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GEOLOGICAL SETTING AND GENESIS  
OF THE KURMANSKY GABBRO-TRONDHJEMITE MASSIF (MIDDLE URALS)
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Zavaritsky Institute of Geology and Geochemistry, Ural Branch of the Russian Academy of Sciences, 15 Academician 
Vonsovsky St, Ekaterinburg 620016, Russia

ABSTRACT. This paper reports the results of petrogeochemical studies of the Kurmansky gabbro-trondhjemite massif 
(eastern slope of the Middle Urals), lying in the western part of the large Reftinsky alloch thonous block within the ac-
cretion East Uralian megazone. The relevance of this study is determined by the uncertainty in geodynamic setting and 
formation conditions of the rock massif and its role in the evolution of the Ural Mobile belt. We specified the countours 
of the massif. It is shown that the rocks were resulted from spatiotemporal convergence of partial melting in the mantle 
and lower crust at the island-arc stage of the Ural Mobile belt evolution. Partial melting of mantle peridotite, under the 
influence of an aqueous fluid rising from the subduction zone, initiated the occurrence of basite melts. The separation 
of the melt and its subsequent evolution to the compositions of gabbrodiorite and diorite took place at Ptot=10 kbar. 
Trondhjemites were formed as a result of partial melting of amphibolites at Ptot≥8 kbar, PH2O=0.1–0.2 kbars. The crystal-
lization of trondhjemites in the crust was accompanied by the wollastonite skarns on contact with carbonate rock and 
xenoliths culminated at mesoabyssal level, Ptot=PH2O=1 kbar. The comparison between the composition of Kurmansky gab-
bro-trondhjemite massif and the island-arc- and collision-related magmatic suites in the region allowed us to assume that 
the Kurmansky massif belongs to the independent Early Devonian (?) gabbro-trondhjemite complex of island arc origin. 
The rock metamorphism conditions were evaluated, with the transformations supposedly related to the accretion of early 
island arc complexes at the Murzinsky-Aduysky microcontinent, which took place in the Devonian.
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ГЕОЛОГИЧЕСКАЯ ПОЗИЦИЯ И ГЕНЕЗИС  
КУРМАНСКОГО ГАББРО-ТРОНДЬЕМИТОВОГО МАССИВА (СРЕДНИЙ УРАЛ)

С.В. Прибавкин, А.В. Коровко, М.Д. Вишнякова

Институт геологии и геохимии им. А.Н. Заварицкого УрО РАН, 620016, Екатеринбург, ул. Академика Вонсовского, 
15, Россия

АННОТАЦИЯ. В статье представлены результаты петрогеохимических исследований пород Курманского 
габбро-трондьемитового массива (восточный склон Среднего Урала), залегающего в западной части крупного 
Рефтинского аллохтонного блока, локализованного в пределах Восточно-Уральской мегазоны аккреционной 
природы. Актуальность исследований заключается в установлении геодина мических режимов формирования 
пород, их позиции в эволюции Уральского подвижного пояса. В ходе исследования уточнены контуры массива. 
Показано, что данные породы образовались в результате сближенных по времени и в пространстве процессов 
частичного плавления в мантии и нижней коре на островодужном этапе развития Уральского подвижного пояса. 
Частичное плавление мантийного перидотита под воздействием восходящего из зоны субдукции водного флюи-
да привело к зарожде нию базитового расплава. Отделение расплава и его последующая эволюция до составов 
габбро-ди орита, диорита происходили при Pобщ=10 кбар. Трондьемиты, ассоциированные с габброидами, были 
получены в результате частичного плавления амфиболитов при Pобщ≥8 кбар, PH2O=0.1–0.2 Pобщ. Их ста новление в 
коре сопровождалось развитием волластонитовых скарнов на контактах с ксенолитами карбонатных пород и 
завершилось в мезоабиссальной обстановке при Pобщ=PH2O=1 кбар. Выполнено сопоставление состава слагающих 
массив пород с развитыми в районе магматическими образова ниями островодужной и коллизионной стадий, 
что позволило высказать предположение о принад лежности Курманского массива к самостоятельному ранне-
девонскому (?) габбро-трондьемитовому комплексу островодужной природы. Охарактеризованы условия мета-
морфизма пород массива, высказано предположение о связи этих преобразований с аккрецией раннеострово-
дужных комплексов на Мурзинско-Адуйский микроконтинент, имеющей место в девоне.

КЛЮЧЕВЫЕ СЛОВА: петрология; геохимия; габбро; трондьемиты; Курманский массив; Рефтинский аллохтон; 
Средний Урал

ФИНАНСИРОВАНИЕ: Работа выполнена в рамках государственного задания ИГГ УрО РАН, тема № АААА-А18- 
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1. INTRUDUCTION
An interaction between intensively tectonizied Paleo-

zoic formations and highly metamorphosed Precambrian 
complexes is one of the key issues in understanding the 
geological history of development of the Ural Mobile belt. 
The Late Proterozoic metamorphic rocks of the Murzinsko-
Aduysky terrain (a fragment of the Pre-Uralian microconti-
nent) on the eastern slope of the Middle Urals contact with 
the Early Paleozoic volcanic and sedimentary complexes 
(Fig. 1). The time of occurrence and the nature of this con-
tact still remain unclear since collision processes in the 
Late Paleozoic gave rise to the formation of suture zone and 
a thick zone of folded rock, followed by the development of 
shariages and allochtones, and to that of collision granite 
magmatism – Murzinsky, Aduysky and Kamensky interfor-
mation massifs which occupied the junction zone. In this 
context, the studies of the Reftinsky allochtonous block 
which is gently overlying the folded zone and primarily 
composed of the Early Paleozoic magmatic complexes, and 
the time of occurrence and nature of their metamorphism 
near their junction with the terrain allow identifying ways 
to solve the problem mentioned.

The Reftinsky allochtonous block is one of the largest 
in the Urals (Fig. 1). Besides gabbro, diorites, tonalities and 
plagiogranites of the Reftinsky complex, in its western part 
contacting with the interformation granite bodies there are 
also the rocks of the Alapaevsk dunite-harzburgite-gabbro 
complex and granitoides of the Averinsky complex [State 
Geological Map..., 2015, 2017]. There also occur gabbro, 
gabbrodiorites and trondhjemites of the small Kurmansky 
massif. The latter, due to the lack of reliable petrogeochem-
ical and geochronological data, were to different extents 
assigned to either formations of the Reftinsky gabbro-dio-
rite-tonalite-plagiogranite complex [State Geological Map..., 
1987] or to those of the Averinsky diorite-trondhjemite 
complex [Rapoport, Medyakov, 1974] of the Silurian-Early 
Devonian island arc, or presumably include in the area of 
the collisional Kamensky granodiorite-granite complex link-
ing tectonic plates of the allochtonous block [State Geo-
logical Map..., 2017].

