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~ e e In order to probe anisotropy of magnetic susceptibility (AMS) characteristics of tide-influenced sediments, AMS ana-
e lyses and primary sedimentary structure observation and description were conducted on the borehole CM-97 samples
from Changjiang delta, China. Primary sedimentary structure (cross-laminations) observation and description were
based on a detailed examination of X-ray photographs of samples. Primary cross-laminations were found on 19 of 35
subcores, among which five subcores, A6, A7, B17, B30, and B38, have bidirectional cross-laminations. We found a
total of 35 cross-laminations on the subcore sections of tide-influenced sediments, of which 14 were distributed on the
five subcores with bidirectional cross-laminations. By their bidirectional dipping foreset laminae, the primary cross-
laminations clearly showed bidirectional flow features of the environments in which these sediments formed. Com-
paring the paleocurrent directions shown by these cross-laminations with those indicated by the in situ AMS data,
we found that more than 64% exhibited similar current directions, demonstrating that AMS can supply us with the
true paleocurrent directions for such sediments. From the downhole paleocurrent changes inferred from the in situ
AMS data, it was also clear that there were bidirectional flows during the deposition of these sediments and that
sediments deposited in different environments had different change characteristics with respect to downhole paleo-
currents. These differences among the muddy intertidal- to subtidal-flat sediments (unit 5), the Changjiang estuary
central basin sediments (unit 6), and the delta front sediments (unit 8) may have resulted from the different hydro-
dynamic conditions of these sedimentary environments. Furthermore, stratigraphic unit 5 was subdivided into three
parts based on downhole AMS characteristics, which may correlate with those subdivided according to downhole
paleocurrent changes. Therefore, besides its long recognized role in paleocurrent determination, AMS can also be used
to determine stratigraphic divisions and to reconstruct sedimentary paleoenvironments in detail.

ADDITIONAL INDEX WORDS: Changjiang (Yangtze River) delta, anisotropy of magnetic susceptibility (AMS), tide-
influenced, sedimentary structures, paleocurrent, cross-lamination.

INTRODUCTION as contourites (ABDELDAYEM et al., 1999; ELLwooD, 1980;
ErLwoop and LEDBETTER, 1977, 1979; ELLWOOD et al.,
1979; LEDBETTER and ErLLwooD, 1980; YOKOKAWA and
Franz, 2002), turbidites (ELLwooD and LEDBETTER, 1977;
LEDBETTER and ErLwoob, 1980), and submarine canyon
and fan sediments (REES et al., 1968). It has also been found

which reflects the preferred orientation of the magnetic min- useful in determining paleocurrents for mid-Proterozoic em-
erals in rock or unconsolidated sediments, i.e, its magnetic bayment shale (SCHIEBER and ELLwoOD, 1993), Palaeozoic

fabric (HROUDA, 1982; TARLING and HrRoUDA, 1993). AMS flysch shale (PIPER et al., 1996), modern beach sand sedi-

Any material acquires magnetization in a magnetic field
and thus has magnetic susceptibility, which is not always
isotropic but varies depending on the orientations of the rock
(Ising, 1942). This spatial variation of the susceptibility is
defined as the anisotropy of magnetic susceptibility (AMS),

has long been demonstrated to be a useful tool in paleocur- ¥nents (REES, 1965; TAIRA and LIENERT, 1979), aeolian sed-
rent determination, in particular for deep-sea sediments such iments (LAGROIX and BANERJEE, 2002), and laboratory-de-

posited sediments (REEs, 1965; REES and WoobALL, 1975).
DOI: 10.2112/03-0078.1 received 24 July 2003; accepted in revision AMS of experimental tidal flat sediments has also been re-

28 December 2003. ported elsewhere (ELLwOOD, 1984), and it has been demon-
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strated that AMS is applicable for paleocurrent determina-
tion of sediments deposited in coastal estuary and delta en-
vironments (LU et al.,, 2001).

