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ABSTRACT

The Okhotsk-Chukotka volcanic belt is
part of an extensive late Early to Late Cre-
taceous Andean-style magmatic arc that
spans the entire eastern margin of the
Asian continent. The belt itself stretches
3000 km from the Chukotka Peninsula to
the Uda River and comprises ;1.2 3 106

km3 of volcanic rock over a 500,000 km2

area. Despite its size and regional tectonic
significance, the time span of magmatic ac-
tivity is poorly constrained and the subject
of significant debate, mostly in the Russian
literature. In this paper, we provide new
geochronologic control on the timing of in-
ception and cessation of magmatism for the
Arman and Maltan-Ola volcanic fields.
These field localities were chosen because
they are well studied, relatively accessible,
and contain floral assemblages that have
been used to correlate volcanic sequences at
the regional scale. The majority of the vol-
canic sequence was emplaced between 85.5
6 1.3 Ma and 74.0 6 1.2 Ma, as shown by
17 new 40Ar/39Ar ages. The Coniacian–
Santonian to Campanian age range indi-
cated is 15 m.y. younger than the Albian to
early Cenomanian age range given by a
synthesis of floral stratigraphic, K-Ar, and
Rb-Sr geochronologic data. The calc-
alkaline part of the volcanic section spans
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an apparent age range of 85.5 6 1.3 Ma
to 80.7 6 0.8 Ma. Capping basalts were
emplaced between 77.5 6 1.1 Ma and
74.0 6 1.2 Ma and exhibit a within-plate
geochemical signature, which we attribute
to a temporally and geochemically distinct,
possibly extension-related, phase of mag-
matism. The apparent northwestward mi-
gration of the arc front from the interior
(seaward) zone (Taigonos Peninsula, Ma-
gadan batholith) in Albian–Cenomanian
time to the Arman and Maltan-Ola volcanic
fields in Coniacian–Santonian to Campan-
ian time may be explained by shallowing of
the subducting paleo-Pacific (Kula?) oce-
anic plate.

The flat-lying nature of these volcanic
rocks and the within-plate geochemical af-
finity of the capping basalt unit are incon-
sistent with prevailing tectonic models for
the cessation of arc magmatism and for-
mation of the Sea of Okhotsk which require
the collision of a microcontinental block or
oceanic plateau with the northeast Asian
margin in the Late Cretaceous.

Keywords: Okhotsk-Chukotka volcanic
belt, northeast Russia, geochronology, Cre-
taceous, subduction-related magmatism.

INTRODUCTION

The chronostratigraphy of the Okhotsk-
Chukotka volcanic belt (Fig. 1) is one of the
most debated topics in the geology of the Rus-
sian Far East. To date, research constraining
the age of the volcanic section of the Okhotsk-

Chukotka volcanic belt has focused on phy-
tostratigraphic or K-Ar and Rb-Sr whole-rock
dating methods (e.g., Belyi, 1994; Kotlyar et
al., 2001) (Fig. 2).1 It is generally accepted in
the literature that the volcanism occurred in
middle Albian to early Campanian time (Be-
lyi, 1994). However, an often-significant dis-
parity between the phytostratigraphic age of
sedimentary rocks and the isotopic age of in-
tercalated volcanic flow units continues to fuel
this debate (Belyy, 1982).

A better understanding of the tectonic and
magmatic evolution of northeast Russia re-
quires improved resolution of the chronostra-
tigraphy of the Okhotsk-Chukotka volcanic
belt, and 40Ar/39Ar geochronology is ideally
suited to accomplish this task. Unlike Rb-Sr
and K-Ar, 40Ar/39Ar stepwise-heating experi-
ments afford detailed information about the
distribution and retentivity of radiogenic iso-
topes in monomineralic separates. The con-
cordance of inverse-isochron ages and spec-
trum ages provides an additional internal
check on data quality and closed-system
behavior.

The timing and time vs. space patterns of
magmatism within the Okhotsk-Chukotka vol-
canic belt are critical to our understanding of
the evolution of the northeast Asian conver-
gent margin. With limited preservation and

1GSA Data Repository item 2004075, English
translation of a compilation of the lithostratigraphy,
phytostratigraphy, and available isotopic age des-
ignations; geochemical data; 40Ar/39Ar geochrono-
logical data, is available on the Web at http://
www.geosociety.org/pubs/ft2004.htm. Requests
may also be sent to editing@geosociety.org.
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Figure 1. Index map for the Okhotsk-Chukotka volcanic belt (OCVB), showing the distribution of late Early to Late Cretaceous volcanic
and plutonic rocks and location of volcano-stratigraphic sections described in the text. Numbered circles indicate the locations of
‘‘sectors’’ of the Okhotsk-Chukotka volcanic belt: 1—Western Okhotsk; 2—Okhotsk; 3—Penzhina; 4—Anadyr; 5—Central Chukotka;
6—Eastern Chukotka.

inaccessible exposures of the forearc and
accretionary-wedge parts of the margin,
knowledge about the interaction of the plates
of the paleo-Pacific and the northeast Russian
margin must be drawn from the magmatic rec-
ord. A key problem in the central part of the
volcanic belt is the mechanism responsible for
cessation of arc magmatism. The predominant
theory holds that arc cessation occurred fol-
lowing collision of a microcontinental block
or oceanic plateau that was incapable of con-
tinued subduction (Parfenov and Natal’in,
1977; Watson and Fujita, 1985; Zonenshain et
al., 1990; Şengör and Natal’in, 1996; Bogda-
nov and Dobretsov, 2002). This model arose
as an explanation for the shallowly sub-
merged, moderately thick (;30 km), block-
like basement of the Sea of Okhotsk (e.g.,
Gnibidenko and Khvedchuk, 1982) and the
migration of the magmatic front and locus of
accretion-related deformation to Kamchatka in
the early Tertiary (Parfenov and Natal’in,
1977; Watson and Fujita, 1985). The age
range, degree of deformation, and petrogenetic
nature of eruptive products and the timing of

cessation of the Okhotsk-Chukotka volcanic
belt in the Okhotsk sector are key pieces of
information needed to test the validity of the
block-collision models for the origin of the
Sea of Okhotsk and the termination of arc
magmatism.

We report 17 new 40Ar/39Ar ages from the
Maltan-Ola and Arman volcanic fields in the
Okhotsk segment of the Okhotsk-Chukotka
volcanic belt. This study is the first of its kind
to address systematically the age of volcanic
units over the entire stratigraphic sequence of
a volcanic field within the volcanic belt. Sam-
ples were collected during the course of two
summer field expeditions in 1996 and 1998 as
part of a collaborative effort between Stanford
University and the North East Interdisciplin-
ary Scientific Research Institute. Our samples
come from two stratigraphic sections within
the Arman volcanic field (Fig. 1) and a single
section in the Kheta River region in the
Maltan-Ola volcanic field (Fig. 1). The Arman
and Maltan-Ola volcanic fields, because of
their proximity to Magadan and their acces-
sibility via roads and traversable river valleys,

are perhaps the best studied volcanic fields of
the Okhotsk-Chukotka volcanic belt. The
volcano-stratigraphic successions of these
fields are thought to be typical of the volcanic
stratigraphy of other fields within the Okhotsk
sector of the belt (Belyi, 1977) (Fig. 1). In
addition, associated sedimentary rocks in
these fields are known to contain Arman and
Arkagala floral complexes (Fig. 2), which are
recognized throughout the Okhotsk-Chukotka
volcanic belt and together form a widely used
standard for stratigraphic correlation (Belyi,
1977, 1978) (Fig. 2). As such, these volcanic
fields are ideal places in which to carry out a
detailed geologic, geochemical, and geochro-
nologic study of the eruptive products of the
Okhotsk sector of the volcanic belt.

