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Abstract:



In this study, we assess the diamond exploration potential of the northern East European Platform based on aeromagnetic survey results and the morphologic and geochemical analysis of 1513 grains of kimberlite indicator minerals (KIMs), such as purple pyrope garnet, olivine, and Cr-diopside. These minerals were recovered from samples collected from modern river and stream sediments in four areas located in the north-eastern (within the Arkhangelsk Diamondiferous Province) and south-western (hundreds of kilometers outside of the Arkhangelsk Diamondiferous Province) parts of the Arkhangelsk region in the European part of Russia. All the studied areas are located within ancient cratons, including the Kola, Karelian, and Shenkursk cratons. Based on the major element compositions of the KIMs and thermobarometric calculations, this study confirms that the lithospheric mantle beneath the studied areas is suitable for the formation and preservation of diamonds. The high percentage of KIMs with primary magmatic grain surface morphologies is evidence of the presence of local kimberlite sources within all of the studied areas. The significant amount of diamond-associated KIMs indicates that the potential sources are diamondiferous. Hence, the results suggest that the studied areas can be recommended for further diamond prospecting activity with a high probability of discovering new diamondiferous kimberlites.
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1. Introduction


There are three main ages of kimberlite magmatism in the northern East European Platform: first, the Paleoproterozoic Kimozero (1.92 Ga) and Kostomuksha (1.2 Ga) kimberlites of central Karelia in Russia [1] and the Kuhmo-Lentiira (1.2 Ga) kimberlites in Finland [2]; second, the Neoproterozoic Kuusamo (757 ± 2 Ma) and Kaavi-Kuopio (626–589 Ma) kimberlites of eastern Finland [3,4,5]; and, third, the Devonian–upper Carboniferous kimberlites of the Terskii Coast (380–360 Ma; [6]), Timan Ridge [7] and Arkhangelsk Diamondiferous Province (ADP, 390–340 Ma; [8]) in the European part of Russia (Figure 1A,B). Most kimberlites contain low concentrations of diamonds and are currently economically unattractive. Within the ADP, only the kimberlites of the Lomonosov and Grib pipes are economically diamondiferous and are the main diamond deposits within the East European Platform. However, finds of diamonds are widespread within the territories of the northern East European Platform (Figure 1A). Moreover, several industrial diamond placers with unknown sources have been identified in intermediate deposits within the Middle Timan Ridge and modern alluvial sediments in the South Ural areas (Figure 1A). Numerous finds of diamonds and KIMs, as well as kimberlite fragments, have been identified within the Arkhangelsk region outside of the ADP, indicating the possibility of discovering new kimberlite pipes.


Figure 1. Location of of the northern East European Platform. (A) Tectonic terranes; (B) map of anomalous magnetic field ΔT.
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Here, we provide a new interpretation and visualization of geophysical data obtained from an aeromagnetic survey of the northern part of the East European Platform and present morphologic and geochemical results for kimberlite indicator minerals (KIMs) obtained from samples collected from modern river and stream sediments in the north-eastern (within the ADP) and south-western (hundreds of kilometers outside of the ADP) parts of the Arkhangelsk region. The data provide an opportunity to obtain insights into the diamond exploration potential of the northern East European Platform, particularly within the areas of the Arkhangelsk region, and to identify more prospecting localities.




2. Geological Background


Russia is a major diamond producer and is responsible for approximately 30% of the world’s diamond output each year [9]. Most of its diamond mines are located in the Siberian Craton within the boundaries of the semi-autonomous Sakha Republic (Yakutia). The Arkhangelsk region (with an area of ~590,000 km2)—particularly, the ADP (~19,000 km2) located in the northern portion of the European part of Russia—is the other major economically diamondiferous area.



The Devonian–upper Carboniferous ADP is a complex region of ultrabasic and basic magmatism dominated by kimberlite magmatism [10] and includes several magmatic fields: the Zolotitsa kimberlite field; the Kepino and the Verhotina fields of kimberlites and olivine melilitites; the Turiyno basaltic field; the Izhmozero field of olivine melilitite and picrite; and the Mela field of kimberlite and carbonatite [11,12] (Figure 2). To date, ~100 magmatic bodies are known within the ADP, including ~70 kimberlite pipes [11]. The kimberlites of the Zolotitsa field are compositionally similar to the South African Group II kimberlites, whereas the kimberlites of the Kepino, Verhotina, and Mela fields are enriched in Fe and Ti and compositionally similar to Group I kimberlites [13]. Six of the Zolotitsa kimberlites (i.e., the Lomonosov mine) and the V. Grib kimberlite pipe are rich in diamonds and economically exploitable. Two kimberlite pipes (Arkhangelskaya and Karpinskogo-1) of the Lomonosov deposit (operated by Alrosa, located in Arkhangelsk city, Russia) and the V. Grib pipe (operated by Otkritie Holding, located in Arkhangelsk city, Russia) are currently being mined [9]. The other ADP kimberlites, including four kimberlite pipes in the Zolotitsa field and other Fe–Ti-rich kimberlites, are diamond poor and uneconomic.