Age- and formation-related attribution of the rocks of 
the Kurmansky massif was largely contributed to by the 
works of G.B, Fershtater. In 2013–2015, there appeared a 
number of publications, including the monograph titled  
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Fig. 1. Geological structure of the Kurmansky massif area (generalized part of the geological map 1: 200 000, O-41-XXVI (Asbest) (after 
[State Geological Map..., 2017]).
Magmatic complexes: 1 – biotite and two-micas granites of the Aduysky complex (P3); 2 – biotite granites, leucogranites of the Petukhovsky 
complex (P1); 3 – granodiorites, granites of the Kamensky complex (C2–3); 4 – gabbro, granodiorites, granites of the Nekrasovsky com-
plex (C1); 5 – diorites, plagiogranites of the Altay complex (D1–2); 6 – trondhjemites of the Averinsky complex (S4–D1); 7 – gabbro, dio-
rites, tonalites, plagiogranites of the Reftinsky complex (S2–4); 8 – gabbro, undifferentiated ultramafites of the Alapaevsky complex (V); 
9 – polycomponent melange of the East Uralian tectonogenic complex (D3–P). Volcanics and volcano-sedimentary and sedimentary com-
plexes: 10 – flasks, sandstones of the Serovsky Suite (P1); 11 – mudstones, siltstones, sandstones, conglomerates of the Scherbakovsky 
Suite (C2); 12 – oligomictic and greywacke sandstones, siltstones, often carbonaceous, siliceous, carbon-siliceous shales of the Aramilsky 
Suite (S1); 13 – limestones of the Ustinovsky Suite (D3); 14 – basalts, andesite-basalts with layers of tuffites, clay-siliceous and siliceous 
rocks of the Maminsky Formation (D2–3); 15 – subvolcanic rhyolites of the Rudyansky complex (D1–2); 16 – siliceous, carbonaceous-siliceous 
shales, quartzites, lenses of marbles of the Kolodinsky Suite (S2–3); 17 – metabasalts, metatufosandstones, siliceous tuffites, carbon-quartz 
rocks of the Novoberezovsky Formation (O3); 18 – metabasalts, carbon-quartz shales of the Beloyarsky Formation (O3); 19 – biotite- 
(Muscovite) – plagioclase-quartz, quartz-amphibole-biotite-plagioclase, (biotite)- amphibole-quartz-plagioclase graphite-containing  
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"Paleozoic intrusive magmatism of the Middle and South 
Urals" [Fershtater, 2013, 2015], which contain the abso-
lute age determinations of rocks of the Kurmansky massif 
from zircons (U-Pb method) yielded 411±2 (SHRIMP-II), 
397±2 (LA-ICP-MS) Ma for migmatized amphibole gab-
bro and 405±4 (SHRIMP-II) Ma for trondhjemites. These 
datings implied that the Kurmansky massif formations 
could not appropriately be assigned to either Reftinsky 
(435–430 Ma) or Averinsky (420–419 Ma) complexes, much 
less to the 309–298 Ma (Late Carboniferous), as it goes in 
the legend to the latest geological map [State Geological 
Map..., 2017].

Besides age determinations, G.B. Fershtater and his co- 
authors put special emphasis on the structure and compo-
sition of the massif rocks. It was shown that the presence of 
intergranular fine quartz-feldspar aggregate is their most 
important petrographical feature indicative of migmatiza-
tion process occurrence. This made it possible to project a 
hypothesis of spontaneous migmatization of hydrous melts 
of gabbro during their movement to the surface [Fershtater, 
2013, 2015; Fershtater et al., 2018; Zamyatina, Borodina, 
2015] onto genesis of the rocks of the Kurmansky massif. 
The pressure during migmatization were estimated by these 
authors as 8 kbar.

The paper presents the results of the mineralogical and 
petrogeochemical studies of the rocks of the Kurmansky 
massif based on the data produced by the authors and their 
predecessors. It is the contribution to understanding of 
genesis and formation relation of the massif rocks and to 
some aspects of the geological structure and history of 
region evolution including the time of accretion of the 
Early Paleozoic island-arc complexes with the rocks of the 
Murzinsky-Aduysky terrain.

2. GEOLOGICAL POSITION AND STRUCTURE  
OF THE KURMANSKY MASSIF

The Kurmansky gabbro-trondhjemite massif is 40 km 
eastward of Ekaterinburg among intensively tectonized 
structures of the East Uralian megazone representing a com-
pound accretion megablock [Puchkov, 2000]. The massive 
is in the western marginal part of the Reftinsky alloch-
tonous block among steeply east-dipping tectonic plates 
thrusted on the Murzinsko-Aduysky metamorphic block 
(terrain or a fragment of the Precambrian microcontinent) 
and dissected near their junction with the Bazhenov suture 
zone [Smirnov et al., 2019] "sealed" by the Late Paleozoic 
granite massifs (Fig, 1).

According to the results of our earlier complex inter-
pretation and newly obtained data, the Kurmansky massif 
is almost subisometric, of size 3.5×2 km (Fig. 1), more com-
pact than was supposed [State Geological Map..., 2017]. The 
massif is composed of gabbro, gabbro-diorites of the first 
phase and trondhjemites of the second phase, with the pre-
dominance of the latter. The rocks in the massif have tec-
tonic contacts with intrusive and volcanic host rocks, and 
their intrusive contacts with gabbro of the Alapaevsk com-
plex [State Geological Map..., 2017], underlying the alloch-
tonous block, are only marked in the northwest. All rocks in 
the massif and its nearest environment experienced meta-
morphism of the epidote-amphibolite facies which gave rise 
to the formation of amphibolites, metagabbro, and metatron-
dhjemites. Metamorphic transformations were expressed 
in the development of amphibole, biotite, epidote, fine-
grained granoblastic aggregate of plagioclase and quartz 
[Eselevich, Sergeevskaya, 1953; Rapoport, Medyakov, 1974]. 
In spite of the fact of metamorphism, we will further name 
the rocks in accordance with their primary nature, as it  

shcists, micaceous quartzites, calcifiers, plagiogneisses of the Alabashka suite (RF2); 20 – of biotite, biotite-amphibole, amphibole-bio-
tite plagiogneisses with layers of amphibolites, granitogneisses (PR1?).
Figures in circles mean intrusive massifs: 1 – Aduysky, 2 – Kamensky, 3 – Kurmansky, 4 – Reftinsky, 5 – Averinsky, 6 – Brusyansky. A 
thick solid line shows the contour of the Reftinsky allochthon. Thick dotted line shows the contour of the Kurmansky massif in accord-
ing to the results of our research.
Рис. 1. Геологическое строение района Курманского массива (генерализованный фрагмент геологической карты образований 
листа О-41-XXVI (Асбест), масштаб 1:200 000 [State Geological Map., 2017]).
Магматические комплексы: 1 – граниты биотитовые и двуслюдяные адуйского комплекса (Р3); 2 – граниты биотитовые, 
лейкограниты петуховского комплекса (Р1); 3 – гранодиориты, граниты каменского комплекса (С2–3); 4 – габбро, гранодио-
риты, граниты некрасовского комплекса (C1); 5 – диориты, плагиограниты алтынайского комплекса (D1–2); 6 – трондьемиты 
аверинского комплекса (S4–D1); 7 – габбро, диориты, тоналиты, плагиограни ты рефтинского комплекса (S2–4); 8 – габбро, не-
расчлененные ультрамафиты алапаевского комплекса (V); 9 – полимиктовый меланж Восточно-Уральского тектоногенного 
комплекса (D3–P). Вулканогенные, вулканогенно-осадочные и осадочные комплексы: 10 – опоки, песчаники серовской свиты 
(P1); 11 – аргиллиты, алевролиты, песчаники, конгломераты щербаковской свиты (С2); 12 – граувакковые и олигомиктовые 
песчаники, алевролиты, часто углеродистые, сланцы кремнистые, углеродисто-кремнистые арамильской свиты (С1); 13 – 
известняки устькодинской свиты (D3); 14 – базальты, андезибазальты с прослоями туфитов, глинисто-кремнистых пород и 
кремнистых пород маминской толщи (D2–3); 15 – субвулканические риолиты рудянского комплекса (D1–2); 16 – кремнистые, 
углеродисто-кремнистые сланцы, кварциты, линзы мраморов колюткинской свиты (S2–3); 17 – метабазальты, метатуфопес-
чаники, кремнистые туффиты, углеродисто-кварцевые породы новоберезовской тол щи (О3); 18 – метабазальты, углероди-
сто-кварцевые сланцы белоярской толщи (О3); 19 – кристаллосланцы биотит-(мусковит)-плагиоклаз-кварцевые, кварц-ам-
фибол-биотит-плагиоклазовые, (биотит)-амфибол-кварц- плагиоклазовые графитсодержащие, кварциты слюдистые, каль-
цифиры, плагиогнейсы алабашской серии (RF2); 20 – плагиогнейсы биотитовые, биотит-амфиболовые, амфибол-биотитовые 
с горизонтами амфиболитов, гранитогнейсов (PR1?).
Цифры в кружках – интрузивные массивы: 1 – Адуйский, 2 – Каменский, 3 – Курманский, 4 – Рефтинский, 5 – Аверинский, 6 – 
Брусянский. Толстой сплошной линией показан контур рефтинского аллохтона. Толстой пунктирной линией показан контур 
Курманского массива по результатам наших исследований.
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takes place in explanatory notes to geological maps of the 
region [Rapoport, Medyakov, 1974; State Geological Map..., 
1987, 2017].

