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COMENDITES, PANTELLERITES, ALKALI GRANITES OF MONGOLIA 

(Figs. 14. Tabs. 5) 

A b s t r a c t : In Mongolia, agpait ic acid m a g m a t i c rocks occur w i t h i n 
L a t e Paleozoic rift zones. They a r e developed in volcano-plutonic asso­
ciations compris ing basalts , t rachytes , comendites , pnate l le r i tes and alkal i 
grani toids of s imilar age. Var ious geological re la t ions indicate genetic 
l inks of alkal i rhyol i tes and grani tes w i t h basal toids . Analysis of major 
and t race e lement behav iour as a function of t h e degree of di f ferentiat ion 
(f) of init ial basa l t ic mel t is indicat ive of t h e leading role of crystal l iza­
tion dif ferentiat ion in t h e evolution of riftogenic m a g m a t i c series. It m a y 
be supposed t h a t of some i m p o r t a n c e in t h e f o r m a t i o n a lka l ine acid mel t s 
were processes of p a r t i a l mel t ing of m e t a s o m a t i c a l l y a l te red m a n t l e . 

Pe3K>Me: ArnaHTOBbie Ktfcjibie ManvtaTHHecKMe nopoabi na TeppHTopHH MonrojiHH 
pacnpocTpaHenbi B npeflenax no3flHenajieo3oKcKHX puctiTOBbix 30H. OHH npoHBJiem>i 
B ByjiKaHo-nnyTOHHHecKKX accoimamrax, o6T>eírnHínomHX 6jin3KHe no B03pacTy 
6a3anbTbi, TpaxHTbi, KOMenflHTbi, naHTemiepHTbi H mexiOHHbie rpaHHTOHflbi. Pa3Ho-
o6pa3Hwe reonorHnecKHe cooTHOineHHH yKa3biBaioT Ha reHe~rniecKHe CB5ľ3K me-
noMHbtx PHOJIHTOB H rpaHHTOB c 6a3ajibTOHflaMH. A m m o noBeaeHHa ruaBHbix 
H peflKHX 3JleMeHTOB B 3aBHCHM0CTH OT (jjyHKUHH AH(j)c[)epeHUHaUHH (f) HCXOflHOrO 
6a3anbTOBoro pacnnaBa yKa3biBaeT Ha Beaymyio poJU. KpHCTanxiH3auHOHHofi jxmfi-
(j)epeHH,HauHH B SBOJIKJUHH pH(J)ToreHHOH MarMaTHHecKOn cepmi. /JonycKaeTCa, HTO 
onpefleJieiiHyro pojib B o6pa30BaHHH uienoHHo-KHCJibix pacnxiaBOB cbirpajiH npoueccbi 
HaCTHHHOrO njiaBJieHHSI MeTaCOMaTHleCKH H3MeneHHOH MaHTHH. 

C o m e n d i t e s , p a n t e l l e r i t e s , a l k a l i n e g r a n i t e s b e l o n g t o a g p a i t i c a c i d m a g ­
m a t i c r o c k s or t o a c i d m a g m a t i c r o c k s of t h e a l k a l i n e s e r i e s ( M a g m a t i c r o c k s . . ., 
1983). T h e y a r e r a t h e r r a r e r o c k s . B u t r e c e n t l y , s u c h h a v e b e e n i d e n t i f i e d i n 
m a n y l o c a l i t i e s a t t h e t e r r i t o r y of M o n g o l i a n P e o p l e ' s R e p u b l i c (Y a r m o 1 y u k, 
1983; V l á d y k i n e t al., 1 9 8 1 ; G o r e g l y a d e t al., 1980). O v e r w h e l m i n g 
m a j o r i t y of t h e m w e r e f o r m e d d u r i n g L a t e P a l e o z o i c i n c l u d i n g t h e t i m e i n t e r v a l 
f r o m C;i t o P 2 (Fig. 1), a l t h o u g h a l k a l i n e g r a n i t e s a r e a l so k n o w n a m o n g M e -
sozoic m a g m a t i c r o c k s . T h e f o l l o w i n g d e s c r i p t i o n t o u c h e s u p o n o n l y L a t e P a ­
leozoic r o c k s . 

C l a s s i f i c a t i o n of t h e r o c k s u n d e r c o n s i d e r a t i o n h a s b e e n a d o p t e d i n a c c o r d ­
a n c e w i t h v i e w s of S o v i e t s c i e n t i s t s ( M a g m a t i c r o c k s . . . , 1983): p a n t e l l e r i t e s 
a n d a l k a l i g r a n i t e s a r e a c i d a g p a i t i c m a g m a t i c r o c k s w i t h SiO^ c o n t e n t less 
t h a n 73 % , c o m e n d i t e s a n d a l k a l i l e u c o g r a n i t e s a r e r o c k s w i t h h i g h e r s i l ica 
c o n t e n t (Fig . 2). 

T h i s p a p e r c o n s i d e r s n o t o n l y a n e w h u g e r e g i o n of d e v e l o p m e n t of a g p a i t i c 
a c i d m a g m a t i c r o c k s a n d t h e i r p e t r o c h e m i c a l c h a r a c t e r i s t i c s , b u t a l so t h e 
" l o n g e s t " i n a n e v o l u t i o n a r y s e n s e s e r i e s of m a g m a t i c r o c k s w i t h p a r t i c i p a t i o n 

*Prof. V. K o v a 1 e n k o, Dr. V. Y a r m o 1 y u k, I n s t i t u t e of Geology of Ore 
Deposits, P e t r o g r a p h y , Minera logy a n d Geochemist ry, A c a d e m y of Sciences of the 
USSR, S t a r o m o n e t n y per. 35, 109 017 Moscow. 

** Dr. A. G o r e g l y a d , I n s t i t u t e of Geochemistry, S iber ian b r a n c h of A c a d e m y 
of Sciences of the USSR, Favorskogo 1, 664 033 I r k u t s k . 
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of agpaitic volcano-plutonic complexes: from basalts to comendites and pan-
tellerites, then alkali leucogranites and, finally, to alkali ra re-meta l granites . 
This sufficiently amplifies, from the point of view of general petrology and 
geochemistry, potentiali t ies of analysis of evolution of magmat ic systems wi th 
part icipat ion of agpaitic acid melts as compared to those described in l i te ra ture 
( B a r b e r t e ta ! . , 1975; V i H a r i, 1975; Per alkaline . . ., 1975). 

Geological position of agpaitic acid magmatic rocks 

Agpaitic acid magmat ic rocks in the te r r i tory of Mongolia form single vol­
cano-plutonic association in which basalts, t rachytes, comendites, pantelleri tes 
subalkaline rhyolites, alkali grani toids are closely associated spacially and 
temporal ly ( Y a r m o i y u k et al., 1981). Also, it has been found tha t such 
volcano-plutonic associations are confined to extensive elongated sublat i -
tudinal belts controlled by fault zones (Gobi-Tien-Shan, North Mongolian, 
Major Mongolian) (Fig. 1). 

These belts may also be identified in Late Paleozoic by occurrences of con­
t inenta l and shallow mar ine terr igenic deposits of molassa type, in ter layered 
with thick volcanogenic sequences in t ruded by bodies of plutonic rocks. 

Star t ing from the Carboniferous — Permian boundary when first agpaitic 
acid rocks appear, the s t ructures under consideration have undergone at least 
episodically considerable horizontal tear fault ing (tens of km) evidenced by 
the formation of thick dike belts (Fig. 3). Along wi th the alkaline character 
of magmat i sm this indicates a riftogenic na ture of the belts of agpaitic acid 
magmatic rocks. 

As a whole, spacial distr ibution pa t t e rn of agpaitic rocks in Mongolia is 
symmetrical (Fig. 1): they a r e broadly developed in the nor th and south, 
whereas in the centre of the country magmat ic rocks of the calc-alkaline 
series occur ( K o v a l e n k o et al., 1981). 

However, such a symmet ry originated in the end of Late Paleozoic, and dy­
namics of the evolution of Late Paleozoic volcanism in Mongolia is ra ther 
complicated (K o v a 1 e n k o et al., 1983; Y a r m o 1 y u k, 1983). 

Format ion of Late Paleozoic magmat ic area apparen t ly began wi th a gradual 
closing (Late Devonian—Early Carboniferous) of Late Paleozoic ocean bas in of 
Paleothetys, with Euras ian (South Mongolian) margina l volcanic belt super­
imposed on Hercinides of Southern Mongolia being formed along its nor thern 
boundary . In Late Permian this process caused an approach of Nor thern Eurasia 
and Catasia continents and resul ted in an exchange of plant species between 
them (M e y e n, 1969; M o s s a k o v s k y, 1975) which did not t ake place 
in Carboniferous. 