Figure 2. Map of anomalous magnetic field ΔT for the Arkhangelsk Diamondiferous Province (ADP). Magmatic field from [11].
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The Devonian–upper Carboniferous ADP magmatic rocks are present in the form of pipes, dykes, sills, and various combinations, and they intrude into Vendian sedimentary rocks (sandstones, siltstones, and mudstones) and are covered by middle Carboniferous to Permian terrigenous and carbonate rocks and unconsolidated Cenozoic sediments. The total thickness of the sedimentary cover varies, with a minimum thickness of 30–50 m in the western ADP and a maximum depth of 150–200 m in the eastern ADP. The structure of almost all of the magmatic bodies includes a crater that consists of various volcaniclastic, volcaniclastic–sedimentary, and sedimentary rocks, with abundant xenoliths of the terrigenous host rocks. The depth of the crater varies from 20–40 m to 200–300 m, with an average value of 100–150 m. Rare magmatic bodies have no crater facies (e.g., the pipes in the Izhmozero field and the Pomorskaya and Karpinskogo-2 pipes in the Zolotitsa field). Magmatic pipes in the central ADP contain abundant terrigenous and carbonate xenoliths of Cambrian and Ordovician ages, indicating the presence of sediments of these ages during the Devonian–late Carboniferous magmatism in the region and their subsequent erosion.




3. The Main Principles of Diamond Exploration


The geophysical and indicator mineral methods are the main tools for diamond exploration. Among the various geophysical methods, including seismic, gravity, and electromagnetic techniques, aeromagnetic survey is the main geophysical tool for diamond exploration. Low-resolution (1:200,000) aeromagnetic surveys covering large areas are used to identify major geological structures that are potentially related to kimberlite magmatism. The results of more-detailed medium-resolution (1:50,000–1:25,000) aeromagnetic surveys, together with the indicator mineral method, are used to identify prospecting areas that could host diamond-bearing kimberlites. High-resolution (1:10,000–1:5000) aeromagnetic surveys are used to identify local “geophysical” or “pipe-like” anomalies that could be potential kimberlites and that should be investigated further by drilling.



The indicator mineral method involves sampling surface materials (soils, stream sediments, till), recovering heavy minerals from the samples, and extracting and identifying possible KIMs. The most important indicator minerals for kimberlite exploration are pyrope, chromite, Mg-rich ilmenite (i.e., picroilmenite), Cr-diopside, and Mg-olivine (i.e., forsterite). Major and minor element analysis provides the ability to precisely identify KIMs and to determine the diamond potential of a source, as well as providing an indication of the composition of the underlying mantle and its suitability for the formation and preservation of diamonds [14].



The morphologic analysis of KIMs, i.e., characterization of the grains (e.g., size, surface texture, surface coating, and angularity), is a powerful tool for determining (1) the proximity of these KIMs to their primary source, i.e., whether they have experienced short- or long-distance transport; (2) the kind of transport, i.e., alluvial or secondary/intermediate deposits; (3) the extent of mechanical abrasion; and (4) the degree of intactness, i.e., whether they have primary magmatic features without evidence of mechanical abrasion. Combining the results obtained from the geophysical and indicator mineral methods and considering the geomorphic, stratigraphic, tectonic, and geological history of the studied province provide the ability to locate potential areas for diamond exploration.




4. Geophysical Data


The initial materials for this study include 650 maps (scale of 1:200,000) of the anomalous magnetic field (ΔT) in the northern territories of the European part of Russia from the border with Finland to the Ural Mountains and from the northern Baltic Shield to 56° north latitude. The maps were published on the basis of aeromagnetic surveys performed in the 1950s–1990s. All maps were digitized, vectorized, and consolidated into one project. The processing of the materials was performed using the software package “Proex-geology”, which is an automated system for the complex processing of geological and geophysical data for prospecting of deposits and was developed by Proex Service Ltd., located in Arkhangelsk city, Russia (Certificate of Rospatent No. 2004610060). The result is presented in Figure 1B. A number of large segments of the Earth’s crust are clearly identified in the geomagnetic fields, including cratons (Kola, Karelia, Shenkursk, Volga-Ural, and Sysol), median massifs (Arkhangelsk, Pesha, and Bashkir), and large linear structures (e.g., Vetreny Poyas (Windy Belt), Timan, and the Mid-Russian aulacogen). Notably, the Shenkursk, Volga-Ural, and Sysol cratons, as well as the Pesha, and Bashkir median massifs, have not been previously distinguished. The interpretation of the aeromagnetic data and the gravity and seismic data indicates that the ADP occurs within the southern part of the Kola Craton (or Kola Continent, after [15]), which is covered by platform sediments with no exposed basement crystalline rocks.



