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INTRODUCTION

Central Asia, including central Mongolia, 
southeastern Siberia, and northern China, 
has been the site of diffuse mafic volcanism 
throughout the Cenozoic era.  To better 
understand the origin of Cenozoic volcanism in 
central Asia we conducted a detailed study of 
the Tertiary volcanic rocks in the upper Botgon 
River valley in the central Hangay Mountains of 
Mongolia.  

The Hangay Mountains are a WNW-trending 
range, 800 x 550 km in extent.  They consist 
of many flat-topped peaks that reach 4,000 m.  
The Hangay are underlain by a diverse array 
of bedrock units including Cenozoic basalts, 
Paleozoic-Mesozoic granitoids, Devonian-
Carboniferous turbidites, and Proterozoic 
ophiolites (Badarch et al., 2002).  Within the 
upper Botgon River valley Tertiary volcanics 
overlay Mesozoic granitoids.

The Hangay Mountains are commonly 
characterized as a dome (Windley and 
Allen, 1993).  Doming began in the middle 
Oligocene, and was contemporary with alkaline 
volcanism throughout the Hangay Mountains 
(Cunningham, 2000).  Northeast-striking 
Cenozoic normal faults are common in the 
central Hangay Mountains, and volcanic centers 
are commonly concentrated near these faults 
(Cunningham, 2001).

Tertiary volcanics are generally restricted to 
higher plateaus of the central Hangay, and 
Quaternary lavas are mostly confined to lower 

elevations of modern valleys.  Previous dating 
of lavas near the study area show a range from 
28.5 (Devyatkin and Smelov, 1980) to 9 Ma 
(Schlupp, 1996).  

Seismic data suggest that the thinnest 
lithosphere under Mongolia is located under the 
Hangay Mountains, where it may be less than 
50 km (Windley and Allen, 1993).  Microprobe 
geothermobarometry analysis of mantle 
xenoliths from the Hangay Mountains indicates 
a crustal thickness of 45 km (Ionov et al., 1998).  
The sub-crustal upper mantle may, therefore, be 
as thin as 5 km beneath the Hangay.

Cenozoic volcanism in central Asia transcends 
tectonic environments.  Volcanism has occurred 
in areas associated with extension such as the 
Baikal rift of Siberia, north of the Hangay, as 
well as areas of compression and strike-slip 
tectonics in the Altai Mountains to the south.  
That the volcanic system crosses provinces 
of different lithospheric processes suggests 
sublithospheric processes drove volcanism.

Several processes have been proposed for the 
tectonic origin of central Asian volcanism.  
Proposals include: (1) a mantle plume (Windley 
and Allen, 1993); (2) mantle plume processes 
combined with effects of the India-Asia 
collision (Khain, 1990); (3) a shallow thermal 
anomaly heating metasomatized lithosphere 
(Barry et al., 2003); and (4) a crustal weakness 
along cratonic boundaries resulting in a thin 
lithosphere (Yarmolyuk et al., 1991). 
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We conducted a detailed study of a 709-m 
thick section of Tertiary volcanics in the upper 
Botgon River valley in the central Hangay 
Mountains (Figs. 1 and 2)  The section consists 
of lava flows and intercalated pyroclastic 
deposits, and is cut by several dikes.  Laboratory 
studies were used to characterize the lavas and 
dikes, document their genesis, and evaluate their 
tectonic origin of the province as a whole.

METHODS

The study area was reconnaissance-mapped at 
1:20,000 scale on topographic maps enlarged 
from 1:100,000 scale.  Thicknesses of lavas 
and covered intervals in the main stratigraphic 
section were measured using a high-precision 
altimeter. 

Samples were selected for laboratory 
analysis based on degree of weathering, 
stratigraphic importance, and mineralogical 
uniqueness.  Forty-three samples were analyzed 
petrographically, 40 lavas from the stratigrphic 
section and 3 dikes.  Forty samples were 
analyzed at the Washington State University 
using x-ray fluorescence spectrometry (XRF), 8 
of which were also analyzed using inductively-
coupled plasma mass-spectrometry (ICP-
MS).  Data were compiled and analyzed using 
Microsoft Excel, IgPet, and Petrograph software 
(Petrelli et al., 2005).