The zone of plate interact ion was characterized by intensive compression 
under conditions of which calc-alkaline volcanites C ( _ 2 of the South Mongolian 
volcanic belt were generated. The increase in their potassium content indicates 
that the Zavaritzky—Benyoff zone dipped nor thwards under the Eurasian 
continent. 

In the first half of the Early Permian calc-alkaline volcanites of the South-
-Mongolian belt are changed wi thout a substant ia l s t ruc tura l discontinuity 
by bimodal basal t - t rachyrhyol i te-comendi te series which, as it was mentioned, 
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was closely associated spatially wi th extensive dike belts (Y a r m o 1 y u k et 
al., 1981) and developed in Gobi-Tien-Shan zone and the zone of Major Mon­
golian l ineament . 

At the same t ime in central Mongolia magmat ic rocks of calc-alkaline series, 
and in Nor thern Mongolia those of subalkaline series were formed. 

In the end of Early Permian and in the beginning of Late Permian the bi-
modal association with agpait ic rocks shifts to the nor th (the south of central 
Mongolia). In the end of Permian — beginning of Triassic this association 
shifts far ther to the north to Ider-Orkhon-Selenga zone. At the same t ime 
Paleothetys as a sedimentary basin of the Medi ter ranean type stopped its 
existence. 

WMt E2Z]* E3-? E23? W& EE> 

Fig. 3. A scheme of geological structure of south-eastern part of Tost ridge. 
Explanations: 1 — comendites and trachyrhyolites; 2 — basalts; 3 — Carboniferous 
volcanogenic-sedimentary sequences; 4 — a vent of comendite-basaltic volcano; 5 — 
dikes: 6 — alkali granites; 7 — biotitic granites, 8 — limes showing the strike of cover 

formations and dip direction of layers. 

Thus magmat ic associations including agpaitic rocks were formed in riftogenic 
structures that came into being at certain stages under conditions of collision 
of two lithospheric plates. Spreading conditions in zones of riftogenesis which 
sometimes followed general compression during collision we explain either 
as a result of 1) successive passage of the Eurasian plate over the rift system 
of Paleothetys (K o v a 1 e n k o et al., 1983) as it is the case in western USA; 
or 2) formation of secondary riftogenic s t ructures at the flanks of the rise with 
the axis in central Mongolia (K o v a 1 e n k o et al., 1981), and the formation 
of the rise itself is connected with tectonic piling up of continental crust out 
its intensive melting, probably, over a buried system of oceanic rift. 

Petrografical and petrochemical characteristics of magmatic rocks 

Detailed description of volcanic sections and massives including agpaitic acid 
rocks has been given in special papers (G o r e g 1 y a d et al., 1980; Y a r-
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m o 1 y u k, 1983; V l a d y k i n et al., 1981). Here we shall note only that the 
composition of the bimodal series is characterized by interlayering in sections 
of covers of olivine basalts and lense-like bodies of trachytes, subalkaline 
rhyolites and comendites and pantellerites. In most cross-sections volume ratios 
of basic and acid volcanites range from 2 : 1 to 3 : 1 . Thickness of volcanic 
sections reaches 2.0—2.5 km. As a rule, all intermediate between basic and 
acid varieties of rocks are present in sections, but their alternation is contrast, 
with basalts often being followed by rhyolites and comendites and vice versa. 
Ignimbrites predominate among volcanic rocks. 

In southern and central Mongolia dominant agpaitic volcanites, are comen­
dites, and in northern Mongolia — less studied pantellerites. Also, in northern 
Mongolia two generations of agpaitic volcanites and subvolcanic dikes can be 
outlined: older pantellerites and younger comendites. 

Massives of alkaline granitoids are spacially close to agpaitic volcanites as 
they are located mostly in root parts of paleovolcanic apparatuses. It has been 
frequently noted that hypabyssal bodies of alkali granitoids passed through 
subvolcanic dike complexes to volcanic agpaitic covers. The massives often 
have a ring form ( V l a d y k i n et al., 1981). In apical parts of cupola outcrops 
of the massives, later bodies of alkali granites and pegmatites enriched with rare 
elements (rare-metal) occur. 

Volcanites of bimodal series in Mongolia are represented by olivine basalts, 
andesitobasalts, trachytes, trachydacites, trachyrhyolites, comendites and pan­
tellerites. 

As phenocrysts (up to 10 %) in basalts occur clinopyroxene, olivine, more 
rarely orthopyroxene and plagioclase. Groundmass consists of glassy aggregate 
with microlites of plagioclase and clinopyroxene. 

In more acid non-agpaitic rocks, phenocrysts of plagioclase are ubiquitous, 
less frequently potassium feldspar (trachydacites, trachyrhyolites), quartz, cli­
nopyroxene occur. 

Comendites contain phenocrysts of quartz (up to 7.1 %) alkaline feldspar 
(up to 19 %) and less frequently of alkaline amphibole (cataphorite and arfved-
sonite). The groundmass is felsitic, rarely half-glassy, fluidal, sometimes vesi­
cular. It is enriched with alkaline amphibole and aegirine. Vugs are filled with 
quartz and dark-coloured alkaline minerals. Comenditic ignimbrites are comen-
dite fragments cemented by tuffaceous material with typical fiamme and other 
signatures of their explosive origin. 

Pantellerites differ from comendites first by absence of quartz phenocrysts, 
presence of one mineral phenocrysts, more abundant phenocrysts of alkaline 
amphibole. 

Alkali granitoids have been described by us earlier ( K o v a l e n k o , 1977). 
Dominant among them are numerous varieties of monofeldspar leucogranites 
with arfvedsonite, cataphorite, aegirine. Later rare-metal granites and pegma­
tites are microcline-albitic with alkaline amphibole, aegirine. sometimes with 
polylithionite, armstrongite, elpidite, mongolite, fluorite and various rare metal 
minerals. These rocks are enriched with dark-coloured alkaline minerals as com­
pared to earlier ones. Typical for them are inhomogeneous banded, patched 
and other inhomogenous structures with schlieren alkali granitic pegmatoids. 
The latter often contain giant (up to 1 m in length) crystals of alkaline amphi-
boles and some rare metal minerals. 
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Chemical composit ion 

SiO-, 
TiO, 
A1,03 

Fe,Oj 
FeO 
MnO 
MgO 
CaO 
Na-.O 
K , 0 
P2O5 
F 
F - O 
a. c. 
PPP 
Sum 
D. I. 
£ = Cce/C°Ce 

of rocks 

T a b l e 1 

of the b imodal b 
associat ion 

1 

ChB 
4025/3 

51.94 
0.99 

16.39 
4.32 
3.50 
0.10 
3.78 
6.29 
4.34 
2.78 
0.02 
0.08 
0.03 
4.68 
0.62 

99.20 
50.8 

0.71 

2 

ChB 
4025/4 

60.54 
1.25 

16.54 
4.54 
1.08 
0.10 
0.96 
1.74 
5.36 
6.08 
0.01 
0.06 
0.02 
1.40 
0.93 

99.65 
87.1 
0.33 

asalt — 
PZ ;. in Mongolia 

3 

ChB 
4025/8 

68.81 
0.56 

15.52 
1.84 
0.27 
0.04 
0.17 
0.43 
4.88 
6.80 
0.01 
0.40 
0.17 
0.64 
0.99 

100.19 
95.6 

0.27 

4 

ChB 
4025/13 

49.37 
1.67 

16.90 
5.42 
4.58 
0.14 
4.14 
9.12 
3.53 
0.94 
0.02 
0.08 
0.03 
4.24 
0.40 

100.15 
38.4 

0.75 

comendi te 

5 

ChB 
4025/14 

69.54 
0.47 

14.13 
2.69 
0.10 
0.02 
0.22 
0.55 
4.35 
6.00 

0.06 
0.02 
1.28 
0.97 

99.40 
92.8 

0.27 

— alkali 

6 

ChB 
4025/15 

68.79 
0.68 

11.89 
5.14 
1.35 
0.10 
0.12 
0.86 
5.58 
3.89 
0.07 
0.23 
0.09 
1.16 
1.12 

99.77 
85.1 

0.35 

grani te 

7 

ChB 
4025/17 

43.35 
1.64 

16.80 
6.67 
4.85 
0.13 
5.22 
9.15 
3.41 
0.68 
0.01 
0.06 
0.02 
7.44 
0.37 

99.40 
26.2 
0.81 

1st cont inuat ion of Tab. 1 

SiO, 
TiO, 
AL.O, 
Fe-.O, 
FeO 
MnO 
MgO 
CaO 
Na.O 
K , 0 
p,o-, 
F 
F - O 
a. c. 
PPP 
Sum 
D. I. 
i = Cce/C°cc 