As shown in Figure 1, localization of known kimberlite pipes, as well as finds of diamonds, KIMs, and kimberlite fragments, occurs within the ancient cratons and median massifs in most cases. Therefore, the Shenkursk Craton, Arkhangelsk median massif, and the south-eastern part of the Karelian Craton are expected to be the most promising areas for future prospecting, thereby clarifying the possibilities for new kimberlite pipe discoveries. This hypothesis is corroborated by the numerous finds of diamonds, KIMs, and kimberlite fragments within these areas and the lack of closely located magmatic pipes. However, the southern part of the ADP also can be regarded as a potential new kimberlite discovery area based on geophysical evidence. As shown in Figure 2, numerous submeridional linear structures, which in most cases control the location of magmatic pipes, are present in all portions of the ADP. The southern parts of the linear structures, controlling the Lomonosov diamond deposit and the Turiyno basaltic pipes, could hold potential for the discovery of new kimberlite pipes.




5. Sample Location, Collection, and Methods


The four studied areas (abbreviated L, S, P, and K) are shown in Figure 1A and . The ‘L’ and ‘S’ areas are located in the southern part of the Arkhangelsk region, hundreds of kilometers outside of the ADP. The ‘L’ area (7284 km2) is situated within the SE part of the Karelian Craton on the border with the Republic of Karelia. The ‘S’ area (5673 km2) is situated in the western part of the Shenkursk Craton. The ‘P’ (716 km2) and ‘K’ (1978 km2) areas are located on the southern border of the ADP.



The following numbers of samples were collected from modern river and stream sediments in the studied areas: 1711 samples from the ‘L’ area; 2938 samples from the ‘S’ area; 904 samples from the ‘P’ area; and 788 samples from the ‘K’ area. A total of 6341 samples were collected during three years of field seasons from modern river and stream sediments. Unpanned wet sample weights typically ranged from 46 to 57 kg. Each sample was processed for heavy minerals on site using the panning method. Then, the resultant concentrates were processed via magnetic and heavy liquid separation in the “Bronnitskaya Geological and Geochemical Expedition” laboratory at the Institute of Mineralogy, Geochemistry and Crystallochemistry of Rare Elements (Moscow, Russia). Using a binocular microscope, the mineral concentrates were picked for KIMs (specifically, pyrope, olivine, and Cr-diopside). In total, 3500 mineral grains were picked and subjected to morphologic study and microprobe analysis. The study of KIM morphology was conducted using a MIRA 3 LMU (Tescan Ltd.) SEM equipped with an INCA Energy 450 XMax-80 EDS (Oxford Instruments Ltd.) at the Sobolev Institute of Geology and Mineralogy, Siberian Branch Russian Academy of Sciences (IGM SB RAS) Analytical Centre for Multi-element and Isotope Research (Novosibirsk, Russia). Then, the minerals were mounted in epoxy, polished, and analyzed to determine the major element compositions and Ni concentrations in pyrope. The major element compositions of the minerals were determined by electron probe microanalysis (EPMA) of polished sections using a JXA-8100 microanalyzer (JEOL, Tokyo, Japan) at the IGM SB RAS Analytical Centre for Multi-Element and Isotope Research (Novosibirsk, Russia). The operating conditions included an accelerating voltage of 20 kV, a beam current of 50 nA, and a spot size of 1 µm. Natural minerals from the IGM SB RAS reference collection were used as standards and analytical results were corrected using the ZAF correction program. The relative standard deviation did not exceed 1.5%. The detailed operation information is given in [16]. Ni concentrations in pyrope were analyzed with an accelerating voltage of 25 kV, a beam current of 300 nA, and a count time of 400 s for peaks and background [17]. Based on the microprobe analysis results, 1513 grains were identified as potential KIMs.




