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Abstract

:

The morphology of resorbed diamond crystals is a valuable source of information on the composition and ascent rate of kimberlite magmas, as well as on possible redox conditions in protolith. Previously, diamond resorption was thoroughly investigated at P–T–fO2 parameters of the kimberlite magma ascent. In this study, we investigated diamond resorption using unaltered group I kimberlite and model carbonatite at P–T–fO2 parameters that are typical of the peridotite source of kimberlite magmas in the subcontinental lithospheric mantle. An analysis of previous studies made it possible to determine the rate of diamond octahedron transformation into a spherical tetrahexahedron depending on the composition of the carbonate–silicate melt. It was shown that the rate of diamond resorption at 6.3 GPa increases in all the investigated systems as fO2 and temperature rise. There is a steady decrease in the diamond resorption rate as pressure increases from 1 GPa to 6.3 GPa. The morphology comparison of the experimentally produced samples with natural diamonds is indicative of the significant contribution of metasomatic alteration of protolith by the oxidized agent and at the initial stages of kimberlite magma ascent to the resorption of natural diamonds.
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1. Introduction


In recent years, there have been proponents of the point of view that diamond resorption under mantle conditions is insignificant and occurs through a different process with respect to diamond resorption in a kimberlite melt during its ascent to the Earth’s surface [1,2,3,4,5]. The ideal ditrigonal layers on octahedron faces and rounded diamond tetrahexahedroids with glossy surfaces are assumed to be formed during the interaction between the diamond and a COH fluid only during kimberlite ascent. On the contrary, during mantle metasomatism, diamond resorption in the presence of fluids and volatile-rich silicate–carbonate melts occurs only with the formation of deep pits (trigons) and triangular and serrate laminae on the octahedral faces. An important argument in support of this assumption is that most diamonds in mantle xenoliths lack resorption patterns, and no rounded crystals have been found. Diamond resorption from xenoliths is usually insignificant and occurs in the form of triangular pits and ditrigonal layers on octahedron faces. On rare occasions, xenoliths contain diamond crystals with subordinate rounded tetrahexahedroid surfaces at the octahedron edges [6]. However, an investigation of the internal structure of natural diamond crystals using cathodoluminescence showed that the growth of diamonds in some cases was periodically followed by the stage of resorption [5,7,8]. In this case, there is some uncertainty as to how significant these resorption stages are. The discovery of large, rounded diamonds in kimberlites of various diamondiferous provinces indicates that possible intense diamond resorption was occurring for a longer time compared to the time suggested for kimberlite melt ascent from the mantle to the Earth’s surface. According to Haggerty [9] and Gurney et al. [10], significant diamond resorption might occur in the subcratonic mantle due to changes in redox conditions and/or during fluid metasomatism.



A number of studies have experimentally modeled diamond dissolution/resorption under high pressure and high temperature conditions; their results are reviewed by Fedortchouk [3] and Palyanov et al. [11]. The modeling of diamond dissolution was performed in kimberlite and alkaline basalt melts with different contents of a H2O–CO2 fluid and in various model carbonate, carbonate–silicate, and silicate systems at pressures of 5–7.5 GPa, and temperatures of 1100–1750 °C (Figure 1) [2,12,13,14,15,16,17,18]. The presence of water in silicate or carbonate melts was found to be the major factor controlling the formation of diamond tetrahexahedroides, similar to natural rounded diamonds. The curvature of the rounded surfaces of tetrahexahedroids was experimentally shown to be related to the habit of original flat-faced crystals and to be an indicator of the degree of their dissolution [15,19]. The composition of melts and fluids was found to affect the features of diamond resorption [2,16,18,20]. Moreover, Khokhryakov and Palyanov [17] showed a relationship between some elements of the tetrahexahedroid microrelief and the features of the internal crystal structure at a pressure of 5.7 GPa and temperature of 1300 °C. However, it is difficult to correctly compare these data with diamond resorption at low pressures (1–3 GPa) because experimental conditions differ in terms of the number of parameters, in particular, in the system composition and redox conditions.



Recently, we have reported the experimental findings on diamond resorption in the carbonatite + H2O ± CO2 and kimberlite + H2O ± CO2 systems, which modeled the intermediate stage of kimberlite melt ascent to the Earth’s surface at 3.0 GPa, T = 1200–1400 °C, and fO2 in the range from NNO –2 to NNO +3.2 [23]. In this study, we investigated diamond resorption at the same T–fO2 parameters (Figure 2) and in the same systems, but at higher pressure (6.3 GPa), thereby modeling possible diamond resorption at conditions of the subcontinental lithospheric mantle (hereinafter referred to as, SLM) base, at depths of about 200 km. Our new findings made it possible to compare the resorption patterns and rates depending on pressure and, therefore, reveal the characteristic features of diamond resorption by metasomatic agents at the base of CLM, and by a kimberlite melt at the initial stage of its ascent to the Earth’s surface.




2. Materials and Methods


2.1. Starting Compositions


We used the same starting compositions as in our previous study on diamond dissolution at a pressure of 3 GPa [23]: fresh kimberlites from the Udachnaya–East pipe (Yakutia) (hereinafter referred to as Ud) modeling kimberlite-like melts, and a model multicomponent composition modeling carbonatite melts genetically related to subduction zones [30] (hereinafter, GS). The procedure for preparing kimberlite for experiments was described by Sokol et al. [31]. The GS composition was prepared from carbonates (MgCO3, CaCO3, Na2CO3, and K2CO3) and oxides (MgO, SiO2, Al2O3, Cr2O3, TiO2, FeO, Fe2O3, MnO, and NiO) with 99.9% purity and natural olivine from the xenolith of the Udachnaya–East pipe containing 9 wt% FeO. Distilled water or anhydrous oxalic acid (C2H2O4, hereinafter, OA) (10 wt%) was also added to the original mixture. Earlier in [32], based on thermodynamic calculations and gas chromatography data of the quenched fluid, it was shown that the decomposition products of anhydrous oxalic acid (C2H2O4) at 5.7 GPa and 1200–1420 °C were dominated by CO2 and H2O; minor amounts of CO (<2.6 mol.%), CH4 and H2 (<0.1 mol.%) were also present. Given the low concentration of CO in products, anhydrous oxalic acid was decomposed as follows: 2H2C2O4 → 3CO2 + 2H2O + C0. This reaction is supported by the detection of graphite flakes in the experiments where no diamond resorption occurred (e.g., in experimental run no. 1753_1). Thus, under experimental conditions, OA is decomposed into 73 wt% CO2, 20 wt% H2O, and 7 wt% C. The compositions of the initial mixtures used in the experiments are given in Table 1.



Natural diamond crystals from kimberlites of Yakutia (Russia), 0.6–0.7 mm in size and weighing 0.24–0.40 mg, were used for dissolution. Octahedral crystals with flat faces or with trigonal layers on the faces were selected for the experiments. The crystals were colorless, without any inclusions or cracks visible under an optical microscope, and without any signs of natural resorption. Before and after each experiment, diamond crystals were cleaned in a mixture of concentrated sulfuric acid and an aqueous solution of potassium permanganate. After each acid treatment, diamonds were washed by boiling in distilled water.



Diamond crystals were studied by optical microscopy using a Carl Zeiss Axio Imager Z2m microscope. Differential interference contrast (DIC) was used to enhance the contrast of the face relief image. Total interference contrast (TIC) was used to measure the inclination angles of etching pit walls. Crystals were weighed with an accuracy of ±0.01 mg before and after the experiments. The resorption rate was calculated as (mg/mm2 × min−1) × 103 to avoid the influence of the size of diamond crystals on their resorption rate. The surface area of the crystals was determined from their mass, diamond density, and their octahedral shape. The error in calculating the rates of diamond resorption was no more than ±0.025 mg/mm2 × min−1 × 103. This estimate takes into account the accuracy of weighing, and the uncertainty related to the surface area of the resorbed crystals.