REGIONAL GEOLOGIC SUMMARY

The Okhotsk-Chukotka volcanic belt spans
a strike length of ;3000 km extending from
the Chukotka Peninsula to the mouth of the
Uda River in the southwestern Sea of Okhotsk
(Figs. 1, 3A). Coeval subduction-related vol-
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Figure 3. Circum–North Pacific tectonostratigraphic terrane map (modified from Nokleberg et al. [1998] by using a circum–North Pacific
GIS [geographic information system] database compiled with data in Klemperer et al. [2002]). (A) Distribution of Andean-style magmatic
arcs (Okhotsk-Chukotka volcanic belt and its sectors and Sikhote-Alin belt) and associated forearc and accretionary-prism units. (Caption
continued on p. 641.)

canic and plutonic rocks are recognized in the
Sikhote-Alin belt in Primorye (Parfenov,
1984; Zonenshain et al., 1990) as well as in
eastern China (Şengör and Natal’in, 1996),
suggesting the existence of an extremely
widespread Andean-style magmatic arc of late
Early to Late Cretaceous age. The duration of
magmatic activity in the Okhotsk-Chukotka
volcanic belt is debated but generally thought
to encompass middle Albian to Campanian
(Belyi, 1977, 1994; Parfenov, 1984; Zonen-
shain et al., 1990; Kotlyar et al., 2001) or
Maastrichtian (Filatova, 1988) time.

The belt is subdivided into ‘‘sectors’’ on the
basis of differences in the basement rock types
and lithologic similarity of volcanic sections
within specific geographic regions (Figs. 1,
3A, 3B, Belyi, 1977). From northeast to
southwest, these are the Eastern Chukotka
flank zone, the Central Chukotka sector, the

Anadyr sector, the Penzhina sector, the
Okhotsk sector, and the Western Okhotsk
flank zone (Belyi, 1977, 1978). Within the
Okhotsk, Penzhina, and Central Chukotka sec-
tors, the belt is further divided into an interior
zone dominated by plutonic rocks and an ex-
terior zone where volcanic rocks and their
hypabyssal equivalents predominate (Fig. 1)
(Belyy, 1977, 1978). This paper deals primar-
ily with the volcanic rocks of the exterior zone
of the Okhotsk sector of the Okhotsk-Chukotka
volcanic belt (Fig. 3A).

The Okhotsk-Chukotka volcanic belt is
built on heterogeneous continental and accret-
ed island-arc crust (Fig. 3B). In the interior
zone, the plutonic units intrude into metasedi-
mentary and metavolcanic host rocks of the
Jurassic–Early Cretaceous Uda-Murgal island
arc (Hourigan, 2003) (Fig. 3B). In the
Okhotsk sector, on the Taigonos Peninsula

(Fig. 3A), granitoids crosscut accreted ultra-
mafic and basalt-chert sequences that record
the position of the subduction zone related to
Okhotsk-Chukotka volcanic belt’s predeces-
sor, the Uda-Murgal arc. In contrast, the ex-
terior (landward) zone of the Okhotsk sector
is built on deformed Permian–Jurassic marine
passive-margin and backarc-basin sedimenta-
ry rocks whose metamorphic grade does not
exceed low greenschist (Fig. 3B). Locally,
volcanic rocks of the Okhotsk-Chukotka vol-
canic belt overlie flat-lying, unmetamorphosed
Lower Cretaceous fluvial conglomerate and
sandstone that contain volumetrically signifi-
cant low-grade coal deposits. Many of the flo-
ral assemblages used to constrain the strati-
graphic age of inception of Okhotsk-Chukotka
magmatism occur within these coal-bearing
horizons.

The Arman volcanic field is dissected by
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Figure 3. (Caption continued from p. 640.) (B) Present distribution of Jurassic–Early Cretaceous island arcs and attendant convergent-
margin system that predated the development of the Okhotsk-Chukotka volcanic belt.

the Nelkandzha and Khakhandzha Rivers
(Fig. 4), tributaries of the Khasyn River,
;100 km due north of Magadan (Fig. 1). The
river valleys afford decent exposure of com-
plete sections of the eruptive products of the
Arman volcanic field (Fig. 4). The Maltan-
Ola volcanic field is located at the divide be-
tween the Maltan and Ola Rivers, ;200 km
north-northeast of Magadan (Figs. 1, 3A).
Here the Kheta River exposes the contact be-
tween Late Cretaceous rhyolites and basalts
and underlying folded Jurassic metasedimen-
tary rocks.

Previous Work

Phytostratigraphy
Extant stratigraphic correlations within the

Okhotsk-Chukotka volcanic belt are based on
the continuous evolution of floral assemblages
from mesophytic taxa (gymnosperms or ferns)
in the Early Cretaceous to cenophytic taxa
(angiosperms or flowering plants) in the Late

Cretaceous (e.g., Schepetov [1994] and other
references cited in Fig. 2). Publications de-
scribing this work are predominantly in Rus-
sian and are not generally in international cir-
culation. Kotlyar et al. (2001) have
summarized the phytostratigraphic research to
date. A modified version of the phytostrati-
graphic chart of Kotlyar et al. is presented in
English as Figure 2 to aid the reader with the
difficult nomenclature. This chart refers to
work by Samylina (1974), Belyy (1982), Sa-
mylina (1986), Lebedev (1987), Samylina
(1988), Schepetov (1991, 1992), Filippova
and Abramova (1993), Belyi (1994), Schepe-
tov (1994), Belyi et al. (1997), and Filippova
(1997). It is beyond the scope of this work to
detail these research papers except to present
the reader with floral nomenclature and strati-
graphic positions of individual floral
assemblages.

There is little agreement about chronostra-
tigraphy as recorded in nonmarine sedimen-
tary sequences within the Okhotsk-Chukotka

volcanic belt (Fig. 2) The Arman and Arka-
gala floral assemblages, which occur within
the Arman and Maltan-Ola volcanic fields
(Belyi, 1977), are highlighted in light gray
and dark gray in Figure 2. The Arman and
Arkagala flora are generally thought to be
late Albian and Cenomanian, respectively, al-
though the ranges of each floral assemblage
differ substantially between studies. Several
workers (Lebedev, 1987; Filippova and
Abramova, 1993) have presented chronostra-
tigraphic scales that suggest age resolution of
individual assemblages on the order of 1–2
m.y. In contrast, Schepetov (1994), noting
the coexistence of the two floral assemblages
(assumed to be of different age) in the same
lithostratigraphic horizon, argued that the
chronostratigraphic resolution afforded by
the northeast Russian flora is limited to ;10
m.y. (Fig. 2).