6. Results


6.1. Morphologic Study of KIMs


Three main types of surface morphologies were identified in the pyrope grains: primary magmatic (or pristine); chemically abraded; and mechanically abraded/modified (i.e., transported). The same morphologies, excluding the chemically abraded type, were identified in the olivine and Cr-diopside grains. The chemically abraded morphology is extremely rare due to the low degree of stability under chemical/hypergene conditions (i.e., in secondary deposits). Generally, the chemical/hypergene stability of KIMs increases with the following sequence: olivine, Cr-diopside, pyrope, picroilmenite, chromite, diamond [18]. As a result, olivine and Cr-diopside are practically absent in secondary deposits.



The primary magmatic morphology is recognized by pyramidal shingle-like relief or visible microrelief formed by minute “drops” and “tubercles” in SEM images (Figure 3A–F). Such minerals have been transported very short distances and are generally found within kimberlite eluvium and nearby aureoles [18,19,20]. The preservation of mineral intergrowths, kelyphitic rims, and inclusions is further evidence of the extremely limited transport distance and absence of mechanical abrasion of the grains. Therefore, locating grains with this morphology is extremely important for diamond exploration because this morphology is indicative of a local origin and nearby kimberlite pipe.


Figure 3. SEM images of Kimberlite Indicator Mineral (KIM) grains. (A–F) primary magmatic surface; (G,H) chemically abraded surface; (I–L) mechanically abraded surface. Pyr, pyrope; ol, olivine; crd, Cr-diopside.
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The chemically abraded pyrope morphology is recognized by distinctive “drop-like” relief during the first stages of the chemical corrosion process and the formation of cuboid grains during the final stages (Figure 3G,H). These pyrope grains could have formed only in a laterite-type weathering crust in ancient secondary deposits, formed after mineral transportation from the original point of formation (kimberlite) further to another point of deposition (sediments) [18]. The discovery of this morphology may be indicative of a potential diamond deposit in the form of an ancient placer type and may provide evidence on the age of the source. The latter is based on the fact that, within the Arkhangelsk region, pyrope grains with the chemically abraded type morphology were found in sedimentary rocks with ages ranging from the Ordovician-Silurian boundary to the Permian-Triassic boundary, thus limiting the age of the magmatic source.



The mechanically abraded KIM surface morphology is distinguished by smooth, uniform subrounded to rounded shapes (Figure 3I–L). Generally, the degree of mechanical abrasion can be divided into 5 categories (0 to 5) in the following way: 0–1: no evidence/low degree of abrasion, equivalent to the primary magmatic morphology; 2–3: moderate degree of abrasion (Figure 3I–K); and 4–5: strong degree of abrasion (Figure 3L). The interpretation of the degree of mechanical abrasion in KIMs depends on many factors (e.g., the initial size and shape of the grain and the type of abrasive material, [21]). The two main factors are listed below. The first factor is the abrasive stability of KIMs that increase in the following order: Cr-diopside, picroilmenite, olivine, pyrope, chromite, diamond. For example, the presence of pyrope grains with strongly mechanically abraded surfaces in the sample excludes the possibility of the presence of Cr-diopside, picroilmenite, and olivine from the same source. Under equal conditions of mechanical abrasion (e.g., distance, duration, and type of abrasive material), Cr-diopside, picroilmenite, and olivine break down more readily than pyrope. The second factor is the nature of the environment (i.e., continental or coastal marine) of halo formation. Heavily mechanically abraded surfaces of KIMs are not always evidence of long-distance transport and can instead be linked to mechanical abrasion during reciprocating motion (i.e., in a coastal marine environment) in areas even proximal to the source. The degree of mechanical abrasion clearly depends on the transport distance of KIMs from their origin in the case of alluvial transport (i.e., in a continental environment). Cr-diopside and olivine are generally assumed to not be transported significant distances from their source, whereas picroilmenite, pyrope, and chromite may be dispersed considerable distances from their point of origin [14]. Thus, the mechanically abraded morphology of KIMs can be interpreted in different ways, and the correctness of the interpretation depends on combining several factors, including the physicochemical characteristics of the KIMs, the geomorphology of the area, and paleogeographic reconstructions. Despite the problematic issues associated with identifying the source location, the study of KIMs with mechanically abraded surfaces cannot be ignored during diamond exploration because their presence in samples indicates the existence of a source within the area.