To control fO2 with the Re–ReO2 (RRO) buffer in the experiments at 1200 °C and 1400 °C (Figure 3a), we applied the methodological approach used in [18]. The starting material (50 mg) and two diamond crystals were placed into Pt capsules (outer diameter, 5 mm; wall thickness, 0.2 mm) lined on the inside with Re foil. After sealing, the Pt capsules were placed into a container consisting of a mixture of Fe2O3 and CsCl. Because the external Fe2O3-bearing container provided very low fH2 around the Pt capsule, hydrogen outflow arose from the sample, and the oxidation of Re to ReO2 took place. This approach provided control over fO2 in the capsule in the Re–ReO2 (RRO) buffer [18]. In addition, the Re lining of Pt capsules minimized iron loss from the samples. To control fO2 using the ilmenite–rutile–magnetite (IRM) buffer in the experiments at 1200 °C (Figure 3b), we used Au capsules with an outer diameter of 2 mm and wall thickness of 0.2 mm. The starting material (11 mg) and one diamond crystal were placed into capsules. The capsules were hermetically sealed by arc welding after assembly.



Platinum capsules lined with Re foil were used in the experiments carried out at 1200 °C without internal or external buffer fO2. The capsules had an outer diameter of 5 mm and wall thickness of 0.2 mm. Such capsules contained the starting material (50 mg) and two diamond crystals. Rhenium was not oxidized in these experiments, and therefore fO2 was not buffered in it. Redox conditions in these experiments were set based on the data on the composition of carbon-saturated H2O–CO2 fluids obtained using a similar high-pressure cell in the unbuffered experiments at 5.7 GPa and 1420 °C [32]. The composition of carbon-saturated fluid in a Pt capsule (80 mol.% H2O + 20 mol% CO2) allows one to estimate fO2 in the samples produced at 6.3 GPa and 1200 °C in the range between CCO and the carbon-saturated water maximum (CW) [26]. Values corresponding to half of the CCO–CW interval match fO2 of NNO-0.5 at these P–T parameters (Figure 2).




2.2. High-pressure Apparatus and Analytical Techniques


Experiments at 6.3 GPa were carried out in a split-sphere multi-anvil high-pressure apparatus [33]. A high-pressure cell was sized 21.1 × 21.1 × 25.4 mm, and graphite heaters had an inner diameter of 12.2 mm and a height of 18.8 mm. Pressure was calibrated by recording changes in the resistance of Bi at 2.55 GPa and PbSe at 4.0 and 6.8 GPa at room temperature, and at 1350 °C by bracketing the graphite–diamond equilibrium in the Ni0.7–Fe0.3–C system [34]. The temperature was monitored in each experimental run with a PtRh6/PtRh30 thermocouple calibrated at 6.3 GPa using the melting points of Al and Ag [35]. Pressure and temperature were measured with an accuracy of ±0.1 GPa and ±20 °C, respectively [33,35]. The temperature pattern within the low-gradient zone of the high-pressure cell at 1200 °C and 1350 °C was estimated by Sokol et al. [36] via simulation using the software elaborated on by Hernlund et al. [37]. At the end of an experimental run, the samples were quenched at 150 °C/s under isobaric conditions.



After the experiment, the capsule with a sample was cleaned from CsCl, dried, and weighed to control the tightness of the capsule. After extracting the diamond crystals, the rest of the contents of the capsule were filled with epoxy and polished. The structural and textural features of the samples were studied by scanning electron (Tescan MIRA 3 LMU, Brno, Czech Republic) and optical (Carl Zeiss Axio Imager Z2m, Jena, Germany) microscopy. The phase compositions of the samples were analyzed on a Tescan MIRA 3 LMU scanning electron microscope coupled with an INCA EDS 450 microanalysis system with an EDS X-Max-80 Silicon Drift Oxford Instruments detector. The accelerating voltage was 20 kV; the beam current was 1 nA; and the spot diameter was 2–5 µm for solid phases and 100 µm for quenched melts. The EDS spectra were optimized for quantitation using the standard XPP procedure built into the INCA Energy 450 software. The measurement error was 2 rel.%. The following standards were used: albite for Na; orthoclase for K; diopside for Mg and Ca; pyrope (O-145) for Si, Al and Fe; Cr-garnet (Ud-92); Mn-garnet (Mn-IGEM); spinel for Ni; and ilmenite for Ti. The mass ratios of the phases in the experiments were estimated using the least squares mass balance method for a limited number of system components: SiO2, TiO2, Al2O3, MgO, and CaO. The calculations were performed with allowance for the initial compositions of the mixtures and the resulting mineral phases, without taking into account the buffer association, and gave the sum of squared residuals ≤1. The results of the analyses are presented in Table 2 and Table 3.





3. Results


3.1. Phase Composition of Systems


All the phases of the buffer residing directly in the capsule with a sample remained stable at experimental P–T parameters, which ensured buffering fO2 in the sample. In particular, after the experiments, ReO2 was present on the surface of rhenium and throughout the sample, being indicative of the adequate functioning of the RRO buffer.



After the quenching of the samples containing Ud-H2O, Ud-OA, GS-H2O, and GS-OA systems, they comprise a dendritic aggregate of quenched carbonate and silicate phases and, in some cases, solid phases that are stable with a melt (Figure 3 and Figure 4). Dendritic aggregates formed after melt quenching have a characteristic appearance for carbonate-silicate systems at high P–T parameters [36,38]. There are no signs of the transition of fluids/melts of the studied systems from a two-phase state to a supercritical fluid state. This is consistent with the findings [39] that the second critical point for the lherzolite-CO2-H2O system occurs at p > 8 GPa. Complete melting occurs in the GS-H2O and GS-OA systems at experimental temperatures of 1200 and 1400 °C (Figure 4c,d). The systems with kimberlite (Ud) contain both simple and more complex five-phase (Ol–Cpx–Grt–Prv–L, Ud–H2O system, run no. 1666_3_3) and seven-phase (Ol–Cpx–Opx–Grt–Mst–Prv–L, Ud-AO system, run no. 1294_7_5) associations (Table 2, Figure 4a,b). Perovskite is a common accessory phase in kimberlite-bearing samples (Figure 4a,b).



Table 2 provides the quantitative ratios of the melt and solid phases in the samples. There were no bubbles of a free fluid phase in the quenched samples, which indicates that fluid-undersaturated carbonate–silicate melts were present in all the experiments. The set of solid phases in equilibrium with a melt in the samples with Ud kimberlite depends on the volatile concentration, temperature, and oxygen fugacity. A melt multiphase saturated with respect to carbonated lherzolite was produced in the Ud-OA system at 1200 °C and fO2 controlled by the RRO buffer. In this case, the addition of molecular CO2 (as oxalic acid) to the system ensures the emergence of magnesite and orthopyroxene in the sample at 1200 °C. As the temperature in this system increases to 1400 °C, orthopyroxene disappears, and the melt becomes saturated with respect to carbonated wehrlite. It is noteworthy that an increase in fO2 up to the IRM buffer values results in the complete carbonation of olivine and the disappearance of clinopyroxene in the Ud-OA system at 1200 °C. This probably occurs due to the fact that the CO2/H2O ratio in the system increases as fO2 rises. The phase composition of the Ud-H2O system after the experiments generally agrees with the data of our earlier studies focusing on the melting of kimberlite from the Udachnaya pipe with additions of H2O [31]. In particular, most melts produced in the Ud-H2O system at 1200 °C and fO2 in the range between IRM and CW–CCO buffers were saturated with respect to garnet-bearing wehrlite. A similar picture was observed at 1400 °C and fO2 of the RRO buffer. Only in the sample produced at 1200 °C under oxidized conditions of the IRM buffer, was there no garnet among the phases in equilibrium with the melt.