Geochronology
The majority of existing isotopic ages from

the Okhotsk-Chukotka volcanic belt are K-Ar
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or Rb-Sr whole-rock isochron dates (see Kot-
lyar et al., 2001). These data are problematic
for a number of reasons including initial iso-
topic disequilibrium (Rb-Sr), postemplace-
ment open-system behavior due to alteration
(Rb-Sr or K-Ar), and the potential for unde-
tected excess argon (K-Ar). A summary of the
results of Rb-Sr and K-Ar geochronology is
given in Figure 2. As with phytostratigraphic
ages, the available geochronology lacks ac-
ceptable temporal resolution, which likely re-
flects systematic problems with the isotopic
methods employed rather than real, natural
age ranges of these eruptive units (Fig. 2). A
compilation synthesizing the available strati-
graphic and geochronologic age constraints
for multiple sections across the entire
Okhotsk-Chukotka volcanic belt is presented
as Figure DR1. The available geochronologic
data generally support previous stratigraphic
work (Fig. DR1); however, the geochronolog-
ic data selected to constrain the ages of these
units are generally the oldest out of larger data
sets following the assumption that the younger
K-Ar ages might reflect open-system behavior
(I.N. Kotlyar, 2002, personal commun.). This
approach does not allow for the possibility of
erroneous older ages due to initial isotopic
disequilibrium (Rb-Sr) or excess argon (K-Ar)
and thus may lead to age constraints that are
too old.

Several studies have employed 40Ar/39Ar ge-
ochronometry on monomineralic separates.
Kelley et al. (1999) conducted a study to
bracket the age of the Chaun flora in the Cen-
tral Chukotka sector of the Okhotsk-Chukotka
volcanic belt (Fig. 1). Like the Arman and Ar-
kagala flora, there is little agreement for the
age of the Chaun flora (Fig. 2). Middle to late
Albian (Samylina, 1988) and Turonian (Filip-
pova and Abramova, 1993) designations rep-
resent end-member chronostratigraphic desig-
nations. Kelley et al. (1999) presented laser
step-heating plateau ages for hornblende and
plagioclase fractions from flows that bracket
the Chaun flora in the Central Chukotka sec-
tor. Their ages are from 88.9 6 0.8 Ma to 86.7
6 1.4 Ma (Fig. DR1 [see footnote 1]), indi-
cating that emplacement of these units oc-
curred in Turonian to Santonian time rather
than during Albian to Cenomanian time as ar-
gued by Samylina (1974) (Figs. 2, 3). These
units are conformably overlain by sedimentary
rocks containing flora of the Arkagala assem-
blage, which were not dated directly.

Ispolatov et al. (2000) reported several 40Ar/
39Ar sanidine ages from different stratigraphic
levels in two volcanic sections (Etchikun’ or
Kalenyvaam River drainages) in the Central
Chukotka sector of the Okhotsk-Chukotka

volcanic belt (Fig. DR1 [see footnote 1]).
These units also contain members of the
Chaun floral assemblage. Sanidine from rhy-
olite and dacite within the section gives repro-
ducible total-fusion ages for 15–20 single-
crystal analyses per sample ranging from 88.0
6 0.2 Ma to 87.1 6 0.2 Ma (Fig. DR1). This
work also corroborates the results of Kelley et
al. (1999) by demonstrating an ;15 m.y. dis-
parity between the high-precision 40Ar/39Ar
geochronologic ages and the stratigraphic ages
(Fig. DR1).

The disparity between 40Ar/39Ar and phy-
tostratigraphic ages, as well as the poor reso-
lution and reliability of K-Ar and Rb-Sr ages
demonstrate the need for a revision of the
chronostratigraphy of the Okhotsk-Chukotka
volcanic belt. Resolution of the spatiotemporal
distribution of arc magmatism is critical to un-
derstanding the nature of interaction between
the paleo-Pacific oceanic plates and the north-
east Asian continental margin. The volcanic
belt also affords an outstanding opportunity to
study a well-preserved ancient continental-
margin arc. Whereas the evolutionary histo-
ries of most ancient arcs (such as the Sierra
Nevada of California) are inferred from their
plutonic record and/or sedimentary record
within forearc basins, the upper levels of the
Okhotsk-Chukotka volcanic belt are preserved
practically in their entirety (despite their age)
such that magmatic processes at higher levels
of the crust can be studied directly.

Arman Volcanic Field

The Arman volcanic field was constructed
upon low-grade metavolcanic rocks and vol-
caniclastic sedimentary rocks of the Lower
Cretaceous Momoltykich Suite and overlying
continental deposits of the Khasyn Suite (Fig.
5). Floral assemblages within the Khasyn Suite
are considered Late Jurassic–Neocomian (Be-
lyi, 1977). Stratigraphic sections from the Ar-
man volcanic field are presented in Figure 5.

Arman Suite
Lithology. Fluviatile conglomerate of the

upper part of the Arman Suite is exposed at
the confluence of the Nelkandzha and Khak-
handzha Rivers (Figs. 4, 5). Rounded to sub-
rounded clasts are chiefly sandstone, shale,
siltstone, and vein quartz, suggesting metased-
imentary rocks of the Verkhoyansk-Kolyma
orogen as the source (Fig. 3B). Up stratigraph-
ic section, the matrix of the conglomerate be-
comes more tuffaceous and volcanic cobbles
become more abundant (Fig. 5).

The Arman Suite exposed on the eastern
bank of the Arman River south of Madaun is

the type locality for the Arman floral assem-
blage (Fig. 2; Fig. DR1 [see footnote 1]). On
the basis of correlation with Floral Zone III of
the Colville Basin (Smiley, 1969), Belyi
(1977) classified the flora of the Arman floral
assemblage as late Albian to Cenomanian. Le-
bedev (1987) related these flora exclusively to
the late Albian. However, work by Schepetov
(1994) has shown that some taxa in this lo-
cality did not become widespread until Turon-
ian time, which contradicts the Albian desig-
nations assigned by previous workers. The
aggregate thickness of the Arman Suite is
1700–2000 m (Fig. 5). In the upper part of the
section, volcaniclastic sedimentary rocks are
facies equivalents of pyroclastic flows of the
Narauli Suite (Belyi, 1977). The section dips
moderately along the Arman River (208–
258NNE). Along the Nelkandzha River, the
bedding dips 308NE (Fig. 4).

Narauli Suite
Lithology. The Narauli Suite consists of py-

roclastic and lava flows of andesitic compo-
sition (Figs. 4, 5, 6). Locally, these flows
interfinger with fluvial conglomerates of
the Arman Suite. Abundant intrusions of
hornblende-plagioclase andesite crosscut the
Arman and Narauli Suites, but do not cut the
higher volcanic units (Fig. 4). The thickness
of Narauli andesites is .1000 m (Belyi,
1977). Alteration is pervasive throughout
much of the section. Massive flows in the up-
per parts of the section remain fresh.

Petrography. Fresh Narauli andesite flows
contain phenocrysts of plagioclase (3%–10%),
hornblende (2%–3%), and magnetite (1%–
2%) in addition to 85% to 96% glassy ground-
mass. Debris flows at the base of the section
tend to be more altered, containing chloritized
amphibole and plagioclase phenocrysts re-
placed partially by sericite. For subsequent
geochronologic investigation, we sampled
only massive flows and plutons exposed in the
upper part of the section that lacked petro-
graphic evidence of postemplacement alter-
ation. Even if the alteration reflects low-grade
metamorphism, the temperatures were far less
than the ;500 8C argon closure temperature
for hornblende (e.g., McDougall and Harrison,
1999).