The percentages of KIMs with different grain morphologies within the four studied areas are presented in Table 1. As shown in Table 1, the percentage of KIMs with primary magmatic morphologies is extremely high for olivine (92–100%) and relatively high for pyrope (17–39%) in the samples from all areas. Pyrope with the chemically abraded morphology is common in the ‘P’ area samples (26%), rare in the ‘K’ area samples (8%), and approximately the same in the ‘L’ and ‘S’ area samples (14% and 18%, respectively). Cr-diopside with the primary magmatic morphology is relatively abundant in the southern area (‘L’ and ‘S’) samples (48% and 40%, respectively) and rare in the northern area (‘K’ and ‘P’) samples (12%). Nevertheless, the abundance of KIMs with primary magmatic morphologies, suggesting local derivation, is high enough to reasonably confirm the probable existence of unknown magmatic sources (possibly kimberlites) within or near the studied areas.


Table 1. The percentage (%) of KIM surface morphologies in the samples from the studied areas. P, primary magmatic; C, chemically abraded; M, mechanically abraded; N, number of grains analyzed.





	
Area

	
L

	
K

	
P

	
S




	
Surface Morphology

	
P

	
M

	
C

	
P

	
M

	
C

	
P

	
M

	
C

	
P

	
M

	
C






	
Pyrope

	
39

	
47

	
14

	
26

	
68

	
8

	
17

	
57

	
26

	
17

	
65

	
18




	
N pyrope

	
118

	
30

	
47

	
161




	
Olivine

	
100

	
-

	
-

	
92

	
8

	
-

	
100

	
-

	
-

	
100

	
-

	
-




	
N olivine

	
85

	
401

	

	
77

	

	

	
18

	




	
Cr-diopside

	
48

	
52

	
-

	
12

	
88

	
-

	
12

	
88

	
-

	
40

	
60

	
-




	
N Cr-diopside

	
67

	
113

	
237

	
159











6.2. Interpretation of KIM Microprobe Analyses


The major element compositions of the KIMs are presented in Supplementary Materials.



6.2.1. Pyrope


Pyrope is considered to be the most important KIM, and its chemistry is one of the best tools used in diamond exploration for identifying kimberlites and determining their potential to host diamonds [22,23,24,25,26,27].



The Cr2O3–CaO discrimination diagram [27] was used for pyrope classification. The results are presented in Figure 4A–D and Table 2. Lherzolitic pyrope (G9) predominates over other garnet varieties in the samples from all the areas, proportionally increasing in the following sequence: K (73%) < S (78%) < P and L (81%). The percentage of harzburgitic pyrope (G10) varies within the range of 6–17% and is highest in the ‘K’ area samples and lowest in the ‘S’ area samples. The percentage of pyrope with a diamond association (DA, i.e., high-chromium G9 and G10 pyrope [28,29,30]) is relatively high in the ‘K’ area samples (30%), moderate in the ‘L’ and ‘P’ area samples (21% and 17%, respectively), and relatively low in the ‘S’ area samples (11%). CaO-rich wehrlitic pyrope (G12) is present in samples from all areas and varies within the range of 2–10%. Only a small percentage of the pyrope is classified as Ti-rich Cr-poor megacrysts (2–6%). Pyrope of pyroxenitic paragenesis (1–3%) is observed only in the ‘S’ area samples. Single pyrope grains that are genetically linked to deformed peridotites [31], i.e., those with high-Ti and high-Cr compositions, are present in the samples from all areas (see Supplementary Materials). On the Cr2O3–Mg# diagram (Figure 4E), all the grains plot in the fields of the lherzolitic pyrope from the ADP diamondiferous kimberlites and the diamond-associated pyrope from the V. Grib kimberlite pipe [30].


Figure 4. Chemical composition of pyrope. (A–D) CaO–Cr2O3 diagram [27]. Diamond association, high-chromium G9 and G10 pyrope [28,29,30]; N, number of grains analyzed. (E) Mg# vs. Cr2O3, lherzolites of the ADP diamondiferous kimberlites [11,30,35,37,38,43]. (F) Distribution of TNi [32] for the pyrope of ‘K’, ‘P’, and ‘S’ areas. Graphite–diamond transition drawn based on the Cpx-derived geotherm.
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Table 2. The percentage (%) of pyrope paragenesis [25] in the samples from the studied areas. DA, diamond association [27]. N, number of grains analyzed.





	
Type

	
G1

	
G4

	
G5

	
G9

	
G10

	
G12

	
DA

	
N




	
Area

	

	

	

	

	

	

	

	






	
L

	
2

	
-

	
-

	
81

	
11

	
7

	
21

	
118




	
K

	
-

	
-

	
-

	
73

	
17

	
10

	
30

	
30




	
P

	
6

	
-

	
-

	
81

	
11

	
2

	
17

	
47




	
S

	
4

	
3

	
1

	
78

	
6

	
8

	
11

	
161










The TNi [32] histogram for pyrope is presented in Figure 4F. The highest temperature peak is within the range of 1000–1200 °C for the ‘K’ and ‘S’ areas and 1200–1400 °C for the ‘P’ area. Based on the T parameter values and the graphite–diamond transition boundary (obtained from the Cr-diopside geotherm; see below), the percentage of pyrope from the diamond stability field is 25–30% (‘K’, 30%; ‘P’, 26%; ‘S’, 28%).




