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The com po si tion of spher ules and par ti cles of na tive met als from the Pivdenna kimberlite pipe, Ukraine, was stud ied us ing
the SEM/EDS method. Three va ri et ies of spher ules have been dis tin guished: ti ta nium-man ga nese-iron-sil i cate (TMIS)
spher ules, Ca-rich sil i cate spher ules, and mag ne tite-wustite-iron (MW-I) spher ules. TMIS spher ules are com posed of ho -
mo ge neous glass, some hav ing a na tive iron core. Large TMIS spher ules may con tain a crys tal line phase with nee dle-like
armalcolite. Ca-rich sil i cate spher ules can be sub di vided into two sub types: cal cium-sil i cate (CS) spher ules where SiO2

and CaO are the dom i nant con stit u ents, and cal cium-iron-sil i cate (CIS) spher ules with sig nif i cant FeO con tent. CS spher -
ules may con tain a core con sist ing of na tive phases (Fe, Fe-Si, and Mn-Si-Fe). Na tive metal par ti cles are rep re sented by
na tive Cu and na tive Zn. The spherule va ri et ies from the Pivdenna pipe are sim i lar to those from other kimberlite pipes in
the world. We in fer that the for ma tion of spher ules oc curred in gas-melt streams, sep a rately from the kimberlites, and pro -
pose a model for the for ma tion of the most com mon va ri ety of spher ules (TMIS and MW-I va ri et ies) in the re gion of the
core-man tle bound ary (CMB). First, a melt of the Fe-Ti-Mn-Si-O sys tem was formed in ul tra-low-ve loc ity zones (ULVZ) as
a re sult of thermochemical re ac tions (re duc tion) be tween the mol ten core and solid ox ide-sil i cate rocks. The melt then mi -
grates to shal lower lev els, where a de crease in tem per a ture ini ti ates ox i da tion with the for ma tion of SiO2-TiO2- FeO -
-MnO-Fe0 melt, i.e. par ent melt of TMIS and MW-I spher ules. We in ter pret the for ma tion of na tive met als in kimberlites as a 
re sult of the de com po si tion of ni trides, which came from the Earth’s core via intratelluric flows.

Key words: spher ules, kimberlites, na tive met als, core-man tle bound ary, ULVZ. 

INTRODUCTION

The late Latin word “spherule” is a di min u tive of the Latin
“sphaera”. In the sci en tific lit er a ture, it is used to de scribe small
spher i cal ob jects. In ge ol ogy, this term has a ge netic con no ta -
tion and is used to de fine spher i cal drop lets formed from a melt
or as con den sate from a va por ized sub stance (Hefferan and
O’Brien, 2010). Spher ules have been found in var i ous geo log i -
cal for ma tions around the world: in oce anic sed i ments of the
Pa cific (Robin et al., 1993), At lan tic and In dian oceans (Glass et 
al., 1985); on con ti nents in the K-T bound ary lay ers (Grachev et 
al., 2008) and in many other sed i men tary de pos its (Uzonyi et
al., 1998; Berczi et al., 1999; Firestone et al., 2007; Yatsenko et
al., 2013a). Spher ules have also been found in Antarctica ice
(Tay lor et al., 2000), Green land ice (El Coresy, 1968), the ice
cap of Novaya Zemlya (Badjukov and Jouko, 2003), and in de -
pos its as so ci ated with im pact ring struc tures (Fredriksson et al., 

1973; Hodge, 1973; Graup, 1981). Spher ules have also been
found in lu nar soil (Brown et al., 1970; Culler et al., 1997).
Broadly, the known spherule suite can be di vided into two main
types. The first, the so-called I-type, is made of iron ox ides and
may in cor po rate a core of na tive iron (El Coresy, 1968; Tay lor et 
al., 2000). Glassy spher ules are the sec ond type; in many
cases, glass spher ules may con tain a crys tal line phase (ol iv ine, 
pyroxene, and iron ox ides) within the glass ma trix. The two
main hy poth e ses on spherule or i gin are widely re ported. Some
au thors con sider them as a re sult of the ab la tion of ex tra-ter res -
trial par ti cles dur ing at mo spheric en try, while oth ers in ter pret
spher ules as the prod uct of the con den sa tion of evap o rated
mat ter dur ing im pact events. In most cases, it is dif fi cult to ac cu -
rately rec og nize the true na ture of such spher ules. In many
cases, the geo chem i cal char ac ter is tics of spher ules do not con -
firm their ex tra-ter res trial na ture, and many finds of spher ules
are dif fi cult to cor re late with dis tinc tive im pact events. More -
over, there are many oc cur rences where spher ules have been
in ter preted as the un equiv o cal prod ucts of mag matic pro cesses 
(O’Keefe, 1986; Rychagov et al., 1997; Peskov, 2000; Nov -
goro dova et al., 2003; Mor gan et al., 2004; Medvedev et al.,
2006; Lukin, 2006, 2013; Chaikovsky and Korotchenkova,
2012; Grif fin et al., 2018). * Corresponding author, e-mail: yatsenko.ivan1000@gmail.com

Received: September 15, 2022; accepted: January 12, 2023; first
published online: Ferbruary 27, 2023

https://doi.org/10.1111/j.1945-5100.2003.tb00269.x
https://doi.org/10.1126/science.167.3918.599
https://doi.org/10.1073/pnas.0706977104
https://doi.org/10.1134/S1069351308070069
https://doi.org/10.1134/S1069351308070069
https://doi.org/10.1016/0012-821X(81)90168-0
https://gq.pgi.gov.pl/article/view/25913/pdf
https://doi.org/10.1007/BF00564648
https://doi.org/10.1016/S0012-821X(03)00602-2
https://doi.org/10.1038/363615a0
https://doi.org/10.1111/j.1945-5100.2000.tb01450.x
https://doi.org/10.1111/j.1945-5100.2000.tb01450.x
https://doi.org/10.1111/j.1945-5100.2000.tb01450.x
https://doi.org/10.23939/jgd2013.02.072
https://doi.org/10.23939/jgd2013.02.072


This pa per pres ents the re sults of the study of spher ules
col lected from kimberlites of the Pivdenna pipe in East Azov re -
gion of the Ukraine. A dis tinc tive fea ture of this spherule suite is
that it in cludes a sig nif i cant num ber of trans par ent Ca-rich sil i -
cate spher ules (Vaganov et al., 1985; Bratus et al., 1987). We
have not en coun tered this spherule type in pre vi ously stud ied
kimberlites of the Ukrai nian Shield. We sum ma rized the pub -
lished in for ma tion on them and drawn to gether the re sults of
our pre vi ous stud ies of spher ules from kimberlite struc tures to
de scribe the gen eral char ac ter is tics of the kimberlite spherule
va ri et ies. We con sider ques tions re lated to the phys i cal mech a -
nism of spherule for ma tion and gen eral ques tions con cern ing
the re la tion ship be tween kimberlites and highly re duced min -
eral par ti cles such as spher ules. We pro pose a mod i fied model
for the for ma tion of the com mon est spherule types such as the
TMIS and MW-I va ri et ies. We also pro pose a pos si ble mech a -
nism for the for ma tion of Cu, Zn, Sn, and Pb me tal lic par ti cles,
which com monly oc cur in kim ber litic rocks.

