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Abstract: Just like in sedimentary stratigraphy, the volcanostratigraphic boundary is an important
factor for constructing volcanostratigraphic framework. The fundamental factor of
volcanostratigraphic boundaries is to classify the types and define their characteristics. Based on field
investigation and cross-wells section analysis of Mesozoic volcanostratigraphy in NE China, 5 types of
volcanostratigraphic boundaries have been recognized, namely eruptive conformity boundary (ECB),
eruptive unconformity boundary (EUB), eruptive interval unconformity boundary (EIUB), tectonic
unconformity boundary (TUB) and intrusive contacts boundary (ICB). Except ICB, the unconformity
boundaries can be divided into angular unconformity and paraconformity. The time spans and signs
of these boundaries are analyzed by using age data of some volcanic fields that have been published.
The time spans of ECB and EUB are from several minutes to years. In lava flows, cooling crust is
distributed above and below ECB and EUB; in pyroclastic flows, airfalls and lahars, a fine layer below
these boundaries has no discernable erosion at every part of the boundary. EUB may be curved or
cross curved and jagged. The scale of ECB/EUB is dependent on the scale of lava flow or pyroclastic
flows. The time span of EIUB is from decades to thousands of years. There is also weathered crust
under EIUB and sedimentary rock beds overlie EIUB. In most instances, weathered crust and thin
sedimentary beds are associated with each other laterally. The boundary is a smooth curved plane.
The scale of EIUB is dependent on the scale of the volcano or volcano groups. The characteristics of
TUB are similar to EIUB’s. The time interval of TUB is from tens of thousands to millions of years.
The scale of TUB depends on the scale of the basin or volcanic field. Both the lab data and logging
data of wells in the Songliao Basin reveal that the porosity is greatly related to the boundaries in the
lava flows. There is a high-porosity belt below ECB, EUB or EIUB, and the porosity decreases when it
is apart from the boundary. The high-porosity belt below ECB and EUB is mainly contributed by
primary porosity, such as vesicles. The high-porosity belt below EIUB is mainly contributed by
primary and secondary porosity, such as association of vesicles and spongy pores, so the area near the
boundary in lava flows is a very important target for reservoirs.

Key words: volcanostratigraphy, unconformity boundary, geological characteristics, northeast part of
China, volcanic rocks

1 Introduction

The volcanostratigraphic sequence is composed mainly
of pyroclastic lava, intrusive rock and lahar deposits,
which vary laterally in thickness and distribution over
short distances. This variability affects detailed
comparison of volcanostratigraphy. Just like in
sedimentary  stratigraphy, the  volcanostratigraphy
boundary is the most important factor for constructing
volcanostratigraphic framework.

* Corresponding author. E-mail: gaoyf 1982@163.com

Modern volcanoes have more advantages than paleo-
deep-buried volcanoes in boundary
identification because of historical documentation and less
erosion (Gourgauda et al., 2000). For example, the Hoei
eruption (AD 1707) of the Fuji volcano can be divided into
6 pulses and 3 stages on the basis of historical
documentation, unconformity and hiatus in outcrops
(Miyaji, et al., 2011). Unfortunately, most of the paleo-
volcanoes have no historical documentation and hence
geologic methods are very important in describing these
boundaries. For instance, sedimentological and

volcanoes or
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geochemical methods can sufficiently be used to define
eruptive sequences in paleo-volcanoes (Jia and Zhang,
1996; Cai and Fu, 1997; Meng and Gao, 2004). Moreover,
the occurrence of stratigraphic discontinuities, such as
erosion unconformities and paleosols, can be used to
delimit different eruptive sequences (Rita et al., 1997;
Corsaro et al., 2002; Isaia et al, 2004). Also,
measurements of gamma-ray and grain-size dependent
magnetic susceptibility are helpful to unravel some
uncertainties of volcanostratigraphy of the La Fossa
deposits (Gehring, 2004). On the other hand, the data of
well logging and high-resolution seismic data are very
important to interpret deeply buried volcanostratigraphy.
For example, the volcanic feature of the North Rockall
Trough is delineated by using visualization techniques on
3D seismic reflection data (Thomson, 2005). In the
Songliao Basin, the sequence of deep-buried volcanoes is
ascertained by seismic and logging data (Tang et al., 2011,
2012a, 2012b).

The above discussion shows that the fundamental factor
of volcanostratigraphic research is to
volcanostratigraphic boundaries. In fact, the classification
of volcanostratigraphic boundaries is not adequately
explained. Eruptive interval boundaries, such as paleosols
or ecrosional unconformities,
attention. Boundaries which are formed during pulses or
phases are ignored, but are very meaningful to construct
high-resolution framework that is very important to
volcanic gas and oil pool analysis. This paper attempts to

recognize

have obtained the most

volcanostratigraphic boundary. We will pay attention to
various types of volcanostratigraphic boundary and give
detailed description and discussion in the study with focus
especially on boundaries of paleovolcano lava flows.