The melting degree of Ud-H2O samples at 6.3 GPa and 1200–1400 °C varies in a relatively narrow range, from 48 to 56 wt% and, therefore, is independent of the redox conditions and composition of added volatiles. In contrast to this, the melting degree in two of the three samples in the Ud-OA system is noticeably lower (20–28 wt%). Only in the sample with the internal buffer IRM, did the melting degree increase to 56 wt%, and the FeO concentration in the melt reached 12.8 wt% due to the interaction with buffer (enrichment of the system with iron). It is noteworthy that FeO content in the Ud-H2O system containing the IRM buffer was 8.9 wt%. Thus, the melting degree of the samples produced in the presence of IRM cannot be directly compared to that of other samples. In one experiment at 1200 °C without buffer with fO2 values between CW and CCO, the mass balance could not be calculated due to sample defragmentation.



The magnesian content of orthopyroxene and olivine in the samples obtained at 1200 °C ranges from 82–92 and 89–92, respectively. It is important to note that the presence of magnetite in the samples with IRM buffer leads to minimum Mg# values of olivine (89) and orthopyroxene (82). Olivine produced at 1400 °C has Mg# values of 90–92.5. Clinopyroxene in the samples is characterized by the Ca# lying in a range of 42–48 at 1200 °C and 31–43 at 1400 °C. Garnet from samples contains 1.1–2.6 wt% of Cr2O3, 5.1–19.8 wt% of CaO, and 4.6–14.8 wt% of FeO. Furthermore, the FeO concentration is maximal, and the CaO concentration is minimal in garnet from the sample with IRM buffer. In magnesite produced at 1200 °C and 1400 °C, FeO content is 4.3 and 5.0 wt%, and CaO content is 1.7 and 3.2 wt%, respectively. The melt composition ranges from largely carbonatitic to low SiO2 carbonate–silicate (Figure 5). At 1200 °C and fO2 of the IRM buffer, SiO2 concentration in the melt varies from 6.4 wt% in the Ud-H2O sample to 5.5 wt% in the Ud-OA sample (Figure 5). In Ud-H2O samples, SiO2 concentration slightly increases to 8 wt% at fO2 of the RRO buffer and to 9 wt% at fO2 of WC–CCO. Under the same redox conditions in GS-OA and GS- H2O samples, the SiO2 content is <2 wt%. At 1400 °C and fO2 of the RRO buffer, SiO2 concentration in a melt did not exceed 11 wt% in the Ud-H2O system, and was below 3 wt% in the Ud-OA, GS-H2O, and GS-OA systems.



The SiO2/Al2O3 ratio reaches 6–8 in melts with the maximum SiO2 content, and is below four in other cases. In this case, the MgO/CaO ratio does not exceed one in all the melts. The produced compositions are far from the “classical” kimberlite compositions on the diagram [40]. The compositions of all melts produced in the experiments are actually close to those of carbonatite metasomatic agents. Such melts from the Ud-OA and Ud-H2O system were saturated with garnet lherzolite or wehrlite.




3.2. Diamond Resorption Morphology


In our experiments conducted under various T–fO2 conditions, crystals lost from only a few percent to 98% of their initial weight. Most of the crystals have a weight loss ranging from 11% to 30% (Table 4), which allows one to compare the microreliefs produced at different fO2 values.



There are negative trigons on the octahedron faces of all crystals, where they are preserved as relics. Trigons are triangular etch pits of which the contour is oriented negatively with respect to the contour of the octahedron faces. There are two types of trigons [41]. Some trigons have a flat bottom and are called flat-bottomed trigons (f.b. trigons). Trigons of the second type are pyramidal, lack a flat bottom, and are called pyramidal or point-bottomed trigons (p.b. trigons). P.b. trigons are abundant on crystals with a small degree of dissolution, and their size (diameter) does not exceed 5 µm in most cases. Larger p.b. trigons, up to 40 µm in size, occur as single trigons on more significantly resorbed crystals. The profile of typical trigons is shown in Figure 6a–d.



According to TIC measurements, the angle α between the p.b. trigon walls and the octahedron face is 0.5–3.5° in the entire range of redox conditions used. The size of flat-bottomed trigons ranges from 5 to 100 µm. Small f.b. trigons are characterized by different degrees of vertex truncation, and their walls have the same inclination angles as those in p.b. trigons (Figure 6e–h). Larger f.b. trigons have steep stepped walls whose inclination angles vary considerably, from 10° to 60°. Large flat-bottomed pits are usually not deep. The larger f.b. trigons are, the smaller their amount on the crystal faces is. It should be noted that the amount and distribution of trigons on different faces of the same crystal are different. Some crystal faces are covered with numerous trigons, whereas others are almost free of trigons (Figure 7).



Simultaneously with trigon formation, dissolution layers are developed on the octahedron faces. The directions of layer ends slightly deviate from the <110> directions that correspond to the position of octahedron edges upon a small loss of the initial crystal weight (Figure 8d,h,j). The contour of the layers changes as the degree of resorption increases, and the layers acquire a shield-like or ditrigonal shape (Figure 8k,p and Figure 9f,j). In the case of the polycentric arrangement of dissolution layers on the octahedron faces, serrated sculptures are often formed near the crystal vertices (Figure 8h,n and Figure 9h). The octahedron edges are truncated by curved surfaces of a tetrahexahedroid. These surfaces often have a rounded stepped relief composed of alternating coarsely stepped and relatively smooth rounded areas (Figure 8c,g and Figure 9c,e). Sometimes, rounded stepped surfaces are covered with uniform striation formed by the dissolution layer ends (Figure 8m,o and Figure 9i).



Near the ˂100> vertices, parallel striation is transformed into hackly striation. Often, there are dissolution hillocks with varying degrees of elongation (Figure 8c,l and Figure 9n,o). The newly formed rounded surfaces are sometimes mirror-smooth (Figure 9k,l). We found no fundamental differences in the relief of rounded surfaces of diamonds resorbed in the investigated T–fO2 interval. The octahedron faces completely disappear when the loss of the initial crystal weight is more than 30%. (Figure 8k and Figure 9k). Crystals acquire the tetrahexahedroid shape with distinct vertices and apparently resemble the so-called natural diamond octahedroid. In the case of significant dissolution, the shape of crystals becomes spherical, with more uniform roundness of tetrahexahedroid surfaces (Figure 9m,o). They clearly display edges and vertices, which enables assigning this form to a spherical tetrahexahedroid or the so-called Brazilian or Ural type diamonds [42].




3.3. Dependence of the Resorption Rate on fO2


The diamond resorption rates in the entire range of used fO2 were studied at a temperature of 1200 °C. The obtained values are given in Table 4 and summarized as a plot in Figure 10. The diamond resorption rates are the lowest under the least oxidizing conditions controlled by the range of fO2 from the water maximum (WC) to the CCO equilibrium. In water-bearing systems (Ud-H2O and GS-H2O), the resorption rates lie within 0.011–0.015 mg/mm2 min−1 × 103. After the experiments in the systems with the addition of oxalic acid, fine-crystalline graphite was present on the surface of diamond crystals, which covered some of the diamond crystal faces. After these experiments, no loss of crystal weight was found. Diamond resorption in the GS-OA system was detected through insignificant changes in the microrelief, whereas no changes in the relief of diamond faces were found in the Ud-OA system.



A rise in fO2 to the RRO buffer values significantly increased the resorption rate in all the systems. Under these redox conditions, melts in the GS-H2O and GS-OA systems were most active to diamond; the resorption rates in them increased to 0.072–0.096 mg/mm2 min−1 × 103, and the mass of crystals decreased by 20–27%. Melts in the Ud-H2O and Ud-OA systems were less aggressive to diamond. The resorption rates in these systems were 0.037–0.060 mg/mm2 min−1 × 103, and the mass of crystals decreased by 11–16%.