AMS can be illustrated by an ellipsoid with three axes, rep-
resenting maximum (K,), intermediate (K,), and minimum
susceptibility (K,) of the sample (TARLING and HROUDA,
1993). This ellipsoid resembles the shape of sediment grains.
Generally, current direction is parallel to the direction (dec-
lination, D,) of maximum susceptibility (ABDELDAYEM et al.,
1999; REES, 1965; TARLING and HrRouDA, 1993). Thus, D,
can be used to discuss current directions.

The Changjiang (Yangtze River) of China is the longest riv-
er in Asia, with a length of about 6,300 km, a total catchment
area of about 1.8 X 10% km?, mean annual runoff of 893 X
10° m3, and mean annual sediment discharge of 481 X 106 t
(Lt and WaANG, 1998; MiLLIMAN and MEADE, 1983). A huge
incised valley formed during the Last Glacial Period and was
filled up by river, estuary, and delta sediments during the
postglacial sea-level rise (L1 et al., 2000). The present Cha-
ngjiang delta, a typical example of tide-dominated delta, has
been forming since the maximum Holocene transgression at
about 7 kyr BP (L1 and WANG, 1998; L1 et al., 2000; L1U et
al., 1992). At present, the Changjiang delta is in a meso- to
macrotidal environment, with an average tidal range of 2.6
m and a maximum of about 5.0 m, flood-tidal currents di-
recting to the northwest and ebb-tidal currents directing to
the south-southeast (L1 and WanG, 1998).

In this paper, we present further research results compar-
ing sedimentary structures and AMS data, and we discuss
downhole paleocurrent changes in borehole CM-97 as well as
AMS characteristics of tide-influenced sediments of the Cha-
ngjiang delta, China.

MATERIALS AND METHODS

A 70-m-long borehole core, CM-97 (latitude 31°37'29"N,
longitude 121°23'38"E; elevation 2.48 m; Figure 1), was
drilled in 1997 on Chongming Island by rotary drilling using
drilling mud. The borehole site was located in the incised
valley that formed during the Last Glacial Period in the Cha-
ngjiang estuary (Figure 1; L1 et al., 2000). Core recovery was
about 90%. Borehole CM-97 consisted of 39 separate sub-
cores, and all subcore samples were split lengthwise down the
middle into two halves. A total of 2543 discrete samples were
taken by continuously pressing standard 7-cm? plastic cubes
into the face of the working half. A detailed core description
and radiocarbon dates from the borehole are reported by
Hori et al. (1999, 2001a, 2001b).

Borehole CM-97, covering the period between 11.5 and 1.5
kyr BP, has been divided into nine stratigraphic units (HoR1
et al., 1999; Figure 2), of which units 2 to 9 were deposited
in tide-influenced environments (HORI et al., 2001a, 2001b).
In terms of separate subcores, 35 out of 39 subcores consisted
of tide-influenced estuarine or deltaic sediments. Samples for
this study were from the tide-influenced subcores, especially
subcores A7, B17, B30, and B38, which were deposited in
tide-dominated environments (HORI et al, 1999, 2001a,
2001b) and on which bidirectional primary sedimentary
structures (cross-laminations) have been observed.

120° 121° 122°

32°

31°

Figure 1. Location of borehole CM-97 and map of the Changjiang (Yang-
tze River) delta. The area between the two dashed lines shows the incised
valley of the Changjiang, which formed during the Last Glacial Maximum
(after Li et al., 2000). The inset rectangle shows the location of the study
area in China.