8 

ChB 
4025/22 

64.34 
0.47 

15.00 
4.67 
0.12 
0.16 
0.41 
1.79 
5.26 
6.12 
0.01 
0.10 
0.04 
1.36 
1.01 

99.77 
87.5 

0.42 

9 

ChB 
4025/30 

76.26 
0.27 

11.02 
3.22 
0.25 
0.01 
0.14 
0.51 
4.21 
3.72 
0.02 
0.27 
0.11 
0.98 
0.99 

100.50 
94.6 

0.35 

10 

ChB 
4025/33 

73.38 
0.25 

11.59 
3.00 
0.54 
0.04 
0.04 
0.16 
3.64 
5.98 

0.06 
0.02 
0.60 
1.08 

99.28 
91.8 

0.23 

11 

ChB 
4025/36 

77.01 
0.30 

10.90 
2.61 
0.63 
0.03 
0.09 
0.23 
3.64 
4.55 
0.02 
0.32 
0.13 
0.62 
1.01 

100.50 
95.7 

0.28 

12 

N -
4025/2 

66.66 
0.82 

15.00 
4.40 

0.12 
1.32 
2.10 
5.90 
1.36 
0.12 

1.62 
0.75 

99.42 
79.1 

0.68 

13 

N -
4135/3 

74.60 
0.27 
9.75 
5.71 

0.16 
0.10 
0.52 
3.56 
4.20 

0.52 
1.07 

99.39 
89.3 

0.21 

14 

N -
4135/4 

65.74 
1.10 

14.18 
6.23 

0.18 
1.05 
1.85 
5.99 
2.30 
0.20 

0.88 
0.87 

99.70 
81.9 

0.49 
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2nd continuation of Tab. 1 

15 

N -
4135/5 

16 

N -
4135/8 

17 

N -
4135/12 

18 

N -
4135/16 

19 

N -
4135/17 

20 

N -
4135/20 

2L 

ChB 
4115 

SiO, 
TiO, 
A1,03 

F e , 0 3 

Feb 
MnO 
MgO 
CaO 
Na-.O 
K,0 
p,o5 
F 
F - O 

PPP 

Sum 
a. c. 
D . I . 
£ = Cce/C°Ce 

72.55 
0.26 

13.60 
3.36 

0.07 
0.22 
0.73 
6.70 
1.52 
0.01 

0.58 

99.60 
0.93 

91.8 
0.39 

75.00 
0.34 
9.00 
6.54 

0.16 
0.30 
0.35 
2.73 
5.16 

0.14 

99.72 
1.15 

87.8 
0.17 

66.64 
0.55 

14.75 
5.60 

0.13 
1.08 
0.73 
3.87 
4.50 
0.06 

2.16 

99.07 
0.73 

83.1 
0.30 

60.17 
1.50 

15.60 
7.48 

0.15 
1.90 
2.88 
5.17 
3.62 
0.49 

0.78 

99.74 
0.80 

74.4 
0.60 

50.17 
1.90 

16.63 
10.77 

0.26 
4.26 
7.20 
4.69 
1.86 
0.45 

2.38 

100.57 
0.59 

47.3 
0.65 

50.17 
2.70 

15.56 
11.56 

0.11 
4.46 
8.25 
3.72 
1.29 
0.62 

1.68 

100.12 
0.48 

43.3 
0.94 

78.09 
0.20 
9.50 
1.91 
2.03 
0.09 
0.04 
0.20 
3 40 
4.68 
0.24 
0.10 
0.04 

> 

Petrochemistry (major element chemistry) 

G e n e r a l d e s c r i p t i o n : Chemical composition of agpaitic acid rocks 
of Mongolia and especially granitoids has been considered by the authors 
earlier (G o r e g 1 y a d et al., 1980; Y a r m o l y u k , 1983; V l á d y k i n et 
al., 1981). Representat ive chemical compositions of typical rocks from volcanic 
sections and alkali granitoid massifs is shown in Table 1. We would like 
to emphasize that , in general, basalts and andesitobasalts most often fall into 
the field of subalkaline rocks (Magmatic rocks . . ., 1983), and judging from 
their Na20 + K^O content prove to be somewhat more alkaline than basalts 
of the Aer ta Ale center in Ethiopia ( B a r b e r t et ah, 1975). The major petro­
chemical feature of the acid rocks, natural ly , is their oversaturat ion by alkalies 
with respect to a luminium, tha t is agpaitic character. 

Below, distr ibution of major and ra re elements (Tabs. 3—5) in agpaitic acid 
rocks will be considered in te rms of behaviour of elements in the course of 
a succesive differentiation of initial magma (or magmas). To this end, it is 
necessary first to select a parameter governing differentiation of the magmas 
under consideration. 

M a g m a t i c d i f f e r e n t i a t i o n i n d e x : Usually either SiOi content 
or Torntone differentiation indesc (D. I.) is used to est imate the degree of 
differentiation of magmas. The both parameters describe quite satisfactoril\ ' 
differentiated magmat ic series from basalts to acid rocks. For example, the 
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3rd continuation of Tab. 1 

22 

ChB— 
4021 

23 

N -
4123 

24 

N -
4135/1 

25 

U - N 
1648 

26 

N -
4192 

27 

N -
4192/2 

28 

N -
4192/3 

29 

N -
4195 

SiO, 
TiO, 
A 1 Ä 
Fe,O a 

Feb 
MnO 
MgO 
CaO 
Na.O 
K,0 
p,o5 
F 
F - O 
CO. 
CI 
ppp 
H 2 0 
Sum 
a. c. 
D. I. 
f = Cce/Cce 

74.83 
0.78 

11.54 
3.38 
0.10 
0.04 
0.02 
0.17 
4.16 
4.82 
0.01 
0.06 
0.02 

0.52 

100.41 
1.04 

73.39 
0.56 
9.78 
2.16 
3.97 
0.27 
0.05 
0.39 
3.96 
4.33 

0.11 
0.04 
0.28 

0.42 
99.64 

1.15 
83.6 

71.90 
0.78 

10.08 
2.56 
4.28 
0.28 
0.08 
0.50 
3.76 
4.69 

0.11 
0.04 

0.04 

0.48 
99.53 

1.12 
83.3 

71.78 
0.43 

10.00 
2.92 
3.95 
0.20 
0.34 
0.76 
4.05 
4.09 

0.12 
0.05 
0.12 
0.04 
0.75 
0.48 

99.58 
1.11 

85.3 
0.15 

71.49 
0.48 

10.00 
2.70 
4.05 
0.25 
0.34 
0.86 
3.78 
4.19 
0.48 
0.08 
0.03 

0.93 

99.59 
1.08 

87.9 
0.19 

72.04 
0.55 

10.20 
2.60 
3.96 
0.20 
0.24 
0.69 
4.43 
4.19 
0.42 
0.12 
0.05 

0.78 

100.27 
1.16 

86.2 
0.18 

71.60 
0.48 
10.00 
2.70 
4.05 
0.22 
0.20 
0.56 
4.40 
4.12 
0.67 

0.32 

0.71 

99.71 
1.17 

85.5 

73.54 
0.38 
9.80 
4.51 
1.71 
0.21 
0.20 
0.39 
3.62 
4.12 
0.51 
0.10 
0.04 
0.05 

0.32 

99.37 
1.06 

89.0 

major element content as well as tha t of SiO^ is clearly dependent on D. I. 
(Fig. 4) which will be discussed below. 

However, the most interest ing for us compositions of acid agpaitic rocks 
can not be discriminated using these indicators as the considered para ­
meters in them even decrease in residual melts (K o v a 1 e n k o, 1977). For 
these compositions the growth of agpaitic index in residual melts is outlined 

so that the agpaitic coefficient (a. c. = ~-^r^—~—• a t - ratio) values may be 
AI2O3 

used as a differentiation index. A diagram for the rock-forming components 
of this kind is shown in Fig. 5. 