PREVIOUS WORK

In this ar ti cle, we fo cus on the study of dis tinc tive spherule
types en coun tered in kimberlite rocks. Orig i nally, these spher -
ules were dis cov ered in the kimberlites of the Udachna pipe,
Yakutian dia mon di fer ous prov ince (Tatarintsev et al., 1983),
where three spherule types were iden ti fied. The first type com -
prises mag netic spher ules com posed of mag ne tite and wustite
with or with out a me tal lic iron core (MW-I spher ules). The sec -
ond type con sists of opaque spher ules and scoriaceous par ti -
cles of sil i cate glass with a sig nif i cant amount of TiO2, MnO and
FeO (TMIS spher ules). Some of these spher ules con tain an
iron core. Spherule glass may con tain Mn-il men ite, armalcolite,
rutile, and ulvöspinel microlites. The third type com prises
green ish trans par ent glass spher ules, some with in clu sions of
na tive iron. Spher ules of this last type can have dif fer ent sha -
pes: spher i cal, el lip ti cal, dumb bell-shaped, and tear drop-
 shaped. Marshintsev (1990) car ried out a more de tailed study
of spher ules from the kimberlites of the Yakutian prov ince (Mir,
Aikhal, and Udachna pipes), rec og niz ing that the third spherule
type is made of glass, where Ca is a dom i nant con stit u ent
(~40%) and a sig nif i cant amount of Al (10–12%) is pres ent.
Yatsenko (2016) coined the term cal cium-alu minium-sil i cate
spher ules (CAS) for this spherule type. Vaganov et al. (1985)
de scribed spher ules from the East Azov kimberlite pipes and
the Udachna pipe and spher ules from ex plo sive struc tures that
are in ter preted to be im pact struc tures (Kara, Belylivka, Illintsi
and Bovtyshka struc tures). In all cases, the same three types of 
spherule noted above were dis tin guished (Tatarintsev et al.,
1983; Marshintsev, 1990). De tailed geo chem i cal stud ies of
spher ules from di a mond-bear ing tuffisites of the West ern Urals
were de scribed by Chaikovsky and Korotchenkova (2012). The
au thors di vided the above types of spherule into many sub -
groups, and es ti mated the melt ing tem per a ture of var i ous types 
of glass spherule in the range from 1200 to 2100°C. Find ings of
MW-I, TMIS and CAS spherule va ri et ies col lected from the
kimberlites of the Catoca and Txiuzo pipes (An gola) were re -
ported by Zinchenko et al. (2012).

In our pre vi ous work, we de scribed spher ules found in
kimberlite-like struc tures of the Ukrai nian Shield (Mriya and
Zelenyi Gay pipes, Shchors dyke, and Gruz’ka-Pivnichna ex -
plo sive struc ture), kimberlites of the Arkhangelsk (Karpinska
pipe) and Yakutian dia mon di fer ous prov inces (Yatsenko et al.,
2012a, 2020; Yatsenko, 2016). The rocks of these struc tures
were found to con tain var i ous pro por tions of MW-I and TMIS

spher ules. The stud ies showed that in most cases, in as so ci a -
tion with spher ules, other va ri et ies of highly re duced min eral
par ti cle oc cur, in clud ing na tive met als (Cu, Zn, Sn, Pb) and their 
intermetallic al loys; ox y gen-free min er als (WC, SiC); and Ti co -
run dum with in clu sions of Fe, Fe-Si, Fe-Ti-Si, TiN, and TiC
phases (Yatsenko, 2016; Yatsenko et al., 2020). We have
grouped spher ules and other highly re duced min eral par ti cles
into one class of mat ter which termed the high-re duced man tle
min eral as so ci a tion (HRMMA). We have shown that the re -
quired con di tions for the for ma tion of HRMMA are very dif fi cult
to rec on cile with kimberlite for ma tion pro cesses. In the con cept
pro posed (Yatsenko, 2016; Yatsenko et al., 2020), the for ma -
tion of HRMMA is as so ci ated with thermochemical pro cesses in 
the low er most man tle (layer D’’).

GEOLOGICAL OVERVIEW

The Pivdenna kimberlite pipe to gether with other De vo nian
pipes such as Nadiya, Novolaspinska, Petrivska and also with
other kimberlite bod ies (dykes) form the Petrivsk-Kumachevo
kimberlite field (Geiko et al., 2006). This kimberlite field is lo -
cated in the north ern part of the East Azov subblock of the
Ukrai nian Shield, in the zone of its junc tion with the Donbas
(Fig. 1A, B). The pipe has an ir reg u lar “amoeboid” sur face plain
form, 150 to 300 m across, of sur face out crop ~2.2 ha in area
(Fig. 1C). The kimberlite body is over lain by Qua ter nary de pos -
its 8-10 m thick (Fig. 1D). Emplaced into syenites of the
Khlibodarivka Unit of the Paleoproterozoic are mas sive
kimberlites of Group 2 va ri ety (micaceous kimberlites en riched
in phlogopite) and kimberlite brec cias (Sheremet et al., 2014).
(Group 1 kimberlites are typ i fied by abun dant ol iv ine and
groundmass perovskite, spinel and monticellite or cal cite:
Sparks et al., 2006). The kimberlite brec cia con sists of kim ber -
litic ma te rial (60–70%) and xenogenic ma te rial, which is made
of ac ci den tal lithic clasts of host-coun try rock in clud ing dif fer ent
va ri et ies of syenite, and De vo nian lime stones and sand stones.
Man tle xe no liths are rep re sented by pyrope and il men ite peri -
dot ites. The up per part of the pipe to a depth of 30-40 m is made 
up of weath ered kimberlites (Fig. 1D). In the cen tral part of the
pipe, there are “float ing reefs” of granitoids up to sev eral tens of
me tres across.

SAMPLING AND METHODS 

Spher ules were ex tracted in the con cen trate ob tained from
the core of bore holes SV219/24 (10–16 m depth) and SV730
(15–25 m depth). The first stage of pro cess ing in cluded mul ti -
stage crush ing to the 0.5–1 mm frac tion. The weight of the
crushed sam ples was ~15 kg. Then the sam ples were washed
with wa ter on a con cen tra tion ta ble to re move sludge and light
frac tion min er als. Pro cess ing was car ried out un til a “grey con -
cen trate” was ob tained (Sheremet et al., 2014). Spherule and
other spherule-like par ti cles were hand-picked from the heavy
min eral sep a rate us ing a bin oc u lar mi cro scope. The prep a ra -
tion of sam ples for microanalytic in ves ti ga tion in cluded sev eral
stages. At first spherule sam ples were mounted in ep oxy. Af ter
so lid i fi ca tion, slides with sam ples emplaced in ep oxy were
ground and pol ished to show the max i mum cross-sec tional
area of each grain. Fi nally, a pol ished block 17 mm across with
mounted pol ished grain sam ples was coated with a car bon film.
Spherule sam ples were ob served us ing a REMMA-102-02
scan ning elec tron mi cro scope (SEM); im ages were taken us ing 
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back scat tered elec tron (BSE) mode. Chem i cal com po si tions
were ob tained by an EDAR en ergy-dispersive spec trom e ter
(EDS) at tached to the SEM. The sam ples were ana lysed with
an ac cel er at ing volt age of 20 kV and a sam ple cur rent of 1 nA

with a point beam 0.1 mm in di am e ter. Cal i bra tion by Cu; W
cath ode was used. The in stru ment was cal i brated ac cord ing to
min er al ogy set stan dards NERMA.GEO1.25.10.74GT.
Magalla nes 3.2 soft ware has been used.
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RESULTS

Based on the chem i cal com po si tion, the suite of spher ules
col lected in the Pivdenna pipe can be sub di vided into three
main types (Fig. 2) in clud ing Ca-rich sil i cate spher ules (Fig. 3),
TMIS spher ules (Fig. 4), and MW-I spher ules (Fig. 5A–H).
Ca-rich sil i cate spher ules were sub di vided into two sub types,
which dif fer in iron con tent (Fig. 2). All spherule types from the
Pivdenna pipe have been pre vi ously de scribed from var i ous
kimberlite-lamproite ex plo sive struc tures as noted in “Pre vi ous
Work” above. In most cases, the spher ules con tain in clu sions
of na tive iron, which in di cate that they formed un der ex tremely
re duc ing con di tions. This al lowed us to con sider spher ules as a
com po nent of a HRMMA. A rep re sen ta tive as sem blage of
HRMMA par ti cles was rec og nized in sam ples from bore hole
SV730. The as sem blage in cludes Ca-rich sil i cate spher ules,
TMIS spher ules, MW-I spher ules, and na tive metal par ti cles in -
clud ing Cu and Zn (Fig. 5A–H). Ca-rich sil i cate spher ules are
the dom i nant com po nent, the re main ing com po nents be ing
sub or di nate. The to tal con cen tra tion of the HRMMA in the sam -
ple from SV730 is ~4%. In the con cen trate from the bore hole
SV219/24, a small amount of TMIS spher ules was col lected, its
con tent not ex ceed ing 0.1%. Some sam ples of TMIS and MW-I
par ti cles can be as large as 4 mm across; these lose their sphe -
ric ity and ap pear as slag-like par ti cles termed here scoriaceous
par ti cles.