Initial low-field magnetic susceptibility (K) and its anisot-
ropy were first measured using a KappaBridge KLY-3S sus-
ceptibility meter. Following the recommendations of ELL-
wooD et al. (1988), JELINEK (1981), and TARLING and HrROU-
DA (1993), a set of AMS parameters that define mean mag-
netic susceptibility (K), corrected anisotropy degree (Pj),
magnetic lineation (L), magnetic foliation (¥), and the ellip-
soid shape factor (¢) were calculated and used to evaluate the
features of the magnetic fabric of the tide-influenced sedi-
ments as follows:

K= (K, +K, + K3
(Mean magnetic susceptibility, Nagata, 1961)

Pj = expV{2l(n, — n,)? + (n, — n,)% + (ng — n,)2)
(Corrected anisotropy degree, Jelinek, 1981)
L = K//K,

(Magnetic lineation,
Balsley and Buddington, 1960)

F = K,/K,
(Magnetic foliation, Stacey et al., 1960)

q = K, — K)HIK, + K2 — K,
(Shape factor, Granar, 1958)

Only the samples that satisfied primary magnetic fabric
criteria (HAMILTON and REES, 1970; HrRoUDA, 1982; TAR-
LING and HROUDA, 1993) were used in this study. In detail,
a sample that had a foliated ellipsoid with ¢ values less than
0.7 and K, directions lying within 25° of the vertical was con-
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Figure 2. Column section of borehole CM-97. The section was divided into
nine stratigraphic units; the sedimentary facies are shown on the right. Also
shown are the locations of the horizons (shown in Figure 4a—e) that are used
in the discussion of the sedimentary structures and AMS paleocurrents.

ms:medium sand
cs: coarse sand

sidered primary magnetic fabric and used in paleocurrent de-
termination.

The natural remanent magnetization (NRM) was then
measured and demagnetized using a three-axis 2G Enter-
prises cryogenic magnetometer with an inline alternating
field (AF) demagnetizer with a peak field strength of 80 mT.
First, all odd-numbered samples were subjected to incremen-
tal AF demagnetization at steps of 0, 5, 10, 15, 20, 25, 30, 35,
40, 50, 60, and 80 mT. Because the statistical and visual anal-
ysis of this detailed demagnetization spectrum showed that
most samples exhibited sufficient stability, we decided to
treat the remaining samples (the even-numbered samples) at
steps of 0, 20, 30, and 40 mT. Figure 3 shows typical exam-
ples of the demagnetization behaviors obtained. Combined vi-
sual (using stereographic and orthogonal plots) and statisti-
cal (using the principal component analysis of KIRSCHVINK,
1980) inspections of demagnetization data indicated that 20
mT AF demagnetization was sufficient to remove viscous
remanence and isolate the stable relative magnetic north di-
rection for most samples. The relative magnetic north direc-
tion at each sample level was then calculated from a linear
fitting of declinations obtained at 20 mT with depth and used
for reorientation of the AMS directions to their geographic
coordinates to obtain absolute paleocurrent directions (AB-
DELDAYEM et al., 1999).

Primary sedimentary structures (cross-laminations) were
described on the basis of detailed examination of X-ray pho-
tographs of the subcores. Paleocurrents were first inferred
from the dip of these primary foreset laminae and then from
the in situ AMS data. Paleocurrent directions from both the
sedimentary structures and the in situ AMS data were based
on the core coordinate system; i.e, paleocurrent directions are
to the left or right relative to the subcore section. By doing
so, we assumed that the subcore section was cut in the east-
west direction and that the AMS sample box was pressed into
the surface facing south; thus, downhole paleocurrent direc-
tions —90 and 90 determined from the in situ AMS data cor-
responded to left and right inferred from the primary cross-
laminations, respectively. Therefore, the current direction re-
sults, from both the primary cross-laminations and the in situ
AMS data, were in the same coordinate system and thus were
comparable.

Lower hemisphere equal-area projections of K, and K, were
also done on some samples using the reoriented AMS data to
obtain absolute paleocurrent directions.