2 Types of Volcanostratigraphic Boundary

Volcanostratigraphic boundaries can be classified
according to the time span and dynamics of boundary
formation. They are eruptive conformity boundary (ECB),
eruptive unconformity boundary (EUB), eruptive interval
unconformity boundary (EIUB) (Fig. 1la),
unconformity boundary (TUB) (Fig. 1b) and intrusive
contacts (IC) (Fig. 1la). Furthermore, the EUB is
subdivided into eruptive angular unconformity boundary
(EAUB) and eruptive paraconformity boundary (EPB).
The EIUB 1is subdivided into eruptive interval
paraconformity boundary (EIPB) and eruptive interval
angular unconformity boundary (EIAUB), and the TUB
into tectonic paraconformity boundary (TPB) and tectonic
angular unconformity boundary (TAUB) (Table 1).

tectonic

2.1 Eruptive conformity boundary (ECB) and eruptive
unconformity boundary (EUB)

Boundaries exist between lava flows, pyroclastic flows,
airfalls and lahars, which are formed during eruptive
pulses or phases with time intervals ranging from seconds
to years (Fisher and Schmincke, 1984; Salvador, 1987,
Jerram, 2002; Single and Jerram, 2004). Fig. la shows
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Tablel Characteristics of volcanostratigraphic boundaries

Boundary type Sign Time span Location Lithology
Lag breccia (see Figs. 3, 12 in Lindsay et Between Atana and Toconao Rhyolitic rocks and
Hours to days? L . F
al., 2001) ignimbrite andesitic rocks

Relic spherulite horizon/ lithophysal

horizon/ intensely perliticvitrophyre (see ~ Minutes to days?

Between Jackpot 5 and Jackpot 4
in Jackpot rhyolite member/ inner Rhyolitic rocks, graben

Erupnve. Figs. 3, 5, 6 in Andrews ct al., 2008) rabbit ’Spl'I.ng ignimbrite member /  basin
conformity brown’s view member
boundary Pumice train, accretionary lapilli layer, Between the flow unit which is
(ECB) oxidized layer (see Fig. 3 in Giannetti Minutes to days? inner of the unit B, D and E of Trachytic tuff
and Casa, 2000) Lower white trachytic tuff
HlS.IOI'lc docymem, lithology fames‘ X . o Rhwolitic rock of Hoei of
during eruptive plus or stage (see Fig. 3 No hiatus to days? Most of units Fuii volcano
and Table 2 in Miyaji et al., 2011) J
Eruptive . Historic document, .facles during eruptlve . Rhyolitic rock of Hoei of
unconformity plus or stage (see Fig. 3 and Table 2 in 21.5 hours Between unit J and K v
L. Fuji volcano
boundary Miyaji et al., 2011) !
EUB), . .
g ). Unconformity surfaces,amalgamation
including - ;
oo surface, by-pass or nondepositional Between phases geological
paraconformity . . . Seconds to years R
surlaces during eruptive plus (see Fig. insignificant
and angler L
. 1 in Rita et al., 1997)
unconformity
Truncation or erosion caused by tectonic Amone intervals of erunitve
collapse (see Fig. 2 in Lucchi et al., Event, years to Ka? rong . P Trachydacite-trachyte tuff
activity (eruptive epochs)
2008)

. Pebble gravel caused by erosion or Tens to hundreds of M(.)St of bounde?nes bet\fveen the Wet pyroclastic surge
Eruptive reword (see Fig. 9 in Sohn et al., 2002) ears units of Hamori Formation of deposits and rework
interval & CT ¥ Songaksan tull ring, Jeju Island P

lormit; rosi s ipiri .
wheon-ormity Paleosols,erosional stmc.ture, dlp”.-'c Several to tens of Between the units of the lower .
boundary structure caused by erosion (see Figs. 3, Ka white trachvtic tuff Trachytic tuff
(EIUB), 16 in Giannetti and Casa, 2000) vt
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or rework during interval of eruptive
period (see Fig. 1 in Rita et al., 1997)
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Tectonic events

Between eruptions of significant
duration of soils or erosional

millions of years) breaks to occur

Angular unconformity caused by
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Figs. 3, 4 and Table 2 in Khalafet al., Several Ma

Among the Fatira Ei Beida
sequences, between Fatira Ei

. Submarine volcanic rocks
Zaraqa sequence and Gabal Fatira ’
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includi intrusi ift i - . . Lo . .
mciuding caus.ed by 1nt1u319ns anfi uplift/marine Ca. 1.75 Ma (from Between lower unit and upper unit,  Foidite, tephrite / basanite,
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and angler extrusive rock (see Figs. 10, 11 in ’ - PP P P ds
unconformity Madeira et al., 2010)
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T'ig. 2 in Lucchi et al., 2008)
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3 in Lindsay et al., 2001), cooling crust Ma) Tara ignibrite andesitic rocks
Intrusive Baked contact (Guillou et al., 1996) ? dHlﬁ_rl:(;:gtlc;;;C island of EI Basalt?
contact (1C) Metamorphism effect (Khalaf et al., Between the sequences and granitic

