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Abstract

Major and trace elements as well as isotopes have been studied at Bakening volcano
(Kamchatka) and contemporaneous basaltic monogenetic centers to assess the different roles
of variable mantle sources and intra-crustal differentiation processes.

Three main suites of volcanic activity are recognized in the area: (1) plateau basalts of Lower
Pleistocene age, (2) andesites and dacites of the Bakening volcano, the New Bakening volcano
dacitic centers nearby, and (3) contemporaneous basaltic cinder cones erupted aong
subduction zone - paralel N-S faults. New age-data of Dirksen and Melekestsev (1998) show
that the last eruptions in the Bakening area occurred only 600-1200 a ago, suggesting the
volcano as potentially active.

Major element variations and petrographic observations provides evidence for a fractionation
assemblage of olivine, clinopyroxene, xplagioclase, magnetite(?) within the basaltic suite.
The fractionation in the andesites and dacites is dominated by amphibole, clinopyroxene,
orthopyroxene and plagioclase plus minor amounts of magnetite and apatite. The youngest
cpx-opx-andesites of Bakening main volcano deviate from that trend. Their source was
probably formed by mixing of basaltic magmas into the silicic magma chamber of the
Bakening volcano. Overal trace element patterns as well as the Sr-Nd-Pb isotopic
compositions are quite similar in al rocks despite large differences in their chemical
composition (from basalt to rhyodacite). In detail however, the andesite-dacites of the central
Bakening volcano show a stronger enrichment in the more incompatible elements and

depletion in HREE compared to the monogenetic basaltic centers. This resultsin a crossing of
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the REE-pattern for the two suites. The decrease in the REE’s can be explained with high-P
amphibole fractionation. However the higher relative amounts of LILE in the dacitic and the
large scatter in the basaltic rocks must be the result of variable source enrichment by slab-
derived fluids overprinting a variable depleted mantle wedge. The plateau basalts are probably

derived from a mixture of DM and EM sources.

I ntroduction

Active arc volcanism on Kamchatka comprises from E to W three maor zones : (1) the
Eastern volcanic front (EVF), (2) the Central Kamchatka depression with the famous
Kluchevskaya Group (CKD), and (3) the western volcanic chain of the Sredinny range (SR).
The Late Pleistocene to Holocene Bakening volcano is situated 100 km to the North of
Petropavlovsk-Kamchatsky at the sources of Srednaya Avacha and Pravaya Kamchatka rivers.
It is situated between the CKD and the Eastern volcanic front. The volcanic front 60 km to the
E isformed by the Avacha, Koryaksky, Zupanovsky and Semyachik volcanoes.

Bakening basement is formed by Miocene volcano-sedimentary rocks of the Ganalsky ridge.
Lower Cretaceous sedimentary rocks and Miocene intrusive rocks are exposed at the uplifted
E border of the Srednaya Avacha valley. Lower Quaternary plateau basalts and andesites with
an intra-plate signature can be found in the N and SE of Bakening. These rock units are
bordered by Lower to Middle Pleistocene N-S directed faults. A maxima vertical
displacement of up to 2500m occurred in the Srednaya Avacha depression, there where later
the Bakening stratovol cano developed (Zjurupa, 1978). This old fault system is crossed by the
NNE-SSW directed Late Pleistocene fault system. These younger faults are obviously
connected with the same stress field that also formed the Central Kamchatka Depression.
Quaternary volcanism in the studied area is bimodal. Andesitic to dacitic rocks form the
Bakening stratovolcano (2277m) and some adjacent cones nearby. Monogenetic cinder cones
are developed at the intersection of the two fault systems and characterized by mainly basaltic
volcanism. Both suites erupted closely in space and time.

Recently Bakening volcano received increasing interest, because Dirksen and Melekestsev
(1998) proved that most recent eruptions are only about 1200-600 years old, indicating that
the Bakening volcano can be regarded as potentially active. Up today the study of Bakening
volcano was mainly geomorphologically and petrographically (Melekestsev et a., 1998; Piip,
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1947; Svjatlowsky, 1956; Zjurupa, 1978). This paper provides the first modern geochemical
investigation of Bakening volcano including its monogenetic centers in the surrounding. We
use mgor and trace elements as well as isotopes, to examine how the volcanism has
developed in this region in the Quaternary and find out if the bimodal volcanism is linked

with different mantle sources.

Analytical procedures

Major and some trace elements (Ba, Co, Cr, Ga, Ni, Rb, Sc, Sr, V, Y, Zn, Zr) were measured
on glass fusion discs by standard XRF analysis. The 2c-error for mgor elements is lower than
1 % (except FeO and NapO with 2 %), for trace elements lower than 5 % (until the limit of 20-
30 ppm). The error of determination of the LOI (lost of ignition) is around 10 %. All other
trace elements were determined by ICPMS. Errors (20) of this method in the time of this
study were lower than 20 % for Nb and Ta, lower than 10 % for Be, Cs, Cu, Hf, Li, Ni, Sc, Y,
Pb, Th, Tl and U and around 5 % for Rb, Sr and the REE. The reproducibility was checked by
analysis of international standards (JB3, JA2). Some trace elements were measured by both
methods, the deviation of values is inside the reported errors. Results, obtained by XRF were
generally preferred for elements with concentrations commonly larger than 20 ppm. The
isotope ratios of Sr, Nd, and Pb were measured at the Finnigan MAT 252 in Géttingen. Sr and
Nd isotope ratios were corrected for massfractionation to %°Sr/*Sr=0.1194 and
1N d/**°Nd=0.7219 and referenced to NBS987 (0.710245) and Lalolla (0.511847). Measured
values of these standards over the period of the study were 0.710262+24 and 0.511847+20.
Lead isotopes were corrected to NBS981 (Todt et al., 1984). 13 measurements of this standard
gave a mean of **°Pb/**Pb=16.90+0.01, **Po/**'Pb=15.44+0.02 and **°Pb/***Pb=37,53+0.05.
Blanks for Sr, Nd and Pb are <1ng, <0.03ng and <0.5ng accordingly, which have no influence
on the results. From continuous measurement of standards and double measurements of
samples, relative 2o-errors less than 0.004 % for Sr and Nd, and less than 0.1 % for Pb were