A rise in fO2 to the IRM buffer level further increased the rate of diamond resorption. The highest rates were observed in melts in the water-bearing systems Ud-H2O and GS-H2O. In this case, the resorption rate reached the maximum value of 0.170 mg/mm2 min−1 × 103 in the Ud-H2O system. The minimum resorption rates of 0.055–0.066 mg/mm2 min−1 × 103 were found in melts of the Ud-OA system.




3.4. Temperature Dependence of the Resorption Rate


The temperature dependence of the resorption rate was studied at fO2 of the RRO buffer (Table 5; Figure 11a). A temperature rise from 1200 to 1400 °C increases the resorption rate. The maximum increase in the resorption rate was found in the GS-H2O system. The rate increased tenfold and was 0.672–0.764 mg/mm2 min−1 × 103, and diamond crystals lost from 87% to 98% of their initial weight within 5 h. In this system at 1200 °C, diamond crystals of the same weight lost only 20% of their initial weight within 10 h. The minimum increase in the resorption rate was found in melts of the Ud-OA system. Elevation of temperature by 200 °C in the system increased the rate of diamond resorption approximately threefold, to 0.123–0.148 mg/mm2 min−1 × 103. The loss of the initial crystal weight was 18–21%. The rate of diamond resorption in the GS-OA and Ud-H2O systems increases four- to eightfold, as the temperature is elevated from 1200 °C to 1400 °C.



As mentioned in the Material and Methods section, we placed two diamond crystals of the same initial weight and appearance into all platinum capsules. After the experiments, there was a difference in the loss of the initial weight by crystals, even when they were in close proximity to each other. Usually, these differences were small. In some cases, however, an initial weight loss and, accordingly, changes in the resorption rate were very significant. The widest scatter in resorption rates of diamond crystals present in the same capsule was observed at 1400 °C. Moreover, the most significant differences in resorption ability were found in diamonds from experimental run no. 706_8_2 (the GS-OA system). Losses of the initial weight of crystals differed twofold, and were 49% and 98%. The diamond crystals were located in one part of the capsule and, accordingly, under the same resorption conditions. Therefore, the revealed differences in the resorption rates are most likely to be associated with the individual characteristics of crystals, such as the defect-impurity composition, the dislocation structure, and the presence of other defects in the diamond crystal lattice. In connection with the established spread in the rates of diamond resorption, our estimate of the activation energies of this process is only preliminary, and requires further refinement.





4. Discussion


4.1. Diamond Resorption Morphology


It has been experimentally shown that rounded diamond tetrahexahedroids, similar to natural rounded diamonds, can be formed at pressures from 1 GPa to 6.3 GPa and temperatures from 1200 °C to 1500 °C [3,11]. However, there are some specific features in the diamond morphology and resorption process, which occurred at different pressures and in different media. At pressures of 1–2 GPa, free water-bearing fluid is the main factor controlling the formation of diamond tetrahexahedroids [43]. At higher pressures (3–6 GPa), spherical tetrahexahedroids can be formed both in an aqueous fluid [12,44] and in water-bearing carbonate–silicate melts [15,23]. Tetrahexahedroids can have a glossy surface or display other relief elements, depending on the actual structure of diamond crystals and dissolution conditions. An increase in pressure from 1 to 3 GPa accelerates the transformation of an octahedral crystal into a tetrahexahedroid [44]. However, a comparison of the results of this study to earlier findings [15,23] indicates that a further increase in pressure does not accelerate this transformation. The initial octahedron faces disappear in diamond dissolution forms as an octahedral crystal loses 25–30% of its initial weight, both at a pressure of 3 GPa [23] and at a pressure of 5.7–6.3 GPa [15]. Only upon diamond resorption in an aqueous fluid at 5 GPa, do the octahedron faces disappear at a loss of the initial diamond weight of about 50% [12], like in the experiments at 1 GPa. Hence, it can be inferred that the rate of transformation of octahedral diamond into a spherical tetrahexahedroid weakly depends on pressure, and is largely controlled by the composition of the medium that it interacts with. The transformation rate of a starting flat-faced crystal increases as the resorption medium changes from a fluid to a volatile-rich carbonate–silicate melt. In this case, the sculpture of the octahedron faces changes. When a diamond is resorbed in a fluid at 1–5 GPa, layer-by-layer resorption is weak. There are distinct edges between the relic octahedral faces and the newly formed surfaces of tetrahexahedroids. In other words, there is no smooth transition of octahedral faces to the rounded tetrahexahedral shape. Therefore, resorption occurs mainly due to the truncation of the octahedron edges by the newly formed tetrahexahedroid surfaces. These distinctive features were noted earlier in [3]. During resorption in H2O and CO2-bearing carbonate–silicate melts, numerous dissolution layers are present on octahedral surfaces. They are formed due to layer-by-layer dissolution on the octahedral faces. An echelon of steps is formed near the edges of the octahedron, leading to a smooth transition of the octahedral faces to the surfaces of the tetrahexahedroid. As a result, the octahedral faces disappear more quickly when diamond is dissolved in H2O- and CO2-bearing carbonate–silicate melts than in a fluid.



The presence or absence of trigons on the octahedron faces, as well as their number and size, is determined mainly by the dislocation structure of diamond crystals [45,46,47]. As shown in our work, the size and number of trigons can vary significantly, even on different faces of the same crystal. External conditions such as the medium composition, the redox conditions, and temperature can mainly affect the shape of etch pits (trigons).




4.2. Diamond Resorption Rate


We have shown that the diamond resorption rate increases as oxygen fugacity rises. However, not only fO2 but the melt composition was changed in the investigated systems (Figure 5). In melts of the Ud-H2O and Ud-OA systems, an increase in fO2 is accompanied by a reduction in SiO2 concentration and an increase in FeO content. In particular, in a melt from the Ud-H2O system at 1200 °C, the SiO2 content decreases from 8.9 wt% to 6.4 wt%, and the FeO content increases from 4.0 wt% to 8.9 wt%, as fO2 rises from CW―CCO to IRM buffer. In essentially carbonatite melts, FeO content increases even more significantly. For example, in a melt from the GS-H2O system, as fO2 is raised from CW–CCO to IRM buffer, the FeO content increases from 2.8 wt% to 14.1 wt%, and the SiO2 content slightly increases from 0.6 wt% to 2.1 wt%. Because Fe ions act as catalysts and Si ions inhibit diamond oxidation during the catalytic oxidation of diamonds at p = 1 atm [48,49], it can be inferred that concentration variations in the FeO and SiO2 melt are an additional factor affecting the diamond resorption rate.



Our results and the previously reported data on the resorption rates under fixed redox conditions [18,23,43,44] make it possible to analyze the pressure dependence of the diamond resorption rate. Figure 12 shows diamond resorption rates at pressures ranging from 1 GPa to 6.3 GPa. Given the dependence of resorption rates on redox conditions, a comparison was performed at an fO2 value of the NNO buffer, which is typical of deep-seated carbonate-silicate melts [26]. This choice is also related to the fact that reliable rates of diamond resorption in a fluid at pressures from 1 GPa to 3 GPa were obtained only for fO2 = NNO –0.1 ÷ –0.6 [43,44]. The resorption rates in CO2- and H2O-bearing melts at 3 GPa and 6.3 GPa for fO2 = NNO were estimated based on the dependences reported in [23]. Figure 12 shows that the diamond resorption rate decreases as pressure increases from 1 GPa to 6.3 GPa, even with a very significant spread in diamond resorption rates at a pressure of 1 GPa. However, the resorption rates at 1 GPa and 2 GPa [43,44] are obtained at temperatures of 1250 °C and 1350 °C, respectively, and are characteristic of diamond resorption in an aqueous fluid. At these pressures, there is no diamond resorption in melts lacking volatiles [43]. At higher pressures of 3–6.3 GPa, diamond resorption proceeds efficiently, both in free aqueous fluid [12] and in volatile-undersaturated carbonate–silicate melts. It is noteworthy that diamond resorption was observed even in a silicate melt with 0.4 wt% H2O [13].