6.2.2. Olivine


Olivine is the most common rock-forming mineral in kimberlites. However, it is also present in other lithologies. Despite applying the geochemical criteria for KIM identification, a portion of the olivine in the studied samples is surely or likely not related to kimberlites. Nevertheless, the occurrence of kimberlite-related olivine with other KIMs in the samples can play an important diagnostic role in kimberlite identification.



The Cr2O3/NiO and Cr2O3/Mg# diagrams (Figure 5A,B) were used to determine whether the olivine is derived from kimberlites. Most of the olivine (55–70%) from all the areas has Mg# values (magnesium numbers = 100Mg/(Mg + Fe)) that are greater than 95, which is not typical for kimberlitic olivine. To our knowledge, extremely Mg-rich olivine (Mg# 96) has been identified in association with kimberlites only in the form of several groundmass olivine grains in the Udachnaya kimberlites [33]. Olivine from the ADP kimberlites, mantle peridotites, and diamonds is characterized by Mg# values between 88 and 94, notable trace amounts of NiO, and Cr2O3 contents of >0.01 wt % (see Figure 5A–C; [11,34,35,36,37,38,39]). Therefore, olivine with extremely Mg-rich composition is ruled out as being potentially kimberlitic in the current stage of this study. The percentage of kimberlite-related olivine varies within the range of 15–45% and is highest in the ‘K’ area samples and lowest in the ‘L’, ‘S’, and ‘P’ area samples. The proportion of diamond-associated olivine [40] is 19–26% of kimberlitic olivine in the ‘L’, ‘K’, and ‘P area samples. None of the olivine grains from the ‘S’ area samples match the compositional field of diamond-associated olivine.


Figure 5. Major element composition of olivine. (A) Cr2O3–FeO diagram; (B) NiO–Mg# diagram; (C) distribution of Mg#, N, number of grains analyzed. DA, diamond association [40], Lomonosov and Grib kimberlites and peridotites [11,35,37,38,39], DI (inclusion in diamonds) from the Lomonosov and Grib [11,36], ADP melilitites [11].
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6.2.3. Cr-diopside


Similar to olivine, Cr-diopside is a less preserved KIM than garnet but, in association with other KIMs in the samples, can provide important information on kimberlite location and diamond potential. In addition, Cr-diopside is a very useful tool for evaluating the thermal state of the lithosphere and the depth at which the grains originated, as well as the lower boundary of the lithospheric mantle and the width of the “diamond window”.



All the Cr-diopside plots within the kimberlite indicator field in the [41] Wo–En–Fs diagram. In the Cr2O3–Al2O3 discrimination diagram [42], 16% of the grains do not match the “on-craton” garnet–peridotite field and, therefore, are ruled out as potentially kimberlitic Cr-diopside (Figure 6A). In the Cr2O3–CaO diagram (Figure 6B), all the potentially kimberlitic Cr-diopside plots within the field of Cr-diopside from the Lomonosov and Grib peridotites and kimberlites [11,35,37,38,43] and the field representative of Cr-diopside inclusions in diamonds [44], with the exception of 20 grains (Figure 6B). In total, the percentage of kimberlitic Cr-diopside is relatively high in samples from all of the areas and varies in the range of 64–78%.


Figure 6. Major element composition of Cr-diopside. (A) Cr2O3–Al2O3 diagram [38]; (B) Cr2O3–CaO diagram. Lomonosov and Grib kimberlites and peridotites [11,35,37,38,39], diamond inclusion field [44], DI (inclusion in diamonds) from the ADP [11].
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The results of single-clinopyroxene thermobarometry [45] are presented in Figure 7A–D. The majority of the P-T points for Cr-diopside from the ‘L’, ‘K’, and ‘S’ areas plot between the heat fluxes of 35 and 40 mW/m2 [46], similar to the ADP mantle samples [35,37,38,43]. The P-T points for Cr-diopside from the ‘P’ area clearly differ from those of the other areas and plot along the hot cratonic heat flux of 45 mW/m2. Based on the Cr-diopside thermobarometry, all the areas show continuous mantle sampling down to 160–180 km.