A fragment of the northern part of the massif was opened 
by the Kurmansky broken stone quarry exposing intrusive 
contacts of trondhjemites with gabbro, gabbro-diorites 
and diorites. The latter in the contact zone compose large 
(tens of meters) xenoliths dissected by thin trondhjemite 
veins (Fig, 2, a, b), described in [Fershtater, 2013, 2015; 
Fershtater et al., 2018; Zamyatina, Borodina, 2015] as mig-
matites, or consist of fragments as part of eruptive breccias 
(Fig. 2, c). Trondhjemites sometimes contain rare xeno-
liths of metavolcanic and limestone rocks transformed into 
pyroxene-garnet-wollastonite, garnet-epidote and epidote- 
quartz-plagioclase skarns [Eselevich, Sergovskaya, 1953; 
Rapoport, Medyakov, 1974; Pribavkin et al., 2014]. All mas-
sif rocks are cut by dykes of microgabbrodiorite and micro-
diorite with leucocratic segregation veins (Fig. 2, d).

3. PETROGRAPHY OF ROCKS
Macroscopically, gabbro, gabbrodiorites and diorites are 

unevenly-grained rocks consisting of approximately equal 
proportions of feldspar and amphibole. Mineral content  

is as follow (wt. %): plagioclase 30–40, amphibole 35–50, 
quartz 5–10, epidote and biotite 2–10. The rocks keep the 
relics of the original gabbro and diorite structure, less often 
porphyric with predominance of larger-size and idiomor-
phic amphibole over plagioclase. Relic plagioclase embed-
ded in large subidiomorphic matrices varies in composi-
tion from An42 to An30 and contains epidote inclusions. On 
the edges and along the fractures, it undergoes recrystalli-
zation producing fine- and micro-grained granoblastic ag-
gregate of newly formed plagioclase of composition An20–24. 
The amount of the latter varies from a few percent (Fig. 3, a) 
to tens of percent, up to complete recrystallization of pri-
mary plagioclase (Fig. 3, b). Blue-green amphibole, along 
with fine long prismatic grains, is embedded in wide ma-
trices (on pyroxene?) with curved splintery contours. Bio-
tite is associated with fine-grained feldspar aggregate indi-
cating its recrystallization-related genesis.

Microgabbrodiorite and microdiorite dykes are char-
acterized by fine-grained nematogranoblastic structure 
(Fig. 3, c). Orientation of amphibole prisms is irregular or 
subparallel to dyke contacts. The mineral composition is 
similar to that of gabbrodiorites described above; the dif-
ference lies in the absence of plagioclase above An25.

Fig. 2. Relationships of rocks and their geological features.
(а, b) – migmatite-like textures in blocks of gabbrodiorites; (c) – eruptive breccias of gabbrodiorites; (d) – dike of micro gabbrodiorites 
with separations of trondhjemite veins (photo by G.B. Fershtater).
Рис. 2. Взаимоотношения пород и их геологические особенности.
(а, b) – мигматитоподобные текстуры в блоках габбро-диоритов; (c) – эруптивные брекчии габбро-диоритов; (d) – дайка ми-
крогаббро-диоритов с обособлениями жильных трондьемитов (фото Г.Б. Ферштатера).

(а) (b)

(c) (d)
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Fig. 3. Micro-images of rock structures: gabbro (а, b), microgabbrodiorite (c), trondhjemite (d, e, f).
The length of the photo is 10 mm. Nicoli crossed. Pl1 and Pl2 are relict and newly formed plagioclas. Amp – amphibole, Bt – biotite. For 
explanations see the text.
Рис. 3. Микрофотографии структур пород габбро (а, b), микрогаббро-диорита (c), трондьемита (d, e, f).
Длина фотографии – 10 мм. Николи скрещены. Pl1 и Pl2 – реликтовый и новообразованный плагиоклаз. Amp – амфибол, Bt – 
биотит. Пояснения в тексте.

Trondhjemites are massive, fine-grained rocks contain-
ing a large amount of xenoliths. They have the NW-oriented 
gneissic texture, with numerous xenoliths oriented in the 
same direction. The massif-predominant trondhjemites con-
tain 30–40 % of plagioclase, 25–35 % of quartz, 5–10 % 
of biotite, 0–5 % of amphibole, and a small amount of or 
almost no microcline. Microscopically, they have a primary 
magmatic middle-grained structure, erased, as well as in 
gabbroids, by the newly formed micro- and fine-grained 
granoblastic quartz-feldspar aggregate. The percentage of 
the latter by volume varies from a few percent, with "a string 
of beads" formed by single grains (Fig. 3, d), to tens of per-
cent, with only singe primary plagioclase relics kept in the 
rocks (Fig. 3, e, f). Primary plagioclase corresponds to An24–25,  

and newly formed is similar to it in composition – An20–24. 
Potassium feldspar is only found in newly formed aggre-
gate in much smaller quantities than plagioclase. Biotite is 
represented by grain seggregations. Blue-green smphibole 
occurs near the contacts with gabbroids and forms elon-
gated prismatic grains.

Vein trondhjemits are common among gabbroid blocks 
and dykes making them look like migmatite rocks. They dif-
fer from the main trondhjemite phase by larger quantities 
of amphibole and smaller quantities of quartz. A gradual 
increase in the amount of dark-colored minerals towards 
the contact with gabbroids implies trondhjemite contam-
ination with the development of hybrid rocks similar to 
tonalities or quartz diorites in composition.

Amp

Pl1

Pl2

Pl2

Pl1

Bt

Pl2

Pl1

Amp

Pl1

Pl2

Amp

Bt
Pl2

Bt
Pl2

Bt

(а) (b)

(c) (d)

(e) (f)
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Accessory minerals in all rock types are represented 
by apatite, ilmenite-hematite solid solution, magnetite, sul-
fides, zircons, and titanite. The main secondary mineral is 
epidote.

The important petrographic feature of the massif rocks, 
already noted from the results of geological mapping [Ese-
levich, Sergovskaya, 1953; Rapoport, Medyakov, 1974], is 
the presence of intergranular fine-grained quartz-feldspar 
microgranoblastic aggregate interpreted as a result of re-
crystallization. The relation of this aggregate with migmati-
zation process in which anatectic melt was preserved in situ 
is particularly emphasized in [Fershtater, 2013; Zamyatin, 
Borodina, 2015].

4. RESEARCH METHODS
The study of chemical composition of minerals and 

rocks was performed at "Geoanalitik" Common Use Cen-
ter IGG UB RAS. The mineral composition was determined 
by the electron probe micro-analyzer (EPMA) CAMECA 
SX10 using accelerating voltage 15 kV and current probe 
40 nA.

The chemical composition of rocks was determined 
using X-ray fluorescence spectrometers SRM-35 и XRF 
1800. FeO was determined by titration method, ignition 
losses – by gravimetric method. Trace, rare and rare-earth  

elements in rocks were determined by the ELAN 9000 ICP-
MS System.

The work involved the data on chemical composition 
of the Kyrmansky rock massif collected over several time 
periods by the chemical analysis laboratory of the CL PGA 
"Uralgeologiya" [Rapoport, Medyakov, 1974; Kubashin, Ly-
kova, 1985].

5. RESULTS
5.1. Characteristics of chemical composition  

of the rocks
On the classification diagram, the total alkali – silica, xe-

noliths and mafic dykes correspond to gabbro, gabbrodio-
rites and diorites, and the main trondhjemite phases – to 
granite and leucogranite (App. 1, Table 1; Fig. 4). Vein tron-
dhjemites intruding gabbroids lie in fields of quartz diorites, 
granodiorites and granites and represent variously contam-
inated leucogranite varieties. All rocks are characterized by 
Na predominance over K, but gabbroids characterized by 
medium-potassium content, and granitoids – by low-potas-
sium content (Fig. 5). Low-potassium composition allows 
you to define them as tonalites and trondhjemites.