including con Tens of Ma
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2010) rocks
concordant and - - - - - - — - -
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the Wudalianchi volcano group. There are three
volcanoes, namely the Bi Jia Mountain volcano (BJM),
Lao Hei Mountain volcano (LHM) and Huo Shao
Mountain volcano (HSM). The LHM includes tens of lava
flows that erupted from January 14, 1720 to March 18,
1721 according to the historical documentations (Chen

and Wu, 2003). The HSM includes several lava flows that
erupted following the LHM from April 26 to May 28,
1721. The BIM includes several lava flows that erupted
from 0.38 to 0.24 Ma and at 0.16 Ma (Li et al., 1999).
ECB can be formed by repeated eruption with very
short life span (Table 1). Depending on velocity and
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viscosity of magma eruption (Lockwood and Hazkett,
2010), different lava flows may occur. The ECB due to
such eruption is thought to be conformable when its
occurrence is concordant with adjacent volcanic flow units
in the lower part of LHM and HSM (Fig. 1a) and when no
hiatus or short hiatus is discernable. EUB may correspond
to local hiatus for a specific eruptive phase. Unconformity
might have developed due to a shift in eruptive focus
during growth of the cone of LHM such as the cinder cone
in northern California, USA (Lockwood and Hazkett,
2010). Furthermore, the boundary can be identified as
EAUB when the modes of occurrence of the flow are
different between the lower part and the cone of LHM and
HSM (Fig. 1a). Such a boundary resulted from transition
from subtle eruption to violent eruption. In addition, the
EAUB is Formed by overlap flow units which come from
different directions of LHM and HSM. On the other hand,
the EUB can also be called EPB when young pyroclastic
flows or lahars erode the older’s and their occurrences are
concordant.

2.2 Eruptive interval unconformity boundary (EIUB)

There are some boundaries existing between volcanoes or
part of volcanoes, which were formed during the eruption
phase or epoch with time intervals from years to thousands
of years. The EIUB can be subdivided into the EIPB and
EIAUB. The difference between the EIPB and EIAUB is
the occurrence of the underlying and overlying volcanoes or
part of volcanoes. A boundary is called EIPB when the
occurrence is concordant between adjacent volcanoes, such
as the weathering crust of the lower part of BIM, otherwise
it is called EIAUB, such as the weathering crust of the
upper part of BIM that borders with LHM.

Both of the above volcanostratigraphic boundaries have
hiatus and discernable erosion (Table 1). At least, some
parts of cooled crust of lava flow or fine layers in the
upper part of a volcano are not visible. Weathering crust,
such as BJM, is usually developed in such places (Fig. 1a).
Sometimes, there are sedimentary rocks above the lower
part of a volcano.

2.3 Tectonic unconformity boundary (TUB)

TUBs are also volcanostratigraphic boundaries among
volcanoes or volcanic fields and regions that were formed
during an eruptive period or epoch with time intervals
from tens of thousands to millions of years (Table 1). The
TUB is often an unconformity between two members or
formations whose bedding planes are discordant. There are
two boundary relationships. One is presented as contact
between the overlying sedimentary rocks (ca. hundreds of
meters thick) and the underlying volcanic rocks (left in
Fig. 1b), and the other is presented as a boundary formed

due to long-term exposure and erosion of the underlying
volcanic rocks(Xu et al, 2013a).

2.4 Intrusive contact (IC)

ICs are boundaries of intrusive rocks and subvolcanic
rocks accompanied with volcanic rocks and sedimentary
rocks such as sills, dikes, laccolites or stocks (Gu et al.,
2002; Wu et al., 2006; Rohrman, 2007; Rey et al., 2008;
Guo et al, 2013). There are two types of such boundaries,
namely concordant and discordant ones (Table 1).
Intrusive rocks can form any occurrence in any time after
eruption. Sills are concord to the country rocks, while
dikes and laccolites intrude the host rock layers (Lee et al.,
2006; Cukur et al., 2010). Subvolcanic rocks can form
dikes during volcanic eruption along magma feeder
conduits that cut the older country rocks (Fig. 1a).

3 Characteristics
Boundaries

of Volcanostratigraphic

Many classic marks of EUB and EIUB can be identified
in volcanic fields and buried volcanic rocks. Also, TUB
can be identified in buried volcanic rocks by using cores,
cuts, logging and seismic data. Such places are shown in
Fig. 2. This paper introduces the characteristics of
volcanostratigraphic boundaries based on typical volcanic
rocks of the Mesozoic in the northeast part of China,
including basaltic and rhyolitic rocks of the early
Cretaceous Yingcheng Formation, trachyte-andesite rocks
of the Late Jurassic Maoersan Formation in the Songliao
Basin and Late Jurassic Tamunagou Formation in the
Hailar Basin (Li et al., 2010) formed with the subduction
of the Paleo-Pacific plate beneath the Eurasian continent
and of the Mongolia-Okhotsk oceanic plate beneath the
Erguna massif (Xu et al., 2013b), respectively.

3.1 Eruptive uncomformity boundary (EUB)

Lithologies and textures are some of the signs of
eruptive boundaries, such as AA lava, blocky lava,
pahochoe lava, toothpaste lava (Lockwood and Hazlett,
2010) and the fore stepping-back stepping stacking pattern
(Rita et al., 1997). If any of theses lithologies and textures
or assemblies is found, the eruptive boundary could be
identified. Furthermore, the occurrence of flow units
below and above the boundary is the main principle
evidence of unconformity or conformity.