determined.
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Regional geology and petrology

Bakening volcano main cone

The Bakening volcano (2277 m) is 5 km wide in diameter and rises around 1500 m over its
basement. From W its shape is a relatively good preserved cone. The internal structure of the
stratovolcano can be best studied from the SE side, where a gravitational collapse exposed
deeper sections. This collapse produced a debris avalanche, which was dated at 8000-8500
years B.P. (*'C) (Melekestsev et al., 1998). The lower part exposes strongly altered Tertiary
volcanic and volcaniclastic rocks of the basement. This alteration is probably connected with
the injection of Bakening andesites into these rocks. Less atered Tertiary rocks can be found
inthe S and W of the volcano. A great number of Quaternary andesitic and dacitic intrusions
and block lava flows are piled up on this basement to a high of around 1000 m. In the upper
part of the volcano the remains of the former crater are preserved and documented by strongly
altered crater sediments. Numerous dikes are eroded out at the slopes by erosion. With 150 m
the highest of them is called Ditmar’s Obelisk, to honor the first geologist, who studied
Bakening volcano in 1854 (Ditmar, 1890).

Two suites of rocks at Bakening stratovolcano are distinguished: The older stage of Bakening
activity is represented by dacitic extrusions at the S and SW flanks between 1300 and 1700 m.
These rocks are light gray, but often oxidized to areddish color. They contain around 15-20 %
plagioclase, 3-5% amphibole and 1 % magnetite in a fine-grained groundmass. Amphibole
crystals are long prismatic and show often opacite rims. They aso occur in cumulates
additionally composed of plagioclase, magnetite and glass.

The second rock type is represented by pyroxene andesite flows, which cover the whole
volcano and form the dikes. These relatively well-preserved dark rocks are amphibole-free
and contain 25-30 % plagioclase, 5-10 % dark green ortho- and clinopyroxene, 1 % magnetite
and sometimes relicts of yellow-green olivine in a glassy to fine-grained groundmass. Olivine
grains are partly reacted to orthopyroxene and magnetite. Phenocrysts are small, generally
about 1 mm, rarely up to 5 mm. At the E slope of Bakening red tuffs are observed, which
belong to the pyroxene andesite suite. Bakening volcanics frequently contain xenoliths of
sedimentary and volcanic rocks of the basement, xenoliths of older Bakening eruptions and

cumul ates.
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Activity of Bakening stratovolcano presumably began in Late Pleistocene times. Some flows
are clearly Holocene, the youngest eruptions at the SE slope are only 3500 years old
(Melekestsev et al., 1998).

Novy Bakening and compar able andesitic to dacitic cones

Bakening statovolcano is surrounded within 5 km by six small andesitic to dacitic cones
(Fig. 4-1). Novy Bakening, situated in the NNE of the stratovolcano, is the largest, youngest
and best preserved. It is composed of 8 dacitic flows, flowing in E and W directions from the
250 m high eruption center. The lava contains around 10 % plagioclase and less frequently
pyroxene (up to 2%) and amphibole (up to 4%). The lower flows are dightly more
amphibole enriched compared to the upper flows but do not contain pyroxene. Two similar
small extrusions just to the N suggest, that the eruption started from a nearly N-S directed
fissure and concentrated later on Novy Bakening. The largest 5 km long flow was erupted to
the W into a glacier valley. The small extrusion at lake Vysokoe W of Bakening is similar in
mineral composition to Novy Bakening rocks (7 % plagioclase, 3 % amphibole). Compared to
it, the cones SW of Bakening at the Malye lakes contain more plagioclase (20 %) and similar
low amounts of pyroxene (1-2 %) and amphibole (2-3 %) and therefore are more similar to the
older extrusions at Bakening main cone. Their flows are overlain by pyroxene-andesite flows

of Bakening.

Basaltic monogenetic centers

Basaltic monogenetic volcanic centers can be found W of Bakening, at Srednaya Avachariver
and its right tributary Kostakan river, in the Kavyche valley, and around 30 km to the E in the
Levaya Avacha valley (Fig.4-1). The eruption age is deduced from morphology and
tephrachronology to Late Pleistocene to Holocene. The ages of the youngest cones are 600-
1200 C years B.P. (Dirksen and Melekestsev, 1998). The crystallization sequence is
olivine -> olivine+clinopyroxene -> olivine+clinopyroxene+plagioclase -> plagioclase. Olivine
isup to 1 mm in size, contains Cr-spinell inclusions, and shows often skeletal growth.
Clinopyroxene is absent or less frequent than olivine except for samples from the pass

between Srednaya Avacha and Kavyche valley. Clinopyroxenes in these samples are
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elongated and show hourglass structures. Such clinopyroxenes also occur in the groundmass
of the other basalts.