Trondhjemites of the Kurmansky massif have a relative-
ly low value of FeO/(FeO+MgO) [Frost et al., 2001] equal 
to 0.65–0.76 and are located in the field of magnesium  

Fig. 4. Diagram (Na2O+K2O) – SiO2 for the Kurmansky massif rocks and magmatic complexes of the region.
1 – gabbro, gabbrodiorites; 2 – microgabbrodiorite dykes; 3 – vein trondhjemites; 4 – trondhjemites of the main phase of the Kurmansky 
massif; 5 – compositions of granitoids Kurmansky massif, according to [Rapoport, Medyakov, 1974; Kubashin, Lykova, 1985]; 6–8 – 
field compositions: 6 – gabbro, tonalites, plagiogranites of the Reftinsky complex [Fershtater, 2013; Smirnov et al., 2018], 7 – gabbro 
and trondhjemites of the Averinsky complex [Lobova, et al., 2012], 8 – granodiorites and granites of the Kamensky complex [Fershtater, 
2013]. The points of rock compositions in the diagram are calculated for the dry residue.
Рис. 4. Диаграмма (Na2O+K2O) – SiO2 для пород Курманского массива в сопоставлении с магматическими ком плексами  
района.
1 – габбро, габбро-диориты; 2 – дайки микрогаббро-диоритов; 3 – жильные трондьемиты; 4 – трондьемиты главной фазы 
Курманского массива; 5 – составы гранитоидов Курманского массива по данным [Rapoport, Medyakov, 1974; Kubashin, Lykova, 
1985]; 6–8 – поля составов: 6 – габбро, тоналитов, плагиогранитов рефтинского комплек са [Fershtater, 2013; Smirnov et al., 
2018], 7 – габбро и трондьемитов аверинского комплекса [Lobova et al., 2012], 8 – гранодиоритов и гранитов каменского ком-
плекса [Fershtater, 2013]. Точки составов пород на диаграмме рас считаны на сухой остаток.
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Fig. 5. Diagrams for the Kurmansky massif rocks and magmatic complexes of the region. See the legend in Fig. 4.
Рис. 5. Диаграммы для пород Курманского массива в сопоставлении с магматическими комплексами района. Условные 
обозначения см. рис. 4.

(calc-alkaline) rocks whereas gabbro, gabbrodiorites and 
diorites are located along the separating line between mag-
nesium and ferruginous rock series (Fig. 5). On diagram 
(Na2O+K2O–CaO)–SiO2, the points of trondhjemites fall with-
in the field of calcareous rock series, and those of gabbro-
diorites – in the fields of calcareous and calc-alkaline rock 
series (Fig. 5).

On discriminant diagrams (Fig. 6, a, b), points of gabbro, 
gabbrodiorites and diorites fall within the fields of island-
arc-type rocks. High Th and low Nb contents in gabbroids 
imply an active participation of slab-derived fluid com-
ponent in melting of mantle peridotite depleted in trace  

elements. Trondhjemites are located in the fields of island-
arc-type granitoid rocks (Fig. 6, c, b).

5.2. Features of the mineral rock composition
Amphibole. A chemical composition of amphibole in cal-

culating the crystal-chemical ratios per 23 oxygens is char-
acterized by the value of CaB=1.7–2.0 и (Na+K)A=0.26–0.45 
and the ratio of Mg/(Mg+Fe2+)=0.56–0.63, which makes it 
possible to define it as tschermakite in accordance with the 
nomenclature [Leake at al., 1997] or as amphibole in accor-
dance with [Hawthorne et al., 2012]. Note that the compo-
sitions of amphibole in different rocks vary inconsiderably.  
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Fig. 6. Geodynamic discriminant diagrams for the Kurmansky massif rocks and magmatic complexes of the region.
(а) – diagram Th–Zr/117–Nb/16 [Wood, 1980] for basic rocks. Fields in the diagram: A – mid-ocean ridges; B – basalts of mid-ocean 
ridges and intraplate settings; C – basalts of intraplate settings; D – basalts of island arcs and active continental margins. (b) – diagram 
of Nb/Yb–Th/Yb [Pearce, 2008] for the basic rocks. Fields: TH – tholeiitic basalts, CA – calc-alka line basalts, SHO – subalkaline basalts 
of active continental margins. The arrows show the increasing importance of the subduction component (S), crustal contamination (C), 
within-plate component (W), and fractional crystallization (f). (c), (d) – diagrams (Y+Nb)–Rb and Y–Nb for acid rocks [Pearce et al., 
1984]. Fields: VAG – granites of volcanic arcs, ColG – syn-collision granites, WPG – intraplate granites, ORG – granites of oceanic ridges. 
See the legend in Fig. 4.
Рис. 6. Геодинамические дискриминантные диаграммы для пород Курманского массива в сопоставлении с магматиче-
скими комплексами района.
(а) – диаграмма Th–Zr/117–Nb/16 [Wood, 1980] для основных пород. Поля на диаграмме: А – срединно-океа нических хреб-
тов; В – базальты срединно-океанических хребтов и внутриплитных обстановок; С – базальты внутриплитных обстановок; 
D – базальты островных дуг и активных континентальных окраин. (b) – диаграмма Nb/Yb–Th/Yb [Pearce, 2008] для основных 
пород. Поля на диаграмме: TH – толеитовые базальты, CA – известково-щелочные базальты, SHO – субщелочные базальты ак-
тивных континентальных окраин. Стрелками показаны тренды возрастания роли субдукционного компонента (S), коровой 
контаминации (С), внутриплитного компонента (W) и фракционной кристаллизации (f). (c), (d) – диаграммы (Y+Nb)–Rb и 
Y–Nb для кислых пород [Pearce et al., 1984]. Поля на диаграммах: VAG – граниты вулканических дуг, Syn-COlG – коллизионные 
граниты, WPG – внутриплитные граниты, ORG – граниты океанических хребтов. Условные обозначения см. на рис. 4.

The average ferruginosity value (f) of amphibole in gab-
bro, gabbrodiorites and diorites is 0.47, in trondhjemites – 
0.52. The alkali and aluminum content of amphibole in 
trondhjemites is also somewhat higher. PT-conditions of 
crystallization for amphibole have been calculated based 
on the known thermobarometers (App. 1, Table 2) and are 
660–690 °С, 7–9 kbar.

Biotite. F of biotite varies from gabbro to trondhjemite 
within the range of 0.37–0.47. Worthy of note is a decrease  

in F of biotite relative to amphibole, typical of rocks of abis-
sal level generation and products of water-saturated ana-
texis [Fershtater, 2013].

Plagioclase. It has already been mentioned that the rocks 
contain two types of plagioclase which differ in compo-
sition: large corroded matrixes containing An30–42 in gab-
bro and An24–25 in trondhjemites and small granulomorphic 
grains which were formed during the recrystallization of 
the latter. The main feature of granulomorphic plagioclase  
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Fig. 7. Diagrams K/Rb – K, La/Sm – La, Ba/Nb – Nb [Bourdon et al., 2002], La/Sm – Sm/Yb [Kay, Mpodozis, 2001; Zarasvandi et al., 
2016] for the Kurmansky massif rocks and magmatic complexes of the region. See the legend in Fig. 4.
Рис. 7. Диаграммы K/Rb – K, La/Sm – La, Ba/Nb – Nb [Bourdon et al., 2002], La/Sm – Sm/Yb [Kay, Mpodozis, 2001; Zarasvandi et 
al., 2016] для пород Курманского массива и магматических комплексов района. Условные обозначения см. на рис. 4.

is the same composition (An20–24) in all rock types. A few- 
number increase in the content of anorthite in the grain 
margins implies increasing pressure and temperature dur-
ing recrystallization process.

