly ambient after rapid unloading of the target rocks. Presumably significant effects of dissolution or surface graphitization on the diamond potential of rocks in impact craters have never been constrained [17,25]. These processes can be understood by means of etching experiments on kimberlitic diamonds which can highlight various features of grain morphology. We have performed high-temperature ambient-pressure etching experiments in the presence of silicate melt in order to assess the possible postimpact effects on diamond potential in impact craters. While based mainly on our own research, the reported results provide an overview of the available data from the literature as well.




2. Materials and Methods


The experiments were run at ambient pressure using a vertically positioned tube furnace equipped with a gas conduit that operates in a gas flux mode designed at the V.S. Sobolev Institute of Geology and Mineralogy SB RAS. Quenched glass of natural alkali basalt was used as a silicate melt: 47.0 wt% SiO2, 2.20 wt% TiO2, 16.30 wt% Al2O3, 3.89 wt% Fe2O3, 8.12 wt% FeO, 0.15 wt% MnO, 6.40 wt% CaO, 4.55 wt% MgO, 5.69 wt% Na2O, 5.0 wt% K2O, with a total of 99.82 at 0.54 wt% LOI. Basaltic melt is an advantageous etchant due to its relatively low melting point (1080 °C), low viscosity, and high reactivity. Most of the experimental work was carried out at 1130 °C. Capsules with 200 mg ± 10 mg specimens were heated either (1) in the furnace and then quenched to glass or (2) in an environment of inert gas (He or Ar) supplied via a quartz tube or exposed to air. The inert gas was used to control an oxygen partial pressure [39,40] at the hematite–magnetite (HM, Fe2O3–Fe3O4), nickel-nickel oxide (NNO, Ni–NiO), or carbon-carbon oxide (CCO) buffers. The initial volumetric proportions of components in the buffer mixtures were hematite-magnetite = 4:1 for HM buffer and nickel–nickel oxide = 1:1 for NNO buffer. During a run, the device was in the flow of an inert gas. It is commonly assumed that the buffer technique works and the oxygen fugacity is maintained at a certain level as long as the components of the buffer mixture are retained. The retention of components in buffer mixtures after runs was controlled by XRD analysis. Equilibrium at the level of the CCO buffer was achieved using graphite capsules, closed but not sealed.



The samples were placed in Pt, Mo, Au, or graphite capsules (6 mm inner diameter) depending on the buffer. Then the sample capsules and HM and NNO buffer mixtures were placed in an alundum container with a lid. Separate series of experiments were performed with synthetic matter: Na2O (20 wt%)–B2O3 (40 wt%)–SiO2 (40 wt%) and Na2O (30 wt%)–SiO2 (70 wt%). The procedure was described in detail in earlier publications [41,42,43,44].



The experiments dealt with octahedral diamond crystals and 0.6/0.8 mm size powder selected from kimberlite deposits of Sakha Republic (Yakutia). Octahedral crystals had smooth faces without any surface figures or etching sculptures. The edges of crystals had a parallel striation that formed microfacets of rhombodecahedron. Figure 2 shows the examples of the initial diamond surfaces before experimental procedures. The diamond crystals were examined under optical microscopes (MBS-10 and MBI-15). Microphotographs were made using a scanning electron microscope (JSM-35 and TESCAN MIRA 3 LMU, Orsay Holding) in a secondary-electron mode according to the standard procedure at the Analytical Center of the V.S. Sobolev Institute of Geology and Mineralogy (Novosibirsk).




3. Results


Oxidation of single-crystal octahedral diamonds in air, without silicate melt, at 1130 °C produced numerous triangular pits of different sizes parallel to {111} faces (Figure 3a–c) as well as positive trigons and surfaces of trisoctahedron (trigon-trioctahedron) with a rough striation near edges of octahedral faces. The morphology evolution of diamonds exposed to oxidation in air was demonstrated in many etching experiments [45,46,47,48,49,50]. Etching of octahedral diamonds finally leads to the formation of trisoctahedron morphology, but it is rarely observed among natural diamonds [51,52].



The reactions in the presence of B2O3-bearing kimberlite melt and air yielded positive trigons on octahedral faces which were further replaced by the rounded trisoctahedron forms [53,54].