Ca-RICH SILICATE SPHERULES 

Mi cro graphs of typ i cal va ri et ies of Ca-rich sil i cate spher ules
are shown in Fig ure 3. The size of spher ules var ies from 0.3 to
1 mm. Spher ules con sist of trans par ent, trans lu cent or opaque
glass of var i ous colours. The va ri ety of col our shades is il lus -
trated in Fig ure 3. In most cases, the spher ules are spher i cal,
but el lip soi dal va ri et ies (Fig. 3E) and var i ous com bi na tions of
dou ble ag gre gates oc cur (Fig. 3F, G). Some sam ples may
have a con sid er able con tent of gas bub bles (Fig. 3G, H). The
chem i cal com po si tion of Ca-rich spherule glass is shown in Ta -
ble 1. Ca-rich sil i cate spher ules can be sub di vided into two sub -
types. The main type com prises cal cium sil i cate (CS) spher -
ules. The dom i nat ing com po nents of glass are Ca (30–60 wt.%) 
and Si (20–37 wt.%). No ta ble amounts of Ti, Al, Mn, and Fe are
pres ent, the to tal of these el e ments not ex ceed ing 15% (Ta ble
1). These va ri et ies usu ally are made of trans par ent glass in

mostly pale shades. Some spher ules con tain a core of na tive
Fe or intermetallic al loys of the Fe-Si and Mn-Si-Fe sys tems
(Ta ble 2). An other sub type of Ca-rich spherule com prises
spher ules with a sig nif i cant iron con tent rang ing from 10% up to
20% in some cases (Ta ble 1). A char ac ter is tic fea ture of this va -
ri ety is its black col our. We term these cal cium-iron-sil i cate
(CIS) spher ules.

TMIS SPHERULES 
AND SCORIACEOUS PARTICLES

Mi cro graphs of typ i cal TMIS (ti ta nium-man ga nese-iron-sil i -
cate) spher ules are shown in Fig ure 4. In most cases, they have 
a reg u lar spher i cal shape (Fig. 4A–E), rarely el lip soi dal (Fig.
4A–E); the spherule size ranges from 0.1 to 0.5 mm. Spher ules
ex ceed ing 1 mm in size are rare, these mostly be ing ir reg u lar
and re sem bling scoriaceous par ti cles (Fig. 4G, I). The col our
var ies from deep black to dark brown. The sur face can be
smooth and shiny, in some cases rough, and they may con tain
gas bub bles. Small spher ules (up to 0.5 mm) con sist en tirely of
ho mo ge neous glass. The glass may con tain spher i cal micro -
inclusions of na tive iron (Fig. 4H and Ta ble 2) 1–10 mm in size.
The com po si tion of TMIS glass spher ules is shown in Ta ble 1.
The dom i nant com po nents are Ti, Si, Mn, and Fe. In larger
spher ules and scoriaceous par ti cles, a crys tal line phase com -
monly oc curs, rep re sented by nee dle-like crys tals of armalco -
lite. In this case, the re sid ual glass of the ma trix is rel a tively en -
riched in SiO2 (24–33%), Al2O3 (7–8%), and CaO (9–15%).

MW-I SPHERULES
AND SCORIACEOUS PARTICLES

MW-I spher ules are in most cases spher i cal, rarely dou -
ble-shaped; spherule size is in the 0.1–0.5 mm range (Fig.
5A–E). MW-I scoriaceous par ti cles are flat tened, larger
(1–1.5 mm), and con tain sig nif i cant amounts of gas bub bles
(Fig. 5F–H). MW-I par ti cles are dark grey or black and have a
me tal lic lus tre. Some spher ules con sist en tirely of iron ox ides,
oth ers con tain a core of na tive iron (Fig. 4H and Ta ble 2). Iron
ox ides (mag ne tite and wustite in var i ous pro por tions) con tain
mi nor im pu ri ties (up to 2%) SiO2, TiO2, Cr2O3, Al2O3, MnO and
CaO. The iron cores of spher ules also con tain an ad mix ture of
these met als (Ta ble 2).

NATIVE Cu, Zn

Na tive cop per oc curs as elon gated brown grains, up to
2 mm long (Fig. 5I). Na tive zinc oc curs as elon gated and
lamellar grains of blu ish-grey col our; grain size ranges from 0.5
to 1.5 mm. Most Zn grains are en vel oped by zinc car bon ate or
zinc ox ide (Fig. 5J, K).

INTERPRETATION OF RESULTS

Ca-RICH SILICATE SPHERULES
(CS AND CIS VARIETIES)

Some va ri et ies of Ca-rich sil i cate spher ules, from their
chem i cal com po si tion, should be in ter preted as tran si tional va -
ri et ies be tween CS and CIS va ri et ies. CS spher ules also con -
tain iron, though not in the glass com po si tion; they con tain iron
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form ing spher i cal in clu sions of na tive iron. Thus, we can in ter -
pret the CS spherule as a more re duced ver sion of the CIS va ri -
ety of glass.

Spher ules very sim i lar to the dis tin guished CS va ri et ies
were de scribed by Chaikovsky and Korotchenkova (2012), col -
lected from di a mond-bear ing pyroclastic rocks of the West ern
Urals. These au thors also iden ti fied an other va ri ety of Ca-rich
sil i cate spherule with a sig nif i cant con tent of Al2O3 (CAS spher -
ules). Sim i lar CAS spher ules were de scribed by Marshintsev
(1990) in the kimberlites of Yakutia. We have iden ti fied this va -
ri ety of Ca-rich sil i cate spherule in Paleogene volcaniclastic
de pos its of the West ern Slope of the Ukrai nian Shield
(Putryntsi Site) to gether with other HRMMA com po nents
(Yatsenko, 2016): in Cre ta ceous strata of the SW mar gin of
the East Eu ro pean Plat form and the Neo gene de pos its of the
Carpathian re gion (Uzonyi et al., 1998; Berczi et al., 1999;
Yatsenko, 2013a).

Us ing the phase di a gram of Gen tile and Fos ter (1963), the
melt ing tem per a tures of glass CS spher ules from the Pivdenna
pipe were es ti mated in the range of 2000–2100°C (Fig. 6). This
re sult is con sis tent with the data ob tained by Chaikovsky and
Korotchenkova (2012).