Rhyodacitic monogenetic centers

We sampled rhyodacitic thuyas at the NW base of Bakening, at the Avachinskoe lake and in
the Kavyche valley. Similar highly differentiated rocks also occur further to the N at the NW
slope of the Ganasky ridge. They are formed by chilled volcanic rocks and contain
plagioclase and minor amounts of biotite and clinopyroxene in a fine-grained groundmass.

The black obsidian from the thuya at Kavyche river is phenocryst-free.

Plateau basalts

In the N of Bakening, in the Srednaya Avacha and the Kavyche valleys remnants of plateau-
forming basalts and basaltic andesites are exposed. These so-called “plateau basalts’ were
formed from Miocene to Lower Quaternary all over Kamchatka. Detailed studies about the
frequency and duration of eruptions are absent. Some age data is given by Kepezhinskas et al.
(1997), which distinguish between atilted Older series (~14 Ma) and a subhorizontal Y ounger
series (2.6-3.0 Ma). Our samples belong entirely to the Y ounger series, which is equivalent to
the K-Na-alkali-olivine basalts, described by Volynets (1994). Glacialy dissected Lower
Pleistocene plateau basalts occur from 800 m to 1500 m above sea level and form the base of
Novy Bakening and of Bakening volcano except in its S. At the W side of Levaya Avacha
valley in the S of Bakening they are absent. Single lava flows are tenths of meter thick and
extend over km. Our samples are derived from locations N and NNW of Bakening volcano
(Fig. 4-1). The minera mode is similar to the Quaternary basalts but phenocrysts are less
frequent and smaller in size.

One flow NNW of Novy Bakening is rich in xenoliths (dunites, harzburgites, green and black
pyroxenites). After Koloskov et al. (1997) these xenoliths are derived from the transition zone
between the plagioclase and spinell stability fields in the lithospheric mantle below Bakening,
which is a potentia component in Bakening magmas. For some of these xenoliths

K epezhinskas and Defant (1996) assume enrichment by carbonate-rich melts.
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Geochemistry

Major elements

The entire range of Quaternary rock types, occurring at Bakening volcano were sampled and
analyzed for major elements by XRF (Tab. 4-1). All samples are fresh and have low LOI
(<1%) and low FeOs/FeO ratios (< 0.3-0.6). The plateau basalts have dightly higher
Fe,Os/FeO ratios between 0.4-0.8 probably from dlight alteration of these older rocks. Dacites
of Bakening extrusions are dlightly more oxidized up to Fe,Os/FeO ratios of 1.0. No
correlation between LOI and degree of oxidization or magjor and trace element contents exists.
All samples follow a calc-adkaline trend (Fig. 4-2), except some of the most mafic plateau
basalts, which are dlightly alkaline.

Pleistocene and Holocene monogenetic centers reach from high-Mg basalts with 49 % SiO,,
10 % MgO and 16 % Al,O5 to high-Al basaltic andesites with 56 % SiO,, 4 % MgO and 20 %
Al,O3 (Fig. 4-3). The decrease in MO is coupled with a decrease in FeO, CaO and TiO, and
an increase in SIO,, NaO, Al,O3 and P,Os (Fig. 4-3). No systematic variations are observed
for MnO and K,O. Two dlightly akaline basaltic samples (O35, BAK64) show strongly
increased TiO,, Na,O and P,Os contents. There exist no obvious relationship between the

geochemistry and sequence of eruptions of the monogenetic centers.

Plateau basalts, differ significantly from the younger basalts by higher concentrationsin TiOs,

K20, N&O, and P,Os, and lower concentrations in Al,O3 and CaO (at given MgO).
The Bakening stratovolcano is composed of andesites and dacites with SIO, of 60 to 66 %.

Mineralogically and geochemically they are similar to the nearby small isolated mostly dacitic
centers. A compositionally gap exists between the basaltic and dacitic suite from 56 to 60 %
SiO,. Concentrations of FeO, CaO, MnO, MgO and TiO, are decreased, concentrations of
NaoO and KO increased compared to the basdtic rocks (Fig.4-3). The youngest
amphibole-free flows of the Bakening statovolcano are the most mafic rocks of the dacitic

suite and form different trends compared to the other andesites and dacites.

Trace elements and isotopes

Variations for certain trace elements versus MgO are shown in Fig. 4-4. Compatible trace
elements like Sc, Co, V, Cr, and Ni have high abundances in the basaltic rocks and are
strongly negative correlated with MgO or the magnesian number (Mg#=Mg/(Mg+Fe) mol%).
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The most mafic sample BAK 24 contains 500 ppm Cr and 170 ppm Ni at an Mg# of 65. It can
be regarded as close to a primary magma composition. In comparison, dacitic rocks are more
depleted in compatible elements. Incompatible trace elements such as Ba, Pb, Zr, Nb and the
La/Yb ratio increase sightly with decreasing MgO in the basaltic and stronger in the dacitic
rocks. Sr contents increase in the basaltic but remain amost constant in the dacitic rocks. This
behavior is comparable with Al,Os.

Again the two basaltic samples O35 and BAK64 are enriched in some trace elements (Sr, Zr,
Nb and La/Y') and again they show a similarity to the plateau basalts, which are also enriched
in all HFSE, Sr and the LREE relative to the normal Bakening basalts.