Fig. 3a shows boundary characteristics of basaltic
compound lava flow. Compound lava flows are divided
into 7 units according to the red oxidation zone that
represents original surface of lava flow (Fig. 3a/l, 1T). The
red oxidation zone is characterized by short hiatus
between lava flows. This zone has an amount of small and
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round vesicles, about centimeters thick Fig. 3a/IV). A
zone of relatively large and round pores is next to the
oxidation zone (Fig. 3a/IV). The middle part of lava flow
is characterized by 15% plagioclase phenocryst (Fig. 3a/
V), which is more than that in the upper part. Pipe-like
pores are developed in the lower part of lava flow (Fig. 3a/
II). Among lava flows the occurrence is discordant.
Therefore, this boundary is regarded to be a EAUB. A
typical feature of this boundary system is jagged,
crosswise curved surface (Fig. 3a/l, II). The scale of such
boundaries is dependent on the scale of lava flow.

Fig. 3b shows boundary characteristics of pyroclastic
flow. The boundary is jagged and curved as a result of
younger coarse flow eroding the top fine part of older
flow. The scale of the boundary depends on the scale of
pyroclastic flow. The boundary is therefore classified as
EUB because of its discontinuous record and the absence
of hiatus. In case the mode of occurrence of those flow
units cannot be measured, it is difficult to determine
whether a boundary belongs to EPB or EAUB.

3.2 Eruptive interval unconformity boundary (EIUB)
Fig. 4a shows that the weathered crust is about 0.5 m
thick, and consists of two parts, namely paleosol and
survival beds. The rocks, both under and over the weathered
crust, are gray basalt including breccia and vesicles (Fig. 4a/
P1, P2). In Fig. 4, the paleosol consists of red clay (Ca.
60%), angular fragment of quartz (Ca.5%) and feldspar
(Ca.15% ), round-angular rock debris (Ca.17% ) and
calcarcous layer (Ca.3%) (Figs. 4b, 4¢). The angular debris
(Ca.15%) in the upper part of the weathered crust is
autoclastic basalt of younger lava tflow that mixed with clay
(Fig. 4b/P3, P4). The round debris (5%) in the lower part of
the weathered crust was derived from erosion and
reworking of older lava flow (Fig. 4b/P5). The clay is red
and thick (Fig. 4b/P3, P5 and Fig. 4¢/P6, P7), while the
calcarcous layer is yellowish-green and thin (Fig. 4¢/Po6,
P8). Fig. 4d/P9, P10 shows that younger basalt lava flow
injects paleosol, which is called injection structure,
indicating there was loose deposit before the upper lava
flow erupted. The weathered crust suggests that the volcanic
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eruption interval and the older volcanic rocks underwent
erosion or reworking, and that the boundary is an EIUB.
The typical feature of EIUB is smoothly curved surface.
The scale of the boundary is dependent on the scale of
volcano or volcano group. When the mode of occurrence of
volcanic rocks cannot be measured, it is difficult to
determine whether a boundary is EIPB or EIAUB.

3.3 Tectonic unconformity boundary (TUB)
TUB can be illustrated by volcanostratigraphic
characteristics of the Yingcheng Formation in the

IL.sketch of section

Songliao Basin (Fig. 5). The relationship between well
depth and reflection time of seismic wave is built by using
sonic logging data. The contact between the frontier of
older volcanic rocks of the 1st member of the Yingcheng
Formation (K;yc¢') and young sedimentary rocks of the
2nd member of the Yingcheng Formation (K,yc?). The top
of K,yc' is abruptly terminated in lateral direction and the
most common pattern is onlap at the base of K yc’. The
bottom of the 3rd member of the Yingcheng Formation
(K,vc’) shows a downlap pattern. K yc” is absent in Well
YS201, whose time span is about 5 Ma (Wang et al., 2002,
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F-lelderspar; Q-quartz; Cal-calcite; V-vesicle. The samples at P3, P6 and P9 are loose. P1, P2, P5 and P8 are plane-polarized light. P4 and P10

are cross-polarized light.

1995). Therefore, the top boundary of K,yc' in this area is
tectonic unconformity. This type of boundary has two
shapes at least. The first is strong-amplitude curved plane
that follows the original landscape of volcanic field, and
the second is weak-amplitude curved plane resulting from
planation process. The scale of this type of boundary
depends on the scale of basin or volcanic field.