It is inconvenient to use this d iagram due to a na r row range of a. c. variat ions 
and also because of artificial separat ion of possible general evolution of a single 
magmatic series into two par t s : by D. I. and a. c. It seems more reasonable 
to use a single parameter describing differentiation of the whole series. 

In this study we selected for this purpose a relat ive port ion of residual melt 
calculated using the method proposed by B a r b e r t et al. (1975). Residual 
melt fraction can be est imated from the ratio C/C0, where C is the concentra­
tion of element in magma (rook), and C0 is the concentration of the same element 
in initial melt. For this purpose the so-called "residual" elements are used for 
which part i t ion coefficient is very low and even close to zero. Distinctive feature 
of behaviour of such residual elements in the process of crystallization differen­
tiation is a l inear correlation of their concentrations. As for other basal t -pan-
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Chemical composit ion 

SiO, 
T i 0 2 

A1203 

F e 2 0 3 

FeO 
MnO 
MgO 
CaO 
N a , 0 
K , 0 
p,o3 
F 
F - O 
PPP 
H , 0 
CO, 
ZrOi 
Sum 
a. c. 
£ = Cce/C°Ce 

T 

and major pet r 

1 

E G M -
4022 

63.55 
0.60 

16.89 
2.04 
1.30 
0.10 
0.42 
0.91 
6.61 
6.93 
tr . 
0.10 
0.04 
0.36 

99.86 
1.07 
0.54 

a b l e 2 

ochemical 
of Sou thern Monj; 

2 

E G M -
4024 

65.38 
0.77 

15.87 
2.59 
1.26 
0.10 
0.42 
0.87 
6.03 
5.78 
0.01 
0.06 
0.02 
0.48 

99.62 
1.01 
0.40 

3 

E G M -
4028 

64.56 
0.86 

15.87 
3.70 
0.09 
0.11 
0.45 
0.83 
6.70 
6.72 
0.01 
0.06 
0.02 
0.20 

99.14 
1.14 
0.30 

characti 
Solia 

4 

E G M -
4025 

73.56 
0.02 

12.41 
2.69 
0.10 
0.05 
0.12 
0.39 
4.98 
4.89 
tr . 

0.08 

99.29 
1.09 
0.27 

sristics of 

5 

E G M -
4029 

73.56 
0.02 

12.26 
1.64 
1.26 
0.08 
0.11 
0.29 
4.98 
4.97 
tr . 
0.06 
0.02 
0.46 

99.67 
1.10 
0.30 

alkali 

(i 

E G M -
4026 

70.35 
0.35 

12.76 
2.79 
0.58 
0.07 
0.27 
0.69 
6.03 
5.73 
0.01 
0.10 
0.04 
0.24 

99.93 
1.26 
0.20 

grani toids 

7 

C h B -
1800 

74.45 
0.16 

11.62 
1.90 
2.43 
0.15 
0.03 
0.05 
4.61 
4.59 

0.13 
0.05 

0.06 

100.13 
1.08 
0.38 

1st cont inuat ion of Tab. 2 

SiO. 
T iO, 
AL,03 

F e 2 0 3 
FeO 
MnO 
MgO 
CaO 
N a , 0 
K..O 
p.,o3 
F 
F - O 
PPP 
H , 0 
CO, 
Z rO , 
S urn 
a. c. 
f = Cce/C°cc 

8 

C h B -
1801 

73.84 
0.18 

11.35 
2.10 
2.25 
0.18 
0.02 
0.06 
4.61 
4.80 

0.08 
0.03 

0.14 
0.08 

100.40 
1.11 
0.39 

9 

C h B -
1808 

76.90 
0.18 

12.10 
0.65 
1.35 
0.08 
0.01 
0.05 
4.31 
4.69 

0.04 
0.01 

0.22 

100.57 
1.00 
0.25 

10 

C h B -
1804 

74.83 
0.33 

10.29 
2.51 
1.88 
0.13 

0.04 
4.41 
4.69 

0.07 
0.03 

0.26 
1.11 

100.53 
1.19 
0.125 

11 

C h B -
1806 

74.87 
0.28 

10.34 
2.13 
2.60 
0.13 
0.01 
0.08 
4.76 
4.69 

0 08 
0.03 

0.10 
0.39 

100.43 
1.25 
0.20 

12 

C h B -
1825 

74.79 
0.22 

10.62 
2.10 
2.07 
0.10 
0.02 
0.05 
4.46 
4.59 

0.16 
0.06 

0.34 
0.36 

99.82 
1.17 
0.125 

13 

C h B -
1820 

73.76 
0.25 

10.77 
2.43 
1.98 
0.20 
0.40 
0.58 
4.93 
4.77 
tr. 
0.13 
0.05 
0.52 

100.67 
1.22 
0.15 

14 

T J - C h B -
551 

71.90 
0.42 
8.58 
8.30 
0.27 
0.16 
0.45 
5.14 
3.53 

0.98 

99.73 
1.65 
0.075 
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2nd cont inuat ion o : Tab. 2 

15 

U - C h B -
549 

16 

U - C h B -
1792 

17 

U - C h B -
552 

1!! 

C h B -
1816 

19 

C h B -
1817 

SiO, 
TiO-, 
Al.Ój 
Fe,Oj 
Feb 
MnO 
MgO 
CaO 
Na-,0 
K,0 
p,o 5 
F 
F - O 
PPP 
H , 0 
CO-
ZrÓ-
S u m 
a. c. 
f = Cce/C°Ce 

71.28 
0.44 
8.55 
7.67 

0.28 
0.28 
0.58 
5.04 
3.95 
tr. 

1.32 

99.34 
1.73 
0.091 

67.40 
0.66 
5.36 
5.28 
4.76 
0.47 
0.01 
0.16 
4.17 
4.69 

0.34 
0.14 

1.90 
0.11 
5.40 

100.57 
2.22 
0.15 

72.75 
0.51 
4.14 

11.72 

0.30 
0.22 
0.42 
4.82 
3.56 
0.03 

1.36 

99.83 
3.37 
0.015 

71.96 
0.36 
9.04 
5.94 
0.27 
0.21 
0.03 
0.07 
5.32 
3.99 

0.18 
0.07 

0.90 

1.06 
99.26 

1.44 
0.042 

66.20 
0.87 
4.17 

12.00 
0.89 
0.31 
0.02 
0.16 
5.54 
3.90 

0.03 
0.01 

1.95 
0.20 
5.14 

101.31 
3.17 
0.05 

T a b l e 3 

The content of f luorine (wt. %) and some r a r e e l e m e n t s (ppm) in rocks of basalt 
comendi te — alkal i g rani te association of S o u t h e r n Mongolia 

Li 
Rb 
Be 
F 
B 
Pb 
Zn 
Sn 
Ba 
Sr 
Cr 
Ni 
Co 
Si 
V 
K/Rb 
ľ = (Cce/Cce) 

1 

C h B -
4021 

3 
140 

3.7 
0.02 

10.5 
33 
65 

5.6 
150 

27 
6.5 
1.1 

— 
4.0 
5.0 

287 
0.23 

2 

C h B -
4025/30 

11 
108 

16 
5.5 

8 
14 

283 
0.35 

3 

C h B -
4025/36 

9 
160 

3.9 
0.02 

13 
31 
49 

4.8 
160 

30 
22 

2.5 
2 

16 
6.9 

255 
0.28 

4 

N -
4123 

23 
98 

5.8 
0.04 

21 
38 

2!) 4 
13 
85 
47 
25 
12 

3.3 
10 

8.3 
369 

5 

N -
4135/3 

15 
91 

3.1 
0.02 

12 
30 

210 
8.5 

83 
80 
40 
11 

1 
8.7 
5.6 

385 

(i 

N -
4195 

83 
76 

9.5 
0.19 

11 
17 
79 

6.6 
110 
47 

3 
5.4 
1 
2.8 
7.3 

450 

7 

N -
4192/1 

15 
72 

7.9 
0.10 

21.5 
24 
91 

6.8 
120 
48 
32 

9.6 
1 
4.2 

11 
483 

0.18 
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1st cont inuat ion of Tab. 3 

Li 
Kb 
Be 
F 
B 
Pb 
Zn 
Sn 
Ba 
Sr 
Cr 
N i 
Co 
Si 
V 
K/Rb 

f = (Cce/Cce) 

8 

N -
4192/2 

9 
74 
8.6 
0.17 
18 
26 
86 
6.3 
90 
46 
46 
17 
2.0 
7.5 
10 
470 

0.18 

!) 