Geochemistry. The Narauli Suite contains a
range of compositions from andesite to basal-
tic andesite to trachyandesite (Fig. 6A; Table
DR2 [see footnote 1]). The suite spans a range
of compositional fields on K2O vs. SiO2 var-
iation diagrams, but moderate-K calc-alkaline
varieties dominate (Fig. 6B). The location of
the Narauli samples on TiO2 vs. Zr tectonic
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Figure 5. Lithostratigraphic columns. (A) Kheta River section in the Maltan-Ola volcanic field. (B and C) Western bank of the Nel-
kandzha River and Agan caldera sections, respectively, within the Arman volcanic field.
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Figure 6. Geochemical diagrams for volcanic rocks within the Arman and Maltan-Ola volcanic fields. All suite symbols are given in the
lower right. (A) Total alkalis vs. silica (TAS) volcanic rock classification diagram. (B) K2O-SiO2 variation diagram chemistry of andesites
and basaltic andesites of the Arman volcanic field. Narauli and Ulyn Suites plot primarily in the field that corresponds to moderate-K
calc-alkaline volcanic rocks. Mygdykit basaltic rocks plot at generally lower SiO2 values beyond the calc-alkaline compositional range
as given by Gill (1981). (C) TiO2-Zr tectonic discrimination diagram for andesite, basaltic andesite, and basaltic lithologies in the Arman
volcanic field (Pearce and Norry, 1976). Samples from the Narauli and Ulyn Suites plot in the field corresponding to subduction-related
arc volcanic rocks. Mygdykit basalts plot in the within-plate basalt field. Spilitized, Early Cretaceous Momoltykich Suite basalts, which
form the basement for the Arman volcanic field, also plot in the within-plate basalt field.

discrimination diagrams suggests a magmatic
arc origin (Fig. 6C).

Geochronology. Two 40Ar/39Ar samples
were collected from the Narauli Suite andes-
ites. Sample S3-1 was taken from a massive
flow unit in the upper part of the section (Figs.
4, 5). Sample J21/1 is from a hypabyssal
hornblende-plagioclase andesite porphyry
(Figs. 4, 5). Both samples yield plateau ages
indicating simple closed-system behavior.
Sample S3-1 yields an 85.6 6 1.1 Ma plateau
age (Fig. 7A; Table 1; Table DR3 [see foot-
note 1]) concordant with the inverse-isochron
age of 86.2 6 6.2 Ma associated with an at-
mospheric trapped 40Ar/36Ar ratio. Sample
J21/2 was collected from a small pluton that
crosscuts pyroclastic units of the lower Narau-

li Suite and the deposits of the Arman Suite,
but does not cut the overlying Kholchan or
Ulyn Suites. Hornblende from this sample
yielded a plateau age of 85.5 6 1.3 Ma (Fig.
7B; Table 1; Table DR3 [see footnote]) con-
cordant with its isochron age (84.4 6 2.5 Ma)
for the same temperature steps. All age un-
certainties are given at 2s.

Kholchan Suite
The greatest thickness of the Kholchan

Suite (Figs. 4, 5) occurs in the northern part
of the Arman volcanic field (Fig. 4). The suite
consists of 200–600 m of rhyolite and dacite
tuffs and flows with local lenses of tuffaceous
sandstone, conglomerate, and siltstone and
rare andesitic tuff horizons (Belyi, 1977). Flo-

ra found within the Kholchan Suite corre-
sponds to the Arkagala floral assemblage (I.N.
Kotlyar, 2002, personal commun.). We col-
lected one sample from the Kholchan Suite for
geochemical analysis alone (Fig. 6A).

Ulyn Suite
The Ulyn Suite is composed of massive tab-

ular flows from 1 to 10 m thick; the suite has
a maximum stratigraphic thickness of 400–
500 m. Flows are chiefly basaltic andesite,
lesser andesite, and rare occurrences of tra-
chyandesite (Figs. 5, 6A). These units con-
form to the medium-K calc-alkaline series
(Fig. 6B). Ulyn Suite rocks plot in the field
corresponding to arc volcanic rocks (Fig. 6C)
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Figure 7. (Continued.)

TABLE 1. SUMMARY OF 40Ar/39Ar GEOCHRONOLOGIC DATA

Isochron fit Spectrum fit

Sample number Latitude
(N)

Longitude
(E)

Isochron age
(Ma)

40Ar/36Ar
intercept

MSWD Total-fusion
age
(Ma)

Weighted
mean age

(Ma)

Plateau age
(Ma)

MSWD 39Ar
(%)

Arman volcanic field
Narauli Suite
S3-1 hornblende 608189050 1508459500 86.2 6 6.2 276 6 230 0.0028 80.7 6 2.5 85.6 6 1.1 1.07 90
J21/1 hornblende 608169300 1508429500 84.4 6 2.5 309 6 50 1.3 85.9 6 2.8 85.5 6 1.3 0.98 100
Ola Suite
Ash-flow tuff
J7/1 sanidine 608169400 1508389150 83.2 6 4.9 224 6 600 2.2 82.6 6 1.4 82.6 6 0.5 1.1 100
J7/4 sanidine 608169350 1508379400 81.7 6 1.3 328 6 48 0.41 82.5 6 1.2 82.5 6 0.6 0.59 100
J41/2 sanidine 608149200 1508399350 82.2 6 2.3 284 6 22 2.5 81.2 6 1.0 81.9 6 1.0 1.4 98
J42/1 sanidine 608149300 1508399000 82.0 6 1.0 306 6 28 1.18 82.0 6 0.7 82.0 6 0.6 0.85 100
J44/1 sanidine 608159050 1508389500 81.0 6 2.2 213 6 160 2.8 79.8 6 1.6 80.7 6 0.8 0.26 62.6
J16/1 biotite 608169500 1508329250 81.8 6 0.6 332 6 23 1.04 78.7 6 0.5 81.9 6 0.4 0.66 92
Agan subunit
J51/1 biotite 608189350 1508509100 83.4 6 1.5 321 6 160 5 83.3 6 0.8 83.6 6 0.4 1.7 79.9
J51/2 biotite 608189380 1508509120 82.8 6 1.2 2005 6 600 0.112 86.3 6 0.8 82.5 6 1.4*
J51/3 biotite 608189400 1508509150 81.8 6 1.8 1491 6 590 3.4 86.0 6 0.8 81.8 6 0.4*
Mygdykit Suite
J47/2 plagioclase 608179100 1508309280 76.5 6 1.6 300 6 23 1.6 75.2 6 2.1 76.8 6 0.8 1.5 95.6
J47/2 WRB 608179100 1508309280 77.4 6 3.2 322 6 55 8.1 78.1 6 1.4
J47/7 plagioclase 608179150 1508299100
Isochron 1 74.0 6 1.2 272 6 20 2.8 74.1 6 2.8
Isochron 2 72.0 6 8.1 587 6 360 0.48
J47/7 WRB 608179150 1508299100
Isochron 1 76.7 6 2.6 295 6 48 1.5 78.8 6 1.2
Isochron 2 78.0 6 5.0 662 6 400 6.6
Maltan-Ola volcanic field
Ola Suite
S18A sanidine 618099400 1518369200 83.5 6 1.7 312 6 180 1.7 83.7 6 0.8 83.7 6 0.6 0.054 100
Mygdykit Suite
S18E plagioclase 618099390 1518359500 75.4 6 1.9 331 6 37 0.64 77.9 6 2.4 77.5 6 1.1 1.5 100

*See text for description of data collection, ratio calculation, and data interpretation; see Table DR2 for full data. Ages in italics indicate that a correction for excess
argon has been performed, error from 36Ar/40Ar intercept was not propagated, and thus the isochron age is preferred. Bold Ages are preferred ages,

denote statistically significant nonatmospheric trapped argon composition. WRB—whole-rock basalt.underlined values

on the TiO2 vs. Zr plot (Pearce and Norry,
1976).

