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Figure 2. Typical flows (a, b) in cross section, show-
ing rubbly aa top flow and more massively bedded flow
interior, separated by red dashed line. Hammer for scale.
Sheared vesicles are present (a) in massive beds. Eroded
paleosols (b), indicated by red arrow, are often present at
the base of individual flows, (c) Contact between medium-
grained and coarse-grained basalts; Photomicrographs
showing (d) euhedral olivine weathering to iddingsite, (e)
trachytic texture of plagioclase, (f) olivine growing around
plagioclase, and (g) clinopyroxene growing around pla-
gioclase, with plagioclase growing around olivine.

The flows were also compared with similar volcanic
deposits 10 km east of the lake (i.e. Heven Plateau:
Perepelov et al., 2010).

Dating of the flows by Rasskazov et al. (2000) show
that the west and north east flows are 9.5 +.3 Ma
(K-Ar) and 10.2 + .5 Ma (K-Ar), respectively. The
eastern flows are 16.44 + .08 Ma (*°Ar/*’Ar) and the
Heven Plateau flows are 17.1 + .4 Ma (*°Ar/*°Ar:
Perepelov et al., 2010).

PETROGRAPHY

The samples are silica undersaturated, alkali ba-
salts. Olivine phenocrysts are abundant in all but one
sample. Olivine composition is generally 85-90%
forsterite (+ optic sign and 2V = 90°). Olivine often
exhibits normal zoning (i.e Mg-rich cores with more
Fe-rich rims). Clinopyroxene and plagioclase are

8 —(a)I PT q - | Flows
Q, TeB N = northeast
T 6L T B | | east
o, T L _ = | o west
© o M ’-’ -
=z (o) o - BA
4 FALKALINE -~ B 7
_ -~ SUBALKALINE
2 [P | | | |
46 48 50 52
Si0,
FeO
(b)
Na,O + K,0 MgO
(C) T T T T
o™ o
o 6F .
< e 0
LI ]
g ST A A ' 4 T
1 1 L 1
1 1 1 1
9 . °
2 16} . R -
O(") a o N
-~ e
< LI
14 | o
} } } }
5k 4
9 A
=
~ 4 - -
(@) . ‘l.
mN S A
=2 o A a"
3t °° -
L l l l °
3.5 = 1 1 1 1 .
) .
< 3.0F -
E L !
N
O | |
2 25L . .
= A N | o °
o . ' °
20 1 1 1 ‘ 1 .
4 6 8 10
MgO (Wt%)

Figure 3. (a) Total alkalis (Na,0 + K ,0) vs SiO, relative
to the TAS classification scheme of Le Bas et al. (1986),
where B—basalt, TB—trachybasalt, TeB—tephrite
basanite, PT—phonotephrite, BTA—basaltic trachyan-
desite, and BA—basaltic andesite. (b) AFM plot (Na,0 +
K,0 — FeO — MgO tertiary) following Irvine and Baragar
(1971). (c) Variation diagrams of MgO vs CaO/AL,O,,
Al.O Na,0, and Tio,
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also sometimes zoned. Minor alteration is present in
many of the samples, with small amounts of olivine
weathering to iddingsite (Fig. 2d). Some olivine is
also rimmed by pyroxene. Generally, textural growth
patterns reveal expected mineralization sequences,
with olivine and calcium-rich plagioclase crystalizing
before the pyroxenes and less calcic plagioclase.

Northeast flows

Samples from the northeast have the most diverse
range of textures. A portion of these samples repre-
sent an extrusive lava flow. They are finer-grained
and porphorytic, dominated by euhedral olivine
phenocrysts. These samples have an aphanitic ground
mass populated by plagioclase microlites, which
sometimes have a preferred orientation, presumably
controlled by flow direction. Some samples have
larger plagioclase phenocrysts, indicating slower
cooling rates. Some clinopyroxene (modal 5-15) and
orthopyroxene (modal 5-10) phenocrysts exist.

Other samples have undergone slower cooling, and
are medium-grained, with a phaneritic texture. They
are made up of predominately euhedral to subhedral
olivine, plagioclase, and clinopyroxene, with lesser
amounts of orthopyroxene. Plagioclase often exhibits
trachytic textures (Fig. 2e). Textural growth patterns
reveal that Ca-rich plagioclase crystallized first (Fig.
2f), followed by olivine and intermediate plagioclase,
and then clinopyroxene (Fig. 2g).