Six samples were selected to be dated by the Ar/
Ar method at Lehigh University. Results will be 
available by summer 2007.

FIELD RELATIONS

Plateau-forming Tertiary lavas crop 
out in glacially-carved valley walls 
in the Hangay.  The primary focus of 
the field study was a 709-m detailed 
stratigraphic section through these lavas 
in the upper Botgon River valley (Fig. 
2).  
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Figure 1: Reconnaissance map of the study area.

Figure 2: View of the upper Botgon River valley looking southeast, highlighting features discussed in the text.  The 
inset photo is looking up the ridge on which the main section was studied.
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The site selected for detailed study is the 
thickest, most continuous accessible section.  
Sixty-three distinct lava flows were identified 
and measured (Figs 3).  Flow thicknesses 
range from 0.2 to 68.7 m.  Lavas are generally 
porphyritic with a mineral assemblage of up to 
three phenocrysts, including olivine, pyroxene, 
and plagioclase.  Several packages of compound 
flows were recognized based phenocryst 
assemblage, weathering patterns, and jointing 
characteristics.  A layer of scoria crops out 
between flows 43 and 44 and was traced 0.5 km 
south.  The majority of flows maintained even 
thicknesses over the short distance they could 
be traced; often flows were lenticular and 
discontinuous.  Paleosols were recognized at 
five levels in the section.  

A nonconformity between the Tertiary volcanics 
and underlying Mesozoic granitoids crops out 
in the cirque at the southern end of the valley 
(Fig. 2).  The contact is irregular and some lavas 
trace laterally into and below the granitoids, 
suggesting that the paleotopography was 
complex. 

A group of eroded eruptive centers is exposed 
in the cirque wall at the south end of the valley 
(Fig. 2).  Basalt flows drape at steep angles over 
layers of scoria; these features are old cinder 
cones.  Phreatomagmatic deposits up to 18-m 
thick, are exposed in the cirque wall.  These 
deposits contain stream granitic cobbles and 
boulders indicating eruption through a stream 
or saturated fluvial deposits.  Based on dike 
orientations and the distribution of eruption 
deposits, three distinct centers were identified.

PETROGRAPHY

Petrographic analysis revealed a range of 
textures and phenocryst abundances.  Most 
samples are porphyritic with phenocrysts up 
to 5.5 mm.  The samples are hypocrystalline 
to holocrystalline, with glass restricted to the 
groundmass.  Mantle and crustal xenoliths and 
xenocrysts were found in several samples. 

All of the rocks that were studied 
petrographically contain olivine phenocrysts, 
and many also contain clinopyroxene and 
plagioclase phenocrysts.  Crystal development 
of phenocrysts ranges from anhedral to 
euhedral.  Phenocrysts are generally less than 
3 mm long, and are commonly unimodal or 
bimodal in size-distribution within each sample.  
Many samples show glomeroporphyritic texture 
(Fig. 4a).

Olivine phenocrysts are most abundant, 
generally constituting greater than 40% of 
phenocryst content.  Olivine phenocrysts range 
in size from 0.3 to 4.6 mm.  Smaller olivine 
phenocrysts are generally more euhedral than 
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larger phenocrysts.  Embayed and skeletal 
olivine phenocrysts are present. Iddingsite 
alteration is common, though generally 
comprising less than 5% of the volume 
of observed olivine phenocrysts.  Opaque 
inclusions, probably chromian spinel, are 
common in olivine phenocrysts.

Plagioclase is the second most abundant 
phenocryst.  Plagioclase phenocrysts are 
commonly lath-like and range in length from 
0.7 to 5.5 mm.  Melt inclusions are common in 
larger (>2 mm) plagioclase phenocrysts.  Zoning 
is common in plagioclase phenocrysts, and is 
most often simple, and rarely oscillatory.  Some 
plagioclase phenocrysts exhibit well-developed 
sieve textures, indicating that they were out of 
equilibrium with the surrounding lava.