TMIS PARTICLES 
(SPHERULES AND SCORIACEOUS PARTICLES)

TMIS par ti cles from the Pivdenna pipe are very sim i lar to
those dis cov ered in the kimberlite-like struc tures of the Ukrai -
nian shield (Mriya pipe, Zelenyi Gay pipe, Gruz’ka-Pivnichna
ex plo sive struc ture, Shchors kimberlite dyke), Arkhangelsk and
Yakutian dia mon di fer ous prov inces (Yatsenko et al., 2012a,
2020; Yatsenko, 2016). They are also very sim i lar to TMIS par ti -
cles from the kimberlites of the Mir and Udachna pipes, Yakutia
(Tatarintsev et al., 1983; Marshintsev, 1990); the Catoca and
Thiuzo pipes, An gola (Zinchenko et al., 2012); in tru sive
pyroclastic rocks of the West ern Urals (Chaikovsky and
Korotchenkova, 2012); volcanoclastic rocks of the Kamchatka
re gion (Rychagov et al., 1997; Sandimirova et al., 2003); and
the Belylivka im pact struc ture (Tsymbal et al., 1999). Taken to -
gether, the avail able data in di cate that TMIS are the com mon -
est com po nent of the HRMMA from kimberlite-like rock and are
pre dom i nantly com posed of TiO2, SiO2, FeO and MnO with
sub sid iary con stit u ents of CaO, Al2O3 and MgO (Ta ble 1).
Some spher ules have CaO con tent as high as 10%, how ever,
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Fig. 3. Mi cro graphs of CS spherule va ri et ies and some fea tures of their in ter nal struc ture

A – green ish spherule; B – the same spherule, cross-sec tion, BSE-im age; C – green ish-yel low spherule; D – red spherule; E –
spin dle-shaped spherule; F – dou ble spherule; G, H – frag ments of red-brown spher ules; I – opaque spherule; J – the same
spherule, cross-sec tion, re flected light; K – brown opaque spherule; L – the same spherule, cross-sec tion, re flected light
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there are no ex am ples of spher ules that could rep re sent tran -
si tional va ri et ies be tween Ca-rich and TMIS spher ules.

TMIS scoriaceous par ti cles con tain a crys tal line phase
rep re sented by nee dle-like and skel e tal crys tals of Mn-il men -
ite, armalcolite, ulvöspinel, and rutile. The cool ing of the sphe -
r ules oc curred in stantly with the for ma tion of ho mo ge neous
glass. Larger scoriaceous par ti cles cooled slightly more
slowly, which en abled the for ma tion of a crys tal line phase. The 

study of the ma jor com po nents of var i ous TMIS spher ules
showed that the kind of min eral of the crys tal line phase de -
pended on the ini tial ra tio of the min eral-form ing com po nents
TiO2, FeO, and MnO in the ini tial melt (Yatsenko et al., 2012a). 
Ulvöspinel is formed in rare cases when the FeO con tent pre -
vails over TiO2 and MnO. In most cases, TiO2 and MnO are
dom i nant and thus we ob serve the for ma tion of Mn-il men ite
and armalcolite.
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T a  b l e  1

Ma jor el e ment com po si tion of spherule glasses from the Pivdenna pipe [in wt.%]

Spherule  types Lab. no SiO2 TiO2 Al2O3 Cr2O3 FeO MnO CaO MgO Na2O K2O To tal

s
el

 ur
e

h
p

s 
et

a
 c ili

s 
h

cir-
a

C

s
el

 ur
e

h
p

s 
S

C
1YU-36 37.57 1.58 4.11 0.24 1.48 2.89 50.90 0.94 0.23 0.06 100.00

1YU-37b 23.12 5.18 3.79 0.27 4.35 4.63 56.04 1.24 1.37 0.00 100.00

1YU-38 29.65 2.23 3.42 – 3.66 1.78 58.15 0.91 0.20 0.00 100.00

1YU-46 25.20 5.24 4.04 0.08 5.34 2.00 56.87 0.89 0.08 0.27 100.00

1YU-48 27.10 5.53 3.47 0.04 3.77 3.55 54.95 1.10 0.49 0.00 100.00

1YU-39 26.92 5.99 3.54 – 2.07 3.73 55.50 1.65 0.60 0.00 100.00

1YU-40a 23.75 5.84 6.00 0.20 0.51 5.13 56.13 1.69 0.58 0.17 100.00

1YU-40b 16.83 20.60 5.14 0.65 1.09 4.72 48.82 1.42 0.32 0.39 100.00

1YU-41a 37.00 0.75 3.59 0.42 1.21 0.30 54.18 1.48 0.97 0.09 100.00

1YU-42 25.85 2.71 2.48 – 2.21 3.98 59.95 1.97 0.85 0.00 100.00

1YU-43 29.83 5.71 5.00 0.07 1.96 2.23 51.46 1.86 1.51 0.36 100.00

1YU-44 28.51 0.73 3.41 0.62 1.74 1.44 61.91 1.03 0.28 0.34 100.00

1YU-45 24.73 6.45 4.28 0.41 1.56 4.37 56.91 1.16 0.07 0.06 100.00

1YU-49 25.68 8.70 4.15 0.18 5.23 2.48 51.97 1.08 0.24 0.29 100.00

1YU-50 26.32 4.97 3.61 0.16 6.42 6.14 48.86 1.59 1.57 0.38 100.00

1YU-51 25.60 6.34 4.66 0.24 5.98 2.48 53.56 0.95 0.10 0.09 100.00

1YU-52 24.48 7.15 3.85 0.38 2.93 2.56 56.58 1.04 0.86 0.17 100.00

1YU-54 29.20 4.48 3.46 0.29 6.16 8.45 43.23 1.54 3.13 0.06 100.00

1YU-12 23.45 6.83 4.15 0.31 11.17 5.05 47.54 1.26 0.22 0.00 100.00

1YU-13 23.42 5.44 4.66 0.75 11.53 1.84 50.82 1.52 – 0.02 100.00

1YU-14 22.87 6.85 4.14 0.44 7.91 7.64 47.41 1.38 1.30 0.06 100.00

1YU-15 21.49 3.97 4.25 0.46 14.13 4.67 48.32 1.55 1.08 0.08 100.00

1YU-16 20.70 12.83 4.30 0.99 18.66 4.38 37.33 0.66 – 0.14 100.00

1YU-17 24.07 4.48 4.20 0.45 9.95 6.53 47.67 1.15 1.49 0.00 100.00

1YU-18 21.62 7.13 3.62 0.41 9.68 2.33 54.15 0.98 – 0.07 100.00

1YU-19 23.90 4.40 3.76 0.51 9.07 6.74 49.22 1.20 1.17 0.02 100.00

1YU-20 20.83 5.58 4.06 0.42 16.38 2.84 49.22 0.59 – 0.08 100.00

1YU-21 21.95 7.52 3.60 0.66 19.36 6.09 39.38 1.17 0.25 0.02 100.00

1YU-37a 23.05 8.94 4.76 0.52 8.09 2.30 50.07 1.43 0.81 0.04 100.00

1YU-47 25.22 7.24 3.11 0.02 10.04 3.16 49.24 1.44 0.36 0.17 100.00

1YU-53 28.44 12.59 4.34 0.14 8.17 11.01 30.01 3.50 1.13 0.67 100.00

1YU-62 24.17 6.96 2.92 0.19 20.17 6.39 37.54 1.28 0.29 0.10 100.00

TMIS spher ules

1YU-1 23.97 26.40 8.34 0.43 13.06 13.08 8.89 2.74 2.09 1.01 100.00

1YU-3 29.73 22.03 6.86 0.08 7.48 11.61 15.41 2.71 3.06 1.03 100.00

1YU-26 20.09 34.34 5.64 0.28 15.11 13.53 4.62 3.04 2.36 0.98 100.00

1YU-27 20.13 36.35 5.14 0.55 13.38 12.33 5.51 3.16 2.55 0.90 100.00

1YU-28 19.96 34.75 5.37 0.30 13.33 13.87 5.29 3.25 2.85 1.03 100.00

1YU-29 32.66 17.62 6.93 0.29 6.57 17.61 10.31 2.58 3.93 1.49 100.00

1YU-30 21.41 39.17 5.75 – 6.82 13.31 5.46 3.55 3.11 1.43 100.00

1YU-31 21.05 34.32 5.60 0.11 15.90 11.29 5.10 3.40 2.50 0.72 100.00

ZG-8 21.86 33.90 5.93 0.35 13.94 10.12 5.90 4.21 2.32 1.47 100.00

ZG-9 18.85 42.33 6.41 0.27 8.35 10.35 6.54 3.51 1.91 1.47 100.00



MW-I SPHERULES 
AND SCORIACEOUS PARTICLES

MW-I to gether with TMIS spher ules are the com mon sphe -
rule types that have been found in the Pivdenna pipe and all
pre vi ously stud ied kimberlite-like struc tures in Ukraine. More -
over, the MW-I and TMIS va ri et ies in vari ably oc cur to gether.
We as sume that these two spherule types, formed by ex plo sive
pro cesses, are ge net i cally close to each other, i.e., they come
from the same metal-sil i cate melt source. 

