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Abstract

Muddy baffles are one of the major geological factors controlling the underground fluid flow as well as the remaining oil
distribution. This study used detailed drilling data from the E,f; reservoir in the X Oilfield, Subei Basin, China, to
investigate the hierarchical muddy baffles developed on lacustrine delta fronts and their precise cross-well correlation.
According to the theories on allogenic and autogenic cycles as well as the genesis and scales of muddy baffles, five orders
of muddy baffles were classified, which provided various degrees of difficulty when attempting interwell correlation. Under
the guidance of a reliable stratigraphic model, the precise cross-well correlation of muddy baffles could be achieved and the
key point of establishment of this stratigraphic model was to calculate foreset angles of hierarchical muddy baffles during
deposition. During calculation, the relationships between sediment flow direction, higher-order strata dipping direction,
well types and well trajectory direction should all be taken into consideration and some other angles (referred to here as 0,
0, and 03) should also be measured. Such new methods of cross-well correlation for hierarchical muddy baffles could
greatly reduce the uncertainties and multiple solutions, which in turn would be significant for efficient development and oil
recovery enhancement in the reservoirs.
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1 Introduction

Muddy baffles refer to the non-permeable or poorly per-
meable mud rocks (Geehan et al. 1986; Zhang et al. 2004;
Shu 2006), which include mudstone, silty mudstone and
argillaceous siltstone in terms of lithology. They are usu-
ally well-identified physical interfaces, formed due to
weakened hydrodynamic conditions of sedimentation
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(Tripsanas et al. 2004; Olariu 2006; Smart et al. 2009).
Their thickness and spatial distribution vary significantly
due to the influence of different marine (lacustrine) flood-
ing scales and sedimentary environment changes (Miall
1988). Some of them can be as thick as several to tens of
meters, covering a vast area of tens to hundreds of square
kilometers, while some are only as thick as several to tens
of centimeters, with a limited distribution range of less than
one square kilometer; further smaller ones could be
roughly on the same scale as laminas, which could only be
clearly observed in hand specimen (Li et al. 2007; Guo
2011).

Muddy baffles greatly control the underground fluid
flow and remaining oil distribution in reservoirs (Weber
1986; Ainsworth et al. 1999; Jackett et al. 2014), especially
in the middle and later stages of water flooding develop-
ment, as they can seal the fluids in the vertical and (or)
lateral directions (Willis and White 2000). Therefore, fine
investigation of spatial distribution of hierarchical muddy
baffles is of great importance for the accurate prediction of
highly complex remaining oil distribution (Jackson and
Muggeridge 2000; Larue and Legarre 2004; Escalona and
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Mann 2006). However, it is still impossible to detect the
lamina-scale muddy baffles due to limited resolution of
geophysical data. Decimeter-to-meter-scale muddy baffles
can be easily identified in the single-well logging data, but
their correlation among wells is highly uncertain (Li and
White 2003), which greatly hinders the efficient develop-
ment of oilfields (Xu et al. 2012; Zhao et al. 2016).

Taking the E,f; reservoir of the X Qilfield, Subei Basin
as an example, this study analyzed the uncertainty of
hierarchical muddy baffle correlation based on the
sequence stratigraphy theory and proposed a new method
to establish stratigraphic development models in lacustrine
delta fronts by calculating foreset bed angles utilizing
drilling data. Such new method could effectively guide the
fine cross-well correlation of foreset beds (baffles) and thus
offer important practical reference for efficient develop-
ment and oil recovery enhancement in this kind of
reservoir.

2 Geological setting
2.1 Location

The Subei Basin refers to the onshore part of the Subei—
South Yellow Sea Basin. It is adjacent to the Tanlu Fault
and the Lusu Uplift in the west, the Sunan Uplift in the
South and the Yellow Sea to the east. The east—west
extending uplift separates the basin into three secondary
units, namely the Dongtai Depression in the south, Yanfu
Depression in the north and the Jianhu Uplift in the middle.
Within each depression, there are several sags and low
uplifts (Bao et al. 2013; Wu et al. 2017) (Fig. 1a). The X
Oilfield is in the Dayiji Structure in the west of the north
slope in the Gaoyou Sag, which is a south-lifting-north-
tilting faulted-nose structure reversely sealed by the Nor-
mal Fault 1 (Fig. 1b).