Clinopyroxene phenocrysts are commonly 
euhedral to subhedral, and range in size from 
0.3 to 3.0 mm in length.  Zoning is apparent in 
clinopyroxene phenocrysts, which commonly 
display sector and oscillatory zoning, and rarely 
simple zoning.  In phenocrysts with oscillatory 
zoning, several cycles are usually apparent.

The groundmass is dominated by plagioclase, 
with lesser olivine, pyroxene, and opaque 
minerals.  Groundmass micro-phenocrysts 
of plagioclase are commonly preferentially 
aligned, and trachytic fabric is frequently 
localized around phenocrysts.  In more 
weathered samples groundmass olivine has been 
subjected to iddingsite alteration.  

Three pyroxenite xenoliths, ranging in size 
from 0.7 mm to 2.6 mm, were observed in thin 
section.  Quartz xenocrysts, showing mature 
reaction rims, range in size from 0.7 mm to 
3.2 mm, and are present in several flows (Fig 
4b).  One dunite xenolith was found in the 
lowest flow of the section.  It is 2 mm long and 
consists of several subhedral to anhedral, highly 
embayed olivine crystals (Fig. 4c).

MAJOR AND MINOR 
ELEMENTS

Major element compositions reveal that the 
lavas are generally alkaline (Fig. 5b).  The 
majority of the rocks within the section are 
classified as trachy-basalts, with fewer basalts, 
basaltic-trachyandesites, and phono-tephrites 
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Figure 4: Photomicrographs showing: (a) glomero-
phyric mass consisting of plagioclase and clinopyrox-
ene phenocrysts; (b) a crustal xenocryst (c) a mantle 
xenolith.
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(Fig. 5a).  Most of the samples are nepheline 
normative (Fig. 5c).

Figure 5: Classification diagrams. a. Total alkali versus 
silica after Le Bas, et al. (1986). b. Total alkali versus 
silica after Irvine and Baragar (1971). c. normative 
mineralogy.

Compositions range from primitive (9.9 wt% 
MgO) to moderately evolved (5.2 wt% MgO), 
with lavas being generally more evolved up-
section.  SiO2 content varies from 48.1 to 51.2 
wt%.  FeO* content first increases and then 
decreases with decreasing MgO content and 
varies between 9.2 and 10.9 wt%.  CaO varies 
from 9.2 to 6.4 wt%, decreasing with decreasing 
MgO.  Al2O3 ranges from 15.7 to 17.6 wt%, 
generally increasing with decreasing MgO 
(Fig.6). 

Na2O, K2O, and P2O5 generally increase with 
decreasing MgO.  Na2O ranges from 3.6 to 5.8 
wt%, K2O ranges from 0.97 to 2.5 wt%, and 
P2O5 ranges from 0.42 to 0.74 wt%. 
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Figure 6: MgO variation diagrams for selected major 
elements and ratios.  Blue lines follow interpreted 
fractionation trends.  The dashed blue lines follow 
parallel fractionation trends.  The red lines represent a 
trend interpreted to be produced by magma mixing.
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TRACE ELEMENTS

The central Hangay lavas are enriched in 
incompatible trace elements, similar to ocean 
island basalts (OIB) but with notably stronger 
enrichment in Ba and Sr (Fig. 7).  Chondrite-
normalized rare earth element spider diagrams 
(Fig. 8) show significant enrichment in light 
rare earth elements (LREE) relative to heavy 
rare earth elements (HREE).  The lavas most 
enriched in LREE tend to be least enriched in 
HREE; note crossover patterns in Figure 8.  All 
analyzed samples display a slight positive Eu 
anomaly (Fig. 8).

Incompatible trace elements Ba, Rb, and 
Zr, generally increase with decreasing MgO 
content, though they lack well-defined trends 
(Fig. 9).  Ba ranges from 333 to 929 ppm, Rb 
ranges from 17 to 43 ppm, and Zr ranges from 
134 to 328 ppm.  Sr ranges from 590 to 1098 
ppm, and shows no systematic variation with 
MgO.