From one cumulate, enclosed in an amphibole-bearing dacite of the Bakening volcano,
concentrates of amphibole and plagioclase were separated and measured by ICPMS for trace
elements (Tab. 4-2). This cumulate consists of ~20 % amphibole, ~40 % plagioclase and
~40 % interstitial glass. The amphibole of the cumulate is enriched in the middle to heavy
REE compared to the presumed dacitic parent (Tab. 4-4). The highest enrichment (3x) is
found for Dy. REE concentrations in plagioclase are negligibly low. These measurements are
in agreement with the reported mineral/melt distribution coefficients in andesitic and dacitic
systems (Dunn and Sen, 1994; Fujimaki et al., 1984; LaTourrette et al., 1995; Sisson, 1994).
The overall trace element pattern for Late Quaternary rocks is generally similar and typical for
isand arc rocks (Fig. 4-5). Fluid mobile trace elements are strongly enriched and HFS
elements relatively depleted. The enrichment decrease with decreasing element
incompatibility. Ba, Rb, U, Th and K have more than 10 times higher concentrations
compared to NMORB. Dacitic rocks show an even stronger gradient from the highest
incompatible to less incompatible elements than the basaltic rocks. Nb and Ta have low
concentrations like in the basdtic rocks similar to NMORB. HREE are more strongly
depleted. The plateau basalts mostly overlap with the younger basalts, except in their less
pronounced HFSE depletion. The REE-pattern of all samples of the Bakening area crosses
each other (Fig. 4-6) and the HREE in the dacitic are still lower than in the basaltic rocks.

The Sr, Nd and Pb isotopic composition is very similar for all rocks of the Bakening area and
only slightly more radiogenic than MORB. Its variation is inside the field for other Quaternary
volcanics of Kamchatka (Churikova et a., 2000).

Some of the differences in magor and trace elements are clearly caused by minera
fractionation. Therefore in next chapter we first want to examine the fractionation history of

the rocks of the Bakening area.
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Discussion

Fractional crystallization
Basaltic suite

Maor element variations are mainly controlled by the fractionation of olivine and
clinopyroxene, which strongly deplete the magma in MgO, CaO, FeO and compatible trace
elements (Cr, Co, Ni, Sc, V). Straight trends indicate, that the ratio between the fractionating
minerals was more or less the same, regardless the different observed abundance of
phenocrysts in the samples. Significant plagioclase and amphibole fractionation can be
excluded for the majority of the samples from MgO versus Al,O3; and Sr (Figs. 4-3 and 4-4).
Only a& MgO<5% a limited plagioclase fractionation occurred, which is evident from
decreasing Al,O;. The dightly akaline basalts O35 and BAK64 that lack plagioclase
phenocrysts fall off this fractionation trend. They probably formed from a distinct parental
magma, which was higher enriched in Ti, Na and P, similarly to that of the plateau basalts.
The linear trend of decreasing TiO, at decreasing MgO in the basatic samples is
problematically, because al fractionating phases, except magnetite, have Dminerameat<1 for Ti.
There is no indication for amphibole crystallization in the basaltic magmas. The observed Ti
depletion in the basaltic rocks can be attained by only ~1 % magnetite fractionation. However,
(titano?)magnetite as phenocryst was detected in only 3 of 31 samples. In two of these cases
additional samples from the same lava flow did not contain magnetite, despite similar
Ti-concentrations. This indicates that magnetite crystallization in the basaltic magmas
occurred just before or in the cause of eruption and had no influence on Ti-fractionation.
However, we cannot exclude an early high-pressure magnetite fractionation as inclusions in
mafic minerals. More likely it seems, that clinopyroxene is more Ti-rich than predicted by
most of the experimentally determined distribution coefficients in basaltic systems. A strong
evidence for this hypothesis are the hour-clock structures of the clinopyroxenes, which

indicates a high Ti-content.

Dacitic suite

Mineralogy and element variations indicate that the major element variations of the dacitic
suite are caused by fractionation of amphibole, plagioclase, ortho- and clinopyroxene,
magnetite and apatite from an evolved member of the basdtic suite (Fig.4-3). This
assemblage has a relatively low MgO and high SiO, content compared to the fractionating
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minerals in the basalts, which cause in different element trends versus MgO and SiO; for the
two suites. The gap in SIO, between the basaltic and dacitic rocks can be explained by
extensive plagioclase and amphibole (both minerals are enriched in SiO, and depleted in MgO
compared to the melt) fractionation in the magma chamber before eruption. Thisis proved by
the fact, that no gap exists for MgO, which is not much affected by plagioclase and amphibole
fractionation. Plagioclase fractionation is also evident from the decrease in Al,O3 and Sr.

The youngest cpx-opx-andesite flows are the most mafic rocks of the Bakening stratovolcano
in respect of the MgO content (Fig. 4-3). Their trends are distinct from the trend of the other
andesites and dacites. Mgor and trace elements suggest, that their parental magma was
formed by mixing of a basaltic magma into the dacitic magma chamber of Bakening volcano
(Figs. 4-3 and 4-4). Mixing between a basaltic (BAK4) and dacitic (BAK35) end member was
modeled in Figs. 4-3 and 4-4. These two magmas must have been homogenized and
fractionated before eruption, because the analyzed samples do not fall on a mixing line, but on
a fractionation trend originating from a point on the mixing line with a composition of about
70 % dacitic and 30 % basaltic component. Macroscopically and microscopically no mixing
textures could be found. Occasionally plagioclase occurs with sieve structures and olivines
rimmed with fine-grained aggregates of orthopyroxene indicating disequilibrium conditionsin
the microscopic scale.