2.2 Geological background

The Subei Basin is a Tertiary terrestrial petroliferous basin,
which has gone through three development stages,
respectively, corresponding to formation of depressions,
faulted sags and again depressions (Qian 2001; Qiu et al.
2006). The Paleocene Funing Formation, the target of this
study, was deposited during the earlier depression stage
(83.0-54.9 Ma), when the Yizheng Orogeny led to west-
ward water flooding on the rugged topography as well as an
enlarged lake area and deeper water body. Then, the basin
entered the fault depression stage due to the influence of
the Wubao Tectonic Movement.

The Funing Formation can be divided into four members
from the bottom up, namely the coarse Ef;, fine Ef5,
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coarse Ef; and fine Ef;, which make up two source-
reservoir-cap assemblages (Liu et al. 2016). E f; is a set of
fluvial-deltaic deposits, with a lithology of mainly sand-
stone interbedded with mudstone and a thickness of
0-1000 m, which serve as the main reservoirs; Ef> is
identified as a set of lacustrine deposits, with dark gray—
black mudstones intercalated with marls and thin limestone
and dolomite, 0-350 m thick, serving as the source rocks
distributed throughout the basin; Ef; is a set of deltaic
deposits, with lithology of gray-dark gray mudstone
interbedded with silt-fine sandstone and a thickness of
0-300 m, and it is also one set of important reservoirs; Ef;
is a set of lacustrine dark mudstones with a thickness of
0-500 m, acting as good source rocks. The Wubao Tec-
tonic Movement resulted in the differential erosion of the
upper part of Ef; in most areas (Fig. 2), and the remaining
thickness varies in different areas.

The target layer is in the E,f;, corresponding to Gilbert-
type delta front deposits (Yin et al. 2009; Ji et al. 2013).
The segment RQ shows up in the CM diagram, indicating
the dominant saltation transportation of detrital compo-
nents (Fig. 3a). Therefore, it can be inferred that deltas in
this area are medium-sized ones with gentle fluvial slope
and relatively short river length. The lithologies are mainly
light gray-light brown arkosic lithic coarse silty quartz
sandstones and fine sandstones. Mineral contents are
identified in the thin sections: quartz (59%-61.2%),
orthoclase (9.7%—11.6%), plagioclase (6.1%—7.8%) and
lithic fragments (20.9%-22.3%). Deposits are featured by
low compositional maturity, good sorting, sub-rounded to
sub-angular roundness (Fig. 3b), low structural maturity,
and occasional quartz and feldspar secondary overgrowths.
The sand bodies are generally less than 4 m thick, inter-
calated with mudstones in thin layers. Such deposits can be
classified as high porosity, medium permeability reservoirs,
with the respective average porosities and permeabilities of
23.5% and 192 x 10 pm? measured by core analysis.

3 Analysis of hierarchical muddy baffles
3.1 Theoretical basis

Influenced by hierarchical tectonic activities and climate
changes, the base level presents different hierarchical
characteristics. Its rise and fall comprise hierarchical
cycles, referred to as allogenic cycles (Ji et al. 2012),
corresponding to the parasequence, parasequence set and
sequence in the low to high hierarchical order as divided in
the classic sequence stratigraphy theory (Vail 1987), or the
long-, medium-, short-term cycles as proposed by Cross
et al. (1992). The start or end of one cycle generally cor-
responds to the deposition of hierarchical muddy baffles.
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Fig. 1 a Division of tectonic units of the Subei Basin. The blank and
shadow sections represent the sags and uplifts of the basin,
respectively, showing the target oilfield is located on the north slope
of the Gaoyou Sag. The inset shows the location of the Subei Basin in
the world. b Structure diagram of the top surface of Ef} reservoir