Figure 7. P-T data [45] for Cr-diopside. N, total grains analyzed. Reference geotherms [46]. (A) ‘L’ area; (B) ‘K’ area; (C) ‘P’ area; (D) ‘S’ area.
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7. Discussion


The finds of KIMs, diamonds, and kimberlite fragments are widespread within the northern territories of the East European Platform, likely indicating multiple sources, possibly of different ages. Almost all of these finds are within ancient cratons and median massif areas, which therefore can be regarded as high-priority locations for diamond prospecting activity. Potentially undiscovered diamondiferous kimberlite clusters could also reveal new magmatic events aside from those already recognized (Paleoproterozoic, Neoproterozoic, and Devonian–upper Carboniferous periods) in this region [47].



The southern areas of the Arkhangelsk region (‘L’ and ‘S’ areas) are of particular interest due to anomalously high KIM contents, their location within ancient cratons, and the lack of any known nearby magmatic bodies, including kimberlites. Generally, this region is poorly studied, making the results obtained from this study important for (1) understanding the possible presence of kimberlites and related rocks; (2) evaluating the composition, thermal state, and depth of the lithospheric mantle; and (3) testing the suitability of the underlying mantle to produce and preserve diamonds.



The kimberlites nearest the ‘L’ and ‘S’ areas, i.e., the Kimozero kimberlites, cannot be regarded as a possible source for the KIMs because of the almost complete absence of pyrope and Cr-diopside in the Kimozero kimberlite and the limitations imposed by the Onega Lake area on the Kimozero KIM distribution [48]. Also, KIMs obtained from the ‘L’ and ‘S’ area samples cannot have the same source due to geomorphologic differences. Therefore, several kimberlite sources are expected to exist within the two areas. The significant percentage (14–18%) of chemically abraded pyrope in the ‘L’ and ‘S’ area samples indicates that some intermediate deposits were eroded along with primary kimberlite sources, indicating the presence of kimberlite sources with different ages in the region. Additionally, the high proportions of olivine and Cr-diopside derived from non-kimberlitic mantle lithologies with primary magmatic morphologies may indicate the presence of several mafic–ultramafic bodies. The possible presence of kimberlites and related rocks in this region makes it potentially similar to the ADP.



Based on the pyrope composition data, the lithospheric mantle beneath the ‘L’ and ‘S’ areas is mostly composed of the garnet lherzolites with a minority of garnet harzburgites, dunites, and wehrlites. Cr-diopside thermobarometry delineated a mostly cold cratonic geotherm between 35 and 40 mW/m2, similar to the ADP lithospheric mantle, and the diamond stability field is encountered at temperatures of 800–1000 °C. The extrapolation of pyrope TNi data to the Cr-diopside-derived geotherm (see Supplementary Materials) provides evidence of continuous mantle sampling from 70 to 240 km beneath the ‘S’ area, with 28% of the pyrope grains originating from the diamond stability field. The Cr-diopside sampling is continuous down to 170–180 km beneath the ‘L’ and ‘S’ areas, with most of the grains originating from the graphite-bearing part of the mantle at 60–120 km. The percentages of Cr-diopside originating from the diamond stability field are 31% and 36% in the ‘L’ and ‘S’ area samples, respectively. The percentages of diamond-associated pyrope derived from diamondiferous depleted mantle harzburgite or dunite and lherzolite are 21% and 11% in the ‘L’ and ‘S’ area samples, respectively. In summary, the lithospheric mantle beneath the southern part of the Arkhangelsk region is similar to that beneath the main diamondiferous kimberlite regions worldwide, including the ADP, and is also suitable for the formation and preservation of diamonds. The percentage of diamond-associated KIMs emphasizes the likelihood that diamond-bearing kimberlites are located within the ‘L’ and ‘S’ areas.



The northern ‘K’ and ‘P’ areas of the Arkhangelsk region, located within the ancient Kola craton, are also characterized by anomalous abundances of KIMs. However, their position within the ADP and, therefore, their proximity to numerous magmatic pipes, including kimberlites, make the interpretation of these KIMs less simple than that of the southern area samples. The ADP kimberlites were likely the source of some of the KIMs identified in the samples from the ‘K’ and ‘P’ areas. Thus, the diamond potential of these areas can be concluded based on the interpretation of the KIMs, tectonic position, and geomorphologic features.