Ti even stronger decrease in the dacitic compared to the basaltic samples. However magnetite
is abundant in all dacitic rocks (1 %), and can easily explains this observation. Amphibole
fractionation can also produce a significant Ti-depletion. Up to 0.5 % apatite fractionation
must have occurred to produce the decrease of phosphorusin the dacitic rocks (Fig. 4-3).

From the enrichment of highly incompatible elements (Ba, Rb, U, Th), the degree of
fractionation can be estimated. If the most primitive basat BAK24 is chosen as parent,

between 50 and 80 % fractionation must have occurred to produce the dacitic rocks.

REE-pattern

Major element variations suggest, that the basaltic and dacitic suites are connected by
fractionation. Additionally for the cpx-opx-andesites of Bakening mixing between basaltic
and dacitic magmas can be supposed. Increasing REE contents and LREE/HREE ratios are
generally observed trends from basaltic to dacitic rocks, which is caused mainly by

fractionation of olivine, pyroxene and plagioclase. The decrease in MREE and HREE contents
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in the dacitic compared to the basaltic rocks needs a different explanation (Fig. 4-7).
Clinopyroxene and amphibole reach Dpingamat >1 for the MREE and HREE in andesites and
dacites. Apatite can aso have a significant influence on the REE pattern despite its small
amount in the fractionation, because it has very high Dyineraimat fOr al REE. 1t depends from
the amounts of fractionating clinopyroxene, amphibole and apatite compared to the amount of
plagioclase and orthopyroxene, how much the LREE are enriched relatively to HREE and if
an absolute depletion in MREE and HREE can be produced. Such depletion should be more
likely in SIO, rich samples, corresponding to our observations.

A simple last squares calculation of the relationship between a primitive member of the
basdtic suite (BAK24) and a member of the dacitic suite (BAKO3) yields a good
approximation of the REE for a fractionation of 20 % amphibole, 12 % plagioclase, 7 %
clinopyroxene, and 0.6 % apatite (Tab. 4-4, Fig. 4-7). Drinera/mat Values for calc-akaline
andesites of Fujimaki (1986); Fujimaki et al. (1984) were used for this calculation.
Clinopyroxene in this data set has relatively low D-values compared to amphibole. Applying
partition coefficients from other sources would result in different amounts of fractionating
minerals and probably lower amounts of amphibole. However, additional evidence for an
amphibole-dominated fractionation in the evolved rocks comes from amphibole-rich
cumulates, occasionally occurring in the older Bakening dacites. The REE-contents of
amphibole from such cumulate (Tab. 4-3) emphasize the role of amphibole for the HREE-

depletion in the dacitic rocks.

Different REE pattern were reported from various arcs, whereby back-arc basalts show higher
La/Y b ratios and sometimes a pronounced HREE depletion compared to volcanoes at the front
(see compilation in Tatsumi and Eggins (1995)). Such increase in La/Yb across the arc was
also shown for mafic volcanics from Kamchatka (Churikova et a., 2000). This pattern was
explained by residual phases with high D-values for the HREE in the melting region (Tatsumi
and Eggins, 1995). Therefore aternatively we want consider source variations as probable
reason for the differences of the REE pattern in our two suites.

Also if we deny that fractionating phases have influenced the shape of the REE pattern, we
have to consider their amount, to correct the pattern to a primary melt composition. This
correction shifts the pattern to lower concentrations without changing of the shape. Such
behavior was shown for the Ksudach volcano (Volynets, 1994) where REE contents increase
from basaltic to dacitic rocks by a factor of 3 without a significant change in the La/Yb ratio.

Applying these results on our dacitic series, we get a pattern, which is extremely depleted in
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HREE compared to the basaltic suite (3 times) and NMORB (5 times) and reaches almost the
mantle value in Yb. It is not possible to model such composition with the established models
of mantle melting.

We therefore conclude, that the observed REE pattern of the dacitic rocks can only be
produced by fractional crystallization from a pattern like in the basalts. The reason for the
relatively low HREE contents in the basalts compared to MORB shall be discussed in the
following chapter.

Sour ce composition

Modeling of the observed HREE contents of basaltic rocks by melting an NMORB-source
gives high melting rates of about 30 %. This is higher than the 10-25 % melting inferred by
Plank and Langmuir (1993) for typical arc volcanism. If the N-MORB source is depleted by
10 % melt extraction we get more reasonable melting degrees of 15-20 %. Residual phases
have also some influence on the REE pattern. At low melting degrees garnet, clinopyroxene or
amphibole in the residuum can produce relatively HREE depleted melts. Amphibole will not
produce much different pattern compared to clinopyroxene, because of their nearly ssimilar D
values (Hart and Dunn, 1993; LaTourrette et al., 1995). At 15 % melting degree of an ultra-
depleted mantle, both phases are completely consumed in the melt and will have no influence
on the REE-pattern. Garnet as residual phase can be stable at low melting degrees. However
its influence must be limited, because it produces a steep range in the HREE, which is not
observed in the samples.