In addition to allogenic cycles, there are some other
cycles uncontrolled by the base level variation, which are
referred to as autogenic cycles (Ji et al. 2012). Such cycles
are commonly controlled by several factors. (1) Variation
of hydrodynamics. For instance, suddenly increased
hydrodynamics at the delta front can lead to bifurcation and
avulsion of underwater distributary channels and thus the
lateral migration of delta lobes. (2) Terrain factors,

showing that the X Oilfield is in a south-lifting-north-tilting faulted-
nose structure reversely sealed by the Normal Fault 1 (referred to here
as the Dayiji Structure). The yellow points represent the locations of
wells and also shown are the connecting-well profiles of Figs. 9, 10,
11 and 12 as well as three major normal faults

including relief, gradient and slope direction. For example,
the delta lobes generally migrate more quickly in the steep
areas, while more slowly in the gentle areas where allo-
genic factors dominate. (3) Stability and vegetation of the
provenance. In the stable and highly vegetated provenance,
autogenic effects are weak as there are fewer landslides and
debris flows. (4) Other factors such as earthquakes, tsuna-
mis and other events that cause turbidity and debris flow.
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Fig. 2 Stratigraphic column of the Cretaceous—Tertiary of the Subei
Basin. The first member of the Funing Formation, with mainly
sandstone interbedded with mudstone lithology, is our study interval.

Autogenic forcing can contribute to the hierarchical muddy
baffles within or between single genetic units, such as those
within or between the individual mouth bars.

Therefore, it can be concluded that there are several
hierarchies of muddy baffles due to the common effects of
hierarchical autogenic and allogenic forcing, which lay the
theoretical basis for muddy baffle hierarchy analysis.

3.2 Hierarchy division of muddy baffles

Given the genesis associated with allogenic or autogenic
cycles, scales, lithological characteristics and correspond-
ing log responses, muddy baffles in the Paleocene, Funing
Formation, X Oilfield were classified into five hierarchies
which could also coincide with other interfaces or strata
units (Table 1).
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Some other geological conditions like ages, sea-level changes,
climatic changes, sedimentary facies as well as the tectonic move-
ments are also shown

The first-order muddy baffles refer to those on the top of
E.fi (Fig. 2), which are gray mudstones formed between
oil-bearing beds during the maximum flooding period,
interbedded with thin silty mudstone and argillaceous
siltstone. They are stably distributed, extending tens of
kilometers. Their thicknesses range from 5 to 8 m, with
relatively strong sealing properties. In the logging curves,
they coincide with the base line of spontaneous potential
and high natural gamma value (about 130 API) (Fig. 4).
Their development was deduced to be controlled by the
long-term base level cycles (third-order sequence). The
tropical to subtropical climate change as well as the
uplifting to subduction transition commonly contributed to
the maximum lacustrine flooding in the Subei Basin, which
resulted in the first-order muddy baffles. They are
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Fig. 3 CM diagram (a) and the typical casting thin section (b) form
the samples of E,f] reservoir. There is a noticeable segment RQ in the
CM diagram (a), representing the dominant saltation transportation of

detrital components. In the casting thin section (b), good sorting, sub-
rounded to sub-angular roundness and occasional secondary over-
growths of quartz and feldspar can be observed

Table 1 Hierarchical muddy baffles and their correlations with other strata units

Hierarchical Hierarchical Sequence boundaries of classical Base level cycles of high-resolution Oil layer Type of
muddy baffles architecture interfaces  sequence stratigraphy (Vail) sequence stratigraphy (Cross) units cycles
(Miall)
Ist 7th Sequence Long-term cycle Oil-bearing  Allogenic
sequence cycle
2nd 6th Parasequence set Middle-term cycle Oil-bearing
beds
3rd 5th Parasequence Short-term cycle Sand group
4th 4th Single Autogenic
layer cycle
Sth 3rd Individual
oil pay

comparable to the seventh-order interface by Miall (1988)
and are allogenic-cycle-related interfaces.