To a first approximation, the oxidation of diamond with water vapor at 1 atm may be regarded as a reaction yielding carbon dioxide and hydrogen [48]. If we assume that diamond oxidation occurs at higher pressures via a similar mechanism, then a decrease in the rate of diamond resorption with increasing pressure in fluid systems may be explained using the principles of chemical kinetics. As long as the free fluid phase is stable, increasing pressure is known to shift the equilibrium of the reactions involving gaseous substances towards a smaller total number of gas moles. In the diamond oxidation reaction, two moles of water give three moles of gaseous reaction products. In this case, an increase in pressure in the reaction system will shift the equilibrium to the right side of the equation, and then the reaction rate should decrease. However, these considerations are not applicable to diamond resorption in CO2- and H2O-bearing silicate–carbonate melts because there is no free fluid phase in the samples before and after dissolution. In this case, a decrease in the resorption rate with increasing pressure may be associated with changes in the dissolution form of water and CO2 in a melt. The addition of molecular CO2 (as oxalic acid) into the system ensured the emergence of magnesite in it and the formation of a carbonate–silicate melt depleted in SiO2. Water dissolves in silicate melts mainly as molecular H2O at low pressure and hydroxyl species at high pressure [51,52,53]. Silicate melts can dissolve CO2 as carbonate and molecular CO2 species [52,54]. Molecular CO2 in a carbonate-silicate melt can be converted to carbonate particles, as the concentration of SiO2 in it increases according to a homogeneous reaction [55]:


CO2 + 2Qn(Mm+) ↔ CO32−(Mm+) + 2Qn+1



(1)




where Qn is a silica tetrahedron linked by bridging O atoms to n adjacent tetrahedra (zero n corresponds to an isolated SiO4 tetrahedron); Mm+ indicates alkali or alkali Earth cations associated with non-bridging oxygen in Qn species and with oxygen in the CO32− complex. The decrease in the resorption rate in our experiments after oxalic acid had been added (the Ud-OA and GS-OA systems) as compared to the experiments with water added (the Ud-H2O and GS-H2O systems) is apparently associated with a lower concentration of water in these melts, which was about 2 wt% in the Ud-OA and GS-OA systems.



The resorption rates obtained at 1200 °C and 1400 °C under redox conditions of RRO buffer allow us to estimate the effective energy of diamond resorption in the studied systems. As we have already noted, the estimation of the activation energies of the resorption process was only preliminary due to the scatter of diamond resorption rates determined by us in this work and in previous studies at a pressure of 1.0–3.0 GPa [43,44]. Figure 11b shows the Arrhenius plot for the results. The graphically determined activation energies are presented in Table 4. The activation energy of diamond resorption in water-bearing melts is approximately 215–240 kJ/mol, which is significantly higher than the activation energy in H2O- and CO2-bearing melts (120–170 kJ/mol). It is interesting to compare the new findings with our earlier data on the activation energy of diamond resorption under similar conditions in the same systems, but at a pressure of 3.0 GPa [23]. The activation energy of the process remained unchanged only for diamond resorption in a water-bearing carbonatite melt (the GS-H2O system). The constancy of the activation energy in this system may be indicative of the invariability of the diamond resorption mechanism at 3.0 and 6.3 GPa. A twofold decrease in the resorption rate with rising pressure is apparently associated with the kinetics of the diamond oxidation reaction. In the other studied systems, both a decrease (the Ud-OA and GS-OA systems) and an increase (the Ud-H2O system) in the activation energy were observed. In this case, an increase in pressure is accompanied by a decrease in the resorption rates in all systems. The highest activation energy (425 kJ/mol) and higher rates were found for diamond resorption in an aqueous fluid at 1 GPa [43]. Large variations in the effective activation energies of diamond resorption are apparently associated with the features of diamond resorption mechanisms, depending on the bulk composition of melts, P–T–fO2 conditions, and individual characteristics of crystals. Discussion of these issues is a rather non-trivial task and lies beyond the scope of this article.




4.3. Natural Resorption of Diamond


Our findings on the rates and features of diamond resorption in carbonate and carbonate–silicate melts in a wide range of pressures provide genetic information about the processes and mechanisms of natural diamond dissolution. Diamond resorption with the formation of tetrahexahedroids in nature might occur in the entire time interval, from the moment of their emergence in the mantle to their removal by magma to the surface. Diamond crystallization under mantle conditions at a pressure of 6 GPa and temperature of 1400 °C was experimentally implemented in various model systems (e.g., reviews [11,56]). Diamond growth can periodically give way to the partial resorption of crystals. The latter may lead to significant morphological changes, including the formation of rounded diamonds. Our findings indicate that resorption might occur over a long period of time at relatively low rates. It might be caused by mantle metasomatism with the involvement of oxidizing agents with fO2 above CCO. The possibility of this process is confirmed by the findings of oxidized mantle metasomatic rocks [57,58]. In upper mantle settings, carbonatite melts or fluids may be such oxidized metasomatic agents [59,60].



The well-known large type IIa and IIb gem diamonds from South African kimberlite deposits and kimberlites in Lesotho are the most vivid example of significant mantle resorption of diamond [61,62,63]. Weighing several hundred carats, these diamonds have a rounded dodecahedral habit (tetrahexahedroids). Consider, for example, the famous 550-carat blue diamond called the Letšeng Star. According to the experimental data, flat-faced diamond crystals are transformed into such spherical tetrahexahedroids upon the resorption of at least 45% of their initial weight [15,64]. Therefore, the Letšeng Star diamond was formed from an initial crystal with a weight of about 1380 carats. According to the experimentally determined resorption rates [23], an octahedral diamond crystal with an initial weight of 1380 carats in a water-bearing carbonate–silicate melt at 3 GPa, 1400 °C and fO2 = NNO ± 1.5 log units would lose 45% of its original weight and would be transformed into a spherical tetrahexahedroid weighing about 550 carats over a period of more than 6 months. At a pressure of 6.3 GPa and other parameters being the same, the time of diamond resorption to be transformed into a spherical tetrahexahedroid should be at least two years. If two years is an insignificant period for mantle residence, 6 months, apparently, is an unreasonably long time for the kimberlite magma ascent.



At the initial stage of the formation of kimberlite melts, when their composition was close to that of volatile-rich carbonatites [65,66], both the crystallization and resorption of diamond may occur depending on the redox conditions and carbon content. COH-fluids and alkali-enriched essentially carbonate melts depleted in SiO2 were experimentally shown to be capable of providing diamond growth at temperatures of 1400–1500 °C and pressures of 6.3–7.5 GPa [67,68,69]. At similar parameters and fO2 above the CCO buffer in a melt, diamond might undergo significant resorption. Our studies have demonstrated that water-bearing carbonatite melts are the most active media with respect to diamonds under these conditions. Diamond resorption continued at an ever-increasing rate as volatile-rich kimberlite magma rose to depths of about 100 km. At pressures less than 3 GPa, after boiling up of kimberlite magma, a free fluid should have appeared, which apparently is the main agent of diamond resorption. As experimentally shown by Fedorchouk et al. [43], volatile-undersaturated carbonate–silicate melts cannot cause diamond resorption at a pressure of 1 GPa. However, it is difficult to expect significant changes in the morphology of transported diamonds after the boiling up of kimberlite magma, due to the high rate of its rise, even at the maximum resorption rates detected at a pressure of 1 GPa.