Compatible elements Sc, Cr, Ni, and V generally 
decrease with MgO.  Sc ranges from 11 to 
26 ppm.  Cr ranges from 123 to 368 ppm and 
shows a very well constrained linear trend.  Ni 
ranges from 74 to 252 ppm, and appears to show 
two trends that decrease along with MgO.  V 
ranges from 122 to 205 ppm with a moderately 
well defined trend.

MAGMA GENESIS

Ba and Sr anomalies in OIB-normalized 
incompatible element spider diagram patterns 
(Fig. 7) suggest a history of metasomatism in 
the mantle source region.  K is also enriched 
relative to OIB.  Metasomatic fluids or melts 
concentrated with CO2 and H2O containing high 
concentrations of K, Ba, and Sr presumably 
mixed with mantle peridotites to enrich these 
trace elements.  Metasomatic fluids may also 
have driven melting by reducing the melting 
point of the mantle peridotite.  Alternatively 
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metasomatism may have occurred in association 
with an earlier tectono-magmatic event.  

Figure 7: Ocean island basalt-normalized (after Sun 
and McDonough, 1989) incompatible element spider 
diagram of two lavas from the Botgon River section.  
Positive Ba and Sr anomalies indicate metasomatism 
of the mantle source.  

An obvious model for the positive Eu anomaly 
(Fig. 8) is plagioclase accumulation.  However, 
petrogrpahic evidence argues against this 
process.  The positive Eu anomaly may be a 
result of reducing conditions and the presence 
of augite in the source residue (Bartels et al., 
1991).  

Figure 8: Chondrite-normalized (after Sun and 
McDonough, 1989) rare earth element spider diagram 
comparing two lavas from the Botgon River section to 
a typical Tariat flow (from Barry et al., 2003).  Steep 
slopes suggest partial melting of a garnet bearing 
source.  The two plotted lavas represent extremes in 
the data set.
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Figure 9: MgO variation diagrams for selected trace 
elements.  Lines are as described for Figure 6.

As discussed above, central Hangay lavas 
exhibit varying degrees of LREE enrichment 
relative to HREE.  This pattern suggests that 
garnet was present in the mantle source of these 
magmas, as the HREE are compatible in garnet.  
The crossing patterns in Figure 8 may be the 
result of varying degrees of melting, as LREE 
are more strongly partitioned into the melt, or 
they could result from varying garnet abundance 
in the source.  The presence of garnet in the 

source rock indicates that melting took place 
in the garnet stability field, below the spinel 
stability field in the upper mantle.

To quantitatively evaluate the source mineralogy 
and degree of melting that produced the lavas 
from the Botgon River section we modeled 
the products of varying degrees of equilibrium 
melting of mantle with varying garnet 
abundance.  Results were traced by plotting 
the La/Yb ratio (LREE/HREE) against La.  
This plot distinguishes the effects of partial 
melting (which produces positive slope) from 
the effects of fractional crystallization (which 
produces a slighter negative slope).  La content 
is primarily controlled by melt fraction.  La/Yb 
values are largely controlled by abundance of 
garnet in the source, since Yb is compatible 
in garnet.  The data plot on a well defined 
trend with a positive slope in La/Yb versus 
La space (Fig. 10).  We began with a garnet 
lherzolite source with a mode of 55% olivine, 
30% orthopyroxene, 10% clinopyroxene, and 
5% garnet.  The source compositions used for 
modeling was the calculated OIB-source of 
Borg et al. (1997).  Partition coefficients of 
La and Yb were from McKenzie and O’nions 
(1991).  As garnet abundance was varied olivine 
was adjusted to maintain a constant sum.  A 
range of results were plotted to create the best 
fit to the lavas of the Botgon River section.  This 
modeling suggests that lavas from the Botgon 
River section were derived by 3-7% melting of 
garnet lherzolie containing 5-8% garnet (Fig. 
10).  Based on the 10 samples for which we 
have ICP-MS data, neither source composition 
nor melt fraction varied systematically with 
stratigraphic height.