4 Discussions

4.1 Porosity related to volcanostratigraphic boundaries
4.1.1 Porosity characteristics of ECB and EUB in lava
flows

Fig. 6 shows four basaltic lava flow units. There is no
discernable erosion among flow units and its occurrence

cannot be measured. Pores are developed below ECB or
EUB. The porosity of a single lava flow decreases when it
is apart from the top boundary. The pores can be divided
into two parts: one is the top part with high porosity,
permeability and big throat radius because of abundant
vesicles and amygdales (Fig. 6 P1 and P3), and the other is
the middle and lower part with small porosity,
permeability and throat radius because of sparse or none
vesicles and amygdales (Fig. 6 P2 and P4). The porosity,
permeability and throat radius decrease gently in each part
and changes rapidly in the transitional zone between the
two parts, especially in the simple lava flow. Good
reservoirs are usually related to locations of ECB or EUB
in lava flows. However, porosity characteristics related to
boundaries in compound lava flows are different from
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those in simple lava flows. Firstly, the eruptive
unconformity boundary of compound lava flows appears
as a crosswise curve (Fig. 3a), but it is almost a plane in
the case of simple lava flows (Tang et al., 2013). This
means that good reservoirs in compound lava flows are
probably connected each other laterally, which is different
form simple lava flows, where no lateral connection is
distinguishable. Secondly, the thickness ratio of the pores/
vesicles belt to the sparse pore belt in compound lava
flows is higher than that in simple lava flows.

4.1.2 Porosity characteristics of EIUB in lava flows

The relationship between well depth and reflection time
can be described by using sonic logging data. The seismic
reflection profile presents a continuous boundary in the
Yingcheng Formation (Fig. 7a). This boundary has the
following characteristics. First, the rock above the boundary
is tuffaceous mudstone at wells YS101 and YS102, which is
located on the flank of volcanoYS1. The boundary is very
clear in the FMI image (Fig. 7b, 7d). Second, there is
weathered crust below the boundary at well YS1, which is
located on the top of volcanoYSI. It is characterized by
high gamma and low density and resistance in the static
FMI image (Fig. 7c). From the above it can be concluded
that the boundary belongs to EIUB, and furthermore it is
regarded to be a EIAUB according to the occurrence which
is measured by FMI logging.

Below the ETUB of wells YS101 and 102 is compound
rhyolitic lava flow. Core sample and cuts show that it is
rich in primary and secondary porosity, such as vesicles
(Fig. 7-P1) and spongy pores (Fig. 7-P2/3). The
characteristics of porosity in well YS101 and YS102 are
the same as those of the eruptive unconformity boundary
of compound lava flow in Fig. 6. The characteristics of
porosity in well YS1 is different from those of wells
YS101 and YS102. The porosity of well YSI changes
rapidly when it is further apart from the boundary, ranging
from a low-porosity belt about tens of centimeters thick to
a high-porosity belt of about 4 m thick with rapid porosity
decrease subsequently. Thus, the characteristics of
reservoirs of EIUB are different from those of EUB and
ECB, especially in weathered crust. The distribution
characteristics of porosity correlated to EIUB is similar to
tectonic unconformity boundary, which is a large-scale
volcanic weathered crust of the Carboniferous in northern
Xinjiang, China, but the thickness of the high-porosity
layer of EIUB is smaller than that of TUB (Wang et al.,
2011; Zouetal., 2011; Hou et al., 2012).

4.2 Filling units
boundaries
Volcanostratigraphic filling units are divided into the

related to volcanostratigraphic

following geologic bodies: lava flow unit/pyroclastic
deposit unit, cooling unit, volcanic edifice, member and
formation (Tang et al, 2012b). The lava flow unit/
pyroclastic deposit unit is the basic unit defined by
individual lava flow/pyroclastic flow from one eruptive
center and disperses along a given direction. It is
characterized by continuous change of dipping directions
and angles. The cooling unit is characterized by the same
cooling history and generally is overlapped by lava tflow
unit/pyroclastic deposit unit with similar dip and direction.
The volcanic edifice is overlapped by cooling units mainly
around the eruptive center. The dip angle and thickness of
volcanic rock decrease from the central part to the distal
parts along a given edifice limb.

Fig. 1a shows that a lava flow unit/pyroclastic deposit
unit and cooling unit confined by ECB and/or EUB are
generally tens of meters thick and thousands of meters in
extent, and characterized by continuous change of dip
directions and angles. This means that ECB and/or EUB is
related to the lava flow unit/pyroclastic deposit unit or
cooling unit. This figure also illustrates that volcanic
edifices confined by EIUB are generally hundreds of meters
thick and several kilometers in extent, and is characterized
by continuous change of dip directions and angles. This
means that EIUB is
Stratigraphic members or formations confined by the TUB
are generally hundreds of meters thick and tens of
kilometers in extent. This means that TUB is related to
members or formations of strata. In one word,
volcanostratigraphic boundaries are related to the type of
filling units.

related to volcanic edifices.

5 Conclusions

According to time span and dynamic features of the
formation of boundaries, volcanostratigraphic boundaries
can be divided into ECB (eruptive conformity boundary),
EUB (eruptive unconformity boundary), EIUB (eruptive
interval unconformity boundary), TUB (tectonic
unconformity boundary) and IC (intrusive contacts).
Furthermore, the EUB includes EAUB (eruptive angular
unconformity  boundary) and  EPB (eruptive
paraconformity boundary). The EIUB includes EIPB
(eruptive interval paraconformity boundary) and EIAUB
(eruptive interval angler unconformity boundary). The
TUB includes (TPB) tectonic paraconformity boundary
and (TAUB) tectonic angular unconformity boundary.