5. Conclusions


Therefore, we have found that rounded diamond tetrahexahedroids, similar to natural rounded diamonds, can be formed at pressures from 1 GPa to 6.3 GPa and temperatures from 1200 °C to 1500 °C. The rate of transformation of an initial octahedral crystal into a spherical tetrahexahedroid increases as the resorbing medium changes from a fluid to a H2O- and CO2-bearing carbonate–silicate melt. The rate of diamond resorption was experimentally shown to steadily decrease as pressure increased from 1 GPa to 6.3 GPa. Based on the experimental findings, we suggest that the resorption of the natural diamond may occur within the entire time interval, from the moment of diamond crystal formation in the mantle until the moment of their removal to the surface. During mantle metasomatism, as fO2 and the agent composition changed, the stage of diamond crystallization might periodically have been replaced by the stage of partial or significant resorption. The resorption process that occurred for a long time, even at relatively low rates, might lead to the formation of rounded diamonds. Mantle metasomatism by the oxidized agent and the initial stages of kimberlite magma ascent might contribute most significantly to diamond resorption and the formation of their tetrahexahedral shape.
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Figure 1. P–T parameters of the experiments on diamond resorption under mantle conditions. Red stars indicate the experiments of this work. Additionally, the conditions of previous experiments are given: an open square—kimberlite–H2O and carbonatite–H2O systems [18]; solid squares—the synthetic CaO-MgO-SiO2-CO2-H2O system [2]; open stars—carbonates ± H2O± CO2 [16]; an open circle—CaCO3 melt [14]; solid circles—H2O fluid [12]; an open rhombus—the CaCO3–H2O systems [17]; a solid rhombus—carbonates–H2O and diopside–H2O systems [19]; and bold horizontal bar—the alkaline basalt–H2O system [13]. Model conductive geotherms are presented according to Pollack and Chapman [21]. The equilibrium line graphite-diamond is presented according to Kennedy and Kennedy [22]. 
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Figure 2. Redox conditions of the experimental runs on diamond resorption at a pressure of 6.3 GPa. Red stars indicate the experiments of this work. The positions of the buffers, CCO and CW are given according to the following data: FMQ (fayalite–magnetite–quartz) and NNO (Ni-NiO) by Ballhaus et al. [24]; RRO (Re-ReO2) by Campbell et al. [25]; CW—water maximum by Foley [26]; HM (magnetite–hematite) and WM (wüstite–magnetite) by Kadik and Lukanin [27]; CCO—buffer equilibria by Frost and Wood [28]; IRM (ilmenite–rutile–magnetite) according to our data, see details in [29]. In addition, the conditions of previous experiments are given, in which the oxygen fugacity in the samples was controlled: open circles—the kimberlite–H2O and carbonatite–H2O systems at 6.3 GPa [18]; solid circles—the synthetic CaO-MgO-SiO2-CO2-H2O system at 6.0 GPa [2]. 
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Figure 3. Micrographs of the capsules after the experiments. (a) A Pt ampoule with Re lining (run no. 1666_3_3, Ud-H2O system); (b) Au ampoule with internal IRM buffer (run no. 2223_2_3, Ud-OA system). 
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Figure 4. SEM images of the samples after the experiments. (a) Ud-H2O system, Re-ReO2 buffer, run no. 1666_3_3; (b) Ud-OA system, Re-ReO2 buffer, run no. 1294_7_5; (c) quenched melt, GS-OA system, run no. 1294_7_6; and (d) quenched melt, GS-H2O system, run no. 2223_2_6. 
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Figure 5. The compositions of the quenched carbonate–silicate melts obtained in experimental runs on the resorption of diamond crystals using kimberlite (Ud) and carbonatite (GS) with additions of H2O or oxalic acid (OA) under various redox conditions. 
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Figure 6. DIC images (a,c,e,g) and cross-sectional profiles (b,d,f,h) of typical trigons on the octahedral faces of diamond crystals after the experiments: (a–d) point-bottomed trigons; (e–h) flat-bottomed trigons. 
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Figure 7. DIC images of {111} faces of one diamond crystal after resorption in the GS-H2O system (run no. 1176_5_2): (a) the face without trigons; (b) the face with a small number of large trigons; (c) the face with many small trigons. 






Figure 7. DIC images of {111} faces of one diamond crystal after resorption in the GS-H2O system (run no. 1176_5_2): (a) the face without trigons; (b) the face with a small number of large trigons; (c) the face with many small trigons.



[image: Minerals 12 00414 g007]







[image: Minerals 12 00414 g008 550] 





Figure 8. Micrographs of diamond crystals after partial resorption in the Ud-H2O and Ud-OA systems. (a) Octahedral crystal without resorption patterns from experimental run no. 1753_1 and (b) its face in reflected light; (c) crystal from experimental run no. 1176_5_2 and (d) its (111) face in reflected light; (e) crystal from experimental run no. 1294_7_5 and (f) its (111) face in reflected light; (g) crystal from experimental run no. 1666_3_3 and (h) its (111) face in reflected light; (i) crystal from experimental run no. 2223_2_3 and (j) its (111) face in reflected light; (k) tetrahexahedroid from experimental run 2223_2_1 and (l) the fragment of its surface; (m) crystal from experimental run no. 704_8_2 and (n) its (111) face in reflected light; (o) tetrahexahedroid crystal from experimental run no. 704_8_1 and (p) a fragment of its surface. WL—weight loss of diamond. 
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Figure 9. Micrographs of diamond crystals resorbed to varying degrees in GS-H2O and GS-OA systems. (a) Slightly resorbed octahedron from run no. 2178_2_5 and (b) its (111) face in reflector light; (c) crystal from run no. 1176_5_2 and (d) its (111) face in reflected light; (e) crystal from run no. 1294_7_6 and (f) its (111) face in reflected light; (g) crystal from run no. 1666_3_4 and (h) its (111) face in reflected light; (i) crystal from run no. 2223_2_7 and (j) its (111) face in reflected light; (k) tetrahexahedroid with mirror-smooth surface from run no. 2223_2_5 and (l) fragment its surface; (m) tetrahexahedroid from run no. 706_8_2 and (n) fragment its surface; (o) crystal from run 706_8_1 and (p) fragment of its tetrahexahedroid surface. WL—weight loss of diamond. 
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Figure 10. The resorption rate of octahedral crystals of natural diamond in experimental runs at 1200 °C and 6.3 GPa depending on fO2. Solid squares—Ud-H2O system; open squares—the Ud-OA system; solid circles—the GS-H2O system; and open circles—the GS-OA system. Vertical bars show the range of dissolution rates for two diamond crystals. 
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Figure 11. Temperature dependence of diamond resorption rates (a) and the Arrhenius plot (b) of the resorption rates under redox conditions controlled by RRO buffer: solid squares—the Ud-H2O system; open squares—the Ud-OA system; solid circles—the GS-H2O system; and open circles—the GS-OA system. 
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Figure 12. The pressure dependence of the diamond resorption rate at 1200 °C and 1400 °C and oxygen fugacity corresponding to the NNO buffer. The results of this study and according to the data reported in [23]: solid squares—the Ud-H2O system; open squares—the Ud-OA system; solid circles—the GS-H2O system; and open circles—the GS-OA system. Solid stars—resorption of diamond in H2O and CO2 fluids according to Fedortchouk et al. [43]; open stars—resorption of diamond in H2O fluids according to Zang et al. [44]; solid rhombi—resorption of diamond in the Ud-H2O system according to Sokol et al. [18]. Degassing pressure of ascending kimberlitic magma at pressures of 2–3 GPa is based on the data reported in [50]. The values of diamond resorption rates at 3 GPa according to Khokhryakov et al. [23]. 
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Table 1. Initial compositions of the systems used in the experiments on diamond resorption.
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	GS-H2O
	GS-OA
	Ud-H2O
	Ud-OA





	SiO2
	0.56
	0.57
	25.03
	25.19



	TiO2
	0.02
	0.02
	1.23
	1.24



	Al2O3
	0.66
	0.67
	2.67
	2.68



	Cr2O3
	-
	-
	0.11
	0.11



	Fe2O3
	-
	-
	2.82
	2.84



	FeO
	3.61
	3.63
	4.58
	4.61



	MnO
	-
	-
	0.14
	0.14



	NiO
	-
	-
	0.19
	0.19



	MgO
	4.34
	4.36
	25.18
	25.33



	CaO
	14.25
	14.34
	12.12
	12.19



	Na2O
	0.16
	0.16
	2.33
	2.34



	K2O
	28.45
	28.64
	1.67
	1.68



	H2O
	9.09
	1.83
	11.36
	4.11



	P2O5
	-
	-
	0.37
	0.38



	CO2
	38.85
	45.78
	8.58
	15.34



	S
	-
	-
	0.30
	0.30



	F
	-
	-
	0.13
	0.13



	Cl
	-
	-
	1.20
	1.21



	Total
	99.99
	100.00
	100
	100
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Table 2. Experimental conditions and weight fractions of the synthesized phases.
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Run No.