Mantle depletion is expressed in the Nb/Zr ratio as well because Nb is stronger depleted
compared to Zr after mantle melting. Both elements are not much influenced by fluid
enrichment (Ayers and Eggler, 1995; Brenan et al., 1995b). The Nb/Zr ratio is also not
influenced by fractional crystallization (Fig. 4-8 and Tab. 4-3). Nb/Zr against Nb shows a
positive trend in the basaltic and dacitic rocks. This trend is partly produced by the relatively
large analytical error for Nb. However, al plateau basalt and some Late Quaternary basaltic
rocks are clearly displaced to higher Zr and Nb concentrations and higher Nb/Zr ratios. The Zr
enrichment is even more pronounced in Zr versus Ba/lZr, where at a nearly constant Ba
concentration Zr is strongly enriched. This higher HFSE concentrations can result from a

more primitive mantle source or were caused by melt enrichment. The Nb/Zr ratios of the
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Bakening rocks reach from enriched to depleted compared to NMORB. We believe, that this

trend represent mixing between depleted and enriched mantle sources.

Fluid enrichment in the sour ce

Ratios of incompatible elements can be used to get information about the magma source
composition. The dacitic suite and the rhyodacites however, have to be evaluated with caution
because even fractionation of minor phases like biotite, apatite and zircon, occurring in such
evolved rocks in low abundances can strongly influence the noted elements. Also substantial
amphibole fractionation can influence incompatible element ratios.

With these precautions in mind, ratios of fluid and melt mobile (K, Rb, Ba, U, Th) over fluid
immobile but melt mobile (Zr, Hf, Nb, Ta) trace elements are a powerful tool to study the
source enrichment by slab-derived fluids. For example the Ba/Zr ratio in the basaltic suite is
variable from 1.8 to 4.9 (Fig. 4-8). Dacitic samples have 3.8-4.6 in Ba/Zr inside the basaltic
range rocks. Plateau basalts are lowest in Ba/Zr from 1.3 to 2.6, caused by the high Zr
concentrations in more mafic samples.

The BalZr ratio in basaltic samples is independent of their degree of differentiation (i.e. MgO
content). Therefore fractionation did not affect this ratio. It is also unlikely, that variable
degrees of partial melting have affected Ba/Zr because of low partition coefficients in mantle
minerals. We conclude, that variable Bal/Zr ratios reflect slightly distinct mantle sources,
probably affected by variable degrees of dab-fluid enrichment.

Miller et a. (1994) used the Ce/Pb ratio as tracer for the amount of slab fluids involved in the
source. Such fluids are highly enriched in Pb compared to the REE (Brenan et a., 1995a) and
therefore variations in fluid enrichment, e.g. variable Ba/Zr ratios should correlated in Ce/Pb.
The Ce/Pb ratios in the basaltic suite are variable from 11.2 to 6.6. In comparison, the Ce/Pb
ratios in dacitic samples reach from 4.5 to 5.8, i.e. they are lower and less variable than in the
basaltic rocks. The nearly horizontal trend for the dacitic rocks in Ce/Pb versus MgO suggest,
that the Ce/Pb ratio is not changed by fractionation up to dacitic compositions and that the low
ratios are a characteristic of the source. A variable fluid induced Pb enrichment of the source
is proven by the negative trend between Ce/Pb and Pb in the basaltic rocks. The Ce/Pb ratios
are correlated with the Ba/Zr rétios.
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| sotopic constraints

Sr- Pb- and Nd-isotope ratios are close to the MORB field (Fig. 4-9). In Sr-Nd space, the data
are dightly shifted to a more radiogenic Sr isotopic composition, compared to MORB. This
pattern is typical for most Kamchatka rocks and was interpreted as a mixture of slab fluid and
the depleted mantle wedge (Churikova et al., 2000). The amount of sediment in the source for
Kamchatka arc rocks was estimated on the basis of Pb-, Sr-, Nd- and Be-isotopes to be less
than 1 % (Bailey, 1996; Kersting and Arculus, 1995; Turner et a., 1995).

The rocks of the Bakening area are relatively low and overlap in 8Sr/®Sr compared with
other rocks of Kamchatka, indicating a lower amount of fluid or sediment. A tendency in the
dacitic suite to more radiogenic values exists. However there is no correlation with SiO, or
Mg# and the most evolved rhyodacite BAK19 has an isotopic composition identical within
error to the basaltic rocks. This arguments against a significant role of assimilation of old
crust. However, because the Kamchatka crust is young, with relatively unradiogenic Sr we
cannot completely exclude assimilation. The Sr-isotope ratio of one analyzed plateau basalt is
the most radiogenic in the Bakening area, but still within the field for typical Late Quaternary

rocks.

Sour ce of the plateau basalts

The number of studied plateau basalts analyzed here is limited and only preliminary
interpretations can be given. All plateau basalts have LILE concentrations comparable to, or
even dightly higher than, Late Quaternary Bakening rocks. Most remarkable are the strong
enrichment in Ti, Na, K, P, Sr, HFSE, LREE and depletion in Caand Al. This results in low
LILE/HFSE and high LREE/HREE ratios. High Ce/Pb ratios between 11 and 20 and low
BalZr ratios are caused by high Zr and Ce concentrations (Fig. 4-8). The Zr content decrease
with an increase in SiIO; or decrease in MgO, respectively (Fig. 4-4) and some elements (K:
1.1-1.9%; Sr: 540-850 ppm) are strongly scattered, excluding, that these rocks are derived
from asimilar source. The HREE are similar depleted like in the Late Quaternary basalts.