Time intervals of ECB and EUB are from several
minutes to years. There is cooling crust above and below
these surfaces in lava flows, or there is no discernable
erosion in all the boundaries in pyroclastic flows, airfalls
and lahar. These two types of boundaries may be curved
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or cross-curved and jagged and are distributed in relatively
small areas. The EUB is related to primary porosity. Pores
are developed below ECB or EUB. The porosity of a
single lava flow decreases when it is further apart from the
top boundary. Porosity, permeability and throat radius
change rapidly in the transitional zone between the upper
and the middle-lower part of lava flow.

Time intervals of EIUB are from decades to thousands
of years. There is weathered crust under the EIUB, and
sedimentary rocks overlie EIUB. In most cases, weathered
crust and thin sedimentary bed are associated with each
other laterally. The boundary is a smooth curve plane.
Characteristics of TUB are similar to those of EIUB. The
time interval of the tectonic unconformity boundary is
from tens of thousands to millions of years, and the
distribution scale is larger than that of EIUB. EIUB and
TUB are likely related to secondary porosity, especially
below weathered crust. High-porosity zones are probably
developed below EIUB and TUB of lava flows.

Acknowledgements

This study was supported by the National Natural
Science Foundation of China (41002038), the National
Major Fundamental Research and Development Projects
(2012CB822002 and 2009CB219304).

Manuscript received Mar. 20, 2014
accepted Nov. 25,2014
edited by Liu Lian and Liu Xinzhu

References

Andrews, G.D.M., Branney, M.J., Bonnichsen, B., and McCurry,
M., 2008. Rhyolitic ignimbrites in the Rogerson Graben,
southern Snake River Plain volcanic province: volcanic
stratigraphy, eruption history and basin evolution. Bull.
Volcano, 70: 269-291.

Cai Daoguan and Fu Guoxia, 1997. Classification and correlation
of Tong'anling-Niulaling volcanic strata in southern Hainan.
Regional Geol. China, 16(4): 348-358 (in Chinese).

Chen Hongzhou and Wu Xuejuan, 2003. Observation records of
the eruption of Wudalianchi volcanoes in 1720-1721 AD.
Seismol. Geol., 25(3): 491-500 (in Chinese).

Corsaro, R.A., Neri, M., and Pompilio, M., 2002. Paleo-
environmental and volcano-tectonic evolution of the
southeastern flank of Mt. Etna during the last 225 Ka inferred
from the volcanic succession of the ‘Timpe’, Acireale, Sicily.
J. Volcanol. Geothermal Res., 113: 289-306.

Cukur, D., Horozal, S., Kim, D.C., Lee, G.H., Han, H.C., and
Kang, M.H., 2010. The distribution and characteristics of the
igneous complexes in the northern East China Sea Shelf Basin
and their implications for hydrocarbon potential. Marine
Geophysical Research, 31: 299-313.

Fisher, R.V., and Schmincke, H.U., 1984. Pyroclastic Rocks.
Berlin: Springer, 472.

Gehring, 1., 2004. The use of grain-size dependent magnetic
susceptibility and gamma-ray measurements for the detailed
reconstruction of volcanostratigraphy: The case of La Fossa di
Vulcano, S. Italy. J. Volcanol. Geothermal Res., 138: 163—183.

Giannetti, B., and Casa, G., 2000. Stratigraphy, chronology, and
sedimentology of ignimbrites from the white trachytic tuff,
Roccamonfina Volcano, ltaly. J. Volcanol. Geothermal Res.,
96: 243-295.

Gourgauda, A., Thoureta, J.C., and Bourdier, J.L., 2000.
Stratigraphy and textural characteristics of the 1982—83 tephra
of Galunggung volcano (Indonesia): implications for volcanic
hazards. J. Volcanol. Geothermal Res., 104: 169—186.

Gu, L.X., Ren, Z.W., Wu, C.Z., Zhao, M., and Qiu J., 2002.
Hydrocarbon reservoirs in a trachyte porphyry intrusion in the
Eastern depression of the Liaohe basin, northeast China.
AAPG Bull., 86(10): 1821-1832.

Guillou, H., Carracedo, J.C., Torrado, F. P., and Badiola, E.R.,
1996. K-Ar ages and magnetic stratigraphy of a hotspot-
induced, fast grown oceanic island: El Hierro, Canary Islands.
J. Volcanol. Geothermal Res., 73: 141-155.

Guo Rui, Zhang Gongcheng, Zhang Jinwei, Zhao Xingbin, Liu
Junbang, Yuan Dawei and Song Shuang, 2013. Fingered
intrusion of shallow saucer-shaped igneous sills: Insights from
the Jiaojiang sag, East China Sea. Acta Geologica Sinica
(English Edition), 87(5):1306—1318.

Hou Lianhua, Zou Caineng, Liu Lei, Wen Baihong, Wu Xiaozhi,
Wei Yanzhao and Mao Zhiguo, 2012. Geologic essential
elements for hydrocarbon accumulation within Carboniferous
volcanic weathered crusts in northern Xinjiang, China. Acta
Petrol. Sinica, 33(4): 533-540 (in Chinese).