	
T (°C)

	
Duration (h)

	
fO2

	
Capsule

	
Outer

Container

	
Ol

	
Grt

	
Cpx

	
Opx

	
Mst

	
Prv

	
Liq






	
Ud-H2O system




	
704_8_1

	
1400

	
5

	
RRO

	
Pt+Re

	
Fe2O3

	
0.26

	
0.13

	
0.05

	
-

	
-

	
-

	
0.56




	
1176_5_1

	
1200

	
40

	
CW-CCO

	
Pt+Re

	
no

	
0.39

	
0.08

	
0.03

	
-

	
-

	
0.01

	
0.49




	
1666_3_3

	
1200

	
10

	
RRO

	
Pt+Re

	
Fe2O3

	
0.4

	
0.08

	
0.03

	
-

	
-

	
0.01

	
0.47




	
2223_2_1

	
1200

	
10

	
IRM

	
Au

	
no

	
0.34

	
-

	
0.16

	
-

	
-

	
-

	
0.5




	
Ud-OA system




	
704_8_2

	
1400

	
5

	
RRO

	
Pt+Re

	
Fe2O3

	
0.09

	
-

	
0.37

	
-

	
0.26

	
-

	
0.28




	
1753_1

	
1200

	
40

	
CW-CCO

	
Pt+Re

	
no

	
n.d

	
n.d

	
n.d

	
n.d

	
n.d

	
n.d

	
n.d




	
1294_7_5

	
1200

	
10

	
RRO

	
Pt+Re

	
Fe2O3

	
0.04

	
0.01

	
0.36

	
0.03

	
0.35

	
0.01

	
0.2




	
2223_2_3

	
1200

	
10

	
IRM

	
Au

	
no

	
-

	
0.01

	
-

	
0.43

	
-

	
-

	
0.56




	
GS-H2O system




	
706_8_1

	
1400

	
5

	
RRO

	
Pt+Re

	
Fe2O3

	
-

	
-

	
-

	
-

	
-

	
-

	
1




	
1176_5_2

	
1200

	
40

	
CW-CCO

	
Pt+Re

	
no

	
-

	
-

	
-

	
-

	
-

	
-

	
1




	
1666_3_4

	
1200

	
10

	
RRO

	
Pt+Re

	
Fe2O3

	
-

	
-

	
-

	
-

	
-

	
-

	
1




	
2223_2_5

	
1200

	
10

	
IRM

	
Au

	
no

	
-

	
-

	
-

	
-

	
-

	
-

	
1




	
GS-OA system




	
706_8_2

	
1400

	
5

	
RRO

	
Pt+Re

	
Fe2O3

	
-

	
-

	
-

	
-

	
-

	
-

	
1




	
2178_2_5

	
1200

	
40

	
CW-CCO

	
Pt+Re

	
no

	
-

	
-

	
-

	
-

	
-

	
-

	
1




	
1294_7_6

	
1200

	
10

	
RRO

	
Pt+Re

	
Fe2O3

	
-

	
-

	
-

	
-

	
-

	
-

	
1




	
2223_2_7

	
1200

	
10

	
IRM

	
Au

	
no

	
-

	
-

	
-

	
-

	
-

	
-

	
1








Pt+Re—Pt capsules lined with Re foil; -the phase is absent; n.d.—not determined; Ol—olivine; Opx—orthopyroxene; Cpx—clinopyroxene; Grt—garnet; Mst—magnesite; Prv—perovskite; Liq—melt.
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Table 3. Compositions of phases and melts in experiments on the dissolution of diamonds.






Table 3. Compositions of phases and melts in experiments on the dissolution of diamonds.





	
Run No.

	
T (°C)

Duration (h)

	
fO2

	
Phase

	
SiO2

	
TiO2

	
Al2O3

	
Cr2O3

	
FeO

	
MnO

	
NiO

	
MgO

	
CaO

	
Na2O

	
K2O

	
Total






	
Ud-H2O system




	
704_8_1

	
1400

5

	
RRO

	
Ol

	
41.1

	
-

	
-

	
-

	
7.37

	
-

	
0.3

	
51.1

	
-

	
-

	
-

	
99.87




	
Grt

	
42.3

	
0.9

	
19.68

	
2.57

	
4.61

	
-

	
-

	
18.7

	
10.7

	
-

	
-

	
99.46




	
Cpx

	
55.1

	
0.2

	
2.39

	
0.33

	
2.08

	
-

	
-

	
17.6

	
20.3

	
1.3

	
-

	
99.3




	
Liq

	
11.2

	
1.4

	
1.9

	
-

	
6.13

	
-

	
-

	
15.5

	
18.2

	
4.4

	
1.9

	
60.63




	
1176_5_1

	
1200

40

	
CW-CCO

	
Ol

	
40.3

	
-

	
-

	
-

	
9.1

	
-

	
0.2

	
49.5

	
0.2

	
0.2

	
-

	
99.5




	
Grt

	
40

	
2.8

	
17.3

	
1.13

	
7.34

	
0.3

	
-

	
12.7

	
17.3

	
0.3

	
-

	
99.17




	
Cpx

	
54.1

	
0.3

	
1.8

	
0.22

	
2.52

	
-

	
-

	
16.1

	
22.9

	
1.3

	
-

	
99.24




	

	
Prv

	
-

	
58.7

	
0.33

	
-

	
1.6

	
-

	
-

	
39.2

	
-

	
-

	
-

	
99.83




	

	
Liq

	
8.9

	
1

	
4.43

	
0.35

	
3.99

	
-

	
-

	
8.2

	
19.7

	
5.8

	
3.2

	
55.57




	
1666_3_3

	
1200

10

	
RRO

	
Ol

	
40.5

	
-

	
-

	
-

	
9.4

	
-

	
0.3

	
49.3

	
-

	
-

	
-

	
99.5




	
Grt

	
40.4

	
2.2

	
17.73

	
1.17

	
6.63

	
0.2

	
-

	
10.8

	
19.8

	
0.3

	
0.2

	
99.43




	
Cpx

	
54.2

	
0.3

	
1.86

	
0.32

	
2.19

	
-

	
-

	
16.2

	
22.9

	
1.1

	
-

	
99.07




	

	
Prv

	
-

	
57.9

	
0.31

	
-

	
2.2

	
-

	
-

	
39.4

	
-

	
-

	
-

	
99.81




	