Kepezhinskas and Defant (1996) suggested from the study of xenoliths from plateau basalts N
of Bakening, that parts of the mantle were metasomatized by carbonate-rich melts. These
melts were be assumed dlab derived. Clinopyroxenes from such metasomatized xenoliths were
described to be enriched in Cr, Mg, Al, Ti, Na, Sr, Nb, Zr and REE compared to

unmetasomatized xenoliths. The metasomatizing component is thus characterized by a high
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La/'Yb, Zr/Hf, Sr/Sm, Nb/La and low Ti/Eu and Y/Er. However, a marine sedimentary
component can be excluded, based on the low #’Sr/®Sr, determined in one sample of plateau
basalts. Moreover Sr-, Nd- and O-isotope measurements on pyroxene separates from
xenoliths, derived from the plateau basalts have yield values similar to the Late Quaternary
samples from Bakening (unpublished data of M.Puzankov). No increase or decrease is
detectable in the plateau basalts for Zr/Hf, Sr/Sm, Nb/Laand low Ti/Eu and Y/Er, respectively
compared to the Late Quaternary basalts and to other basalts of Kamchatka.

We propose, that fluid induced melting of a mixture of enriched and depleted mantle sources
produced the plateau basalts. Enriched mantle has low HREE concentrations similar to
depleted mantle but contains significantly higher concentrations of incompatible elements
(LILE, HFSE). The LILE enrichment of the enriched mantle (EM) is small compared to the
contribution from the dlab fluid and therefore the EM pattern of the LILE is completely
overprinted. In difference HFSE elements are not carried by the fluid and their enrichment
therefore depends on the relative amount of the EM component in the source. A similar two
component mixing model was developed by Volynets et al. (1997) for Miocene within-plate
type basalts from the Valaginsky range/Eastern Kamchatka. They argue from alarge Sr-Nd-O-
isotope variation in these rocks for mixing of an OIB-type mantle plume (EM1) into the arc
magma source. However, our preliminary results could not show such large isotopic variations
so far. Further isotopic studies and exact age determinations on the Bakening plateau basalts
are necessary to prove and develop the model of plateau basalt genesis in the island arc
environment.

Two of the Late Quaternary basaltic rocks (O35, BAK64) show atendency to a plateau basalt

pattern and suppose that source inhomogenities have survived until Recent.

Conclusions

Major elements argue for a close relationship between the bimodal Late Quaternary basaltic
and dacitic suites in the Bakening area. The fractionation in basaltic rocks starts with olivine
and clinopyroxene, plagioclase is additional abundant in more evolved rocks. Fractionation in
dacitic rocks is determined by amphibole, plagioclase, clinopyroxene, orthopyroxene and

additiona low amounts of magnetite and apatite.
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Basaltic samples show a range of variably enriched sources, probably caused by different
degrees of fluid enrichment and mantle depletion. Dacitic rocks have at the first view asimilar
trace element pattern like basaltic rocks (Fig. 4-5). Slight differences in LILE and the
remarkable HREE depletion can be produced by amphibole fractionation. However regarding
Ba/Zr and Ce/Pb the dacitic suite must be derived from a source, which was similar or even
more enriched in fluid mobile elements like the most enriched source of the basaltic suite.
Plateau basalts were probably derived from a mixture of depleted and enriched sources, which
were overprinted by the slab fluid.
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Tab. 4-2 Sr-, Nd-, and Pb-isotope composition of Quaternary volcanics in the Bakening area

8¢Sy BN | PP | 2PbAPb | %P/ PD
Upper Quaternary basaltic rocks from monogenetic centers
BAKO04 0.70311 0.51307 18.347 15.492 38.015
BAKI18 0.70317 0.51307
BAK17 0.70315 0.51307 18.298 15.493 37.998
BAK24 0.70317 0.51306 18.345 15.501 38.062
BAK30 0.70327 0.51304
BAK31 0.70329 0.51303 18.334 15.482 38.032
026 0.70322 0.51307
Lower Quaternary plateau basalt
BAKO06 0.70337 0.51303
Upper Quaternary dacitic rocks
BAKO09 0.70329 0.51302 18.279 15.468 37.921
BAK10 0.70327 0.51304
BAK39 0.70332 0.51306 18.281 15.472 37.924

Late Pleistocene thuja rhyodacite

BAK19

0.70322

0.51308




Tab. 4-3

REE-data of mineral separates of amphibole and plagioclase from
the cumulate BAK63 (WR) determined by ICPMS (all values in

ppm).
amphibole | plagioclase | amph/WR | plag/WR
La 1.8 2.5 0,1 0.2
Ce 7.8 3.9 0,3 0.1
Pr 1.8 0.4 0.5 0.1
Nd 12.4 14 0.8 0.1
Sm 5.0 0.1 1.7 0.0
Eu 1.6 0,4 2.0 0.5
Gd 54 0.1 2.3 0.0
Tb 0.9 b.d.l 2.7
Dy 5.5 0.0 3.0 0.0
Ho 1.1 b.d.l. 2.9
Er 2.9 b.d.l. 2.6
Tm 04 b.d.l 2.4
Yb 2.3 b.d.l. 2.0
Lu 0.3 b.d.l. 1.8
Nb 1.1 b.d.l. 0.3
Zr 43 1.0 0.4 0.0
Pb 2.9 1.3 0.5 0.2
Sr 265 1020 0.6 2.4
Ba 80 100 0.1 0.1

b.d.l. = below detection limit
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Tab. 4-4