Isaia, R., Antonio, M.D., Erba, F.D., Vito, M.D., and Orsi, G.,
2004. The Astroni volcano: the only example of closely
spaced eruptions in the same vent area during the recent
history of the Campi Flegrei caldera (Italy). J. Volcanol.
Geothermal Res., 133: 171-192.

Jerram, D.A., 2002. Volcanology and facies architecture of flood
basalts. J. Geol. Soc. of Am., 362: 121-135.

Jia Bingwen and Zhang Junji, 1996. Discovery and research of
pyroclastic layers in coal Measures, late Carboniferous, north
part of Hebei and west parts of Liaoning. Acta Sedimentol.
Sinica, 14(2): 163—171 (in Chinese).

Khalaf, E.A.H., 2010. Stratigraphy, facies architecture, and
palacoenvironment of Neoproterozoic volcanics and
volcaniclastic deposits in Fatira area, Central Eastern Desert,
Egypt. J. African Earth Sci., 58: 405-426.

Lee, G.H., Kwon, Y.I.,, Yoon, C.S., Kim, H.J., and Yoo H.S.,
2006. Igneous complexes in the eastern Northern South
Yellow Sea Basin and their implications for hydrocarbon
systems. Marine Petroleum Geol., 23(6): 631-645.

Li Qi, Chen Wenji, Li Daming, Ji Fengju, Ren Jingzhang and
Yang Senlin, 1999. A chronological research on volcanic
rocks from the Wudalianchi area. Geol. Rev., 45(Sup.): 393—
399 (in Chinese).

Li Pingping, Ge Wenchun and Zhang Yanlong, 2010. Division of
volcanic strata in the northwestern part of the Hailar Basin:
Evidence from zircon U-Pb dating. Acta Petrol. Sinica, 26(8):
2482-2494 (in Chinese).

Lindsay, J.M., Silva, S., Trumbull, R., Emmermann, R., and
Wemmer, K., 2001. La Pacana caldera, N. Chile: a re-
evaluation of the stratigraphy and volcanology of one of the
world's largest resurgent calderas. J. Volcanol. Geothermal



174 Vol. 89 No. 1

ACTA GEOLOGICA SINICA (English Edition)

Feb. 2015

http://www.geojournals.cn/dzxben/ch/index.aspx  http://mc.manuscriptcentral.com/ags

Res., 106: 145-173.

Liu Cai, Yang Baojun, Wang Zhaoguo, Wang Dian, Feng Xuan,
Lu Qi, Liu Yang and Wang Shiyu, 2011. The deep structure of
the western boundary belt of the Songliao basin: the
geoelectric evidence. Chinese J. Geophys., 54(2): 401—406 (in
Chinese).

Lockwood, J.P. and Hazlett, W.R., 2010. Volcanoes-Global
Perspectives. Hoboken, USA: Wiley Blackwell, 147-165,
292.

Lucchi, F., Tranne, C.A., Astis, G.D., Keller, J., Losito, R., and
Morche, W., 2008. Stratigraphy and significance of Brown
Tuffs on the Aeolian Islands (southern Italy). J. Volcanol.
Geothermal Res., 177: 49-70.

Madeira, J., Mata, J., Mourdo, C., Silveira, A.B., Martins, S.,
Ramalho, R., and Hoffmann, D.L., 2010. Volcano-
stratigraphic and structural evolution of Brava Island (Cape
Verde) based on®Ar/’Ar, U-Th and field constraints. J.
Volcanol. Geothermal Res., 196: 219-235.

Meng Xianfeng and Gao Jianbin, 2004. Division of cartographic
unit in the Mesozoic continental volcano-deposit Basin in
northern Hebei, China. Geol. Survey Res., 27(1): 58—63 (in
Chinese).

Miyaji, N., Kan’no, A., Kanamaru T., and Mannen K., 2011.
High-resolution reconstruction of the Hoei eruption (AD
1707) of Fuji volcano, Japan. Journal of Volcanology and
Geothermal Research, 207: 113—129.

Rey, S.S., Planke, S., Symonds, P.A., and Faleide J.I., 2008.
Seismic volcanostratigraphy of the Gascoyne margin, Western
Australia. J. Tolcanol. Geothermal Res., 172(1-2): 112—131.

Rita, D.D., Giordano, G., and Milli S., 1997. Fore stepping-back
stepping stacking pattern of volcaniclastic successions:
Roccamonfina volcano, Italy. J. Volcanol. Geothermal Res.,
78: 267-288.

Rohrman, M., 2007. Prospectivity of volcanic basins: Trap
delineation and acreage de-risking. A4PG Bull., 91(6): 915—
939.

Salvador, A., 1987.Unconformity-bounded stratigraphic units.
Geol. Sot. Am. Bull. 98: 232-237.

Single, R.T., and Jerram, D.A., 2004. The 3D facies architecture
of flood basalt provinces and their internal heterogeneity:
examples from the Palacogene Skye Lava Field. J. Geol. Soc.,
161: 911-926.