The experiment with the basaltic melt–air etchant runs slow since the silicate melt envelops the diamond, the oxidation of which is maintained by oxygen diffusion in the melt [42]. The surface features evolved in several stages under these conditions. Firstly, flat-bottomed positive trigons appeared on octahedral faces with local trisoctahedroidal surfaces near the edges. Additionally, selective etching produced deep steep-walled hexagonal pits, almost round in shape, or less often triangular pits with truncated vertices. As the etching progressed, the pits coalesced into irregular negative trigons, and the process eventually led to the formation of intricately sculptured crystals with pitted surfaces. As an example, diamond crystal etched at 1130 °C for 60 min lost 25.6% of its original weight (Figure 3d–f). The 0.6/0.8 mm diamond grains subjected to a strong dissolution at the end looked like a “lacework” and had a very large specific surface area [42].



Etching in the basaltic melt at partial oxygen pressure (Po2) corresponding to HM and NNO buffers [44] caused dramatic changes to the diamond morphology. It was perpendicular to the surface, without formation of layer-by-layer tangential sculpture elements, and without a selective etching. The diamond crystals decreased in size along the contours and retained their octahedral habits (Figure 4) and original surface sculptures, as in the case of a crystal etched under an NNO buffer, which retained its growth steps but acquired rounded contours (Figure 4e).



The process began with negative trigons forming on octahedral diamond faces, more rapidly under the HM buffer, followed by surface graphitization. This phenomenon is common to the evolution of diamond morphology upon etching in basaltic melt under the HM and NNO buffers. The formation of negative trigons, with subsequent graphitization, was observed in other systems, including those without silicate melts [46,55,56,57], and must be a universal effect. After the crystal surfaces were cleaned to remove graphite, they were found to be covered with numerous irregularly shaped micron-size etching pits and looked matted. That was the case of the crystal in Figure 4d–f which lost 12.3 wt% after 2.5 h etching under the NNO buffer. In the HM buffer conditions, the negative trigons retained their contours but became less regular (e.g., the crystal in Figure 4a–c lost 17.4 wt% after 3.5 h of HM buffering).



Diamond etching in the basaltic melt under the CCO buffer led to a surface graphitization that occurred in the same way as in the case of HM and NNO buffers [41]. After the removal of graphite, the diamonds in these runs likewise had matted surfaces with numerous irregularly shaped small pits (e.g., the crystal in Figure 5a,b lost 11.65% of its original weight after 14 h of etching at 1200 °C). However, the crystal faces bore signatures of interaction with drops of iron melt which can form under the reduced CCO conditions at a normal total pressure [58]. At temperatures below the melting point of basalt, iron reduction occurred as well. The iron particles produced irregular pits on the diamond surface, but the etching process ground to a halt due to low carbon solubility in iron. The diamond crystal in Figure 5c,d lost only 0.4 wt% after 120 h of etching at 1000 °C.



Our results on diamond etching in reduced conditions under the CCO buffer are consistent with the published evidence. For instance, graphitization was observed on octahedral diamonds etched in a kimberlite melt (1450 °C) in a nitrogen flux using an open graphite capsule [59]. Kimberlite melting (1200 °C) was accompanied by melt ebullition and flotation of diamond crystals. The sculptures on their {111} faces differed depending on whether they interacted with gas or melt: negative trigons with some graphite films (gas contact) or strong resorption and irregular etching features not related to the facet crystallography (melt contact). Irregularly shaped pits, graphite films, and metallic iron on diamond surfaces were also reported [60] for natural octahedral and dodecahedral diamonds exposed to etching in kimberlite melt in vacuum (~0.133 Pa) at 1600 °C.



In experiments at 1100 °C (60 min run), diamond obviously did not interact with a synthetic iron-free Na2O–B2O3–SiO2 silicate melt in argon and hydrogen fluxes: it neither exhibited a change in the micromorphology of faces nor lost its weight. However, oxidation occurred in Na2O–SiO2 and Na2O–B2O3–SiO2 silicate melts in air [61], though the reaction with the Na2O–SiO2 melt was very slow with minor weight loss at a rate close to the rate of surface graphitization under the CCO buffer conditions [41].



Octahedral diamonds etched in a Na2O–SiO2 melt developed unevenly matted surfaces with etching features not related to facet crystallography and randomly oriented irregular pits or, locally, with micron-size negative trigons. The interaction with a Na2O–B2O3–SiO2 melt produced 20 μm to 260 μm disc-shaped sculptures with tiny irregular pits, as well as small negative trigons. The mixed (1:1 in weight) synthetic Na2O–B2O3–SiO2 glass + basalt etchant caused the formation of positive trigons on the {111} faces.