The MW-I type is the most com mon of all known spherule
va ri et ies. An anal y sis of pub lished data has shown that MW-I
spher ules rep re sent the com mon est spherule type en coun -
tered world wide in a wide va ri ety of vol ca nic and sed i men tary
de pos its (El Coresy, 1968; Bratus et al., 1987; Berczi et al.,
1999; Tay lor et al., 2000; Badjukov and Jouko, 2003;
Medvedev et al., 2006; Grachev et al., 2008; Lukin, 2013; Grif -

fin et al., 2018). As some in dus trial pro cesses (e.g., elec tric
weld ing) show, the for ma tion of MW-I spher ules is a sim ple pro -
cess caused by the ox i da tion of red-hot iron frag ments. Thus, it
is clear that MW-I spher ules, which are quite com monly found in 
var i ous de pos its, can have a cosmogenic, im pact, techno genic
or en dog e nous or i gin, i.e. to be a prod uct of dif fer ent high-tem -
per a ture pro cesses.

NATIVE Cu, Zn

Na tive Au and Cu par ti cles from bore hole SV219/24
(Pivdenna pipe) were re ported by Tischenko (2004). Na tive
Cu and Zn were found by us in bore hole SV730. Tischenko’s
data and our new find ings cor rob o rate our pre vi ous ob ser va -
tions, which sug gest that na tive metal par ti cles are a con stant
com po nent of the HRMMA from kimberlite-like rocks. Par ti cles 
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Fig. 4. Mi cro graphs of TMIS spher ules

A–G – mi cro graphs of spher ules show ing their char ac ter is tic forms and sur face tex tures; H – in ter nal tex ture 
of a spherule (G) which is made of nee dle-like crys tals set in a glassy ma trix, BSE im age; I – scoriaceous TMIS par ti cle

T a  b l e  2

The com po si tion of me tal lic in clu sions in spher ules [in wt.%]

Spherule type with
me tal lic in clu sions Lab. no Metals, al loy Si Ti Al Cr Fe Mn Ca Mg Na K To tal

CS 1YU-36 Mn-Si-Fe 23.45 3.11 0.60 0.26 60.42 11.57 – 0.57 – 0.01 100.00

CS 1YU-37 Fe 0.64 0.11 0.69 0.24 97.01 0.06 0.40 0.47 0.34 0.05 100.00

CS 1YU-41A Si-Fe 23.09 2.63 0.84 0.48 66.13 5.40 – 0.72 0.70 – 100.00

TMIS 1YU-1 Fe 1.57 4.72 1.39 0.17 88.91 0.73 1.17 0.96 0.29 0.08 100.00

MW-I 1YU-55 Fe 0.61 0.07 0.73 0.21 98.11 – – 0.27 – – 100.00

MW-I  1YU-56 Fe 0.51 0.22 0.65 – 97.99 – 0.04 0.56 – 0.02 100.00

MW-I 1YU-57 Fe 0.49 0.08 0.63 0.20 97.66 – 0.04 0.71 0.19 – 100.00

MW-I 1YU-35 Fe 0.47 0.03 0.58 0.16 98.56 – – 0.20 – – 100.00

In di vid ual metal 
par ti cles ZG-15 Fe – 0.10 – 0.46 99.27 0.17 – – – – 100.00

https://doi.org/10.1111/j.1945-5100.2003.tb00269.x
https://doi.org/10.1134/S1069351308070069
https://doi.org/10.1007/s00710-018-0575-x
https://doi.org/10.1007/s00710-018-0575-x
https://doi.org/10.1111/j.1945-5100.2000.tb01450.x


of na tive met als and intermetallic al loys have been iden ti fied in 
all pre vi ously stud ied ex plo sive struc tures (Yatsenko, 2016,
2020) in clud ing the Mriya lamproite pipe (Fe, Pb, Sn, Sn-Pb,
Sb-Pb, Zn-Cu, Au), the Zelenyi Gay pipe (Fe, Cu-Zn), the
Gruz‘ka -Pivnichna kimberlite struc ture (Cu-Zn), and the
Karpinska kimberlite pipe (Cu). The com mon pres ence of na -
tive metal min er al iza tion in kimberlites was con vinc ingly dem -
on strated by Makeyev and Kriulina (2012), who dis cov ered
films of na tive met als on the sur face of di a monds from the
Yakutsk and Arkhangelsk dia mon di fer ous prov inces. The
films con sist of 15 chem i cal el e ments that oc cur in the form of
na tive met als and their intermetallic al loys. Many sin gle par ti -
cles of na tive met als take a spher i cal or plas tic form, in di cat ing 
that the mech a nism of for ma tion of spher ules and metal par ti -
cles was sim i lar (Yatsenko, 2020). In es sence, par ti cles of na -
tive met als can be re ferred to as spherule-like par ti cles formed 
in a fluid en vi ron ment.

Ti-BEARING CORUNDUM

A spe cific va ri ety of Ti-bear ing co run dum (Ti2O3 – 0.5–2%) 
was first dis cov ered in kimberlites of the East ern Azov re gion
(Tatarintsev et al., 1987), with sev eral sub se quent finds of this
min eral in man tle rocks else where in the world (Grif fin et al.,
2018). We have re ported find ings of Ti-bear ing co run dum in
the kimberlite and lamproite rocks of the Ukrai nian Shield and
di a mond-bear ing sed i men tary rocks (Yatsenko, 2016; Yatse -
nko et al., 2020).

A char ac ter is tic fea ture of this co run dum va ri ety is the
pres ence of ox y gen-free phases, in clud ing na tive iron, osbor -
nite (TiN), khamrabaevite TiC, and intermetallic al loys of the
Si-Fe, Si-Ti-Fe, Si-Al, Al-Zr-Ti-Si and Si-Cr-Fe sys tems. The
min eral con tains small pock ets en clos ing ex otic ox ides such
as tistarite (Al2O3), hibonite (Ca,Ce)(Al,Ti,Mg)12O19, carmelta -
zite (ZrAl2Ti4O11) as well as un de fined phases of vari able com -
po si tion, where Al2O3, ZrO2, and TiO2 are the main com po -
nents (Grif fin et al., 2018; Yatsenko et al., 2020). Ti ta nium is
in cluded in the co run dum in a tri va lent form (Oliveira et al.,
2021), in di cat ing that the min eral was formed un der ex tremely
re duc ing con di tions, ox y gen fugacity value es ti mated at less
than seven log a rith mic units be low the iron-wustite buffer
(IW-7). The pres ence of tistarite in clu sions and highly re duced
ox y gen-free phases also sup port this in fer ence (Grif fin et al.,
2018). In all known cases, co run dum oc curs to gether with
HRMMA par ti cles in clud ing spher ules (TMIS and MW-I va ri et -
ies), na tive met als, intermetallic al loys, moissanite (SiC),
quso ngite (WS), and di a mond. Thus, Ti-bear ing co run dum
can be con sid ered a typ i cal com po nent of the HRMMA which
oc curs in kimberlites and other va ri et ies of man tle rocks. Grif -
fin et al. (2018) showed that Ti-bear ing co run dum is in es -
sence a micrograined ag gre gate formed by skel e tal crys tals.
From this ob ser va tion, the au thors con cluded that the par ti cles 
of the co run dum ag gre gate stud ied formed as a re sult of the
rapid cool ing of ex tremely oversaturated Al2O3 melt dur ing the
ex plo sive pro cess. In fact, the mech a nism of for ma tion of
Ti-bear ing co run dum is very sim i lar to the mech a nism of sil i -
cate spherule for ma tion, as de scribed in the next sec tion.
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Fig. 5. Mi cro graphs of MW-I spher ules and na tive metal par ti cles

A–E – typ i cal MW-I spher ules; F, G – MW-I scoriaceous par ti cles, nu mer ous gas bub bles are vis i ble on the sur face; H –
cross-sec tion through the pre vi ous sam ple, BSE im age; I – an elon gate par ti cle of na tive cop per; J  – an elon gate par ti cle of na -
tive zinc; K – lamella of na tive zinc
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Find ings of co run dum spher ules in kimberlite brec cias of the
East ern Azov re gion also cor rob o rate this pro posed sce nario
(Tatarintsev et al., 1987).