N -
4192/3 

10 
74 
8.7 
0.15 
18 
33 
126 
8.7 

140 
42 
37 
20 
1.0 
18 
6.7 

462 
0.18 

10 

ChB-
4025/3 

4.1 
0.15 
10 
9 
54 
1.2 

1500 
1200 
230 
55.0 
32.0 
63 
200 

0.71 

11 

C h B -
4025/4 

5.1 
0.04 
8 
13 
58 
2.5 

1600 
270 
11 
5.2 
6.0 
5 
42 

0.33 

12 

C h B -
4025/8 

2.3 
0.06 
12 
Hi 
63 
2.9 

1900 
88 
10 
1.7 
2.7 
2 
25 

0.27 

13 

C h B -
4025/13 

1.4 
0.04 
7 
5 
72 
1.8 

400 
440 
160 
52.0 
56.0 
79 
29 

0.75 

14 

ChB-
4025/15 

4.5 
0.05 
17 
22 
112 
4.5 

130 
35 
— 
1.1 
1.0 
3 
3 

0.35 

2nd cont inuat ion of Tab . 3 

Li 
Kb 
Be 
F 
B 
Pb 
Zn 
Sn 
Ba 
Sr 
Cr 
Ni 
Co 
Si 
V 
K/Rb 
f = (Ccc/C°Cc) 

15 

C h B -
4025/17 

1.1 
0.09 
8 
6 
89 
2.1 

270 
500 
210 
120.0 
63.0 
100 
250 

0.81 

16 

C h B -
4025/22 

2.4 
0.07 
13 
16 
51 
1.8 

120 
40 
16 
1.7 
1.0 
7 
4 

0.42 

17 

C h B -
4025/33 

3.9 
0.02 
13 
31 
49 
4.8 

160 
30 
15 
7.2 
2.0 
8 
5 

0.23 

18 

C h B -
4025/39 

4.0 
0.06 
10 
20 
85 
4.7 

140 
33 
16 
6.3 
— 
6 
6 

0.32 

19 

ChB-
4025/20 

1.6 
0.06 
20 
7 

178 
3.0 

600 
900 
50 
50.0 
35.0 
46 
250 

0.94 

20 

N -
4135/2 

3.1 
0.10 
10 
10 
115 
2.3 

500 
180 
32 
6.6 
4.6 
5 
36 

0.68 

21 

N -
4135/3 

3.1 
0.02 
12 
30 
210 
8.5 
83 
80 
40 
11.0 
0.8 
9 
6 

0.21 



Li 
Rb 
Be 
F 
B 
Pb 
Zn 
Sn 
Ba 
Sr 
Cr 
Ni 
Co 
Si 
V 
K/Rb 
f = (Cce/C°Ce) 

G: 

22 

N -
4135/4 

2.7 
0.02 

11 
13 

105 
2.6 

600 
240 

66 
25.0 

7.9 
18 
50 

0.49 

RANITES 

23 

N -
4135/5 

0.7 
0.03 
9 

22 
138 

6.3 
400 

90 
66 
26.0 

8.0 
21 
21 

0.39 

i OF MOT 

24 

N -
4121 

7.2 
0.04 

63 
38 

200 
11 5 

100 
63 
25 
7.9 
2.4 

10 
4 

0.19 

ÍGOLIA 

25 

N -
4122 

8.7 
0.12 

14 
42 

172 
14.0 
51 
52 
25 
6.3 
3.3 
5 
3 

0.21 

3rd con 

26 

N -
4122/9 

4.6 
0.04 

55 
20 

132 
11.5 

220 
66 
72 
18.0 

3.2 
14 

8 

0.21 

t inuat ion 

27 

N -
4122/11 

3.6 
0.02 

10 
13 

158 
6.9 

470 
140 

32 
12.0 

3.3 
8 

16 

143 

of Tab. 3 

28 

N -
4122/13 

4.4 
0.01 

13 
16 

230 
9.6 

100 
53 
50 
12.0 

3.2 
10 
6 

0.20 

4th continuation of Tab. 3 

Li 
Rb 
Be 
F 
B 
F b 
Zn 
Sn 
Ba 
Sr 
Cr 
N i 
Co 
Si 
V 
K/Rb 
f = (Cce/Cce) 

29 

N -
4122/15 

2.6 
0.01 

16 
i! 

41 
6.9 

69 
44 
33 
23.0 

2.5 
16 
9 

0.62 

30 

b/n 

20 
100 

4 
0.04 

11 
29 
94 

6.5 

0.30 

31 

b/n 

27 
120 

5 
0.18 

34 
26 

110 
7.6 

0.17 

32 

b/n 

41 
66 

0.17 

0.06 

33 

b/n 

75 
180 

6 
0.09 

20 
28 

113 
10.2 

0.22 

34 

b/n 

161 
209 

7 
0.22 

18 
128 
18.1 

0.023 

35 

b/n 

143 
189 

6 
0.21 

20 
176 

7.1 

0.03 

36 

b/n 

120 
228 

15 
0.13 

94 
333 
23.0 

0.019 
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T a b l e 4 

Rare ea r th e lements and y t t r ium dis t r ibut ion in volcanic rocks of Tost -Nuroo ridge 
(in ppm) 

1 

N -
4135/20 

2 

N -
4135/2 

3 

N -
4135/3 

4 

N -
4135/4 

5 

N -
4135/5 

6 

N -
4135/8 

7 

N -
4135/12 

La 
Ce 
Nd 
Sm 
Eu 
Gd 
Dy 
Ho 
Er 
Yb 
Lu 
Y 
Eu/Eu 
La/Yb 
D. I. 
f 

14 
32 
20 
5.0 
2.0 

23 

43.3 
0.94 

18 
44 
27 
H 
2.0 

3.6 

40 

5.0 
79.1 
0.68 

77 
140 
75 
17 
2.5 
20 
30 
7.2 
15 
20 

120 
0.433 
3.9 

89.3 
0.21 

35 
61 
43 
i) 
4.3 
14 
14 
1 
5 
5 

48 
1.232 
7.0 
81.9 
0.49 

SO 
77 
46 
12 
1.2 
15 
16 
3.8 
M 
8.2 

65 
0.283 
6.1 
91.8 
0.39 

66 
180 
82 
17 
2.4 
27 
33 
7.6 
12 
21 

110 
0.358 
3.1 

79 
100 
79 
10 
3.7 
1!) 
20 
4.8 
12 
12 

88 
0.850 
6.6 
83.1 
0.30 

10 11 

1st cont inuat ion of Tab. 4 

12 13 14 

N - N - C h B - C h B - C h B - C h B - C h B -
4135/16 4135/17 4025/3 4025/4 4025/8 4025/13 4025/14 

La 
Ce 
Ncl 
Sm 
Eu 
Gd 
Dy 
Ho 
Er 
Yb 
Lu 
Y 
Eu/Eu 
La/Yb 
D. I. 
f 

36 
50 
45 
6 
2.5 

4.6 

42 

7.8 
74.4 
0.60 

22 
46 
32 
6 
2.0 

2.9 

31 

7.6 
47.3 

26 
42 
18 
5.2 
1.1 
4.2 
2.8 
0.68 
1.7 
1.4 
0.15 
13 
0.733 

50.8 
0.71 

52 

no 
42 

. 10.2 
2.1 
7.4 
7.2 
1.2 
3.9 
4.2 
0.40 
47 
0.724 

87.1 
0.33 

55 
110 
60 
12 
3.0 
4.5 
7 
1 
3 
3.2 
0.3 
35 
1.071 

95.6 
0.27 

20 
40 

2 

3.1 

28 

38.4 
0.75 

70 

no 
61 
11 
1.1 
18 
14 
2.5 
7 

0.9 
70 
0.25 

92.8 
0.27 
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2nd continuation of Tab. 4 

La 
Ce 
Nd 
Sm 
Eu 
Gd 
Dy 
Ho 
Er 
Yb 
Lu 
Y 
Eu/Eu 
La/Yb 
D. I. 