Ola Suite

Lithology. The Ola Suite in the Arman vol-
canic field comprises two units exposed on
opposite banks of the Khakhandzha River
(Figs. 4, 5). The section on the western bank

consists of fine-grained, crystal-poor, non-
welded to moderately welded ash-flow tuffs
that have a maximum thickness of 600–650
m (Fig. 5). Local tabular flows of crystal-rich
rhyolite are observed in the upper part of the
section. Dips do not exceed 108. Sanidine ages
reported below are from this section.

On the eastern bank of the Khakhandzha
River, the high topography of the region is

supported by cliff-forming, crystal-rich weld-
ed ignimbrites (Fig. 8A) deemed the Agan cal-
dera section (Belyi, 1977). Phenocrysts of pla-
gioclase, quartz, biotite, and hornblende
compose ;50% of the total volume. The base
is densely welded and contains large (10–20
cm) fiamme (Fig. 7C). This unit is thought to
represent a .350-m-thick caldera-fill se-
quence (Speranskaya, 1963; Yarmoluk, 1973;
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Figure 8. (A) Panorama of the volcanic section exposed on the ridge southwest of the Agan
River (Fig. 4), showing the border of the Agan caldera-fill unit of the Ola Suite. (B) View
looking west at north-dipping caldera-bounding faults and ring-fracture intrusions. (C)
Fiamme (arrows) in welded crystal-rich rhyolite at the base of the Agan section of the Ola
Suite. The field of view is approximately 3 m.

Eryomin, 1974) (Fig. 8A). The margin of the
caldera is defined by steeply dipping faults
that separate Narauli andesites from highly al-
tered rhyolitic intrusive rocks. The map-scale
outcrop pattern (Fig. 4) and the proximity of
these intrusive rocks to the arcuate, caldera-
bounding faults suggest that these rhyolitic in-
trusions represent ring-fracture intrusions (Fig.
8B). The Ola Suite inclusive of the Agan sec-
tion is 1200–1300 m thick (Belyi, 1977) (Fig.
5). Ola Suite rhyolites are classified as mod-
erate-K calc-alkaline rhyolites (Figs. 6A, 6B)
with rare trachyte and dacite (Gill, 1981).

Geochronology. We analyzed five sanidine
separates from various stratigraphic levels in
the Ola Suite in the Arman volcanic field.
Replicate total-laser-fusion analyses of multi-
grain aliquots produced high radiogenic argon
yields and indicate sample homogeneity. The
samples produced inverse isochrons with at-
mospheric 36Ar/40Ar intercepts and highly re-
producible apparent ages (Table 1; Table DR3

[see footnote 1]). Sample J7–1 from the low-
est nonwelded rhyolite tuff (Figs. 4, 5) gives
an 82.6 6 0.5 Ma sanidine age (Fig. 7C).
Stratigraphically up section, J7/4 yields an
82.5 6 0.6 Ma age (Fig. 7D). Sample J41/2
yielded a weighted mean age of these samples
of 81.9 6 1.0 Ma (Fig. 7E). J42/1 yielded
reproducible ages with a weighted mean of
82.0 6 0.6 Ma (Fig. 7F). A lone sample,
J44/1, did not yield reproducible apparent
ages over all steps, resulting in a young
weighted mean age of 80.7 6 0.8 Ma (Fig.
7G).

Four biotite samples from the Ola Suite
were analyzed. Two samples, J51/1 and J16/1,
produced plateau ages. The remaining two have
hump-shaped spectra and inverse-isochron
data that indicate significant excess argon
(Figs. 7H–7K; Table 1; Table DR3 [see foot-
note 1]). Sample J16/1 was taken from an
;3-m-thick crystal-rich rhyolite flow located
directly beneath the overlying Mygdykit ba-

salt. The 125–250 mm biotite fraction pro-
duced a plateau age of 81.9 6 0.4 Ma over
92% of the gas released, concordant with an
isochron age of 81.8 6 0.6 Ma. (Fig. 7K).
Sample J51/1 biotite produced a concordant
spectrum and isochron ages associated with an
atmospheric trapped 40Ar/36Ar ratio. Thus, the
plateau age of 83.6 6 0.4 Ma represents the
emplacement age (Fig. 7H). Biotite from sam-
ples J51/2 and J51/3, located stratigraphically
above J51/1 in the Agan caldera, exhibit ex-
cess argon in their moderate-temperature steps
with initial 40Ar/36Ar values of 2055 and 1491.
When corrected for the excess 40Ar gas com-
position, the hump-shaped character of the
spectrum is reduced. The resultant weighted
mean ages are 82.5 6 1.4 Ma and 81.8 6 0.4
Ma (40Ar/36Ar fit error not propagated) (Figs.
7I, 7J; Table 1). The uncorrected total-fusion
ages contradict the stratigraphic succession.
Thus, we prefer inverse-isochron ages of 82.8
6 1.2 Ma and 81.8 6 1.8 Ma for the emplace-
ment age of samples J51/2 and J51/3,
respectively.

These new data indicate that the Ola Suite
of the Arman volcanic field is of early Cam-
panian age.

Mygdykit Suite
The Mygdykit Suite unconformably over-

lies the Ola Suite. Locally, the contact appears
structurally discordant with evidence of ero-
sion or weathering prior to emplacement (Fig.
4). Samples were collected over a 300 m ver-
tical stratigraphic succession along the divide
between the Arman and Nelkandzha Rivers
(Figs. 4, 5). Here, the section comprises mul-
tiple flows characterized by alternating mas-
sive bases and amygdaloidal tops.

Geochronology. Samples J47/2 and J47/7
represent the basal (0 m) and upper (300 m)
flows of the Mygdykit Suite, respectively. The
samples were collected from the massive basal
section of their respective flow units because
they contain petrographically pristine pheno-
crystic plagioclase. Companion groundmass
concentrate analyses were performed for each
of these samples. J47/2 plagioclase yields a
plateau age of 76.8 6 0.8 Ma over 96% of
the 39Ar released (Fig. 7L, Table 1). Sample
J47/7 plagioclase is somewhat more complex.
A two-isochron model best fits the data. The
low- and moderate-temperature steps define a
linear array with an atmospheric 40Ar/36Ar
composition. The high-temperature steps pro-
duce a well-defined linear array with excess
argon (the 40Ar/36Ar ratio is 587 6 360) (Fig.
7M). Modeling complex isochron data as two
domains associated with differing trapped ar-
gon gas compositions is common practice and
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Figure 9. Panorama of the Kheta River valley. Densely welded to nonwelded rhyolitic ash-
flow tuffs of the Ola Suite make up the white to slightly pinkish-buff slopes in the fore-
ground and far slope. Erosional remnants of olivine basalts of the Mygdykit Suite occur
sporadically above the Ola rhyolite. Rhyolitic section dips ,108 to the south. Photomicro-
graphs show mineral phases used for 40Ar/39Ar geochronology (plag—plagioclase, bt—
biotite, san—sanidine, qtz—quartz).

is described in more detail by Heizler and
Harrison (1988). We prefer the isochron age
of 74.0 6 1.2 Ma because no assumption of
initial 40Ar/36Ar composition is required for
age calculation.