The second-order muddy baffles are between the sand
groups of E,f] (Fig. 2), which are light gray mudstones and
silty mudstones deposited during the secondary flooding
(Fig. 4b). They are stably distributed, extending several
kilometers with thicknesses ranging from 3 to 4 m. They
are also featured by the base line of spontaneous potential
and high natural gamma value (about 115 API) (Fig. 4).
Their development is thought to be controlled by the
medium-term base level cycles (parasequence set), corre-
sponding to the subprime flooding surface in the cyclic
lacustrine water level fluctuations. They are comparable to
the sixth-order interface of Miall (1988) and are also
allogenic-cycle-related interfaces.

The third-order muddy baffles are light gray mudstones,
silty mudstones and argillaceous siltstones (Fig. 4b), which
have a thickness range of 0.7-1.5 m and are characterized

by weak return in the SP curves and large variation
(90-115 API) in the natural gamma ray curves. Local and
temporary environment changes resulted in the fluctuation
of lake level and the occurrence of intermittent flooding,
which in turn caused the deposition of lobe complexes and
associated major sand sheet interfaces, i.e., the muddy
baffles. Therefore, the third-order muddy baffles were
probably controlled by the short-term base level cycles
(parasequence) and to some degree modified by autogenic
forcing. In addition, it is comparable to the fifth-order
interface of Miall (1988).

The fourth-order muddy baffles are light gray mud-
stones, silty mudstones and argillaceous siltstones
(Fig. 4b), with a thickness range of 0.4—1 m. They are too
thin to be recognized in the SP curves, but they present
certain amplitude differences (80-90 API) in the natural
gamma ray curves. Their development was controlled by
the variation of hydrodynamics, which resulted in the

@ Springer



456

Petroleum Science (2018) 15:451-467

Funing
formation| =120 sp -20

mV

30 GR 150
API

W ‘ssauyoIy

JsquinN
dnoub pueg

Sedimen-

tary log | Core photos |0 Rt s0

A
wkdd

Q.m

LU ‘sseuydIy |

50 —

Fig. B

100 —

200 (a)

(b)

Fig. 4 Five orders of muddy baffles and their corresponding log
responses as well as lithological characteristics. The first two orders
are mainly shown in a, and others are shown in b, the close-up of the
top sand group of the first member, Funing Formation. The log
responses refer to the spontaneous potential curve (SP), natural

avulsion and bifurcation of underwater distributary chan-
nels and further the lateral migration of delta front lobes.
These baffles were then formed between lobes, above
which are large-scale scouring surfaces. They are compa-
rable to the fourth-order interface of Miall (1988) and are
autogenic-cycle-related interfaces.

The fifth-order muddy baffles are light gray mudstones,
silty mudstones and argillaceous siltstones (Fig. 4b), with
thicknesses of only 0.3-0.5 m. Influenced by surrounding
rocks, there are some weak returns in the natural gamma
ray curves. They were developed within single-lobe bodies,
and they are actually accretion units formed in the constant
progradation of lobes toward the lacustrine basin center.
The interface of adjacent units indicates a short-term
temporarily static water environment, above which are
large-scale scouring surfaces. They are comparable to the
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gamma ray curve (GR) as well as the resistivity curve (Rf), and the
lithological features are characterized by core photographs and the
sedimentary log, with M, FSS, CSS and FS representing mudstone,
fine siltstone, coarse siltstone and fine sandstone, respectively

third-order interface of Miall (1988) and are autogenic-
cycle-related interfaces.

4 Cross-well correlation of hierarchical
muddy baffles

4.1 Various degrees of difficulties
in implementing cross-well correlation

Although hierarchical muddy baffles are isochronous and
can be easily identified in single wells, their distribution is
relatively unstable laterally, leading to various degrees of
difficulties in implementing cross-well correlation
(Table 2).