To consider the prospect of shallower melting 
in the spinel zone we also modeled the melting 
of a spinel lherzolite with 5% spinel instead of 
garnet.  This model produces a lower slope, and 
at no degree of melting did the results plot near 
the data (Fig.10).  
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Based on the study of xenoliths in central 
Mongolia, Ionov et al. (1998) constrained the 
transition zone from spinel (shallow) to garnet 
(deep) to occur at ~68 km.  Partial melting to 
form the Tertiary lavas of the central Hangay 
is constrained to have occurred at that depth 
or greater.  This data does not, however, 
exclusively constrain melting to this region.  
Some of the melting could have also taken place 
at shallower depths.  However, the more melting 
called upon at shallower depths the greater the 
abundance of garnet required in the garnet zone.  
This would quickly reach unrealistic values.

Incompatible elements, including the REE 
exhibit very similar patterns as the younger 
Tariat lavas of Barry et al. (2003) as well as the 
younger lavas of Ekstrand and Enkhaatar (this 
volume). The similarities in chemical signatures 
between Botgon and Tariat flows represent 
consistency in processes of magma generation 
for a period of at least 20 million years.

 

Figure 10: Results of modeling equilibrium partial 
melting of garnet and spinel lherzolites.  Ten lavas 
from the Botgon River section are plotted in pink.  
Numbers indicate melt fractions.

FRACTIONAL 
CRYSTALLIZATION

Qualitatively, fractional crystallization of 
observed phenocryst phases can account for 
the general trends in major and trace element 
variation diagrams discussed above.  The 
decreasing trends in trace elements Ni, Cr, V, 
and Sc are a result of removal of these elements 
by phenocrysts during fractionation.  The 
trends in Ba, Rb, and Zr are due to the highly 
incompatible nature of these elements in the 
observed fractionating phenocrysts.

The decrease in Ni with decreasing MgO is 
consistent with olivine fractionation (Fig. 9).  
The steady decrease in Cr may also be related to 
olivine fractionation in that olivine phenocrysts 
contain opaque minerals, which may be 
chromian spinel.

Early and persistent fractionation of 
clinopyroxene is consistent with the trend 
in Sc (Fig. 9) and may, in part, account for 
Cr-depletion.  CaO/Al2O3 also declines 
with decreasing MgO, which confirms 
the involvement of clinopyroxene, as 
clinopyroxene, in contrast to plagioclase, 
removes CaO but not Al2O3 (Fig. 6).
The generally flat trend of Sr versus MgO 
indicates fractionation of plagioclase.  Sr is 
only weakly partitioned into plagioclase in a 
fractionating assemblage in basaltic magma, 
and thus fractionation of plagioclase keeps Sr 
at fairly consistent levels during fractionation 
in which plagioclase is just one of several 
fractionating phases.  Plagioclase also 
moderates the decline in CaO/Al2O3 caused by 
clinopyroxene fractionation.

The curve of the FeO* versus MgO trend in 
Figure 6 first increases, and later decreases, 
with an apex around 7.4 wt% MgO.  This trend 
implies a change in fractionating phases from 
a phase assemblage that contains little FeO* 
to an assemblage with more FeO*.  The drop 
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could be explained by an increase in iron oxide 
fractionation.  The decrease in V is consistent 
with fractionation of Fe-Ti oxides.

In order to more quantitatively evaluate 
fractional crystallization we conducted mass-
balance modeling using the least-squares 
method of Stromer and Nicholls (1978) in the 
Petrograph software of Petrelli et al. (2005).  
Phase compositions used in mass balance 
models were selected from microprobe analyses 
of primitive alkaline basalts of Conrey et al. 
(1997). 