f 

L 5 

C h B -
4025/15 

47 
86 
50 
17 
2.0 
11 
12 
2.2 
(i. 5 
7.5 
0.92 
51 
0.435 

85.1 
0.35 

16 

ChB-
4025/17 

21 
37 
22 
7.5 
2.5 
6.2 
6.0 
0.93 
3.1 
2.9 
0.42 
34 
1.136 

26.2 
0.81 

17 

ChB-
4025/22 

40 
71 
40 
15 
0.95 
12 
10 
2 
6.6 
5.2 
0.67 
44 
0.22 

87.5 
0.42 

18 

ChB-
4025/30 

70 
95 
57 
17 
0.47 
13 
14 
2.6 
7.3 
5.7 
0.73 

60 
0.097 

94.6 
0.35 

19 

C h B -
4025/33 

75 
130 
75 
17.5 
0.38 
20 
17 
3.6 
(i.O 
9.0 
0.23 
86 
0.065 

91.8 
0.23 

20 

C h B -
4025/36 

74 
150 
72 
17 
0.46 

18 
3.5 
5.8 
6.0 
0.55 

84 

95.7 
0.28 

21 

C h B -
4021 

100 
130 
100 
17 
1.0 
10 
15 
3 
12 
9.3 

39 
0.225 

93.6 
0.23 

telleritic series (B a r b e r t et al., 1975), in this case l an thanum, zirconium, 
hafnium, cerium posess such propert ies (Fig. 6). Fu r the r we will use for these 
purposes cerium. To estimate the CCe

0 value we used, as in the work B a r b e r t 
et al. (1975), plots of Ce contents versus Ni and Cr as elements with 
high values of part i t ion coefficient (Fig. 7). Because of high values of part i t ion 
coefficient for nickel and chromium in the beginning of fraction this curve 
is very steep. Extrapola t ing the cerium concentrat ion value to the vertical po­
sition of the curve in Fig. 7 we obtain the value of CCe

0. Below we use the 
value of f = C c 7C C c

0 as such an index of differentiation for the whole series 
of rocks. 

Distribution of rock-forming components 

Fig. 8 shows behaviour of rock-forming components as a function of relat ive 
position of residual melt (f). 

As a whole, the pa t te rn of variat ion of chemical composition of me'.t (rock) 
as a function in many aspects resembles the picture for the series modelling 
crystallization differentiation in the Boina Centre, a l though wi th some destruc­
tions. General for the both series is the increase of SiO-j and K^O content, 
agpaitic coefficient values, decrease of CaO, MgO, FeO* content on transi t ion 
from basalts to comendites. Common for the two series under comparison is 
also the presence of m a x i m u m and min imum points in concentration diagrams 
indicating the changing regime of magmat ic crystallization (appearance and 
disappearance of minerals , abrupt changes of ratios of crystallizing minerals 
etc.). However, position and character of these critical points is different for 
sections in Mongolia and Ethiopia. 
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Thus, for rooks from Mongolia two major compositional changes in varia­
tional diagrams are outlined t h a t fix three major stages of evolution of t h e 
m a g m a : 1) in t h e field of f ~ 0.65; 2) In the field of if ~ 0.25—0.30. The first 
one is due to the FeO*, A1203, S i0 2 , CaO, MgO and agpaitic coefficient behaviour 
the second due to FeO*, A1203, S i 0 2 , K 2 0 . 
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Fig. 4. Major oxide content (wt. %) in volcanic rocks of the bimodal series (P3) of 
Southern Mongolia as a function of Torn ton differentiation index (D. I.). 

Explanations: 1 — basalts and andesito-basalts; 2 — subalkaline trachydacites-tra-
chyrhyolites; 3 — comendites. Here and below FeO* is total iron calculated as FeO. 

Rare element geochemistry 

Fig. 9 i l lustrates the behaviour of r a r e elements as a function of f (residual 
melt fraction in volcanic rooks of the bimodal series of Mongolia). As degree 
of m a g m a differentiation increases (f decreases) such elements as nickel, chro­
mium, zirconium, hafnium, zinc, cobalt qualitatively behave in t h e same way as 
in volcanites of the model series of Boina complex (B a r b e r t et a l , 1975), 
t h a t is concentrations of nickel, chromium, cobalt decrease and those of zirco­
nium a n d hafnium increase. Behaviour of s t ront ium is s imilar to the behaviour 
of the iron group elements, and it differs from s t ront ium behaviour in the 
model series Boina in its monotonous decrease. In doing so, the m i n i m u m 
concentrat ion of the elements considered is reached at f > 0.65 and bends of t h e 
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a) g) 

Fig. 5a. 
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Fig. 5b. 

Fig. 5. Major oxide content (wt. %) in volcanic rocks of the bimodal series (P,) of 
Southern Mongolia (a — Han-Bogd region, b — Tost-Nuroo ridge region) as a function 

of the agpaitic coefficient (a.c. = (Na20 + K20)/A1203 at. %). 
Explanations: 1 — basalts and andesitobasalts; 2 — subalkaline trachydacites - tra-
chyrhyolites; 3 — comendites; 4 — pantellerites; 5 — leucogranites of early phases: 
(i — granites of late phases; 7 — pegmatites. 

corresponding curves may be identified in the field of f ~ 0.65. For nickel and 
chromium a slight increase of concentrations in the field of f = 0.3 — 0.2 (co­
mendites) may be outlined. At the above mentioned values of f zirconium va­
riation curve also bends. Behaviour of niobium and tan ta lum is close to the 
behaviour of zirconium and hafnium. Behaviour of zinc is more complicated: its 
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concentrat ion goes through two minima and one m a x i m u m located at f = 
0.2 — 0.3. Lead has a similar behaviour (Fig. 9a). 

Behaviour of tin, beryl l ium and fluorine is s imilar: their concentrat ions are 
constant or slightly vary in the range of f > 0.2 —• 0.3 and sharply increase in 
comendites. 

Most of REE (except Eu), as well as zirconium, increase wi th the decrease 
of f but with such distinctions as the appearance of possible concentration mi­
n imum at f = 0.2 — 0.3 for some heavy REE (Fig. 10). 
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Fig. 6. A correlation between the content 
(in ppm) of "residual" elements in volca­
nic rocks of bimodal series (P:i) of Sout­

hern Mongolia. Symbols as for Fig. 5. 
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Jl 
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Ce 

Fig. 7. Cerium content in primary magma 
(Cce) estimated by correlation between 
chromium and nickel and cerium con­
tents (in npm) in volcanic rocks. Sym­

bols as for Fig. 5. 

As a whole, position of critical points in ra re element var ia t ion curves is 
consistent wi th those outlined for the major element data (1) f ~ 0.65; 2) f ~ 0.2— 
0.3). Behaviour of elements in the field of f < 0.2—0.3 (agpai'tic field) should 
be considered taking into account plutonic rocks. 

It is wor thwhi le noting tha t comendites are very close to alkaline leucogra-
nites of early phases wi th similar values of f in their content of cobalt, nickel, 
chromium, vanadium, copper, lead, tin, zinc, fluorine, beryll ium, rubidium, l i t ­
hium, s t ront ium, bar ium, zirconium, hafnium, niobium, t an ta lum and ra re 
ear th elements. Volcanites only are slightly depleted in fluorine and associated 
with it beryl l ium a n d 'lithium. This suggests that judging from major and trace 
element data alkaline leucogranites of early phases are formed from comenditic 
magma. 

As f decreases, evolution of magmat i sm (transfer from early phases of alkali 
granitoids to late ones) continues the tendencies in behaviour of most ra re ele­
ments. 
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Fig. 8a. 

Let us note also a l inear in general correlation between logari thms of element 
concentrations and logar i thm of f, which is outlined for a number of elements 
for all compositions {Fig. 12). 
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Fig. 8b. 

The origin 

The most well-founded in terms of physical chemistry model of origin of ag-
paitic acid magmatic rocks still is crystallization differentiation with its various 
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Fig. 8. Major oxide content in rocks (wt. 
%) as a function of residual melt fraction 
(f) in the whole series (a), in volcanic 

rocks (b) and in plutonic rocks (c). 
Explanations: 1 — basalts and andesito-
basalts; 2 — trachydacites and trachy-
rhyolites; 3 — comendites; 4 — alkali leu-
cogranites of early phases; 5 — alkali 
granitoids of late phases; 6—7 — for vol-
canics (6 — Han-Bogd region, 7 — Tost-
-Nuroo ridge region); 8—11 — for pluto­
nic rocks (8, 9, 11 — granites of early 
phases of various regions; 10 — granites 
of late phases of Han-Bogd region). 
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Fig 9 Selected rare element content (ppm) in Southern Mongolian bimodal series 
volcanic rocks as a function o£ residual melt fraction (f). Symbols as for Figs. 4 and 
5 Solid lines shows trend for Tost-Nuroo ridge region, doteed line for Han-Bogd region. 

modifications. Let us consider applicability of this model to the origin of agpa-
itic acid magmat ic rocks in Mongolia. 