Higher-order muddy baffles, such as the first- and sec-
ond-order ones, are generally featured by large distribution
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Table 2 Controlling factors and correlation difficulties of five orders of muddy baffles

Broad Hierarchical muddy Controlling factors Difficulties of
hierarchies baffles correlation
Higher order Ist Allogenic cycles controlled by large-scale tectonic movements and Easy
2nd climatic changes
Medium order  3rd Allogenic cycles influenced by autogenic forcing Hard
Low order 4th Autogenic cycle Very hard
Sth

area and stable thickness, and thus, they can be easily
traced and correlated between wells within the depression
Or reservoir.

However, the lower-order muddy baffles, such as the
fourth- and fifth ones, have smaller distribution areas and
higher lateral discontinuity, making cross-well correlation
of them more difficult. Specifically, their distribution range
could be less than one well spacing (200 m) in the lacus-
trine strata, so correlation is unavailable. Such baffles have
important influence on the fluid flow and remaining oil
distribution during the water flooding stage in the oilfield.

The third-order muddy baffles are quite consistent
within the same time interval as they were influenced by
allogenic forcing (base level change). However, autogenic
cycles can modify characteristics of allogenic ones,
increasing the difficulty of interwell correlation. Specifi-
cally, when the autogenic forcing was intense to scour and
erode allogenic interfaces, interwell correlation could be
significantly difficult.

Therefore, it can be concluded that medium- and lower-
order muddy baffles are more difficult to correlate between
wells than the higher-order ones and are associated with
more uncertainties and multiple solutions.

4.2 Stratigraphic development model and cross-
well correlation

Stratigraphers and development geologists have been
working on a way to reduce the uncertainties and multiple
solutions in the correlation of hierarchical muddy baffles
(especially the lower-order ones). This study, attempting to
solve such problems, proposed a conceptual mode to
illustrate the development of hierarchical muddy baffles.
In terms of stratigraphic development modes, there are
mainly five types, respectively, involving onlapping,
denudation, retrogradation, progradation and accretion (Wu
2010). For deltaic deposits, progradation is more common
(Fig. 5) (Olariu 2006; Ahmed et al. 2014; Tan et al. 2017).

In this context, muddy baffles should be correlated obli-
quely. However, it is critically necessary to figure out the
scale of strata with the occurrence of such progradation.
For instance, for the strata correlation along the provenance
direction, there are two different results for the lower-order
strata correlation when higher-order strata are horizontally
correlated. Because both paleotopographical gradients and
sediment-supply parameters could influence the strati-
graphic model, gentler gradient and finer-grained sedi-
ments mean longer runout distance, and thus, the strata
would dip more gently and should be horizontally corre-
lated (Fig. 6a). On the contrary, in the successions with
steeper gradient and coarser-grained sediments, lower-
order strata should be obliquely correlated (Fig. 6b). Sim-
ilarly, if higher-order strata are obliquely correlated, there
are also horizontal and oblique correlation ways for lower-
order ones (Fig. 6¢, d). Therefore, it could be concluded
that progradation should be present in hierarchical muddy
baffles, which have also been demonstrated in the outcrop
studies (Fig. 5). Such multiple solutions confuse the cor-
relation of hierarchical muddy baffles among wells.

At present, the most commonly used methods to estab-
lish stratigraphic development modes are outcrop based
and seismic data based. The former one is favored by the
detailed observation and field measurement of target strata,
which can help build very fine stratigraphic development
models (especially for those medium- and lower-order
strata which are hard to recognize). However, generally
constrained by the outcropping conditions, higher-order
strata are not that traceable, making it difficult to build the
stratigraphic development mode. Moreover, most outcrops
are in the periphery of basins, while the subsurface reser-
voirs beneath them could be deposited in slightly different
environments, which makes the correlation difficult and
even impossible. The latter method is favored by its
capacity to show the 3D distribution of target subsurface
strata. However, the limited vertical resolution hinders the
reconstruction of medium- and lower-order strata such as
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those interfaces controlled by short-term and super-short-
term cycles, though higher-order strata can be recognized.
Difficulties also lie in the deeply buried strata.