Flow 1 was selected as the parent magma 
and flow 46 as the daughter magma, as these 
samples lie at opposite ends of trends in most 
variation diagrams.  We first attempted to model 
fractionation using olivine, clinopyroxene, and 
plagioclase.  However, this was unsuccessful as 
the sum of the square of the residuals (SSR) for 
the interval is 2.04, greater than the acceptable 
value of 1.0.

In order to more accurately describe the 
fractionating phases, we included spinel 
inclusions in the olivine and added titano-
magnetite to the fractionating assemblage.  With 
this assemblage we observed an acceptable 
SSR value of 0.40.  In this model the daughter 
magma was derived from the parent by 33% 
fractional crystallization of an assemblage of 
37% plagioclase, 32% olivine with spinel, 26% 
clinopyroxene, and 3.9% Ti-magnetite.

In consideration of the inflection in the 
FeO* versus MgO trend, we also modeled 
fractionation in two steps, with flow 10 as an 
intermediate between flows 1 and 46.  In this 
model we found that 24% of the parent magma 
was removed by fractional crystallization 
between flows 1 and 10, with a SSR of 0.71.  
During this interval, the fractionating phases 
were 42% plagioclase, 33% olivine with spinel 
and 25% clinopyroxene.  From flows 10 to 
46, 8.9% of the remaining parental magma 
(6.8% of the original parent) was removed by 

fractional crystallization, with an SSR of 0.15.  
The fractionating phases were 44% olivine with 
spinel, 18% plagioclase, 29% clinopyroxene and 
8.9% Ti-magnetite.

MAGMA MIXING

Some observed trends are not readily explained 
by fractionation alone.  Other processes we 
found to be important are magma mixing, 
assimilation, and disaggregation of mantle 
xenoliths. 

The red lines in Figures 6 and 9 follow flows 
18-27, with the lower flows having higher MgO.  
Because K2O and Ba are highly incompatible 
with the fractionating phases they would rise 
steadily during fractionation.  However, in this 
trend K2O, Ba, and other incompatible elements 
decline with decreasing MgO.  An explanation 
for this trend may be magma mixing with one 
end member being a less evolved magma from 
the main trend and the other end member being 
a more evolved magma from a parallel, low-K, 
trend (Figs. 6 and 9).

ASSIMILATION

In unaltered lavas K2O/P2O5 varies from 2.7-
4.6.  K2O/P2O5 will not change during basaltic 
fractionation, but assimilation of a highly 
evolved rock that has fractionated P2O5 in 
apatite during its evolution will cause K2O/P2O5 
to increase.  The observed variation in K2O/P2O5  
suggests a potential role for assimilation.  This 
is consistent with the occurrence of partially 
reacted quartz xenocrysts observed in thin 
section.

MANTLE XENOLITH 
DISAGGREGATION

Samples X1, X2, X4, 45, 60, and 62 show 
anomalously high concentrations of the 
compatible trace element Ni (Fig. 9).  High Ni 
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concentrations may be due to accumulation and 
disaggregation of mantle xenoliths.  Because 
of the high concentrations of Ni in the mantle 
(~3000 ppm) a small addition of mantle xenolith 
material could have a large impact on Ni 
abundance.

CONCLUSION

We used field relations, petrographic analyses, 
and geochemical interpretations to determine 
the origin and evolution of a suite of lavas from 
the upper Botgon River valley of the central 
Hangay Mountains of Mongolia.  Rare earth 
element patterns and modeling demonstrate that 
parental magmas of these lavas were generated 
by low-degree melting of metasomatized garnet 
lherzolite at depths greater than 68 kilometers.  

Variation diagrams, and mass balance modeling, 
along with petrographic evidence, indicate 
that the evolution of the central Hangay lavas 
was dominated by fractional crystallization of 
olivine, plagioclase, clinopyroxene and Fe-Ti 
oxides.  Magma mixing, crustal assimilation, 
and disaggregation of mantle xenoliths also 
contributed to magmatic evolution.  Processes 
of magma generation and evolution remained 
constant for at least 20 million years; this argues 
against a plume origin for volcanism in central 
Mongolia, and the broader Cenozoic central 
Asian volcanic province.
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