The etching rates were determined as 0.004, 0.01, and 0.017 mg/h for Na2O–SiO2, Na2O–B2O3–SiO2, and Na2O–B2O3–SiO2 + basalt melts, respectively. Although the difference was quite moderate, there were considerable surface changes due to the rate of oxygen diffusion in the melts of different viscosity which depends on their SiO2 content [61]. The ambient conditions being the same, the etching rates were always higher for the 0.6/0.8 mm diamonds than for the octahedral varieties (Figure 6) because the former lacked singularity and had less specific surface area. The etching patterns obtained in the experiments are summarized in Table 1.




4. Discussion


Diamond oxidation under the HM, NNO, and CCO buffer conditions is made possible by oxygen diffused into silicate melt from the gaseous environment. The diffusion rate is inversely proportional to the melt viscosity [62,63], and the depth of interaction and the morphology of diamond crystals depend on the melt composition. At the same time, the experiments with melts of the same composition but at different oxygen partial pressures demonstrated that the etching rates and etching figures are sensitive to the environment composition. Etching in the range from strongly oxidized to reduced conditions produced the diversity of surface figures which are obviously controlled by oxygen partial pressure: positive trigons at high Po2; hexagonal pits at intermediate conditions; and negative trigons or irregular dissolution sculptures, graphite films, and round pits made by iron melt drops at low Po2.



The reported experiments on diamond etching in silicate melts at ambient pressure have a number of important implications. Iron-free silicate melts do not interact with diamond in the presence of an inert gas, but the reaction occurs in air on account of oxygen, which is a strong oxidizer of carbon and, hence, diamond. The oxidation rate is slower with silicate melt than without it, as it protects the diamond surfaces from O2.



Etching in a gaseous environment at the NNO buffer produced positive trigons with obtuse corners at 1000 °C [43], mainly hexagonal features at 1100 °C, and negative trigons at 1200 °C; graphite appeared locally on diamond surfaces in the 1100–1200 °C temperature interval. Under the HM buffer conditions, the positive trigons with obtuse corners formed at 1100 °C, while hexagonal pits and negative trigons appeared at 1200 °C. Under ambient pressure, the inversion of etching pits on {111} faces occurred gradually, at least within a 150 °C range at the same Po2.



The highly reduced conditions corresponding to CCO equilibrium (Figure 7) are sufficient for the formation of metallic iron (iron–wüstite (IW) and iron–quartz–fayalite (IQF) buffers) and surface graphitization [64]. At the temperatures and pressures corresponding to the stability of graphite, the Po2 is lower in equilibrium with diamond than with graphite. The oxidized carbon species equilibrated with diamond reach higher concentrations since diamond is unstable and becomes oxidized in these conditions, while graphite forms from carbon supersaturated fluid.



The grain morphology of natural impact diamonds may evolve in different redox environments. Two opposite scenarios are possible in the presence of carbon: either Po2 is controlled externally, e.g., by diffusion of oxygen, or the system reaches the CCO equilibrium on account of the carbon (graphite or diamond) it contains [58]. Therefore, the etching figures produced by the silicate melt depend on the etching rate, which is in turn controlled by Po2 and air access as in the case of impact diamond. The distance between diamond crystal and the air contact depends upon the volume of molten rock, as shown in Figure 8. The crystals near the contact are expected to develop mostly hexagonal pits, while those located deeper within the molten rock have graphite films and irregular randomly oriented etching sculptures on their surfaces.



Impact diamonds most often show pitted-honeycomb surfaces with hexagonal to nearly rounded etching pits [17,18,25,28,29,65]. Numerous pits of similar sizes (as in Figure 1) are the result of a very fast etching perpendicular to the surface known as a “normal type of etching” [66]. Therefore, the oxidation of diamonds in a cooling impact melt was a quite rapid event that caused a small effect only. For instance, a 0.7 mm diamond became fully oxidized by air oxygen during 2.5 h at 1000 °C [43]. In the other extreme case, with CCO-buffered Po2, the surface graphitization can eliminate the diamond in ~3 years. Although silicate melts protect diamonds from oxidation, natural melts are hotter than the experimental 1130 °C etchants which can oxidize a 7 mg 0.6/0.8 mm specimen in less than 20 min in air [42] and in 90 min in basaltic melt + air medium (Figure 6).



The basalt we used in our experiments contained less SiO2 than the Popigai graphite-bearing gneisses and tagamites; thus, its melt was less viscous. The etching rate of diamond from the Popigai tagamites estimated with reference to the data for 1130 °C viscous synthetic melts is 0.2–0.3 mg/h. Furthermore, the hard crust that appeared during the melt quenching should interrupt the oxygen diffusion, thus protecting diamonds from etching with only residual etching effects present. As a result, the highest diamond contents are identified in the unmolten impact metamorphic gneisses, the relative average contents in tagamites and zuvites being at the ratio of 3:2 [18].