In order to overcome the above problems, this study
proposed a new method to establish the stratigraphic
development models, which could greatly reduce the
uncertainties and multiple solutions in the interwell cor-
relation of hierarchical muddy baffles (especially the
lower-order ones).

5 Cross-well muddy baffle correlation based
on the hierarchical stratigraphic model

In order to better correlate muddy baffles between wells, a
strategy was proposed based on the hierarchical strati-
graphic model. First, the foreset angles of hierarchical
muddy baffles in the delta front during the deposition were
constructed based on core analysis, and then, the strati-
graphic development models of hierarchical muddy baffles
were established, which can further guide the correlation of
them between wells, especially for the medium- and lower-
order ones.

Fig. 6 Potential results of strata correlation in the delta front wherep
three virtual wells are arrayed along the provenance direction with
equal intervals. MSC and SSC, respectively, refer to the middle-term
and short-term base level cycles, with the red and dark lines
representing their respective boundaries. (a) Both MSC and SSC are
horizontally correlated, representing accretion in the stratigraphic
development model. (b) MSC are horizontally correlated, represent-
ing an accretion pattern; however, SSC are obliquely correlated
corresponding to a progradation pattern. In addition, if MSC are
obliquely correlated, there are also horizontal (c) and oblique
(d) correlation ways for SSC

5.1 Core-based calculation of muddy baffle
foreset angles

The foreset angles of hierarchical muddy baffles in the
delta front can be calculated by core-based fine measure-
ment and structural reconstruction of hierarchical muddy
baffle base interface. Since core logging is widely used in
reservoir analysis, this method is of general application.
Specific steps are as follows.

First of all, the angle between the muddy baffle base (or
top) interface and the vertical well trajectory line should be
measured based on core data. According to the core-elec-
tric calibration, base (or top) interfaces of hierarchical
muddy baffles should be identified in the core. Then, an
interface without obvious erosion was selected to measure
the angle between it and the vertical well trajectory line,

Fig. 5 Outcrop photographs showing the progradation of hierarchical
stratigraphic units of lacustrine delta front facies in Daihai Lake,
Inner Mongolia (provided by Xinghe Yu). a Within the single lobe,
there is a noticeable progradation for the lobe elements whose
boundaries are represented by yellow dashed lines. That means the
fiftth-order muddy baffles have a progradation pattern and should be
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obliquely correlated. b Also shown is the progradation pattern among
multiple single lobes, with the yellow solid lines representing their
boundaries. That indicates the fourth-order muddy baffles should also
be obliquely correlated. The two insets companied with outcrops
show the distributions of lobe elements (a) and single lobes (b) in the
planform
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Fig. 7 Core photographs of a fifth-order muddy baffle from Well W3
showing the measurement of the angle between the muddy baffle top
interface and vertical well trajectory line (6,). Lines a, b, ¢ represent
the well trajectory, vertical well trajectory line and top interface
without obvious erosion, respectively, and the final calculated result
of the 6, is 13.2 degree

expressed as 0. As shown in Fig. 7, a top interface of the
muddy baffle was recognized in the core from Well W3 in
the case study area and there is no obvious erosion between
that interface and the above sandstones. Then, the angle
between the top interface and the vertical well trajectory
line is identified as 13.2° in this case.