The last dominant lithology in this region is phane-
ritic with large grains (>5mm). This lithology has

a relatively sharp contact with the medium-grained
deposits that were discussed above (Fig. 2¢). There
is no olivine present in these samples, but clino-
pyroxene, orthopyroxene, and plagioclase feldspar
dominate. There are also long (~5mm), preferentially
oriented ilmenite crystals. The plagioclase feldspar
is the intermediate to calcic labradorite (%An ~55%).
The labrodorite commonly grows around the clino-
and orthopyroxenes, although some synchronous
growth is evident.

These three dominant lithologies are likely part of the
same flow or dyke (Fig. 1), with the fine grained rocks
representing the chilled margin of the flow or dyke.

Eastern flows

Sample/Primitive Mantle

Sample/Primitive Mantle

Sample/Primitive Mantle

—*~ OIB

Figure 4. Primitive mantle-normalized trace element
patterns for (a) eastern, (b) northeastern, and (c) west-
ern field locations. Shaded line represents lavas from the
Heven Plateau. Heven Plateau data from Perepelov et al.
(2010). OIB and primitive mantle compositions from Sun
and McDonough (1989).
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West flows

Samples from the western region display less variety
than those in the northeast. Some have a fine-grained
to glassy plagioclase matrix, with mostly olivine
phenocrysts. Other medium-grained samples contain
euhedral plagioclase and olivine, often with olivine
growing around existing plagioclase (Fig. 2f). Clino-
pyroxenes and orthopyrxenes are also present, but are
subhedral to anhedral, and exist in lesser amounts.
East flows

These flows are glassier, with more groundmass by
volume. Overall, these flows appear different from
the other two regions, dominated solely by olivine

phenocrysts. Rare clinopyroxene phenocrysts exist.

GEOCHEMISTRY
Major and minor elements

Major element analysis reveals that a majority of the
lavas in this region are basalt or trachy-basalt, with
lesser amounts of basaltic trachyandesite and tephrite
basanite (Fig. 3a). All of the samples are alkaline
(Fig. 3a). They are basic (45.6-51.0 wt % SiO,),
generally with high MgO (5.7-11.5 wt %). The lavas
follow a calc-alkaline trend on an AFM plot (Fig. 3b).

Plots of SiO,, K, O, and FeO versus MgO show
substantial scatter (not shown), and limited trends
exists in plots between CaO/AlLQO,, AL,O,, Na,O, and
TiO, versus MgO (Fig. 3¢). With decreasing MgO,
CaO/Al,O, also decreases, whereas Al O, increases.
This suggests that the fractionation of clinopyrox-
ene, which incorporates more CaO than Al O,, is
important for the evolution of these magmas. Na,O
and TiO, generally increase with decreasing MgO,
although the correlation is faint. The sample with the
largest-grain size is most evolved (~3 wt % MgO) and
has the highest TiO, (3.44 wt %), consistent with oc-
currence of ilmenite crystals.

Trace elements
These lavas, as well as those at Heven Plateau (Pere-

pelov et al., 2010), have similar primitive mantle-
normalized trace element patterns (Fig. 4), and are
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Figure 5. (a) La/Nb* vs Ba/Nb* for Hévsgél and Heven
Plateau samples (Perepelov et al., 2010), where Nb* = 17

x Ta (Sun and McDonough, 1989). Arrow represents typical
positive correlation between the linear relationship of Ba/Nb
and La/Nb ratios and increasing 87Sr/86Sr ratios of OIB, as
described by Sun and McDonough (1989). Numerical values
represent 875r/86S8r ratios. Gradation in arrow depicts tran-
sition between the HIMU- type(white) and EMI-type (red)
OIB sources. Ratios for St. Helena, Tristen de Cunha, and
Gough are modified from Weaver et al. (1986) and data from
Austal-Cook Islands from Panter et al. (2006). (b) Sm/Yb vs
La/Sm for Hovsgol and Heven Plateau samples (Perepelov
et al., 2010). Shown for comparison are arc rocks (Kay