6. DISCUSSION OF RESULTS
6.1. Genesis of original melts of basic  

and acid composition
Partial melting and fractional crystallization play a lead-

ing role in generation of acid melts [Rushmer, 1991; Beard, 
Lofgren, 1991; Wolf, Wyllie, 1994; Rapp, Watson, 1995; 
Zharikov, Khodorevskaya, 2006; and others]. The melt com-
positions obtained through one of these processes follow 
the corresponding geochemical trends which allow deter-
mining one or another process contribution to the genesis 
of rock series. The assumption that the Kurmansky massif 
trondhjemites may have resulted from fractional crystal-
lization of basic melts, parent for their associated gabbro, 
is contradicted by an equal or close ferruginosity value of 
mafic and felsic rocks and by similar potassium contents in 
all rock types (see App. 1, Table 1; see Fig. 5). On the con-
trary, these features may indicate the generation of acid 
melts as a result of water-saturated melting of hornblende 
gabbro at the condition of the amphibole stability area as  

earlier suggested by [Fershtater, 2013] for the Kurmansky 
massif.

On geochemical diagrams, the main-phase trondhjem-
ites, together with gabbro-intersecting veined trondhjem-
ites, cluster both along the trend of fractional crystalli-
zation of basic melt corresponding in composition to the 
massif gabbro and gabbrodiorite (Fig. 7, a, c) and along the 
trend of gabbro partial melting (Fig. 7, b). This fact most 
likely suggests that the initial melts for gabbro and tron-
dhjemite of the massif are genetically unrelated and have 
different sources, although they were even jointly localized 
in the crust. Presumably, the process that led to the forma-
tion of the massif trondhjemites was melting of amphibo-
lites or hornblende gabbro of the lower crust. Gabbro, gab-
brodiorites and diorites are the results from the consistent 
fractional crystallization of basic magma generated by par-
tial melting of the upper mantle. The reason for mantle 
melting could be an input of fluid component from the sub-
duction zone, as particularly evidenced by high Ba/Th and 
low Th/Nb ratios in the rocks (Fig. 8, a). However, high Si, 
K, Rb, Sr, Ba, La concentrations and increasing Sr/Nb and 
Gd/Yb ratios in gabbroids (Fig. 8, b) imply melting of peri-
dotites, previously metasomatized, as well as by subduction- 
related melts with adakite-like geochemical features.
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Fig. 8. Diagrams of relations of Th/Nb – Ba/Th [Hanyu et al., 2006] and Sr/Nb – Gd/Yb [Mori et al., 2007] for the Kurmansky massif rocks 
and magmatic complexes of the region, demonstrating the participation of various crustal components in the metasomatic enrichment 
of the mantle. See the legend in Fig. 4.
Рис. 8. Диаграммы Th/Nb – Ba/Th [Hanyu et al., 2006] и Sr/Nb – Gd/Yb [Mori et al., 2007] для пород Курманского массива и 
комплексов района, демонстрирующие участие различных коровых компонентов в метасоматическом обогащении мантии. 
Условные обозначения см. на рис. 4.

6.2. Сonditions of melts separation  
and crystallization

Low Sr/Y, La/Yb (see App. 1, Table 1), Sm/Yb (see Fig. 7, 
d) ratios in trondhjemites suggest absence of garnet as a 
restitic phase during melting of amphibolite source. The 
absence of garnet, in accordance with [Wolf, Wyllie, 1994; 
Rapp, Watson, 1995; and others], defines the area of tron-
dhjemite melt separation at a pressure no higher than 9– 
12 kbar. The ratios of normative components Qz, Ab, An, Or 
allow estimating the melt crystallization parameters. The 
position of normative trondhjemite compositions in the 
system of ternary feldspars [Elkins, Grove, 1990] provides 
an approximate estimate of the temperature of the begin-
ning of melt crystallization as 700–900 °С (Fig. 9, а). The re-
lationship between the content of normative quartz in melt 
and the pressure with regard to culculated temperatures 
defines the position of liquids on PT-diagram. The tron-
dhjemite composition consistency along the lines of con-
stant water content 2–4 % indicates an adiabatic evolution 
of liquids when they move from the place of their origin 
at 9–12>Ptot≥8 kbar and PH2O=0.1–0.2Ptot in the amphibole 
(±biotite) stability area to the place of localization and 
crystallization in the upper crust at Ptot=PH2O=1 kbar.

The development of wollastonite skarns in contact with 
trondhjemites allows estimating depth of appearance of 
massif in tht crust level by independent way. It can be deter-
mined from the intersection point of reaction paths An+Qz+ 
+Cc=Grs+CO2 and Qtz+Cc=Wo+CO2 for paragenesis of wol-
lastonite associated with grossular depending on CO2 mole 
fraction [Schmädicke et al., 2001; Zharikov, Rusinov, 1998]. 
When CO2 mole fraction is about 0.2 (typical value for mag-
matogenic fluid), the minimum pressure in garnet-wolla-
stonite skarn generation will be 1 kbar. Therefore, we can es-
tablish the mesoabissal level of the Kurmansky massif.

The reconstruction of initiation, evolution and crystal-
lization conditions of gabbro, gabbrodiorite and diorite  

melts in the massif is a much more complicated task. Never-
theless, the position of gabbro composition points close 
to eutectic An – Cpx – Opx at 10 kbar, calculated for the 
bodies with f=0.6 (Fig. 9, c), implies the separation of basic 
calc-alkaline melt at the upper mantle level. The positions 
of points of microgabbro and microdiorite dykes follow 
the isobaric trend in the evolution of gabbroids.

6.3. Rock metamorphism
The development of micro-grained and fine-grained 

quartz-feldspar aggregate in all massif rocks indicates the 
occurrence of high-temperature recrystallization (metamor-
phism) associated with granulation, grain misorientation 
and plagioclase deanorthitization. Recrystallization also 
gave rise to the appearance of epidote, scurfy biotite and 
amphibole. The latter probably formed by the primary gab-
broid pyroxene that is responsible for its low alkalinity. The 
parameters calculated for recrystallization, in accordance 
with App. 1, Table 2, correspond to the upper epidote-am-
phibolite facies (7–9 kbar and 670–690 °С), which does not 
exclude the melting of the most easily fusible rocks with 
occurrence of migmatite zones along the fluid channels. 
Relatively high parameters of rock metamorphism may re-
sult from their occurrence in the bottom of the allochtonous 
block. Microstructures structures similar to hornfelsic ones 
that form under high pressure may be attributed to trans-
formation of stress pressure into normal hydrostatic pres-
sure for competent rock blocks in thrust zones [Kozlovsky, 
Viryus, 2011; Kulakovsky et al., 2015].