PHYSICAL CONDITIONS 
OF SPHERULE FORMATION 

A pos si ble mech a nism for the for ma tion of spher ules as so -
ci ated with kimberlite rocks is as the re sult of the spray ing of a
sil i cate-metal melt in a gas-liq uid space. The spher i cal shape of 
spher ules here would be due to the ac tion of sur face ten sion
forces on melt par ti cles in free fluidic space to op ti mize the sur -
face area to vol ume ra tio (Wil son and Head, 2007).

Sig nif i cantly, close to the melt ing point, sil i cate melts are
very vis cous. Vis cos ity de creases grad u ally with in creas ing
tem per a ture. The cru cial fac tor for the for ma tion of very small
drop lets of melt (i.e., spher ules) is the tem per a ture of melt over -
heat ing rel a tive to the melt ing point, which is dif fer ent for
glasses of var i ous com po si tions. For ex am ple, or di nary in dus -
trial glass has a melt ing point of ~600°C, though in or der for it to
be come liq uid enough to re lease gas bub bles dur ing pro duc tion 
it is heated to 1500°C. The rel a tively low tem per a ture of the
magma makes it im pos si ble for spher ules to form ei ther dur ing
nor mal vol ca nic pro cesses or dur ing ex plo sive kimberlite vol ca -
nism. There fore, spher ules with a com po si tion cor re spond ing
to that of kimberlite magma have never been ob served.

RELATIONSHIP OF KIMBERLITE AND SPHERULE
FORMATION PROCESSES 

A com par i son of the re quired con di tions for the for ma tion of
kimberlites and spher ules, as well as their geo chem i cal char ac -
ter is tics, shows their dif fer ent na ture. The con di tion of
kimberlite magma gen er a tion and the con di tions for the for ma -
tion of the par ent spherule melt are very hard to rec on cile for
sev eral rea sons.

First, their for ma tion tem per a tures are very dif fer ent. The in -
ferred melt ing tem per a tures of CS spherule glass are in the
range of 2000–2100°C (Fig. 6). A sim i lar re sult was ob tained by
Chaikovsky and Korotchenkova (2012). Vaganov et al. (1985)
es ti mated the melt ing point of TMIS glass to be ~1850°C. As
this is an es ti ma tion of the lower tem per a ture lim its, the real
tem per a ture re quired to reach the low melt vis cos ity for the for -
ma tion of spher ules should be much higher, as noted above.
The tem per a ture of the deep kimberlite source is es ti mated at
1200–1400°C (Sparks et al., 2006) to 1500°C ac cord ing to
Mitch ell (1987).

Sec ond, the pri mary kimberlite melt is dom i nantly com -
posed of SiO2, MgO, FeO and CaO (Sparks et al., 2006). This
melt com po si tion is dif fi cult to rec on cile with the SiO2-
 TiO2-FeO-MnO melt of TMIS spher ules or the SiO2-CaO melt
of CS spher ules. Im por tantly, there are no known ex am ples of
sub stances that could rep re sent a tran si tional va ri ety be tween 
kim ber litic melts and spherule melts in terms of their com po si -
tion. Even greater dif fer ences are dem on strated by the com -
po si tions of the vol a tile com po nents of the kimberlites and
spher ules. CO2 and H2O are the ma jor and nec es sary vol a tile
com po nents for the gen er a tion of kim ber litic melts (Sparks et
al., 2006). The com po si tion of the vol a tile com po nents of sil i -
cate spher ules from the Udachna pipe (Yakutia) and

kimberlites of the East ern Azov re gion con sists mainly of N2

(75–95%) with sub sid iary (Bratus et al., 1987) CH4 (4–15%),
and CO2 (0–9%). Sim i lar com po si tions were ob tained for
spher ules from the Aikhal pipe by Marshintsev (1990). A char -
ac ter is tic fea ture of the com po si tion of vol a tile sil i cate spher -
ules is that they are “dry”, i.e., they con tain no wa ter (Vaganov
et al., 1985; Bratus et al., 1987; Yatsenko et al., 2012a). We
an a lysed the gas com po si tion of TMIS spher ules from the
Mriya lamproite pipe and the Shchors kimberlite dyke
(Yatsenko et al., 2013b). In both cases, the volatiles were rep -
re sented by pure N2, with no sign of wa ter.

Third, a key ob ser va tion is that spher ules of dif fer ent types
and other com po nents of the HRMMA never form com bined ag -
gre gates (welded par ti cles, ag glu ti nates) nei ther with each
other nor with kimberlite mat ter. At first glance, this ob ser va tion
seems in sig nif i cant. How ever, it pro vides ev i dence that the so -
lid i fi ca tion of spher ules from melt frag ments was iso lated in time 
and/or space from that of the kimberlite mat ter. This pro cess
took place in gas-melt streams, which broke through from sep a -
rated vol umes (magma cham bers) of high-tem per a ture
(>2000°C) sil i cate-metal melt. Thus, spher ules are xenogenic
with re spect to the kimberlite sub stance. The key ques tion is
where and how mag matic sources of spe cific spherule melt
could be formed? 

Fourth, it is known from the lit er a ture that TMIS and MW-I
spher ules oc cur not only in as so ci a tion with kimberlite-like
rocks. Find ings of spherule va ri et ies in gold ore de pos its such
as Kellam (Yakutia), and the Blagodatnoye ore clus ter (Far
East) are known (Medvedev et al., 2006). Sandimirova re -
corded TMIS and MW-I spher ules, Cu-Zn par ti cles and Ti-bear -
ing co run dum in ba salt-an de site volcaniclastic rocks of the
Kamchatka Pen in sula and the Kuril Is lands. We have iden ti fied
these va ri et ies of spher ules in rocks as so ci ated with the
Tonkotrum (Ghana) and Muzhievo (Transcarpathia, Ukraine)
gold de pos its (Yatsenko et al., 2013a). Thus, spher ules may be
as so ci ated with dif fer ent types of en dog e nous ac tiv ity, which
shows that these were formed from in de pend ent deep sources
with no con nec tion to their host rocks.
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DISCUSSIONS

Many fun da men tal fea tures of kim ber litic magmatism such
as petro gen esis and com po si tion of kim ber litic magma are as -
so ci ated with dif fi cul ties in in ter pre ta tion (Sparks et al., 2006).
The ap pear ance of alien ig ne ous en ti ties in kimberlites, i.e.,
spher ules, which show no af fin ity to kimberlites, ap pears enig -
matic. The key ques tion is where and how spe cific highly re -
duced melts have been gen er ated, which rep re sent the pri mary 
sources of melted mat ter for the for ma tion of spher ules. 

Sev eral sug ges tions for the for ma tion of the highly re duced
man tle min eral as so ci a tion (HRMMA), and spher ules in par tic -
u lar, have been pro posed ear lier.