Last square calculation for the REE pattern of the dacitic rocks, using
Dhmineraiimett Values of Fujimaki, 1986 and Fujimaki et al., 1984. The best fit
was found for fractionation of 20 % amph, 12 % plag, 7 % cpx and 0.6 %
apatite. All concentrations in ppm.

parent (BAK-42) |daughter (BAK-03) calc. daughter
La 11.63 15.10 14.94
Ce 28.27 32.71 33.15
Pr 4.26 4.40 4.54
Nd 19.26 17.63 18.63
Sm 4.62 3.72 3.66
Eu 1.36 1.12 1.10
Gd 3.90 3.07 3.02
Tb 0.60 0.48 0.47
Dy 3.35 2.75 2.66
Ho 0.63 0.53 0.53
Er 1.83 1.60 1.65
Tm 0.26 0.25 0.24
Yb 1.72 1.62 1.63
Lu 0.25 0.25 0.25
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Pleistocene age
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Fig.4-1
Geological map of the Bakening volcano and the surroundings based on the field study in 1995
and 1996 and an unpublished map of I. Melekestsev.
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FeO* . . .
@ Monogenetic basaltic centers in the
Bakening area

o Andesites/dacites of Bakening main cone
and comparable adjacent centers

+ Thuya rhyolithes

o Plateau basalts

K20+N320 MgO

Fig.4-2

AFM diagram, showing the lava compositions of the different Quaternary rock types at Bakening
area. All studied rocks fall into the calc-alkaline field (boundary after Irvine and Baranger, 1971).
The trends in the plateau basalts and Late Quaternary monogenetic basaltic centers follow the
same trend. The dacitic and rhyodacitic samples are separated from the basaltic rocks and show a
much different trend of strong Fe and Mg depletion, which is caused by the different fractionation
assemblage in the two suites.
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Fig.4-3

Bivariate plots of major elements versus MgO. Symbols were used like in Fig. 4-2. The different
trends in the Upper Quaternary basaltic and dacitic rocks are chaused by a variable mineral
fractionation, which is emphasized by the arrows. The Plateau basalts are displaced in most
diagrams from these trends. Some dacitic rocks are obviously affected by mixing, which is
outlined by the dashed line.
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Bivariate plots of trace elements versus MgO. Same symbols like in Fig. 4-2. Similar to major
elements the different fractionating phases cause the different trends in the basaltic and dacitic
rocks. Fractionation trends are stressed by arrows, the mixing between basaltic and dacitic melts
outlined by a dashed line. Again plateau basalts are distinct from the Upper Quaternary basaltic

rocks.
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Fig.4-5

Spider diagram, showing the trace element variation in the volcanic rocks of the Bakening area.
For clarity, the Upper Quaternary basaltic and dacitic rocks are only expressed by compositional
fields, which are based on 28 and 12 analyses, respectively. Analyses of plateau basalts were
added for comparison. The normalization values for NMORB and the element order are those
from Hofmann (1988). The Late Quaternary rocks are expressed by compositional fields.
Remarkable is the general similar pattern of all three groups. In detail however, dacitic rocks
display higher concentrations in the very incompatible elements but lower concentrations in
HREE than the basaltic rocks. Plateau basalts differ by the less pronounced depletion in HFS
elements from the Upper Quaternary rocks.
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Fig. 4-6

Diagram, showing the REE variation in the rocks of the Bakening area. The normalization values
for NMORB are those from Hofmann (1988). All suites have comparable depleted HREE and
enriched LREE concentrations compared to NMORB. Plateau basalts have steeper pattern than
the younger basaltic rocks. The dacitic rocks are most HREE depleted and LREE enriched,
resulting in the cross-over of the pattern.
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Fig.4-7

Plot of NMORB normalized ratios of La/Lu versus Dy/Lu to distinguish between fractionation
and melting processes, which influence the REE pattern. All samples are displaced to
considerable higher La/Lu ratios compared to MORB, which can be explained by the slab fluid
enrichment. The positive trend in the basaltic samples, including plateau basalts is caused by
mixing between depleted and enriched mantle units. The dacitic samples are strongly influenced
by mineral fractionation. Vectors for the different phases and the calculated fractionation
assemblage are shown. These vectors are only applicable for the dacitic samples. The
fractionation of cpx, amph, ol, and plag has a neglectable effect in basaltic rocks, because of the
much lower mineral/melt partition coefficients. Normalization on NMORB after Hofmann
(1988).
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Incompatible trace element ratios, used to distinguish between source depletion and enrichment
processes. The ratio is allways used for the y-axis. MgO and both incompatible elements for the
x-axis are used as fractionation index. Fractionation or different mantle melting should result in
horizontal trends. Any correlations therefore have to be caused by variable source compositions.

The reasons are discussed in the text.
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Sr and Nd isotopes of rocks from the Bakening area. The MORB field (Ito and Stern, 1986;
Macdougall and Lugmair, 1986; White et al., 1987) and the field for Miocene alkali basalts
(Volynets et al., 1997) are added for comparison. The values for Bakening are very primitive and
show not much variations. The slight displacement from the mantle array to a more radiogenic Sr-
isotopic composition is caused by slab fluids, derived from the altered oceanic crust. Such
seafloor alteration change the Sr-isotopic ratios but has no influence on Nd. Same symbols like in
Fig.4-2.
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