6.4. Rock dating problem
An important and still ambiguously unsolvable prob-

lem is the time of placement of massif in the crust. The 
U-Pb age of zircons from gabbro and trondhjemite (411–
397 Ma) [Fershtater, 2013, 2015] were interpreted as a 
span of magmatic crystallization of the rocks.
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Fig. 9. PT-conditions of melting, crystallization and metamorphism 
for the Kurmansky massif trondhjemites.
See the legend in Fig. 4. (а) – triangular diagram An – Ab – Or for 
granite compositions. Normative quantities of An, Ab, Or are cal-
culated by CIPW; isotherms are calculated on the basis of a triple 
feldspar model for 8 kbar [Elkins, Grove, 1990]. (b) – PT-diagram 
of the evolution of trondhjemite melts. Thick solid lines – dry and 
wet liquiduses of granite melt, thin dotted lines – water content 
(wt. %) [Johannes, Holtz, 1996], dashed lines – the content of 
normative quartz in the Qtz – Or – Ab system [Fershtater, 1987, 
Fig. 33], dotted red and solid green lines are the stability lines 
of biotite and amphibole according to different authors [Yoder, 
Tilley, 1962; Wyllie, Wolf, 1993; Weinberg, Hasalova, 2015, and 
references therein]. The horizontal hatching shows the area of 
origin of trondjemite melts, and the arrow shows the trend of 
their magmatic evolution. Trondhjemite points are plotted in ac-
cordance with the content of normative quartz in the rock and 
the temperature of the feldspar solvus. The green field is the area 
of metamorphism of gabbro and trondhjemites in ac cordance 
with the data [HB] of App. 1, Table 2. (c) – triangular diagram Cpx – 
An – Opx for basites. Green circles and blue rhom buses indicate 
the compositions of gabbro, gabbrodiorites, and diorites of the 
massif. The An – Cpx – Opx cotectics are calculated for composi-
tions with a Fe/Fe+Mg=0.6 at 1 atm and 15 kbar. See [Fershtater, 
1987] for the method of the diagram construction.
Рис. 9. PT-условия плавления, кристаллизации и метамор-
физма трондьемитов Курманского массива.
Условные обозначения см. на рис. 4. (а) – диаграмма An – Ab – 
Or для гранитных составов. Нормативные количества An, Ab, 
Or рассчитаны методом CIPW; изотермы – на основе трой-
ной модели полевого шпата для 8 кбар [Elkins, Grove, 1990]. 
(b) – РТ-диаграмма эволюции трондьемитовых расплавов. 
Толстые сплошные линии – сухой и мок рый ликвидусы гра-
нитного расплава, тонкие пунктирные линии – содержания 
воды (мас. %) [Johannes, Holtz, 1996], штрихпунктирные ли-
нии – содержания нормативного кварца в системе Qtz – Or – Ab 
[Fershtater, 1987, рис. 33], пунктирные красные и сплошные 
зеленые линии – линии стабильности биотита и амфибо-
ла по разным авторам [Yoder, Tilley, 1962; Wyllie, Wolf, 1993; 
Weinberg, Hasalová, 2015, и ссылки в ней]. Горизонтальной 
штриховкой показана область зарождения трондьемитовых 
расплавов, а стрелкой – тренд их магматической эволюции. 
Точки трондьемитов нанесены в соответствии с содержани-
ем нормативного кварца в породе и значением температу-
ры полевошпатового сольвуса. Зеленое поле – область мета-
морфизма габбро и трондьемитов в соответ ствии с данными 
[HB] Прил. 1, табл. 2. (в) – диаграмма Cpx – An – Opx для бази-
тов. Зелеными кружками и синими ромбами указаны соста-
вы габбро, габбро-диоритов, диоритов массива. Котектики 
An – Cpx – Opx рассчитаны для составов с железистостью 0.6 
при 1 атм и 15 кбар. Методику построения диаграммы см. в 
работе [Fershtater, 1987].
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The lack of data about validity (MSWD values) of these 
ages and the existence of metamorphic transformations of 
the rocks suggest an incomplete correspondence between 
zircon isotope ages and a time span of their magmatic crys-
tallization. Such datings most likely fall within the time of 
magmatic crystallization (430–420 Ma) of the rocks con-
sisting of the main part of the Reftinsky allochthone, and the 
age of their metamorphism (405–380 Ma). The last event 
was caused by accretion and thrusting of the O-S oceanic 
and S-D island arc complexes of the Reftinsky allochthone 
on the Murzinsky-Aduysky terrain in the Late Devonian 
[Smirnov et al., 2014].

6.5. Comparison with magmatic complexes  
of the East Uralian megazone

According to [Puchkov, 2000; Smirnov et al., 2003; 
Smirnov, Korovko, 2007; and others], the most ancient rocks 
in the area are ophiolites of dunite-harzburgite-gabbro and 
volcanic rock of basalt-dacite and basalt-andesite-dacite 
complexes with their supposedly co-magmatic intrusions 
of the Silurian and Early Devonian (?) ages. After the for-
mation of thick Silurian volcanic suites, the magmatic ac-
tivity of the area decreased and then terminated in low part 
of the Early Devonian, so the formation of thick carbonate 
and terrigenous-carbonate suites took place during the Late 
Silurian to Middle Devonian. New impulse of magmatic ac-
tivity caused the generation of volcano-plutonic complexes 
containing xenoliths of the Silurian volcanites and Early 
Devonian limestones from the basement.

Taking into account ambiguity in the Kurmansky mas-
sif rock dating, we made a comparison between the rock 
composition and the most accurately dated and intrusive 
complexes of the area whose geochemistry has been well 
studied. The materials compared were Reftinsky gabbro- 
diorite-tonalite-plagiogranite (435–430 Ma) and Averinsky 
diorite-trondhjemite (420–419 Ma) complexes of the island 
arc nature [Lobova et al., 2012; Fershtater, 2013; Smirnov 
et al., 2014, 2018] wherein the Kurmansky massif was 
also localized (see Fig. 1). Separate comparison was made 
between the Kurmansky trondhjemites and the early-col-
lisional Kamensky granodiorite complex (298–309 Ma) 
[Fershtater, 2013], since Kurmansky massif was arbitrarily 
assigned to this complexon the latest State Geological Map 
[State Geological Map..., 2017].

The rocks of the Reftinsky complex (gabbro, tonalites, 
plagiogranites) preceding magmatites of the Kurmansky 
massif have similarly low contents of K, Rb, Sr, Ba, RE and 
REE, and their formation is related to low baric partial 
melting of the upper mantle and basic crust at the island 
arc stage with the slab-fluid component participating in 
magma generation (see Figs. 7, 8). This is evidenced by the 
results of the isotope study of Sr, Nd, Hf in the rocks of the 
Reftinsky complex [Smirnov et al., 2018]. Probably, an in-
creasing importance of the slab-related fluid (±acidic melt) 
providing an effect of metasomatism to the magmogen-
erated sources in the upper mantle and crust might have 
further determined the generation of melts more enriched 
in Sr, Ba, Rb and REE, similar to the Kurmansky gabbroids.  

The differences in Y, Sr, Cr, Ni and Co contents imply the 
belonging of the Reftinsky gabbro to the ophiolite associ-
ations, and that of the Kurmansky gabbro to the gabbro- 
granite series (after [Ferstater, 1987]).

The trondhjemites (now blastomilonites) of the Averin-
sky complex adjacent to the Kurmansky massif in the east 
have a clearly defined negative Eu-anomaly and lower REE 
contents. Besides, they have a high Al-content (A/CNK= 
=1.2–1.5 [Lobova et al., 2012] against 0.64–0.79 in the Kur-
mansky massif rocks). These data imply different sources 
for the Averinsky and Kurmansky trondhjemites.

A preliminary attribution of rocks of the Kurmansky 
massif to the Kamensky complex [State Geological Map..., 
2017] seems unreasonable, since rocks of these objects 
have a different ages and they form quite individual series 
having different contents of main and trace elements (see 
Figs. 4, 5, 6, 7, 8).

The results of comparison between the compositions 
of the rocks in the Kurmansky massif and the major rock 
series from the considered sector of the Middle Uralian area 
of the East Uralian megazone, we propose to allocate the 
Early Devonian (?) Kurmansky gabbro-diorite-trondhjemite 
island arc complex as an individual subdivision.

7. CONCLUSION
The generation of the Kurmansky gabbro-trondhjemite 

massif is related to the last stages of the Silurian – Early 
Devonian island-arc magmatism in the East Uralian mega-
zone accompanied by processes of partial melting of the 
upper mantle and crust which were brought together in 
time and space. The mantle peridotites that melt partially 
under the effect of aqueous fluids released from the sub-
duction zone were the sources for the gabbro melts. Such 
melts were separated and followed two-pyroxene plagio-
clase cotectics at P=10 bar. Partial melting of amphibolites 
or amphibole gabbro in the lower crust at Ptot≥8 kbar PH2O= 
=0.1–0.2 Ptot caused the generation of initial trondhjemite 
melts. The crystallization of basic and acid rocks of the mas-
sif ceased at the mesoabyssal conditions at Ptot=PH2O

=1 kbar 
and accompanied by the formation of wollastonite scarns 
at the contacts between limestones and trondhjemites. 
This interpretation of genesis and crystallization condi-
tions of the massif rocks differs from the earlier version 
[Fershtater, 2013].

The age, geological-structural position and features of 
composition of the rocks in the Kurmansky massif (in a 
specified volume) provide evidence for its belonging to the 
individual Early Devonian (?) magmatic complex of the is-
land-arc origin.