	
Liq

	
8.1

	
-

	
2.18

	
-

	
1.74

	
-

	
-

	
7

	
18.7

	
4.4

	
2.7

	
44.82




	
2223_2_1

	
1200

10

	
IRM

	
Ol

	
40.2

	
-

	
-

	
-

	
10.53

	
-

	
0.2

	
48.6

	
0.1

	
-

	
-

	
99.63




	
Cpx

	
54.8

	
0.3

	
1.77

	
0.26

	
4.45

	
-

	
-

	
16.7

	
19.4

	
1.5

	
-

	
99.18




	
Liq

	
6.4

	
1

	
1.58

	
-

	
8.86

	
-

	
-

	
9.8

	
12.9

	
2.3

	
2.1

	
44.94




	
Ud-OA system




	
704_8_2

	
1400

5

	
RRO

	
Ol

	
40.7

	
-

	
-

	
-

	
9.83

	
-

	
0.3

	
48.9

	
0.1

	
-

	
-

	
99.83




	
Cpx

	
56

	
0.5

	
2.33

	
0.25

	
3.9

	
-

	
-

	
20.7

	
14.5

	
1.6

	
-

	
99.78




	
Mst

	
-

	
-

	
-

	
-

	
5.05

	
-

	
-

	
37.2

	
3.2

	
-

	
-

	
45.45




	
Liq

	
2.9

	
0.4

	
1.38

	
-

	
5.53

	
-

	
-

	
12.8

	
21.4

	
5.2

	
2.8

	
52.41




	
1294_7_5

	
1200

10

	
RRO

	
Ol

	
40.8

	
-

	
-

	
-

	
8.19

	
-

	
0.3

	
50.2

	
-

	
-

	
-

	
99.49




	
Cpx

	
54.6

	
0.3

	
2.58

	
0.5

	
2.67

	
-

	
-

	
17.4

	
19.5

	
1.5

	
-

	
99.05




	
Opx

	
56.1

	
-

	
3.02

	
0.38

	
4.9

	
-

	
-

	
34.1

	
0.5

	
-

	
-

	
99




	

	
Grt

	
41.8

	
1.78

	
20.16

	
1.06

	
7.67

	
0

	
0

	
19.84

	
7.14

	
0

	
0

	
99.45




	

	
Mst

	
-

	
-

	
-

	
-

	
4.37

	
-

	
-

	
37.6

	
1.7

	
-

	
-

	
43.67




	

	
Prv

	
-

	
54.21

	
0

	
0.72

	
2

	
0

	
-

	
1.48

	
38.9

	
1.42

	
0.48

	
99.21




	

	
Liq

	
9

	
0.2

	
1.05

	
-

	
3.72

	
-

	
-

	
9.7

	
18.9

	
10.1

	
3.5

	
56.17




	
2223_2_3

	
1200

10

	
IRM

	
Opx

	
56.1

	
-

	
0.79

	
-

	
9.82

	
-

	
-

	
31

	
1.2

	
0.3

	
-

	
99.21




	
Grt

	
42.5

	
1.4

	
18.88

	
1.68

	
14.81

	
0.3

	
-

	
15.4

	
5.1

	
0.2

	
-

	
100.27




	
Liq

	
5.5

	
1.6

	
1.62

	
-

	
12.81

	
-

	
-

	
6.7

	
9.3

	
2.9

	
1.6

	
42.03




	
GS-H2O system




	
706_8_1

	
1400

5

	
RRO

	
Liq

	
0.7

	
-

	
0.85

	
-

	
3.32

	
-

	
-

	
3.7

	
14.9

	
0.4

	
26.5

	
50.37




	
1176_5_2

	
1200

40

	
CW-CCO

	
Liq

	
0.6

	
-

	
0.77

	
-

	
2.85

	
-

	
-

	
4

	
14.3

	
0.3

	
19.4

	
42.22




	
1666_3_4

	
1200

10

	
RRO

	
Liq

	
0.7

	
-

	
0.95

	
-

	
3.03

	
-

	
-

	
4.5

	
16.4

	
-

	
29.2

	
54.78




	
2223_2_5

	
1200

10

	
IRM

	
Liq

	
2.1

	
2.2

	
0.5

	
-

	
14.14

	
-

	
-

	
2.7

	
12.1

	
-

	
24.1

	
57.84




	
GS-OA system




	
706_8_2

	
1400

5

	
RRO

	
Liq

	
1.8

	
-

	
1.96

	
-

	
3.68

	
-

	
-

	
4.4

	
16.8

	
0.5

	
18.5

	
47.64




	
1294_7_6

	
1200

10

	
RRO

	
Liq

	
0.7

	
-

	
0.82

	
-

	
3.42

	
-

	
-

	
3.8

	
14.2

	
0.3

	
22.6

	
45.84




	
2223_2_7

	
1200

10

	
IRM

	
Liq

	
1.9

	
1.9

	
0.47

	
-

	
17.68

	
0.3

	
-

	
2.8

	
11

	
-

	
22.7

	
58.75
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Table 4. Experimental findings on diamond resorption.
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Run No.

	
T (°C)

	
Duration (h)

	
fO2

	
Diamond




	
Initial Weight (mg)

	
Final Weight (mg)

	
WL

%

	
V






	
Ud-H2O system




	
704_8_1

	
1400

	
5

	
RRO

	
0.31

	
0.16

	
48

	
0.369




	
0.31

	
0.11

	
65

	
0.488




	
1176_5_1

	
1200

	
40

	
CW-CCO

	
0.33

	
0.29

	
12

	
0.011




	
0.33

	
0.28

	
15

	
0.014




	
1666_3_3

	
1200

	
10

	
RRO

	
0.30

	
0.26

	
13

	
0.048




	
0.30

	
0.25

	
16.5

	
0.060




	
2223_2_1

	
1200

	
10

	
IRM

	
0.36

	
0.21

	
42

	
0.170




	
Ud-OA system




	
704_8_2

	
1400

	
5

	
RRO

	
0.29

	
0.23

	
21

	
0.148




	
0.29

	
0.24

	
17

	
0.123




	
1753_1

	
1200

	
40

	
CW-CCO

	
0.40

	
0.40

	
0

	
0




	
1294_7_5

	
1200

	
10

	
RRO

	
0.27

	
0.24

	
11

	
0.037




	
0.27

	
0.23

	
15

	
0.049




	
2223_2_3

	
1200

	
10

	
IRM

	
0.39

	
0.33

	
15

	
0.066




	
2223_2_4

	
1200

	
10

	
IRM

	
0.39

	
0.34

	
13

	
0.055




	
GS-H2O system




	
706_8_1

	
1400

	
5

	
RRO

	
0.34

	
0.05

	
85

	
0.672




	
0.34

	
0.01

	
97

	
0.764




	
1176_5_2

	
1200

	
40

	
CW-CCO

	
0.30

	
0.26

	
13

	
0.012




	
0.30

	
0.25

	
17

	
0.015




	
1666_3_4

	
1200

	
10

	
RRO

	
0.30

	
0.24

	
20

	
0.072




	
0.30

	
0.22

	
27

	
0.980




	
2223_2_5

	
1200

	
10

	
IRM

	
0.36

	
0.24

	
33

	
0.136




	
GS-OA system




	
706_8_2

	
1400

	
5

	
RRO

	
0.25

	
0.13

	
48

	
0.308




	
0.25

	
0.01

	
96

	
0.615




	
2178_2_5

	
1200

	
40

	
CW-CCO

	
0.38

	
0.38

	
˂2

	
˂0.003




	
1294_7_6

	
1200

	
10

	
RRO

	
0.30

	
0.22

	
27

	
0.096




	
0.30

	
0.24

	
20

	
0.072




	
2223_2_7

	
1200

	
10

	
IRM

	
0,36

	
0,26

	
27

	
0.113




	
2223_2_8

	
1200

	
10

	
IRM

	
0.36

	
0.27

	
25

	
0.102








WL—weight loss of diamond; V—diamond resorption rate (mg/mm2min−1) ×103.
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Table 5. Activation energy of diamond resorption at fO2 = RRO buffer.






Table 5. Activation energy of diamond resorption at fO2 = RRO buffer.





	
Pressure, GPa

	
Activation Energy of Diamond Resorption, kJ/mol




	

	
Ud-H2O System

	
Ud-OA System

	
GS-H2O System

	
GS-OA System






	
3.0 1

	
125

	
195

	
240

	
260




	
6.3

	
215

	
120

	
240

	
170








1 Activation energy values from [23].
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