Sohn, Y.K., Park, J.B., Khim, B.K., Park, K.H., and Koh, G.W.,
2002. Stratigraphy, petrochemistry and Quaternary
depositional record of the Songaksan tuffring, Jeju Island,
Korea. J. Volcanol. Geothermal Res., 119: 1-20.

Sun Xiaomeng, Liu Cai, Zhu Defeng, Wu Yangang, Zheng
Changqing and Wang Xiaoxian, 2011. Geophysical features
and tectonic attribute of the Derbugan fault in the western
slope of Da Hinggan ling mountains. Chinese J. Geophys., 54
(2): 433-440.

Tang Huafeng, Bai Bing, Bian Weihua, Wang Liyuan and Sun
Haibo, 2012a. Quantitative models of strata texture within
volcanic edifices of the Yingcheng Formation in the Songliao
Basin, NE China. Acta Petrol. Sinica, 33(4): 541-550 (in
Chinese).

Tang Huafeng, Li Ruilei, Wu Yanhui, Feng Xiaohui and Wang
Liyuan, 2011. Textural characteristics of volcanic strata and
its constraint to impedance inversion. Chinese J. Geophys., 54
(2): 620-627 (in Chinese).

Tang Huafeng, Sun Haibo, Gao Youfeng, Yi Jian and Yao

Ruishi, 2013. Types and characteristics of
volcanostratigraphic boundary and Its signification of
reservoirs. J. Jilin Univ. (earth science edition), 43(5): 1320—
1329 (in Chinese).

Tang Huafeng, Zhao Mifu, Shan Xuanlong and Wang Pujun,
2012b. Characteristics of volcanic stratigraphy’s unit and
seismic stratigraphy of the Yingcheng Formation in Songliao
Basin, NE China. OGP, 47(2): 323-330 (in Chinese).

Thomson, K., 2005. Volcanic features of the North Rockall
Trough: application of visualization techniques on 3D seismic
reflection data. Bull. Volcano, 67: 116—128.

Wang Jinghong, Jin Jiuqiang, Zhu Rukai, Mao Zhiguo, Wang
Zhiyong and Tang Zhiqi, 2011. Characters and distribution
patterns of effective reservoirs in the Carboniferous volcanic
weathering crust in northern Xinjiang. Acta Petrol. Sinica, 32
(5): 757766 (in Chinese).

Wang Pujun, Du Xiaodi, Wang Jun and Wang Dongpo, 1995.
Chronostratigraphy and stratigraphic classification of the
Cretaceous of Songliao basin. Acta Geologica Sinica, 69(4):
372-381 (in Chinese).

Wang, P.J., Liu, W.Z., Wang, S.X., and Song, W.H., 2002.
“Ar/Ar and K/Ar dating on the volcanic rocks in the
Songliao Basin, NE China: constraints on stratigraphy and
basin dynamics. International Journal of Earth Sciences, 91
(2): 331-340.

Wang Pujun, Xie Xiao’an, Mattern Frank, Ren Yanguang, Zhu
Defeng and Sun Xiaomeng, 2007. The Cretaceous Songliao
basin: volcanogenic succession, sedimentary sequence and
tectonic evolution, NE China. Acta Geologica Sinica (English
Edition), 81(6): 1002—1011.

Wu, C.Z., Gu, L.X., Zhang, Z.Z., Ren, Z.W., Chen, Z.Y., and Li
W.Q., 2006. Formation mechanisms of hydrocarbon reservoirs
associated with volcanic and subvolcanic intrusive rocks:
Examples in Mesozoic—Cenozoic basins of eastern China.
AAPG Bull., 90(1): 137-147.

Xu Changhai, Que Xiaoming, Shi Hesheng, Zhou Zuyi and Ma
Changgian, 2013a. The southward extension of Cathaysia
Block: Evidence from Zircon U-Pb dates of borehole
volcanics in the Northern South China Sea. Acta Geologica
Sinica (English Edition), 87(5):1370-1386.

Xu Wenliang, Wang Feng, Pei Fuping, Meng En, Tang Jie, Xu
Meijun and Wang Wei, 2013b. Mesozoic tectonic regimes and
regional ore-forming background in NE China: Constraints
from spatial and temporal variations of Mesozoic volcanic
rock associations. Acta Petrol. Sinica, 29(2): 339-353 (in
Chinese).

Zhang Yixia, Sun Yunsheng, Zhang Xingzhou and Yang Baojun,
1999. The Manzhouli-Suifenhe Global Geoscience Transect
(GGT) of Northeast China. Beijing: Geological Publishing
House, 1-20 (in Chinese).

Zou Caineng, Hou Lianhua, Tao Sizheng, Yuan Xuanjun, Zhu
Rukai, Jia Jinhua, Zhang Xiangxiang, Li Fuheng, Pang
Zhenglian, 2011. Hydrocarbon accumulation mechanism and
structure of large-scale volcanic weathering crust of the
Carboniferous in northern Xinjiang, China. Sci. China (Earth
Sci.), 41(11): 1613—1626 (in Chinese).

About the first author

TANG Huafeng, Male; born in June 1979; professor of Jilin
University. His researches focus on volcanostratigraphy and
volcanic reservoirs.