The groundmass-concentrate data are more
difficult to interpret. The whole-rock sample
of the lower basalt flow (J47/2) did not yield
a true plateau. The total gas (78.0 6 1.4 Ma)
and isochron ages (Fig. 7N; 77.4 6 3.2 Ma)
are concordant with the plagioclase age, help-
ing to corroborate the 76.8 6 0.8 Ma age of
this flow as given by the plagioclase data.
Sample J47/7 whole-rock data exhibit a hump-
shaped spectrum. We applied a two-isochron
model to the data. The moderate-temperature
steps reflect excess argon (the 40Ar/36Ar ratio
is 662 6 400) (Fig. 7O). Because these are
groundmass concentrates, the hump-shaped

spectra may alternatively reflect 39Ar recoil
from glass and microphenocrysts. An isochron
age of 76.7 6 2.6 Ma is favored for sample
J47/7 because it is concordant with the pla-
gioclase inverse-isochron age and chronostra-
tigraphically consistent with other systemati-
cally less complex ages lower in the section.

The data indicate that emplacement of the
lower Mygdykit Suite basalts began at 76.8 6
0.8 Ma. The plagioclase data from the upper-
most mapped flow unit suggest that basaltic
magmatism was active through 74.0 6 1.2
Ma. A comparison of our 40Ar/39Ar data with
whole-rock K-Ar analyses of these same spec-
imens carried out at SVKNII (North East In-
terdisciplinary Scientific Research Institute) in
Magadan, Russia, is instructive. Sample J47/2
and J47/7 yielded ages 71.8 6 1.8 Ma and
87.5 6 2.5 Ma, respectively (I.N. Kotlyar,

2002, personal commun.). We suggest that the
age disparity is best explained by argon loss
due to devitrification in sample J47/2 and by
excess argon in sample J47/7 perhaps pre-
served in argon-rich fluid inclusions in olivine
and pyroxene phenocrysts (McDougall and
Harrison, 1999).

Maltan-Ola Volcanic Field (Kheta River
Section)

Ola Suite
The Ola and Mygdykit Suites are exposed

along the Kheta River valley (Figs. 1, 5)
where they unconformably overlie Jurassic
metasedimentary rocks (Fig. 5). Locally, rhy-
olites of the Ola Suite conformably overlie
fluvial conglomerates made up chiefly of sub-
rounded andesite clasts. In this section, the
Ola Suite comprises 200–300 m of welded to
nonwelded white to reddish, vapor-phase–
altered rhyolite ash-flow tuffs (Figs. 5, 9).
Sanidine from this section was petrographi-
cally pristine.

Geochronology. Sanidine from one welded
rhyolite tuff (S18A) was separated and ana-
lyzed. These data are isochronous, yield at-
mospheric trapped argon gas compositions,
and a weighted mean age of replicate multi-
grain total-fusion analyses of 83.7 6 0.6 Ma
(Fig. 7P).

Mygdykit Suite
Lithology. The contact between the Myg-

dykit Suite basalt and the Ola Suite rhyolite
is conformable and sharp. Basalt flows occur
as cliff-forming units or scattered erosional
remnants (Fig. 9). The thickness of the Myg-
dykit Suite section in the Maltan-Ola field
ranges from 450 to 800 m (Belyi, 1977). Sed-
imentary rocks of the Pervomai Suite, which
contain Arkagala flora, occur at the contact
between the Ola and Mygdykit Suites else-
where in the Maltan-Ola field (e.g., I.N. Kot-
lyar, 2002, personal commun.) (Fig. 2 and Fig.
DR1 [see footnote 1]).

Geochronology. A plagioclase separate
from sample S18E yielded a plateau age of
77.5 6 1.1 Ma with an mean square of
weighted deviates (MSWD) of 1.5 (Fig. 7Q).
The data are isochronous over the temperature
steps that define the plateau associated with
an atmospheric trapped argon gas composi-
tion. This result is in agreement with the erup-
tion ages of the Mygdykit unit in the Arman
volcanic field.



Geological Society of America Bulletin, May/June 2004 651

CHRONOSTRATIGRAPHY OF THE OKHOTSK-CHUKOTKA VOLCANIC BELT

Figure 10. Summary of chronostratigraphic data. Column 1 gives chronostratigraphic scheme for the various floral assemblages rec-
ognized in the Cretaceous nonmarine sedimentary rocks of northeastern Russian (after Belyi, 1994). Column 2 is the chronostratigraphy
of the Arman region produced by synthesizing the previously published floral stratigraphy and geochronology (after I.N. Kotlyar, 2002,
personal commun.; Fig. 2; Fig. DR1 [see footnote 1 in the text]). Tie lines connect floral assemblages to volcanic units in which they are
found. Column 3 summarizes the results of the geochronologic component of this investigation. There is an ;15 m.y. disparity between
the previous chronostratigraphic schemes and those indicated by the 40Ar/39Ar geochronologic data in this study. Column 4 is a schematic
tectonic evolution model to explain the observed spatiotemporal distribution of subduction-related volcanic and plutonic rocks in the
Okhotsk sector of the Okhotsk-Chukotka volcanic belt. Shallowing of the downgoing plate may explain the observed continentward
migration of the axis of arc magmatism during the Late Cretaceous.

DISCUSSION

Chronostratigraphic Implications

The 40Ar/39Ar data presented here suggest
that the emplacement of most of the subduction-
related volcanic section in the Arman volcanic
structure occurred from 85.6 6 1.3 Ma to 80.7
6 0.8 Ma (Fig. 10). Capping basaltic volca-
nism occurred from 77.5 6 1.1 Ma to 74.0 6
1.2 Ma after an ;3 m.y. hiatus.

The Narauli andesite flow unit places a
minimum age on the emplacement of the Na-
rauli Suite as a whole at 85.5 6 1.3 Ma (2s).
Because the floral-bearing Arman Suite inter-
fingers with the upper part of the Narauli
Suite, the Santonian chronostratigraphic age
designation indicates inaccuracy in the Albian
age that was assigned on the basis of previous
phytostratigraphic and geochronologic inves-
tigations (Fig. 2 and references therein; Fig.
10). Our data do not preclude that Arman flora

may be as old as Albian, but they necessitate
that the flora is younger than previously rec-
ognized. Other instances of chronostratigraph-
ic disparity have been reported by Kelley et
al. (1999) and Ispolatov et al. (2000), who ar-
gued that the floral age designations are 15
m.y. too old.

The Ola Suite is known to contain flora of
the Arkagala assemblage and yields 40Ar/39Ar
ages ranging from 83.7 6 0.6 Ma to 80.7 6
0.8 Ma. Previous research suggested that the
Arkagala flora within the Ola Suite is early
Cenomanian age (see references in Fig. 2).
Here too, the Campanian stratigraphic age in-
dicated by the 40Ar/39Ar geochronology docu-
ments systematic inaccuracy in the age des-
ignation of the Arkagala floral assemblage.
Arkagala flora is also found in the Mygdykit
basalt units, which range in age from 77.5 6
1.1 Ma to 73.7 6 0.7 Ma, suggesting that
these taxa survived through at least the late
Campanian (Fig. 10). These data suggest that

the chronostratigraphic age range of the Ar-
kagala flora in the Okhotsk sector should be
revised to Santonian–Campanian (Fig. 10).