Marshintsev (1990) con sid ered the for ma tion of spherule
melt in the con text of the gen eral geo chem i cal evo lu tion of kim -
ber litic melts, which tend to ac cu mu late TiO2, FeO, and MnO at
later stages. The for ma tion of spher ules was sug gested as from 
re sid ual melt oversaturated with vol a tile com po nents.

Chaikovsky and Korotchenkova (2012) con sid ered that
spher ules could be formed as a re sult of dif fer en ti ated con den -
sa tion of evap o rated mat ter of the host rocks. Ac cord ing to their 
hy poth e sis, evap o ra tion is caused by the ex plo sive boil ing of
magma su per sat u rated with H2O.

Grif fin et al. (1918, 2019) con sid ered the for ma tion of
super-re duced as sem blages (MW-I spher ules, Ti-bear ing co -
run dum, SiC, na tive met als) in vol ca nic rocks (bas alts, chromi -
tites, kimberlites) as a re sult of the in ter ac tion of deep-seated
mag mas with abiotic man tle-de rived flu ids dom i nated by CH4 +
H2. The re dox re ac tions of the in ter ac tion would re lease CO2

and H2O.
These pro posed sce nar ios for the for ma tion of the ini tial

melt of the spherules re quire the pres ence of melts en riched in
CO2 and H2O, which is in con sis tent with the vol a tile com po -
nents of the spher ules con tain ing (or not con tain ing) a very
small per cent age of CO2 and no H2O.

A fun da men tally new sce nario for the for ma tion of spher -
ules was pro posed by Lukin (2006, 2013) who has stud ied
MW-I spher ules and na tive metal par ti cles found in var i ous oc -
cur rences of anthraxolite-like hy dro car bons and oil de pos its
and con cluded that the ini tial for ma tion of these hy dro car bons
and as so ci ated na tive met als is re lated to pro cesses that take
place at the base of man tle plumes at the core-man tle bound ary 
(CMB).

Yatsenko (2016, 2020) pro posed that a pri mary sil i cate-me -
tal lic spherule melt formed in the CMB zone, con sis tent with the 
hy poth e sis of Lukin (2013). A mod i fied con cept pre sented here
is aimed at ex plain ing the for ma tion of pri mary melts for the for -
ma tion of TMIS and MW-I spher ules, which are the dom i nant
va ri ety of kimberlite spher ules.

At the base of the lower man tle lies the D’’ layer, 200 km
thick, di rectly above the CMB, and rep re sent ing the bound ary
be tween the liq uid iron core and the rocky sil i cate man tle.
Garnero and McNamara (2008) state that the pro cesses that
take place in the first hun dred kilo metres of the lower man tle
“play a crit i cal role in the evo lu tion of the planet”. It is es tab -
lished that the D’’ layer is chem i cally het er o ge neous. The het er -
o ge ne ity may have sev eral causes, in clud ing re ac tions be -
tween the core and man tle, and par tial melt ing in the ul -
tra-low-ve loc ity zone (ULVZ) lo cated im me di ately above the
CMB (Hirose and Lay, 2008). Strong ra dial and lat eral tem per a -
ture gra di ents should pre sum ably ex ist in the bound ary layer
due to up ward heat flow from the core and man tle con vec tion
(Hirose and Lay, 2008). The cor re la tion be tween hotspots and
the ULVZ means that the melt from the ULVZ gov erns the for -
ma tion of plumes and their as cent to the sur face (Lay et al.,

1998). We pro pose a 2-stage sce nario for the for ma tion of the
ini tial melt of TMIS spher ules (Fe0-TiO2-MnO-FeO-SiO2 melt),
which com mences in the ULVZ. 

Stage 1 is the “reductive” stage. Garnero and McNamara
(2008) stated that the ULVZ is a thermochemical zone. Thus,
we can hy poth e size that the cru cial fac tor in the im bal ance of
chem i cal equi lib rium and par tial melt ing in the ULVZ may be an
in crease in tem per a ture and, as a re sult, a de crease in ox y gen
fugacity (Nikolsky, 1987). If the ox y gen fugacity de clines then
we can ex pect that el e ments hav ing an af fin ity with iron (Ti, Mn,
Fe, and Si) may go from an ox i dized to a me tal lic state form ing
an O-Ti-Mn-Fe-Si melt (Figs. 7 and 8). Si, Ti, and Mn are sta ble
at ox y gen fugacity val ues slightly be low the iron-wustite buffer
and closer to it com pared to other rock-form ing el e ments. We
have ob served ex am ples of solid Si-Ti-Fe-Mn melts that rep re -
sent spher i cal melt in clu sions in Ti-bear ing co run dum. Knittle
and Jeanloz (1991) ar gued that the D” layer is a chem i cally ac -
tive zone where an SiO2-FeO-Fe-Si melt is formed by a re ac tion 
be tween (Mg,Fe)SiO3 perovskite and mol ten iron. These con -
clu sions are par tially sim i lar to those pro posed by us.

Stage-2 is the “ox i diz ing” stage. If the ULVZ is in ter preted
as an area where man tle plumes orig i nate (Lay et al., 1998)
then up lift of the O-Ti-Mn-Fe-Si melt to shal lower lev els can be 
ex pected. The like li hood of such a sce nario has been dem on -
strated by Petford et al. (2007). Ver ti cal mi gra tion of the
O-Ti-Mn-Fe-Si melt will lead to its cool ing, and ox i da tion with
trans for ma tion into a Fe0-TiO2-MnO-FeO-SiO2 melt, which
cor re sponds to the com po si tion of the ini tial melt of TMIS and
MW-I spher ules (Fig. 8). Ox i da tion re ac tions have a pro -
nounced exo ther mic ef fect, which can main tain the nec es sary
high tem per a ture of the melt dur ing its rise to shal lower low -
-tem per a ture lev els. 

The pro posed model for the for ma tion of the ini tial melt of
cal cium-rich sil i cate spher ules is based on an ex ist ing un der -
stand ing of the min eral com po si tion of the lower man tle. To
date, bridgmanite – (Mg,Fe)SiO3, ferropericlase – (Mg,Fe)O,
and cal cium-sil i cate perovskite – CaSiO3 are rec og nized to be
the main com po nents of the lower man tle (Kaminsky, 2017,
2020). The re cent dis cov ery of cal cium-sil i cate perovskite
(named davemaoite) en closed in di a mond crys tals con firms
that the lower man tle is het er o ge neous and that some ar eas of
the lower man tle are en riched in this min eral (Tschauner et al.,
2021). Cal cium-sil i cate spher ules from the Pivdenna pipe con -
sist of FeO, CaO, and SiO2, as well as na tive Fe and Si form ing
the core of the spher ules. The sim plest ex pla na tion for the for -
ma tion of a high-cal cium sil i cate melt with iron ad mix ture
(Fe0-Si0-FeO-CaO-SiO2) may be that it is the re sult of the in ter -
ac tion of mol ten iron (Fe0) and lower man tle davemaoite
(CaSiO3).