The generation of the rocks in the Kurmansky massif 
and their metamorphic transformations might have been 
caused by temporally convergent processes of magmatism 
and accretion of the Early Paleozoic – Early Devonian com-
plexes on the Murzinsky-Aduysky terrain during the Devo-
nian. The appearance of hornfels-like microstructures for-
med under conditions of the epidote-amphibolite facies at 
the medium pressures is the characteristic feature of meta-
morphism of the Kurmansky massif rocks.
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Table 1. Chemical composition (wt. %) аnd content of trace elements (ppm) in the rocks of the Kurmanka massif
Таблица 1. Химический состав (мас. %) и содержание малых элементов (г/т) в породах Курманского массива

APPENDIX 1 / ПРИЛОЖЕНИЕ 1

Sl, No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

SMP No. Ку-4 413 427 Ку-6б Ку-5 401 407 404-1 492 404-2 403 Ку-1 408 428 Ку-6а 412 Ку-2 Ку-3

SiO2 48.84 50.69 50.95 52.71 55.97 50.40 51.14 54.48 59.68 59.92 61.03 61.20 64.85 72.55 73.88 71.50 72.38 72.95

TiO2 0.86 0.70 0.66 0.89 0.65 0.73 0.67 0.66 0.48 0.49 0.55 0.39 0.44 0.29 0.38 0.36 0.32 0.33

Al2O3 16.09 16.97 16.37 17.05 16.97 16.37 17.21 16.92 16.59 17.08 17.27 16.72 16.13 13.18 12.62 14.03 13.74 13.32

Fe2O3 9.61 11.77 8.80 4.98 4.64 12.33 11.32 10.30 7.40 7.35 6.64 4.53 5.67 3.02 2.45 3.13 1.35 2.07

FeO 4.60 – 4.60 5.60 3.50 – – – – – – 1.70 – 0.50 0.50 – 0.90 0.50

MnO 0.16 0.13 0.16 0.19 0.12 0.17 0.16 0.12 0.09 0.09 0.12 0.09 0.07 0.04 0.07 0.08 0.02 0.02

MgO 5.29 4.70 4.51 3.89 3.99 6.04 5.20 4.14 2.57 2.68 2.44 2.22 2.10 1.44 1.10 1.01 1.14 1.00

CaO 9.77 10.03 8.62 7.76 7.25 7.03 8.51 6.64 6.13 6.06 5.41 6.23 5.44 2.88 3.00 2.78 3.01 3.44

Na2O 2.67 2.30 3.36 4.20 4.63 2.60 2.60 2.80 3.70 3.10 3.40 4.57 4.00 4.78 4.36 3.90 4.96 4.53

K2O 0.70 0.60 0.42 0.65 0.56 1.76 1.05 1.27 0.73 0.76 1.05 0.84 0.84 0.71 1.15 1.14 0.69 0.65

P2O5 0.35 0.23 0.15 0.20 0.39 0.17 0.11 0.13 0.15 0.13 0.15 0.22 0.11 0.07 0.13 0.07 0.12 0.14

ImPs 0.90 0.54 1.10 0.90 0.70 0.74 0.28 0.60 1.06 1.00 0.18 0.70 0.25 0.50 0.40 0.24 0.50 0.30

Total 99.84 98.66 99.7 99.02 99.37 98.34 98.25 98.06 98.58 98.66 98.24 99.41 99.9 99.96 100.04 98.24 99.13 99.25

Li 10.32 14.84 10.04 5.67 4.83 22.01 9.55 13.31 6.88 7.74 6.52 3.52 3.00 13.40 6.39 9.90 7.46 5.48

Rb 10.66 9.60 9.46 7.28 7.63 23.68 13.35 44.27 18.23 21.94 15.72 14.74 16.00 10.46 17.82 13.10 8.02 9.99

Cs 2.24 0.98 1.28 0.13 0.31 2.87 0.61 3.70 1.65 1.87 0.20 0.15 0.34 0.40 0.21 0.21 0.29 0.27

Be 0.50 0.71 0.54 0.59 0.56 0.61 0.78 0.83 0.60 0.71 0.98 0.67 0.36 0.67 0.76 0.62 0.63 0.63

Sr 727 727 505 335 711 512 532 684 574 800 374 330 600 247 236 177 231 443

Ba 323 510 203 232 241 731 576 779 336 439 1036 302 300 515 521 1171 546 336

Sc 28.89 32.22 24.52 32.40 22.66 23.05 26.20 29.36 16.11 17.81 16.33 11.90 15.00 5.25 8.39 7.46 5.99 7.39

V 523 364 285 311 220 239 228 289 162 185 132 107 120 44.28 46.95 34.44 38.15 47.69

Cr 5.54 60.66 8.97 12.86 16.75 5.95 35.90 26.01 10.16 13.71 11.00 7.66 18.00 6.56 2.95 4.94 2.98 3.01

Co 56.26 29.97 30.50 35.92 24.97 26.69 16.96 14.11 9.72 11.87 11.24 46.72 10.00 5.05 48.68 3.83 58.34 40.41

Ni 11.43 18.10 2.38 4.28 7.17 7.58 128.75 8.05 4.49 5.96 4.69 6.30 14.00 0.00 2.33 1.99 2.64 2.23

Cu 173 55.41 60.30 76.78 8.65 38.42 11.47 29.16 39.04 47.21 30.75 133.29 32.00 31.45 4.24 20.60 8.68 4.42



Table 1. (continued)
Таблица 1. (продолжение)

Sl, No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

SMP No. Ку-4 413 427 Ку-6б Ку-5 401 407 404-1 492 404-2 403 Ку-1 408 428 Ку-6а 412 Ку-2 Ку-3
Zn 54.63 56.34 49.79 78.12 37.29 70.00 50.94 58.23 33.23 41.33 53.94 34.17 23.00 15.56 44.11 28.63 26.33 19.26

Ga 18.10 18.72 16.30 18.29 17.04 17.10 19.10 21.60 14.56 16.75 18.95 14.94 19.00 13.90 13.30 12.53 13.49 14.18

Y 15.25 26.96 15.31 23.59 23.29 18.73 31.06 30.51 17.14 20.19 34.16 12.65 14.00 10.62 16.91 13.54 14.58 20.99

Nb 0.89 1.99 0.99 1.80 1.52 1.51 2.37 3.36 1.66 5.57 3.18 1.58 1.80 2.06 3.06 2.67 2.81 3.36

Ta – 0.11 0.07 0.03 0.01 0.06 0.10 0.17 0.10 0.18 0.15 0.16 0.13 0.13 0.10 0.12 0.11 0.19

Zr 13.42 21.71 11.45 7.68 11.23 44.12 8.62 23.69 15.66 21.42 16.02 16.51 26.10 32.53 12.92 24.64 24.19 25.39

Hf 0.64 0.78 0.50 0.52 0.54 1.15 0.44 0.89 0.50 0.64 0.56 0.81 0.70 0.93 0.61 0.77 0.87 0.95

Pb 2.04 2.04 2.20 3.58 3.57 5.45 3.47 4.23 3.67 4.28 3.82 2.37 3.00 4.13 4.61 4.16 4.39 2.74

U 0.74 1.17 0.73 1.11 1.09 3.75 2.13 1.57 0.98 1.18 0.93 1.75 1.10 1.08 2.40 0.98 1.17 4.72

Th 1.52 1.82 1.29 1.50 1.74 5.22 2.24 4.02 2.47 2.71 1.93 4.49 4.20 2.24 5.02 2.54 4.07 7.71

La 13.71 14.67 9.20 8.57 14.11 15.69 12.55 11.53 8.34 14.32 13.90 9.26 11.00 13.44 14.75 13.02 15.21 19.70

Ce 36.44 45.95 23.55 21.93 35.79 40.80 36.55 32.59 19.81 35.59 37.57 19.93 21.00 26.18 31.30 30.61 29.80 41.51

Pr 5.26 6.11 3.51 3.15 5.19 4.63 4.52 4.00 2.57 3.83 4.43 2.45 2.40 3.05 3.81 3.20 3.51 4.83

Nd 25.16 30.06 15.96 14.57 24.62 20.22 20.01 17.69 11.46 16.13 19.98 10.14 10.00 11.60 15.05 12.96 13.41 18.57