Then, the relationship between the sediment flow
direction and the higher-order strata dipping direction
could be identified, which could be either the same or
contrary (Fig. 8). In the case study area, the higher-order
strata correspond to the third-order sequence boundary,
which is actually the top interface of Ef;. As indicated by
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Fig. 8 Schematic drawing showing the calculation of foreset angles»
of muddy baffles in the delta front during deposition. The calculation
of the foreset angle can be divided into two major categories; the
sediment flow direction (i.e., the muddy baffles dipping direction) and
the higher-order strata dipping direction are the same (a) or are
contrary (b). For these two major categories, they could be subdivided
into three types according to the relationships among well types, well
trajectory directions and high-order strata dipping directions; they,
respectively, involve conditions of a vertical well (al and bl), the
well trajectory dipping opposite (a2 and b2) and the same (a3 and b3)
to that of the high-order strata

the structural contour map, the study area is a northward-
dipping fault-nose structure (Fig. 1). The provenance is in
the northwest, which means the relationship between
muddy baffles and higher-order strata dipping direction is
contrary, as the Case b in Fig. 8. At the same time, the
structural dipping angle along the provenance direction in
Well W3 is measured as 0, = 3.5°.

Meanwhile, the relationship among well types, well
trajectory direction and formation occurrence should be
analyzed, along with the deviation angle of the well tra-
jectory from the vertical. For instance, Well W3 is an
inclined well, with the trajectory from southeast to north-
west. The drilling direction is contrary to the dipping
direction of E,f; top interface (third-order sequence), cor-
responding to the Case b2 in Fig. 8. The deviation angle at
the target layer is measured to be 05 = 16.1°.

Finally, the foreset angle 0, of muddy baffles during
deposition can be calculated according to the relationship
between structural dipping, muddy baffle dipping, well
pattern and well trajectory. Again, taking Well W3 as an
example, both the drilling direction and the source flow
direction are contrary to the strata dipping direction.
Therefore, the calculation of foreset angles of muddy
baffles corresponds to the Case b2 in Fig. 8 and the final
result shows 6, is about 0.6°.

5.2 High-precision interwell correlation
of muddy baffles guided by a stratigraphic
development model

According to the above methods, foreset angles of hierar-
chical muddy baffles can be calculated in the case study
area, based on which hierarchical stratigraphic models can
be established. Such models can provide important guid-
ance to help achieve high-precision single-layer correlation
in the target layers in certain wells.
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Dip relationship between
muddy baffle and strata

Combination between well-type
and dip relationship

Foresetangle

conversion equation
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A
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Note: 6 is muddy baffle angle measured from core;

65 is angle of well inclination;

6, is stratigraphic dip;

6y is actual muddy baffle angle during deposition.
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Fig. 9 Cross-well profile (W3 is the cored well) along the source
direction showing the high-precision correlation of hierarchical
muddy baffles. The numbers and line segments, respectively,
represent the orders and the base of hierarchical muddy baffles. Note

The foreset angle calculation results indicate that there
are different stratigraphic development models. The foreset
angles of the first- and second-order muddy baffles are
about 0°-0.2°, which mean the horizontal correlation
should be adopted (Figs. 9, 10); those of the third-order
muddy baffles vary from 0.6° to 1.7°, with most values
larger than 1°, and accordingly, oblique correlation should
be used (Fig. 9, 10), and those of the fourth- and fifth-order
ones are 0.6°-1.8°, suggesting oblique correlation (Figs. 9,
10). Generally, the foreset angles are less than 2°, which
are consistent with the sedimentary paleotopographical
features of a Gilbert-type delta.

@ Springer

that the first- and second-order baffles are horizontally correlated and
other higher-order ones correspond to the oblique correlation. See the
location of this profile in Fig. 1

Based on the foreset angle calculation results and the
established stratigraphic development model, hierarchical
muddy baffles were recognized in the un-cored wells by
rock-electrical calibration. Furthermore, high-precision
correlation of muddy baffles along the source direction can
be implemented (Figs. 9, 10), results of which can be
shown in the cross sections across the source direction. It is
demonstrated that in the direction perpendicular to the
provenance direction, the sedimentary units bounded by the
first- to third-order muddy baffles present typical charac-
teristics of compensating accumulation, while those by the
fourth- and fifth-order muddy baffles show typical char-
acteristics of accretion accumulation (Fig. 11), which are
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Fig. 10 Another cross-well profile (WO is the cored well) along the source direction showing the high-precision correlation of hierarchical
muddy baffles. Details are the same to that of Fig. 9, and the location of this profile is also shown in Fig. 1

in agreement with the sedimentary architecture character-
istics of delta front deposits.