The potential sources for the ‘P’ area KIMs could be the proximal picritic and olivine melilitic pipes of the Izhmozero field located 10 km to the east, the Zolotitsa diamondiferous kimberlites located 40 km to the north-east, and/or the diamond-poor kimberlites and olivine melilitites of the Kepino field. However, all these candidates can be ruled out based on several lines of evidence. According to geomorphology analysis, KIMs from the Zolotitsa pipes are accepted to have spread in an east–west direction and have not spread to the south. A similar factor also applies to the Kepino pipes, from which the indicator minerals were transported in east–west directions and south-westward. The Izhmozero picrites and olivine melilitites could potentially be the source of some non-kimberlitic or doubtfully kimberlitic olivine with low Ni concentrations but cannot account for the abundance of KIMs identified in the ‘P’ area samples, as true KIMs are almost completely lacking in the Izhmozero magmatic bodies [12]. The presence of a significant amount (17%) of pyrope with primary magmatic morphologies is direct evidence of a local kimberlite source. The high percentage of chemically abraded pyrope (26%) indicates intense chemical erosion of secondary deposits within the ‘P’ area. Based on the pyrope composition data, the lithospheric mantle beneath the ‘P’ area is mostly composed of garnet lherzolites with a minority of garnet harzburgites and dunites. Cr-diopside thermobarometry indicates a hot cratonic geotherm of approximately 45 mW/m2, which is not typical for the ADP lithospheric mantle. However, such high-temperature Cr-diopside grains are numerous in some kimberlites of the Terskii Coast and Finland [49]. The Cr-diopside sampling is continuous in the range of 60–160 km, with 12% of the grains originating from the diamond stability field. The extrapolation of the pyrope TNi data to the Cr-diopside-derived geotherm (see Supplementary Materials) indicates mantle sampling in the ranges of 60–120 km and 150–200 km, with 23% of the pyrope grains originating from the diamond stability field. Considering the local origin of the KIMs and the significant diamond-associated percentage, this study concludes that there are several potentially diamond-hosting kimberlite pipes within the ‘P’ area.



For the ‘K’ area, the Kepino pipes are the most likely candidate for the majority of the mechanically abraded pyrope and Cr-diopside grains, as well as some of the olivine. Nevertheless, the presence of KIMs with primary magmatic morphologies suggests that the existence of a local kimberlite source should not be ruled out. The extremely high amount of kimberlitic olivine (180 grains) is not comparable to the amount of pyrope (30 grains, of which 8 grains have a primary magmatic morphology) identified in the samples, suggesting the existence of several local kimberlite sources, probably of different ages. The source of most of the olivine could be much younger than the pyrope source. This conclusion is supported by the absence of alteration in the olivine grains, which is not typical for the Devonian ADP kimberlites, in which altered olivine (mostly serpentinized and chloritized olivine) is significantly more abundant than unaltered olivine [11,35,37,38,39].



The composition of pyrope, collected within the ‘K’ area, suggests that the lithospheric mantle is mostly composed of garnet lherzolite with a minority of garnet harzburgite, dunite, and wehrlite. Cr-diopside thermobarometry indicates a mostly cold cratonic geotherm between 35 and 40 mW/m2, with continuous mantle sampling down to 170 km. The extrapolation of pyrope TNi data to the Cr-diopside-derived geotherm (see Supplementary Materials) suggests continuous mantle sampling down to 240 km, with 30% of the pyrope grains originating from the diamond stability field. Interestingly, if only the pyrope and Cr-diopside grains with primary magmatic morphologies are used in the evaluation of the composition, thermal state, and diamondiferous potential of the lithospheric mantle beneath the ‘K’ area, the results are similar to those obtained using all types of grains. The high percentage (22%) of diamond-associated olivine also confirms the diamondiferous potential of the lithospheric mantle beneath the ‘K’ area. The additional factor that makes the area attractive for diamond prospecting activity is the tectonic position. Numerous submeridional linear structures (i.e., fault zones) are present within all territories of the ‘K’ area. Most of the ADP magmatic pipes, including the diamondiferous kimberlites, are located within these linear structures. Therefore, these structures may contain undiscovered magmatic pipes and, based on the KIM data, are worthy of diamond exploration.




8. Conclusions


The results of this reconnaissance KIM study in combination with aeromagnetic survey data and analysis of the tectonic setting of areas in the northern East European Platform suggest that these areas have a high potential to host local kimberlite sources, some of which might contain diamonds. These areas are recommended for further diamond prospecting activity because of the high probability of discovering new diamondiferous kimberlites. The kimberlite sources might be of different ages, including Devonian–late Carboniferous and younger, and are probably Permian-Triassic. The southern areas of the Arkhangelsk region likely host a kimberlite province similar to the northern ADP.
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