Sm 6.23 7.45 4.14 3.94 5.79 4.24 4.48 4.16 2.64 3.45 4.80 2.23 2.00 2.40 3.12 2.59 2.75 3.85

Eu 1.87 2.01 1.21 1.11 1.52 1.07 1.18 1.14 0.80 1.04 1.01 0.80 0.60 0.76 0.82 0.74 0.66 0.94

Gd 4.99 6.47 3.45 4.08 4.96 3.36 4.03 3.98 2.50 3.08 4.61 2.17 2.30 1.64 2.80 2.23 2.48 3.36

Tb 0.63 0.85 0.47 0.66 0.71 0.52 0.68 0.67 0.42 0.51 0.77 0.35 0.30 0.26 0.45 0.35 0.39 0.56

Dy 3.38 4.94 2.94 4.35 4.39 3.37 4.70 4.69 2.95 3.49 5.36 2.23 2.00 1.94 2.89 2.41 2.50 3.73

Ho 0.60 0.92 0.58 0.93 0.90 0.68 1.00 1.00 0.62 0.74 1.12 0.49 0.40 0.39 0.63 0.49 0.53 0.81

Er 1.56 2.43 1.67 2.83 2.69 1.91 2.93 2.96 1.84 2.17 3.24 1.53 1.30 1.29 2.02 1.39 1.64 2.49

Tm 0.21 0.33 0.22 0.41 0.39 0.28 0.45 0.45 0.28 0.32 0.49 0.23 0.18 0.17 0.31 0.20 0.25 0.38

Yb 1.31 2.09 1.55 2.64 2.46 1.78 3.04 3.02 1.82 2.16 3.26 1.52 1.20 1.18 2.03 1.35 1.69 2.74

Lu 0.18 0.30 0.22 0.40 0.36 0.26 0.45 0.46 0.27 0.31 0.46 0.24 0.18 0.21 0.32 0.20 0.26 0.43

f 0.58 0.56 0.61 0.59 0.52 0.51 0.52 0.55 0.59 0.58 0.58 0.59 0.57 0.55 0.58 0.61 0.51 0.57

Sr/Y 47.6 27.0 33.0 14.2 30.5 27.4 17.1 22.4 33.5 39.6 10.9 26.1 42.9 23.2 14.0 13.1 15.8 21.1

La/Yb 10.5 7.1 5.9 3.2 5.7 8.8 4.1 3.8 4.6 6.6 4.3 6.1 7.2 11.4 7.3 9.6 9.0 7.2



Table 2. PT parameters of mineral equilibria of rocks of the Kurmankа massif
Таблица 2. PT-параметры минеральных равновесий пород Курманского массива

Note. The pressures and temperatures are given in kbar and °C: HB – according to [Blundy, Holland, 1990; Holland, Blundy, 1994], F – after [Fershtater, 1990], S – according to [Schmidt, 1992].
Примечание. Значения давления и температуры приведены в кбар и °С: HB – по [Blundy, Holland, 1990; Holland, Blundy, 1994], F – по [Fershtater, 1990], S – по [Schmidt, 1992].

Table 1. (continued)
Таблица 1. (продолжение)

Note. 1–5 – blocks of gabbro, gabbrodiorite, diorite; 6–8 – dikes of microgabbro and microgabbrodiorites; 9–14 – vein trondhjemites, contaminated to varying degrees; 15–18 – trondhjemites of the main phase; 19 – metadio-
rite; 20–27 – tonalites; 28–35 – trondhjemites and aplites (33–35). Analyzes 19–35 – geological survey data: * – [Kubashin, Lykova, 1985], ** – [Yagovkin, Podkopaeva, 1985], *** – [Rapoport, Medyakov, 1974].
Примечание. 1–5 – габбро, габбро-диориты, диориты; 6–8 – дайки микрогаббро и микрогаббро-диоритов; 9–14 – жильные трондъемиты, в разной степени контаминированные; 15–18 – трондьемиты главной 
фазы; 19 – метадиорит; 20–27 – тонали ты; 28–35 – трондьемиты и аплиты (33–35). Анализы 19-35 – данные геологосъемочных работ: * – [Kubashin, Lykova, 1985], ** – [Yagovkin, Podkopaeva, 1985], *** – [Rapoport, 
Medyakov, 1974].

Sl. No. 19** 20** 21*** 22*** 23* 24** 25* 26*** 27* 28* 29* 30*** 31* 32* 33* 34* 35**

SMP No. С-20/ 
36.0

С-29/ 
4.0

КС-3/ 
35

КС-3/ 
17-36

С-61/ 
20.0

С-30/ 
6.0

С-61/ 
43.0 4462 С-62/ 

36
С-6Г/ 
58.5

С-60/ 
15.0 1506-1 С-62/ 

11.0
С-63/ 
35.0

С-60/ 
50.5

С-3Г/ 
60.0 18

SiO2 55.82 63.22 65.20 66.36 66.36 67.50 68.28 68.60 68.68 69.34 70.06 70.44 71.40 71.74 74.56 75.22 76.00
TiO2 0.66 0.50 0.55 0.46 0.44 0.36 0.44 0.40 0.44 0.40 0.38 0.34 0.35 0.34 0.29 0.28 0.24
Al2O3 18.19 17.29 15.32 15.66 14.87 15.02 14.35 15.00 15.44 15.42 14.64 14.84 14.40 14.95 13.67 13.02 13.12
Fe2O3 2.50 1.86 2.25 2.11 2.40 1.44 1.57 1.66 0.92 1.31 1.81 0.90 0.94 1.05 0.35 0.51 0.70
FeO 5.50 3.56 3.08 2.65 2.75 2.99 2.67 2.66 2.96 2.11 1.63 2.93 2.04 1.89 1.69 1.26 1.01
MnO 0.10 0.11 – – 0.06 0.09 0.05 0.05 0.10 0.07 0.07 0.06 0.07 0.06 0.05 0.04 0.03
MgO 3.91 2.15 1.55 1.61 2.03 1.78 2.06 1.88 1.25 1.08 1.28 0.95 0.90 0.81 0.70 0.65 0.45
CaO 7.21 5.10 5.71 4.39 5.04 3.69 4.21 3.65 2.85 3.01 2.06 2.94 2.37 2.41 1.70 1.32 1.58
Na2O 3.26 4.20 4.08 4.45 4.00 4.36 3.86 3.98 4.92 4.90 4.91 4.69 4.91 4.74 5.27 5.08 4.98
K2O 0.73 1.11 0.43 0.92 0.65 1.24 0.76 1.08 1.06 1.00 1.63 1.19 1.04 0.99 0.99 0.85 0.84
Р2О5 0.10 0.11 0.16 0.14 – 0.02 – 0.11 – – – 0.08 – – – – 0.02
ImPs 1.10 0.64 1.16 1.35 1.43 0.58 1.50 0.77 0.89 1.17 0.80 0.80 0.88 0.96 0.88 1.05 0.27
Total 99.08 99.84 99.49 99.74 100.0 99.07 99.35 99.83 99.48 99.66 100.55 100.16 99.30 99.94 100.16 99.28 99.24
f 0.52 0.57 0.65 0.61 0.57 0.57 0.52 0.55 0.63 0.63 0.58 0.68 0.64 0.66 0.61 0.59 0.67

SMP No. [HB] [HB] [F] [S]
Gabbro, gabbrodiorites

413 8.8–9.2 664–692 9.0–9.5 9.0

427 8.1–8.8 676–684 7.0–8.0 8.1–8.9

Ку-4 7.4–9.0 682–691 8.0–9.0 7.7–9.2

SMP No. [HB] [HB] [F] [S]
Microgabbrodiorites, microdiorites

401 6.7–7.1 664–673 8.0–8.5 6.6–7.0

404-1 7.7 686 8.8 7.6

407 6.8–8.2 668–684 7.2–9.0 6.7–8.3

SMP No. [HB] [HB] [F] [S]
Trondhjemites

403 7.0–8.3 678–692 8.0–9.5 7.2–8.3

408 8.9–9.3 669–676 10.0 8.9–9.2