The oxidation and surface graphitization can also result from the effect of water [67], which is a strong oxidizer at temperatures over 1000 °C [68]. High H2O content in gneisses of the Popigai impact crater was determined during its early studies [69,70]. The Popigai tagamites contain either 2.23 ± 0.48 wt% or 0.74 ± 0.18 wt% H2O, while the dry varieties show a 30–40% higher diamond enrichment compared with the wet rocks [18,71].




5. Conclusions


The reported results allow the following inferences:




	
Diamond crystals inevitably experience natural oxidation and surface graphitization during pressure decrease at high residual temperatures within the molten target rocks after an impact event.



	
Natural etching of diamonds in silicate melt can occur in a wide range of oxidation conditions controlled by O2 diffusion.



	
Some impact diamonds located near the surface of the molten rock were oxidized at the highest rates.



	
The preservation of diamonds deep within the melt was possible due to protection from oxidizing agents.








The surface features obtained in the reported etching experiments on common diamonds are similar to those of natural impact diamonds, with some difference in macromorphology due to the origin of impact diamonds by martensitic transformation of graphite.
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Figure 1. Pitted-honeycomb surfaces of the Popigai impact diamonds. 
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Figure 2. The examples of initial diamond crystal surfaces. Note the absence of any etching sculptures (a), except for a slight striation at the edges ((b), enlarged view). 
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Figure 3. Diamond crystals etched at 1130 °C in air for 15 min (a–c) and in a basaltic melt exposed to air for 60 min (d–f). (a): general view; (b): fragment of an octahedral face with trigons; (c): fragment of a crystal with newly formed trisoctahedroidal surfaces; (d): general view; (e): fragment of an octahedral face with trigonal and hexagonal pits; (f): a hexagonal (nearly round) pit on an octahedral face. 
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Figure 4. Diamond crystals etched at 1130 °C in a basaltic melt, under the HM buffer, for 3.5 h (a–c) and under the NNO buffer for 2.5 h (d–f). (a): general view; (b,c): fragments of an octahedral face with trigonal, truncated trigonal, and hexagonal pits; (d): general view; (e): preserved growth steps; (f): dissolution sculptures on an octahedral face resulting from surface graphitization. 
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Figure 5. Diamond crystals etched in the presence of a basaltic melt, under the CCO buffer, at 1200 °C for 14 h (a,b) and at 1000 °C for 120 h (c,d). (a,c): general view; (b,d): fragments of an octahedral face with etching sculptures resulting from surface graphitization and round pits produced by interaction with solid iron particles. 
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Figure 6. Weight loss (Δm) as a function of run duration of diamonds etched in a basalt melt at 1130 °C and at different fO2: 1, 3, 5 = diamonds of fraction 0.6/0.8 mm exposed to air, under HM and NNO buffers, respectively; 2, 4, 6, 7 = octahedral diamonds exposed to air, under the HM, NNO, and CCO buffers, 1200 °C, respectively, complementing [44]. 
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Figure 7. Equilibrium oxygen partial pressure for buffer reactions at 0.1 MPa (after [64]). 
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Figure 8. Schematic drawing of the possible positions of diamond crystals in molten rocks of an impact crater: (1)—surface of melt; (2)—crystal near the surface: mainly hexagonal or round pits; (3)—crystal deep within molten rock: irregular randomly oriented pits produced by surface graphitization. 
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Table 1. Surface sculptures on {111} faces of diamonds etched in silicate melts at 0.1 MPa.
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	Etchant
	T, °C
	Etching Sculptures





	Na2O–B2O3–SiO2, Ar
	1100
	None



	Na2O–B2O3–SiO2, H2
	1100
	None



	Na2O–B2O3–SiO2, air
	1000
	Discoids, negative trigons



	Na2O–SiO2, air
	1000
	Irregular etch pits and negative trigons (matted surfaces)



	Na2O–B2O3–SiO2 and basalt (1:1), air
	1000
	Positive trigons, hexagonal etch pits



	Basalt, air
	1130
	Positive trigons, hexagonal etch pits



	Basalt, HM buffer
	1130
	Negative trigons, often with canted corners



	Basalt, NNO buffer
	1130
	Negative trigons, irregular etch pits



	Basalt, CCO buffer
	1200
	Round pits with a spherical bottom; corrosion textures with irregular nonaligned etch pits
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