In order to further verify the reliability of the above
results, new drilling and logging data were analyzed to
investigate the injection—production effects. As shown in
Fig. 12, Well W43 is the injection well, while Wells W9,
W19 and W67 are production wells, among which Well
W67 is a newly drilled production well since the reservoir
was developed 11 years ago. There are four sand bodies in
the target layer, with the upper one a dry layer, the middle
two are oil layers, and the bottom is a water cut layer. The
oilfield water analysis indicates that the water in the water
cut layer at the bottom of Well W67 is from Well W43
rather than inherent formation water. It can be concluded
that the injected water in the Well W43 can only spread to
the bottom oil layers in the Well W67 due to the influence
of obliquely distributed muddy baffles. The middle and
upper three oil layers are not flooded. Therefore, it indi-
rectly demonstrates that the oblique correlation works well
in correlating the third- to fifth-order muddy baffles within

Ef, single layer, rather than the traditionally used hori-
zontal correlation.

It can be concluded that the core-based foreset angle
reconstruction method for muddy baffles in the delta front
is relatively reliable, which can effectively guide the fine
oil layer correlation within oil and gas reservoirs and thus
play a significant role in more effective development and
oil recovery enhancement of the oilfield.

6 Conclusions

1. The muddy baffles in E;f; can be classified into five
orders which, respectively, have exclusive lithologic
characteristics, log responses, scales and initiations.
Also, different orders of muddy baffles have various
degrees of difficulty when implementing cross-well
correlation.

2. Higher-order ones (first- and second-order baffles) are
controlled by allogenic cycles that resulted from large-
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Fig. 12 Cross-well profile showing the injection—production effects
under the control of hierarchical muddy baffles. W43 (injection well),
W9 and W19 (production well) were all drilled in the early
development stage, while W67 was the newly drilled production

scale tectonic movements and climatic changes, and
thus, they can be easily correlated between wells
within the reservoir and even act as regional cap rocks;
the third-order baffles are controlled by allogenic
cycles modified by autogenic forcing, which are
caused by local and temporary environment changes,
and hence, they are more difficult to correlate; lower-
order ones (fourth- and fifth-order baffles), controlled
by flow property changes and associated autogenic
cycles, have smaller distribution areas and higher
lateral discontinuity, causing multiple solutions in the
cross-well correlation of them.

3. Under the direction of a stratigraphic development
model, the correlation of hierarchical muddy baffles
could significantly reduce the uncertainties and mul-
tiple solutions. Therefore, well-constructed strati-
graphic models are critical. Traditional methods to
establish the stratigraphic development model are
based on outcrops or seismic data, which, however,
are very hard to build due to the insufficient abundance
or accuracy of these data. A new method, based on
core analysis, was proposed in this study to construct

Oil rock with injected water

well since the reservoir was developed 11 years ago. For the four sand
bodies encountered in drilling the target layer of W67, only the
bottom one has been flooded by the injected water of W43. Location
of this profile is also shown in Fig. 1

the stratigraphic model, which could efficiently solve
this crucial issue.

4. During the core analysis, it is most significant to

reasonably calculate foreset angles of muddy baffles
during deposition. Firstly, efforts should be made to
identify the muddy baffle base (or top) interface and
measure its dipping angle (the angle between the
interface and vertical well trajectory line, referred to
here as 0,); then, the relationship between muddy
baffle and high-order strata dipping direction (being
either the same or contrary) should be recognized and
the dipping angle of high-order strata (6,) should be
measured; according to the previously mentioned
information, along with the analysis of well types
and measurement of the hole deviation angle (6;), the
corresponding foreset angles of muddy baffles (6,)
could be accurately calculated.
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