Crystallization differentiation 

As shown above, all major and trace element characteristics of the Mongolian 
bimodal series with agpaitic acid rocks is similar to the model crystallization 
differentiation of the Boine series ( B a r b e r t eft al., 1975). This is evidenced 
by the following. 
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Fig. 10. REE content (ppm) in Southern Mongolian bimodal series volcanic rocks as 
a function of residual melt fraction. Symbols as for Fig. 9. 

1. The presence of a distinct petrochemical t r end in var ia t ion diagrams sug­
gesting the existence of genetic link between separate members of the series 
and a common origin of all these rocks during differentiation of basaltic magma. 

2. All rocks of the series par t ic ipate in single tectonic s t ructures and volcano-
-plutonic complexes. In part icular , comendites and pantel leri tes occur in single 
s t rat igraphic sections wi th basalts and in termedia te rocks and also in single 
dike belts and paleovents of volcanos ( Y a r m o l y u k et al., 1981). In the 
latter in cases of sufficient erosion transi t ions from volcanic rocks to plutonic 
are outlined. 

3. The presence of a l inear correlation between concentrations of "residual" 
elements (Fig. 6) that was discussed above and may develop according the 
data of T r e u i 1 (1973); F e r r a r a — T r e u i l (1975), only in rocks formed 
in the process of fractional differentiation. 

4. Development of distinct t rends of behaviour of ra re elements as a function 
of f (Figs. 9—12), with "residual" elements being characterized by l inear (in 
logarithmical scale) growth of concentrat ions as f decreases. 
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Let us est imate, fractionation of which phases could lead to the transi t ion 
of basaltic magmas into comendites, natural ly , taking into account real compo­
sition of phenocrysts in rocks. 

At the first stage of differentiation (f > 0.65) melt composition in fact is 
within basaltic field (SiO-, ~ 50 % ) , but it is somewhat enriched with potassium, 
sodium and "residual" elements. The change in melt composition may be the 
result of fractionation of dark-coloured minerals from it (primarily olivine), 
and also some ferro-t i tanic oxides removing from the melt iron group elements 
(nickel, t i tanium, chromium, cobalt, copper, vanadium, europium). This stage 
is much less determined than later ones due to a small number of analysed 
rocks. 

At the second stage of differentiation (f = 0.65—0.25) concentrat ions of FeO*, 
CaO, MgO, Eu, Sr, in the beginning of the stage of A1203 decrease sharply indi­
cating separat ion of cl inopyroxene and plagioclase from the melt. 



GRANITES OF MONGOLIA 157 

Fig. 11. Selected rare element content 
(ppm) in plutonic agpaitic rock of Sout­
hern Mongolia as a function of residual 

melt fraction (f). 
Explanations: 1 — alkali leucogranites. 
granosyenites of early phases; 2—i — al­
kali granites of late phases (2-echerites. 
3-rare-metal microcline-albitic alkali gra­
nites. 4-pegmatites): 5 — comendites: 6 — 
pantellerites. 
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Concentrations of t i tan ium and the iron group elements continue to diminish 
in melt characteristic of the fractionation of minerals phases of the first stage. 
Sodium content goes through max imum which is apparent ly due to fractiona­
tion of more and more sodium plagioclase. Minimum sodium content is reached 
in the end of this stage when fractionation of acid plagioclase is completed. 

http://Ul.il


158 KOVALENKO - GOREGLYAD - YARMOLYUK 

500 

300 

0.5 0 3 0 1 0 05 0.01 0.005 f 1.0 0.5 0.3 0.1 0.05 

Fig. 12. Logarithms of REE content (in ppm) as a function of residual melt fraction 
logarithm. Symbols as for Fig. 5. 

By the end of the stage potassium content reaches its maximum. In the middle 
part of this stage some fluorine enrichment in melt occurs followed by its 
depletion, probably, due to participation of amphibole or biotite in fractionation. 
By the end of this stage a.c. in the melt passes through unity may be due to 
the anorthitic efect at which in calcium plagioclase N.a20/Al203 ratio is always 
lower than in melt. It is at this stage that a transition from basalts to comen-
dites occurs. By the end of the stage quartz starts to take part in fractionation. 

In the third stage of differentiation i(f < 0,2—0.3) fractionation is determi­
ned first by separation of alkaline feldspar and quartz. It is with this fact that 
slight decrease of potassium, silica and sharp decrease of alumina content is 
connected. 

At this stage namely acid agpaitic melt evolves with progressively growing 
agpaitic coefficient. Usually potassium-sodium feldspar is crystallized so that 
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Continuation of Fig. 12 

bulk part i t ion coefficient of sodium proves to be less than unity, and this ele­
ment progressively accumulates in residual melt. 

At the same differentiation stage in early alkaline leucogranites an opposite 
tendency in rock-forming component behaviour shows up (Fig. 8a) which is 
due to the accumulat ion in rocks of alkaline feldspar and, possibly, quartz. 
Apparently, the tendency II may be a t t r ibuted to a cumulat ive one. 

"Res idual" elements at this stage accumulate extremely intensively (by lo­
gari thmic law) including REE with europium (Fig. 12) up to the formation of 
rare-metal granitoid melts ( K o v a l e n k o , 1977). However, as in other diffe­
rentiated series, europium accumulates slower t h a n other REE which results 
in deepening of negative europium anomaly in residual melts, and the Eu/Eu* 
value progressively decreases. At the very end of this stage heavy REE con-
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tent decreases, apparently, due to a saturation of melt by these elements and 
zirconium and precipitation of their own phase (zirconium minerals and others). 
It is not accidental that some late alkaline granites with similar to early 
leucogranites f values are enriched with zirconium as compared with the later 
(Fig. 11), probably as a result of cumulative accumulation of zirconium and 
REE minerals in them. 

T h e r o l e of w a t e r a n d o t h e r v o l a t i l e c o m p o n e n t s . It is 
absolutely evident that accepting crystallization differentiation model as a lead­
ing one for the process of formation of agpaitic acid magmas from a basaltic 
melt, one must not ignore the role of volatile components especially because 
plutonic rocks participate in the series under consideration. 

This role can be estimated from studies of melt inclusions in agpaitic volcanic 
and plutonic rocks in Mongolia (N a u m o v et al., 1980). Water concentration 
and fluid pressure in melt at the time of quartz crystallization have been esti­
mated by crystallized microinclusions with separate fluid phase. As seen from 
the absence of liquid water phase in melt inclusions water content in melt 
at the moment of quartz crystallization did not exceed 0.5 mass % for volcanites, 
for alkali leucogranites of early stages was 2.6—6.7 mass % (Pfi = 2.0—3.2 kb), 
for alkali granites of late phases was 2.4—13.9 mass % (Pfi = 1-5—6.1 kb). 
Respectively, homogenization temperature for melt inclusions in quartz amo­
unts: comendites — 1010—860 °C, early alkali leucogranites — 930—800 °C, 
late alkali granites — 820—700 °C and even 550 °C. 

Hence, the following conclusions can be made. 
1. Plutonic rocks with the same f values were formed at considerably higher 

water content than vlocanic rocks. In this case, if only we do not accept not 
enough founded by all the data mentioned above suggestion about different 
magma sources for comendites and alkali granites in Mongolia, or about special 
mechanism of water influx namely to magmas of plutonic rocks, it is necessary 
to admit that water content in common for comendites and granites magma 
was not less than in the melt of early alkali leucogranites in which it was kept 
due to external pressure of plutonic chamber. In erupting to the surface co-
menditic lavas this water was lost during a dramatic drop of pressure. Not 
accidentally, many comendites form ignimbrites characteristic of explosive 
eruption conditions. 

2. The loss of water (and other volatile components) during formation of 
comendites, probably, inhibited further differentiation of magma. In plutonic 
conditions when water preserved in magma the latter underwent further dif­
ferentiation to form finally residual, low-temperature (up to 550 °C), very wa­
ter-rich melts of rare metal microcline-albitic alkali granites. The presence of 
water sharply decreased viscosity of acid melt which also was favourable for 
its extreme crystallization differentiation. 

3. Knowing f for alkali granitic magmas and their 1T>0 content it is possible 
to estimate water concentration in initial basaltic magma, assuming, naturally, 
that water is a typical "residual" component. This concentration is 0.5—0.8 
mass %, that is rather much for basaltic magmas. 