With growing concerns about global cli-
mate change, significant attention has been fo-
cused on understanding the climatic record
through time by studying preserved flora in
continental deposits. Northeastern Russia and
Alaska host a great abundance of well-preserved
Cretaceous nonmarine sections. Where fresh,
datable volcanic rocks and fossiliferous sedi-
mentary rocks are interbedded, there is out-
standing opportunity to resolve the chron-
ostratigraphy to ,1 m.y. for Cretaceous
samples (;1% relative standard error). De-
tailed high-precision 40Ar/39Ar geochronology
will greatly improve our understanding of the
age of these deposits and ultimately improve
Cretaceous paleoclimatic models (e.g., Her-
man and Spicer, 1996; Kelley et al., 1999).
This study represents an important step for our
growing understanding of the climatic record
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in northeastern Russia by documenting sys-
tematic discrepancies between phytostrati-
graphic and 40Ar/39Ar ages. Collaborative,
multidisciplinary research on the Okhotsk-
Chukotka volcanic belt shows great promise
for helping to resolve Cretaceous climatic
changes in the northwest Pacific region as well
as improving our understanding of the tectonic
and magmatic evolution of the northeast Asian
continental margin.

Tectonic Implications

Spatiotemporal Patterns of Arc Magmatism
Constraining the spatiotemporal patterns of

magmatism is important for the overall un-
derstanding of the evolution of the margin and
nature of subduction along the northeast Asian
margin. This work, combined with other re-
cent studies on the timing of magmatism on
the Taigonos Peninsula, permits a summary of
a model for the evolution of the Okhotsk sec-
tor of the Okhotsk-Chukotka volcanic belt
presented in Figure 10. On the Taigonos Pen-
insula, emplacement of the Eastern Taigonos
and Coastal Taigonos granitoid belt occurred
between 106.5 6 1.6 Ma and 97.0 6 1.1 Ma
according to zircon U-Pb ages from unde-
formed granitoids (Hourigan, 2003) (Fig. 10).
The Dukchin and Magadan Suites, the youn-
gest recognized intrusive units of the Magadan
batholith (Andreeva and Izokh, 1990), yield
97.4 6 1.0 Ma and 96.8 6 1.2 Ma zircon U-
Pb ages, respectively (Fig. 10). These data in-
dicate that magmatic activity in the interior
zone of the Okhotsk-Chukotka volcanic belt
began during Albian time, following accretion
of the Uda-Murgal island arc, and continued
through to Cenomanian time (Hourigan,
2003). Although the available U-Pb and 40Ar/
39Ar ages are insufficient in quantity and dis-
tribution to resolve the time-space patterns of
magmatism in great detail, the available data
point to an ;200 km continentward migration
of the axis of arc magmatism over 20 m.y. The
data also suggest a magmatic hiatus between
late stages (Andreeva et al., 1997) of the in-
trusion of the Magadan batholith at 97 Ma
(Hourigan, 2003) and emplacement of the vol-
canic rocks described in this paper at 86 Ma.
Continentward migration of the axis of arc
magmatism in the Late Cretaceous (Fig. 10)
may be explained by shallowing of the down-
going paleo-Pacific slab. Fast spreading at the
Kula Ridge at 85 Ma (e.g., Engebretson et al.,
1985), coincident with the onset of exterior-
zone magmatism, may have led to faster, shal-
lower subduction beneath northeast Asia.

The Mygdykit Basalt: What Caused Arc
Cessation?

The Mygdykit Suite basalts of the Maltan-
Ola and Arman volcanic fields were erupted
over a 3–4 m.y. period beginning at 77.5 6
1.1 Ma and continuing to 74.0 6 1.2 Ma after
an ;3 m.y. magmatic hiatus, according to the
40Ar/39Ar geochronology of plagioclase sepa-
rates reported here. On TiO2 vs. Zr tectonic
discrimination diagrams, the basalts corre-
spond to within-plate basalts (Pearce and Nor-
ry, 1976), suggesting that the Mygdykit Suite
is temporally and geochemically distinct from
the Okhotsk-Chukotka volcanic belt. Filatova
(1985, 1988) argued that these basaltic units
were exposed margin-wide in a linear array of
depressions subparallel to the margin. On the
basis of this regional geologic relationship and
some additional geochemical work, Filatova
(1985, 1988) concluded that the Mygdykit and
its equivalents represent a rift-related volcanic
sequence. This sequence was assigned a Pa-
leogene age on a regional geologic map (Gor-
odinskyi, 1980); however, in several localities
beyond the Okhotsk sector, the capping basalt
units contain the Arkagala floral assemblage
and thus likely constitute Campanian equiva-
lents of the Mygdykit section.

Polin and Moll-Stalcup (1999) presented a
detailed geochemical investigation of the cap-
ping basalts in the Central Chukotka sector
and Eastern Chukotka flank zone of the
Okhotsk-Chukotka volcanic belt (Fig. 1; Fig
DR1 [see footnote 1]), which are considered
stratigraphic equivalents of the Mygdykit ba-
salts (Gorodinskyi, 1980). These capping units
share many of the geochemical features of in-
traplate basalts (trachybasalts) and rift-margin
magmatism (alkaline granite, comendite), sug-
gesting an extension-related tectonic setting
(Polin and Moll-Stalcup, 1999). During our
mapping in the Arman volcanic field, we did
not observe normal faults that were active
synchronously with Mygdykit basalt eruption,
although the discontinuity at the Ola-Mygdykit
contact may represent an episode of minor
faulting. The fact that the volcanic rocks are
flat lying and the section is preserved nearly
in its entirety suggests that the Okhotsk-
Chukotka volcanic belt was never a high-
standing arc sequence like the modern Andes,
nor was there major shortening deformation
with attendant tilting of the volcanic section.
This observation indicates a tectonic setting
that is at least ‘‘neutral’’ and possibly ‘‘exten-
sional’’ for the waning phase of arc
magmatism.

The extension-related petrogenetic and re-
gional tectonic model for the Mygdykit basalt
contradicts the prevailing model for the ces-

sation of Okhotsk-Chukotka magmatism. It
has been generally accepted that a microcon-
tinental block (Parfenov and Natal’in, 1977;
Zonenshain et al., 1990; Şengör and Natal’in,
1996) or oceanic plateau (Watson and Fujita,
1985; Bogdanov and Dobretsov, 2001) collid-
ed with the margin, preventing further sub-
duction, which led to a cessation of subduc-
tion-related magmatic activity in Late
Cretaceous time. In theory, the collision of a
sizeable, rigid tectonic block should produce
significant shortening-related deformation, in-
cluding tilting of the volcanic section and de-
position of synorogenic sedimentary rocks
(e.g., Ontong-Java Plateau or Yakutat block)
(Cloos, 1993). However, there is no evidence
of the inferred Late Cretaceous collision on
land, where all the late-stage volcanic rocks
are flat lying (see Figs. 4 and 9) and no syn-
orogenic sedimentary rocks are preserved.
Offshore, the available seismic reflection data
show an early Tertiary extensional history
with no evidence for pre-Tertiary contractional
deformation (Hourigan, 2003). Given the facts
that (1) the geology on land does not record
a collisional event, and (2) the geochemistry
of the Mygdykit basalts indicates a waning arc
or extensional tectonic setting for magmatism,
we argue that arc cessation cannot have been
caused by the collision of a microcontinent
with the northeast Asian margin. In this light,
models for the evolution of the northeast
circum-Pacific, and in particular, for the origin
of the Sea of Okhotsk, will have to be
reevaluated.