et al., 1993) and Hawaiian basalts (Lassiter & DePaolo,
1997). Primitive mantle (PM) composition from Sun and
McDonough (1989) and lower crustal (LC), middle crustal
(MC), and upper crustal (UC) compositions _from Rudnick
and Fountain (1995). Batch melting curves show charac-
teristics of magmas derived from smaller degrees of partial
melting of spinel peridotite and garnet peridotite sources,
based on Lassiter and DePaolo (1997). Dates are from
Rasskazov et al. (2000). (c) La/Ta vs Ba/Ta for Hovsgol and
Heven Plateau samples (Perepelov et al., 2010). OIB com-
position from Sun and McDonough (1989), Hawaii composi-
tions from Watson (2003) and Rio Grande compositions from
Thompson et al. (2005). (d) Nb*/U vs Th/La for Hovsgol and
Heven Plateau samples (Perepelov et al., 2010), where Nb*
= 17 % Ta (Sun and McDonough, 1989). Red arrows shows
projected influence of continental crust, arcs, or marine
sediments on melt, and blue arrow shows projected influence
of altered oceanic sediments. Continental crust (CC) from
Rudnick and Fountain (1995). Arcs, marine sediment (MS),
and altered oceanic crust compositions are from Klein and
Karsten (1995).
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enriched in incompatible trace elements. They have
steep rare earth element (REE) patterns, enriched in
light rare earth elements (LREE) relative to heavy
rare earth elements (HREE), similar to ocean island
basalts (OIB).

There are notable negative Th anomalies in all of the
samples, and slight positive Ba and Sr anomalies in
many samples. Ba/La ratios are slightly higher than
those found in OIB (Fig. 5¢). Overall, the samples
are slightly less enriched than OIB.

The volcanic deposits at Heven Plateau have similar
LREE enrichment (La/Yb = 20.6-21.6) relative to the
flows on the east (La/Yb = 17.9-21.0), suggesting a
similarity between these deposits. The lavas from the
northeast have slightly less LREE enrichment (La/
Yb = 14.1-30.8), and the western flows have varied
LREE enrichment (La/Yb =9.1-31.9). The La/Yb
ratios of the northeastern and western flows overlap,
supporting similarity.

Strontium isotopes

All but one of the analyzed samples have 8’Sr/%6Sr
ratios in the range of .7039 to .7050, and the outlier
sample has a ratio of .7060. The average ratio val-
ues of around .7047 is most similar to an EM1-type
OIB source, but the ratios fall between the two end-
member OIB-source types—HIMU (¥’Sr/*¢Sr = .7029)
and EM1 (*Sr/%Sr = .705)—suggesting a mixing

of source types (Sun and McDonough, 1989). The
occurrence of an anomalously high ¥Sr/*Sr ratio
(.7060) is discussed later.

DISCUSSION
Crustal contamination

Mantle-derived lavas should be analyzed to evalu-

ate the extent of crustal contamination. The samples
have low Th/La and ¥’Sr/%¢Sr ratios, which is evidence
against upper crustal contamination. The samples are
not depleted in Ta and they do not trend toward conti-
nental crust or marine sediment influence on a plot of

Nb*/U vs Th/La (Fig. 5d).

Barry et al. (2003) showed that the lower and middle

crust in the region has higher ¥’Sr/*Sr ratios (>.705)
and Sr concentrations (Barry et al., 2003). Only one
sample has values this high (*’Sr/*¢Sr ratio = .706 and
Sr = 1576 ppm), which may indicate crustal contami-
nation.

Fractional crystallization

The low MgO contents of these lavas indicate that
they are not the product of primary melts, suggesting
some shallow-level fractionation and differentiation
of a parental melt. The compositional trends of these
lavas can partly be explained by the fractional crystal-
lization of observed olivine and clinopyroxene phe-
nocrysts. Olivine phenocrysts are observed in all but
one samples, with clinopyroxene present in most. The
trend of decreasing CaO/Al O, with decreasing MgO
(Fig. 3¢) suggests that the fractionation of clinopyrox-
ene plays a big role in differentiating the magma. The
fractionation of plagioclase was less important, as
plagioclase would have taken both CaO and Al,O, out
of the melt, which is not seen as MgO decreases (Fig.
3c). The lack of a negative Eu anomaly (Fig. 4) also
supports this.

The considerable scatter with these trends suggests
that fractionation of a single parental melt cannot be
entirely responsible for the compositional differences
of these samples. Magma mixing, high-pressure frac-
tionation (see Barry et al., 2003), or a varied source
may account for the observed compositional differ-
ences.

Melt source

Steep REE patterns (La/Yb ~ 15-30) suggest that
melting occurred within the garnet lherzolite stability
field (Fig. 4, 5b). The spinel-garnet transition zone
in the region is located at ~65 km depth (Ionov et al.
1998), providing a minimum depth for melt produc-
tion. Other investigations on Mongolian basalts have
shown magma generation depths greater than 70 km
(Barry et al., 2003; Perepelov et al., 2010). Geo-
chemical evidence (Fig. 5b), pressure/temperature
constraints at > 65 km depth, and other studies (e.g.
Barry et al., 2003) suggest that a low degree of partial
melting produced these magmas. Anhydrous melt-
ing at these depths would require extremely elevated
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asthenospheric mantle temperatures, which are not
observed in geophysical surveys (Poort and Klerkx,
2004). Xenolith studies also indicate that the lower
lithosphere does not have temperatures greater than
1100°C (Ionov et al., 1998).