We ac knowl edge that the pro posed the o ret i cal mod els rep -
re sent only some pos si ble sce nar ios for the for ma tion of
spherule melts in the CMB re gion. The ques tion of how these
melts mi grated at least up to the level of kimberlite melt gen er a -
tion re mains un clear. This could be a grad ual pro cess via rise of 
the man tle plume or an im pul sive pro cess via an ex plo sive
break through of the melt-gas mix ture. Com bi na tions of both
pro cesses are also pos si ble. In any case, the finds of super-
 deep va ri et ies of di a monds un doubt edly show the ex is tence of
path ways for the trans port of mat ter from the low est man tle to
the near-sur face en vi ron ment. These deep di a mond va ri et ies
con tain in clu sions of min er als form ing the lower man tle (ferro -
periclase, magnesiowustite, bridgmanite, etc.), and in clu sions
com posed of na tive ox y gen-free phases in clud ing met als,
metal al loys, car bides, and ni trides, which are thought to be the
mat ter of the D” layer (Kaminsky, 2017, 2020).
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The fact that the com po si tion of the vol a tile com po nents of
the spher ules is pre dom i nantly rep re sented by N2 is an im por -
tant ob ser va tion in terms of in fer ring the super-deep na ture of
the spher ules (Vaganov et al., 1985; Bratus et al., 1987;
Yatsenko et al., 2012b, 2013b). The bulk sil i cate Earth is ex -
tremely de pleted in ni tro gen com pared to the car bo na ceous
chondrites that were the “build ing blocks” of Earth-like plan ets.
This phe nom e non is widely known as the “miss ing ni tro gen”
prob lem (Kaminsky and Wirth, 2017). The ni tro gen bal ance in
dif fer ent geospheres re mains a con tro ver sial is sue; how ever,
most re search ers sug gest that the bulk of ni tro gen was se ques -
tered by the Earth’s metal core (Speelmanns et al., 2018;
Grewal et al., 2019, 2021; Kaminsky, 2020). Kaminsky and
Wirth (2017) dem on strated this pos si bil ity em pir i cally, based on 
the study of ni tro gen-bear ing in clu sions in di a monds de rived
from the low er most man tle. These in clu sions con sist of iron ni -
trides (Fe3N, Fe2N), carbonitrides (from M5(C,N)3 to M23(C,N)6),
ni tro gen hy drides (NH3), free ni tro gen (N2). Kaminsky (2020)
con cluded that iron, to gether with light el e ments (C, N), in fil -
trates from the outer core into D’’. Kaminsky’s ob ser va tions and
con clu sions are con sis tent with our con cept of the super-deep
na ture of the HRMMA, where ni tro gen is a com mon com po -
nent. Osbornite (TiN) is a com mon phase of Ti-bear ing co run -
dum, N2 fills the gas bub bles of the spher ules. Prob a bly, break -
through of ni tro gen streams with melt par ti cles was re spon si ble
for the for ma tion and trans port of spher ules. More over, we in fer
that the mi gra tion of free ni tro gen from the core through the
base of the man tle can ex plain the for ma tion of na tive met als
(Cu, Zn, Pb, Cd, Al, Au), which are typ i cally found in kimberlites
in as so ci a tion with spher ules (Yatsenko, 2016; Yatsenko et al.,
2020). Ac cord ing to Le Chatelier’s law, un der ultrahigh-pres -
sure con di tions, ni tro gen should form com pounds (ni trides) with 
these met als. Im por tantly, the known ni trides of these met als
are un sta ble ionic-co va lent com pounds that tend to de com pose 
ex plo sively: Cu(N3)2, Zn(N3)2, Pb(N3)2, Cd3N2, Cd(N3)2, Au3N2,
Ag3N, AgN3, Al(N3)3 (Antonova et al., 1976). Thus, we in fer that
the gas-metal fluid mi grat ing through the man tle can trans port
ni trides. The de com po si tion of ni trides pro vides an en er getic
con tri bu tion to the de vel op ment of kimberlite mag matism. The
en er getic as pect of the large-scale melt ing of man tle rocks re -
mains an un re solved ques tion (Gilat and Vol, 2012). Many re -
search ers ar gue that intratelluric fluid flows are de ter mi nants of
en ergy and mass trans fer from the core to the man tle and thus
drive mag matic and tec tonic pro cesses (Zhatnuev, 2016). Car -
bon and hy dro gen (Letnikov and Doro gokupets, 2001) or hy -
dro gen and he lium (Gilat and Vol, 2012) are con sid ered to be
the main en ergy-car ry ing el e ments. We be lieve that the role of
ni tro gen in deep fluid sys tems has re mained un der es ti mated;
nev er the less, its abil ity to form un sta ble ni trides with some el e -
ments at ultrahigh pres sures should be taken into ac count when 
re con struct ing the en ergy bal ance of en dog e nous pro cesses.

We be lieve that spher ules can be suc cess fully used as an
in di ca tor for di ag nos ing the ad mix ture of pyroclastic or
epiclastic (re de pos ited) mat ter of deep or i gin in sed i men tary
rocks (Mor gan et al., 2004; Yatsenko et al., 2013a) and for di ag -
nos ing the na ture of ring ex plo sive struc tures with a con tro ver -
sial or i gin (im pact or mag matic). Vaganov et al. (1985) ar gued
that spher ules from ex plo sive en dog e nous struc tures are iden -
ti cal to spher ules from ex tra ter res trial im pact struc tures. We
pro pose to put the ques tion dif fer ently, i.e., the pres ence in the
rocks of some ex plo sive “im pact” struc tures of spher ules of in -
dis put ably en dog e nous or i gin sug gests the deep na ture of
these ex plo sive struc tures.
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FINAL REMARKS AND CONCLUSIONS

Geo chem i cal stud ies of spher ules dis cov ered in the
kimberlite of Pivdenna pipe showed that the spherule as sem -
blage can be di vided into three dis tinc tive va ri et ies, in clud ing
TMIS, Ca-rich sil i cate, and MW-I spher ules. We have sub di -
vided the Ca-rich sil i cate spherule into two sub types, namely
CS and CIS va ri et ies. Na tive metal par ti cles rep re sented by na -
tive Cu and Zn have also been rec og nized in the sam ples stud -
ied. A com par a tive anal y sis shows that spher ules from the
Pivdenna pipe are very sim i lar to those from the kimberlites and 
lamproites of the Ukraine Shield, Ural-Timan, Arkhangelsk,
Yakutia, and An gola-Congo dia mon di fer ous prov inces. The for -
ma tion of spher ules is con sid ered to be formed in gas-melt
streams, with the in stant adi a batic cool ing and so lid i fi ca tion of
dis persed melt drop lets. We sug gest that the for ma tion pro -
cesses of the par ent metal-sil i cate spherule melt are not re lated 
to the pro cesses of kimberlite melt gen er a tion. Ac cord ing to the
pro posed model, the orig i nal spherule melts are formed in the
CMB zone as a re sult of chem i cal in ter ac tion be tween mol ten
iron and solid ox ides of the low er most man tle. Thermo -
chemically ac tive ULVZ zones in the D” layer may be con sid -
ered the most ap pro pri ate for such pro cesses. 

We in fer that ni tro gen mi grat ing from the core is re spon si -
ble for the for ma tion of na tive met als (Cu, Zn, Pb, and Sn),
which are com monly found in kimberlites. Un der ultrahigh-
 pres sure con di tions, ni tro gen ab sorbed these met als, form ing
un sta ble ni trides. At shal lower lev els at low pres sures, the ni -
trides de com posed ex plo sively, re leas ing free ni tro gen and
na tive met als.

Find ings of spher ules and na tive met als in the Pivdenna
pipe once again show that highly re duced par ti cles in clud ing the 
spher ules them selves, as well as na tive met als and ox y gen-
 free min er als, are a com mon com po nent of kimberlite-lamproite 
rocks. Spher ules can thus be used in the ex plo ra tion of dia mon -
di fer ous rocks in the same way that kimberlite in di ca tor min er -
als are used for this pur pose.

The in ferred fea tures of the for ma tion of the stud ied spher -
ules al low us to con sider their for ma tion as a spe cial class of
mag matic ac tiv ity of the Earth. Char ac ter is tic fea tures of these
pro cesses are the high tem per a ture of the melt, the highly re -
duced con di tions, the strictly de fined com po si tion of the melt,
and the super-deep na ture of ig ne ous sources.

Ac knowl edge ments. Dr K. Nejbert and an anon y mous re -
viewer are kindly ac knowl edged for their qual i fied com ments.
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