4. Judging by comparison of distribution of elements in volcanic and plutonic 
rocks with similar f values, the presence of water and other volatile compo­
nents favoured magmatic differentiation during which of most importance was 
distribution of elements in accordance with crystal ť melt distribution. Trans-
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porting role of fluid can be noted only for l i thium, beryllium, tin, fluorine in 
which comendites are depleted due to the loss, probably, of fluid as already 
discussed above. The presence of single for volcanic and plutonic rocks t rends 
of element behaviour supports an assumption of a single mechanism governing 
their variat ions in favour of crystallization differentiation. 

Volume ratios of rocks of various compositions in the bimodal series of Mongolia 

It was mentioned above that volume ratios of basic and acid rocks in volca­
nic sections ranges from 2 : 1 to 3 : 1. Taking into account plutonic alkali gra­
nitoids it will be even less, indicating approximately equal volumes of basic 
and acid rocks at modern erosional level. At the same time, judging by the f 
value at which acicl rocks appear, this ratio could not be less than 3 : 1 — 5 : 1 . 
Moreover, basic rocks must be more voluminous than in termediate rocks and 
intermediate more voluminous than acid rocks. But in reality, in termedia te 
between basic and acicl rocks occur in volcanic sections in smaller amounts than 
basic ancl acid rocks. 

Can this picture be reconciled with the model of crystallization differentia­
tion of basaltic magma? 

Let us note at once that the increase of portion of acid rocks in continental 
geodynamic environments is a typical phenomenon occurring not only in conti­
nental rifts. For example, for calc-alcaline series of island arcs and Andian type 
active continental margins a linear correlation is outlined between the fraction 
Df acicl magmas and thickness of continental crust ( G i l l , 1981). This is why 
solution of this problem is impor tant not only for the bimodal series of Mon­
golia and even for continental rifts. 

In this part icular case that we consider, as in general, two explanations for 
these ratios can be given: 1) due to effect, of physical properties of continental 
crust; 2) clue to effect of chemistry of continental crust. 

In the first case it is assumed that lower density of continental crust resulted 
in slower movement of the column of "dense" basaltic magma and, consequent­
ly, its more deep differentiation to give only cumulates and residual acicl 
magmas in the ext reme case. In doing so, upper parts of such magmat ic co­
lumns must be enriched with less dense acid melts. In this case ratios between 
rocks with different silica content may be close to those observed in Mongolia 
because heavy basic and in termediate rocks "got s tuck" in lower parts of the 
crust. 

Similar mechanism has been suggested for the Cenozoic bimodal series with 
comendites in western USA ( N o b l e — P a r k e r , 1975) and it has been 
substant iated by the presence of large positive gravi tat ional anomalies in this 
region. It cannot be excluded that similar picture developed and in Late Paleo­
zoic in Mongolia. 

In the second case crustal source of agpaitic acicl magmas is assumed in addi­
tion to those formed during crystallization differentiation of basaltic melt. 
It is obvious that to preserve t rends of crystallization differentiation model 
considered above it is necessary that crustal palingenic agpaitic melts to possess 
analogous compositional characteristics. This seems possible.if interaction of 
a large volume of fluid in equil ibrium with residual comenditic magmas with 
crustal material to give metasomatic t ransformation of the lat ter (alkaline 
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granitization) and its subsequent melt ing is assumed. Zones of such alkaline 
granit izat ion at Precambr ian s t ructura l level are known, presence of water 
(fluid) in alkali granit ic magmas and also probabil i ty of its loss dur ing upward 
t ranspor ta t ion of magmas have been shown above. It is possible that mant le 
fluids enriched also with other volatile components take par t in the process. It is 

Fig 13 Position of agpaitic acid volcanics of Mongolia in the diagram SiOL.—A1203— 
— (Na.O + K,0) taken from (21). 

Explanations: 1 — pantellerite," Pantelleria; 2 — comendite. Major, New Zealand: 
:J _ comendite, Sardinia; 4 — comendite, S. Mongolia; 5 — pantellerite, S. Mongolia: 
(j _ position of the temperature minimum in the system Ab-Ort-2Q-H20 with 4.5 /0 
a.c. + 4.5 % (B), 8.3 % (ax.) + 8.3 % (c) taken from (21). Field I — continental agpaitic 
obsidians, field II — the same for oceanic ones taken from (23). 
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not accidental tha t fluids (LLC1 + CO2) in equil ibrium with mant le minerals 
have agpaitic rich in silica composition. In any case this hypothesis implies lar­
ger amounts of agpaitic silicaceous rocks at the expence of addition of crustal 
agpaitic rocks to residual rocks. 

In conclusion of this division we would like to note the probabil i ty of se­
parat ion at this or other stage of differentiation of chambers of basic and acid 
magmas with which the "contrast" character of the series that is a l ternat ion of 
eruptions of sharply different in composition magmas is connected. 

Let us note that basaltic magmas in Mongolia are more rich in Na2<3 + K^O 
as compared wi th basalts of Pantel leria and the Boina Centre (B a r b e r t et al., 
1975), but the both as a rule do not contain normat ive feldspathoids and refer to 
intermediate (in our classification to subalkaline) between alkaline and tholeiitic 
basalts. It is such liquids appear to be able to give agpaitic acid residual melts, 
whereas even in schematic diagram He-Di-SiO^ alkali basalts must give un-
dersaturated in silica residual melts and calc-alkaline basalts — normal rhyolitic 
magmas. 

Taking into account exper imental data ( C a r m i c h a e l — M a c k e n z i e , 
1967; T h o m s o n — M a c k e n z i e , 1967) in Fig. 13 broadly used by various 
investigators, it has been shown that agpaitic compositions of Mongolian series 
under consideration are si tuated in fields of "cont inental" and "oceanic" co-
mendites according to B a i l y (1970), a l thoug both of them were formed in 

FIR. 14. Position of agpaitic acid magmatic rocks compositions in the schematic melting 
diagram Q-AFs-Fem (17). 

Explanations: 1 — volcanics; 2 — granitoids; 3 — position of boundary Hne Q + AFs -|-
-f- melt in the system Q + Ort + Ab + a.c. (21). 
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Continental geodynamic environments . Compositions of lass alkaline series re­
ferring to "cont inental" comendites prove to be very close to granitic minimum 
with addit ion of Na-jSiO;: and may indeed, as discussed above, be connected 
with anatexis of continental crust. 

Fig. 14 constructed by us basing on the succession of crystallization of mi­
nerals in agpaitic felsitic melts and exper imenta l data, shows that all differen­
tiation t rends of agpaitic magmas may be considered in the frame of changing 
composition of residual melt during fractionation of alkaline feldspar in the 
field of AFs + melt. When the composition of melt reaches cotectic curves, 
pairs of minerals start to crystallize. Comendites or pantelleri tes rarely diffe­
rentiate along cotectic lines, possibly, due to a loss of water limiting differen­
tiation. However, in plutonic conditions this process goes on in the direction 
of growing agpaitic coefficient connecting tempera ture minima of granitic 
system with increasing alkalinity according to experimental data (C a r m i-
c h a e l — M a c k e n z i e , 1967; T h o m p s o n — M a c k e n z i e . 1967) to a 
single trench 

Conclusion 

Summing up all the above said, let us note that bimodal basalt-comendite-al-
kali granit ic association is broadly distr ibuted among Late Paleozoic volcanic 
rocks in Mongolia. It is an indicator of geodynamic regime of continental rifto-
genesis that is due to the processes of l i thosphere spreading when passing of 
continental plate above buried mid-ocean rift or other processes. As in other 
environments of continental riftogenesis. under moderate depth con­
ditions in the mantle, probably, metasomatically altered, at the ex­
panse of part ial melt ing and diapirism basaltic magmas of subalkaline series 
( intermediate between tholeiitic and alkaline basalts) were generated. Empla­
cement of these magmas in the l i thosphere and its extensive crystallization 
differentiation resulted in formation of residual comenclitic and alkali-leuco-
granit ic magmas and development of bimodal volcano-plutonic association. 
Magmatic source regions undoubtedly were differentiated in vertical direction, 
its upper par ts being enriched with less dense silicaceous melt. Later source re­
gions for basic and acid magmas could be segregated. This differentiation 
process appears to have been accompanied with segregation of fluids from mag­
mas promoting alkaline granit ization and subsequent melt ing of continental 
crustal mater ia ls due to their effect, probably, to add also anatectic melts to 
the residual comenclitic melts. When water was preserved in comenditic magma 
its crystallization differentiation continued up to formation of low- tempera ture 
(550 °C) water-r ich (to 14 % H 20) melts of rare-meta l alkaline microcline-albitic 
granites and pegmati tes. 
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