The existence of volatiles could produce melts at
these lower temperatures.

Enrichment in fluid-mobile elements (e.g. positive Sr
and Ba anomalies: Fig. 4) and low La concentrations
(Fig. 5a) suggest that hydrous minerals may have
contributed to the melt. As pointed out by Sun and
McDonough (1989), lower La/Nb and *Sr/*Sr ratios
may show that the melting source interacted directly
or indirectly with altered recycled oceanic crust (e.g.
an old slab). The lavas have low values for these
ratios, falling off the trend for typical OIB melts (Fig.
5a). The calc-alkaline trend (Fig. 3b) also suggests
some influence of a subducted slab on the melt. A
plot of Nb*/U vs Th/La (Fig. 5d) reveals that the melt
source was not directly related to altered oceanic
crust, as the they do not trend toward direct influence
with altered oceanic crust (Klein and Karsten, 1995).
Th concentrates in oceanic crust, and is relatively
immobile, so its strong depletion in the Hovsgdl lavas
(Fig. 4) also confirms that the magmas are not the
product slab melting.

As previously suggested by Barry et al. (2003), this
may suggest the presence of a metasomatized litho-
spheric mantle source. Sr enrichment is associated
with the melting of amphibole and Ba enrichment
can be associated with the melting of phlogopite (Fig.
4). Metasomatic enrichment of the lithosphere would
provide such hydrous minerals. High Nb* (i.e. 17

x Ta: Sun and McDonough, 1989) enrichment (>35
ppm) also supports this idea, as high Nb concentra-
tions may be derived from metasomatized lithospheric
mantle (Stein and Kessel, 1997).

Magma genesis and evolution

Even with a volatile-rich metasomatized lithospheric
mantle, a thermal source is still required to initiate
melting. Shallow asthenospheric upwelling, seen as
a slight thermal anomaly beneath Mongolia (Zhao,
2001), may trigger melting. %’Sr/*Sr ratios around
~.7047 support this, suggesting the mixing of EM1

(i.e. enriched asthenosphere) with HIMU (i.e. a meta-
somatized source) (Sun and McDonough, 1989).

The results of this study, as well as others (e.g. Barry
et al., 2003; Perepelov et al., 2010), indicate that Late-
Cenozoic volcanism in this region has been relatively
continuous and similar for over 20 Myr. Incompat-
ible element patterns and isotopic ratios for the flows
analyzed in this study, which span ~8 Myr, show little
variation (Fig. 4, 5). This fact, along with a gradual
increase in the degrees of partial melting over time
(Fig. 5b), may suggest that asthenospheric upwell-
ing is related to thermal blanketing of the region by

a thickened mantle lithosphere (see synthesis by Yin,
2010). Other models for asthenospheric upwelling
(e.g. deep-rooted plume or delamination) would likely
show more temporal and chemical variations.

CONCLUSIONS

Petrographic and geochemical analysis of Late-Ceno-
zoic lavas from the Hovsgol rift basin was conducted
in order to determine magma source, genesis, and
evolution. Crustal contamination was likely mini-
mal. Trace elements and isotopic ratios reveal that
low degrees of partial melting of garnet lherzolite
occurred at depths greater than 65 km. An enriched
asthenospheric source probably interacted with a
volatile-rich, metasomatized lithospheric mantle, to
produce melts without requiring significantly elevated
temperatures.

The cause of asthenospheric upwelling is question-
able, although consistent lava compositions over at
least 20 Myr, and increasing degrees of partial melt-
ing with time, may support the model of thermal
blanketing by a thickened lithosphere.

In terms of the debate between active and passive rift-
ing, low-volume volcanism, lack of a deep-rooted low
velocity zone (Zhao, 2001), and the temporal discon-
nect between volcanism and crustal rifting (> 15 Myr:
Rasskazov et al., 2000; Logatchev, 1992) seem to rule
out the possibly of a mantle plume driving extension.
Minor upwelling is likely occurring to trigger melting
of a volatile-rich metasomatized source, but it is un-
likely that this is causing intra-continental extension.
In this region, rifting is likely passive, with extension
along preexisting structures (e.g. sutures, fabrics, etc.)
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being controlled by far-field stress.
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