CONCLUSIONS

40Ar/39Ar ages from systematically sampled
volcanic units of the Arman and Maltan-Ola
volcanic fields document the inaccuracy of
previous age designations for the Arman and
Arkagala floral assemblages. Narauli Suite
ages of 85.6 6 1.3 Ma and 85.5 6 1.1 Ma
indicate that the Arman floral assemblage per-
sisted into Santonian time, 13 m.y longer than
previously thought (references in Fig. 2). The
age of the Arkagala floral assemblage must be
revised to Santonian–Campanian on the basis
of ages from the Ola and Mygdykit Suites that
range from 83.7 6 0.8 Ma to 74.0 6 1.4 Ma.

The geochronologic data suggest that the
volcanic activity in the Arman volcanic field
was relatively short-lived. Although the low-
est flows of the Narauli Suite were not dated
because of alteration, the base of the section
is probably ,1.0 m.y. older than the 85.5 Ma
age obtained for the upper flow because in-
dividual volcanic edifices typically span tens
to hundreds of thousands of years. Medium-
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K, calc-alkaline magmatism in this field con-
tinued until ca. 81 Ma, suggesting that the vol-
canic succession of the Arman Volcanic field
was emplaced over ;5 m.y.

The Mygdykit basalts are geochemically
and temporally distinct from the underlying
section of volcanic rocks in the Okhotsk-
Chukotka volcanic belt. The geochronologic
data indicate an ;3 m.y. hiatus in magmatic
activity followed by ;4 m.y. of basaltic vol-
canism from 77.5 6 1.1 Ma to 74.0 6 1.2
Ma. The shift in geochemistry of the lavas
from calc-alkaline volcanic arc to within-
plate, possibly extension-related magmas (Po-
lin and Moll-Stalcup, 1999) also supports this
distinction. We suggest that the capping basalt
unit be omitted from a formal definition of the
Okhotsk-Chukotka volcanic belt.

The within-plate character of the basaltic
volcanism and the lack of deformation of the
Okhotsk-Chukotka volcanic belt and its mar-
gin are inconsistent with the prevailing tecton-
ic models, which suggest that arc cessation
was the result of the collision of a nonsub-
ducting microcontinent or oceanic plateau.
New tectonic models are required to explain
the cessation of the Okhotsk-Chukotka vol-
canic belt in the absence of such a collisional
event.

APPENDIX: METHODOLOGY

Samples for 40Ar/39Ar analysis were selected in
the field on the basis of the lack of alteration at the
outcrop and hand-sample scales. Prior to separation,
thin sections of each sample were studied to confirm
the lack of alteration at the microscopic level. Horn-
blende, plagioclase, biotite, and sanidine concen-
trates were obtained by using standard mineral-
separation techniques, including crushing, grinding,
Frantz magnetic separation, and heavy liquids. Ba-
saltic groundmass concentrates were obtained from
the 250–100 mm fraction that behaved magnetically
at 0.5 A with a 158 forward slope and a 108 side-
slope and nonmagnetically at 0.1 A with the same
slope parameters. This method removes olivine phe-
nocrysts that commonly contain excess argon in flu-
id inclusions and lack radiogenic argon because of
absence of potassium (McDougall and Harrison,
1999). All samples were handpicked under a bin-
ocular microscope to achieve purity and rinsed with
acetone and deionized water to remove surface con-
taminants. For each sample, 2–20 mg was packaged
in high-purity copper foil and stacked vertically in
a quartz vial with intermittently spaced packets of
Taylor Creek rhyolite sanidine fluence monitors
(85G003: 27.88 Ma (Duffield and Dalrymple,
1990); TCR2: 27.87 Ma, M. Lanphere, 2000, writ-
ten commun.). Vials were irradiated at the Oregon
State University Triga reactor in the cadmium-
shielded CLICIT facility. Ages reported here are
from samples irradiated in three separate irradia-
tions ranging in duration from 2 to 16 h.

J-values were calculated from laser-fusion anal-
yses of several multiple-grain aliquots of Taylor
Creek rhyolite sanidine. Weighted mean J-values
for monitor packets spaced every fifth packet within

the vial were used to interpolate J-values for un-
knowns. Isotopic measurements were performed at
the Stanford University Noble Gas Geochronology
Lab. Gas extraction was accomplished by using
a fully automated Staudacher-type, double-vacuum
resistance furnace (biotite, hornblende, plagioclase,
and groundmass concentrates) or by a multigrain-
aliquot laser fusion using a 10 W argon-ion laser
(sanidine). Evolved gas was purified by using two
SAES-ST172 getters at ;4.0 A (275 8C) for periods
of 5–12 min prior to inlet into the spectrometer.
Peaks were measured by using a Mass Analyzer
Products 216 noble-gas mass spectrometer with a
Johnson MM1 electron multiplier with a Baur-
Signer source. The sensitivity of the spectrometer
for typical gain values is ;4.75 3 10213 mol·V21.
Each measurement consisted of 7–20 cycles through
the run table consisting of m/e (mass divided by
charge) of 40, 39, 38, 37, 36, 35.5 (baseline). The
entire measurement protocol is automated by using
a custom-designed LABVIEW 5.1 code written by
Mike McWilliams and Jeremy Hourigan. Typical
machine blanks at m/e 5 40 are 7.5 3 10216 mol
at ,1000 8C and 1.5 3 10215 mol at 1400 8C.

Raw data were trimmed and regressed to inlet
time by using Eyesorecon written by Bradley Hack-
er. Ratios were corrected for machine blanks, decay,
and interference by using an in-house Excel work-
book routine. For irradiation S40, 37Ar decay and
36ArCa interference corrections were not performed
because of the long delay between irradiation and
measurement. We report only data from phases with
high K/Ca ratios (i.e., biotite and sanidine) for ir-
radiation S40, such that the effect of omitting the
36ArCa interference correction is negligible. Isochron
plots and ages, release spectra, and plateau ages
were produced with Isoplot v. 2.49 (Ludwig, 1999).
Both the Excel data processing routine and Isoplot
v. 2.49 use a 40K decay constant of 5.543 3 10210

s21 (Steiger and Jager, 1978).
Samples that yield plateau ages meet the follow-

ing basic criteria imposed by Isoplot
v. 2.49: (1) The plateau consists of three or more
contiguous steps that comprise .60% of the total
39Ar released. (2) Probability of fit of the plateau is
.0.05 (i.e., steps are concordant at the 95% confi-
dence interval). (3) There is no resolvable slope on
the plateau. (4) There are no outliers or trends in
the upper and lower steps. The inverse-isochron plot
provides a critical test for the assumption inherent
in the age-spectrum plots that the trapped argon gas
has an atmospheric isotope composition (i.e., 40Ar/
36Ar 5 295.5). Concordance of inverse-isochron
ages defined by isochronous (i.e., low MSWD) data
and plateau ages is a final criterion for defining a
‘‘true plateau’’ age (Dalrymple and Lanphere,
1974). In several cases, excess argon (i.e., trapped
argon with 40Ar/36Ar . 295.5 at the 2s confidence
interval) was observed for data defining a statisti-
cally robust linear array in an inverse isochron plot.
In these cases we cite the inverse-isochron age as
the preferred age.
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