RESULTS AND ANALYSIS
Sedimentary Structural Features

Sedimentary structures, especially cross-laminations with
clear foresets, can tell us the direction of the current when
the sediments were deposited (ALLEN, 1984; READING, 1996;
REINECK and SINGH, 1980). Based on the detailed examina-
tion of the X-ray photographs of the subcores, primary sedi-
mentary structures with clear cross-lamination were found
in 19 of 35 subcores, among which five subcores (A6, A7, B17,
B30, and B38) had bidirectional cross-laminations (Table 1),
showing that there were bidirectional flows, i.e, tidal cur-
rents. Primary cross-laminations were found in 35 horizons,
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Figure 3. Typical examples of direction and intensity changes during AF demagnetization of samples from borehole CM-97. Upper: Normalized NRM
intensity versus AF peak amplitudes. Sample depth and NRM of each sample are shown in the plots. Lower: Orthogonal projections (Zijderveld diagrams;
Z1IIDERVELD, 1976) of the stepwise demagnetization of the same samples. Units of each sample are shown in the plots. The NRM measurement for each
sample is marked with a larger symbol. Horizontal projections are marked with plus signs and vertical projections are marked with open squares. It is
clear that 20 mT of AF is enough to remove viscous remanence and isolate the stable relative magnetic north directions.

whose thickness ranged from 3 to 12 mm with an average of
7.7 mm (Table 1), with foreset laminae dipped to the left or
right relative to the corresponding subcore section (Table 1),
indicating current direction to the left or right, respectively.
In general, the primary sedimentary structures showed bi-
directional flow characteristics in these sediments.

Comparative Study of Paleocurrent Directions
Obtained From the Sedimentary Structures and the
In Situ AMS Data

To probe the AMS characteristics of tide-influenced sedi-
ments, we conducted detailed comparisons between the pa-
leocurrent results obtained from the primary sedimentary
structures and those indicated by the in situ AMS data, based
on the subcores with bidirectional cross-laminations.

In subcore A7, primary cross-laminations were found in
five horizons (Table 1, Figure 4a, 4b). Lamination A was lo-
cated between 8.922 and 8.930 m depth and had a thickness
of 8 mm and an apparent dip angle of 15°; it dipped to the
left, indicating a paleocurrent direction to the left, and the
corresponding paleocurrent direction estimated from the in
situ AMS data was also to the left (Table 1, Figure 4a). Lam-
ination B was located at 8.972 to 8.977 m depth and had a

thickness of 5 mm and an apparent dip angle of 15°; it also
dipped to the left, indicating a paleocurrent direction to the
left, and the corresponding paleocurrent direction from the
in situ AMS data was also to the left (Table 1, Figure 4a).
Lamination C was located at 8.988 to 8.993 m depth, with a
thickness of 5 mm and an apparent dip angle of 15°; it dipped
to the left, indicating a paleocurrent direction to the left,
while the corresponding AMS paleocurrent direction was to
the right (Table 1, Figure 4a). Lamination D was located at
9.657 to 9.664 m depth, with a thickness of 7 mm and an
apparent dip angle of 10-15°; it dipped to the left, indicating
a paleocurrent direction to the left (Table 1, Figure 4b). This
horizon did not correspond to one single AMS sample (Figure
4Db). Lamination E, located at 9.675 to 9.686 m depth, with a
thickness of 11 mm and an apparent dip angle of 20°, dipped
to the right, indicating a paleocurrent direction to the right,
and the corresponding AMS paleocurrent direction was also
to the right (Table 1, Figure 4b).

Among the paleocurrent directions determined from the
five cross-laminations in subcore A7 (Figure 4a, 4b, Table 1),
A, B, and E are in good accordance with those indicated by
the in situ AMS data (Figure 4a, 4b), while C is opposite to
that estimated by the in situ AMS data (Figure 4a), and D is
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Table 1. Primary sedimentary structures and paleocurrents relative to core section. The cross-lamination description is based on detailed examination of
X-ray photos. Paleocurrent directions are inferred from the dip of the foreset laminae. Note that cores A6, A7, B17, B30, and B38 had bidirectional cross-
laminations. The letters A, B, C, ..., N on the right side correspond to the cross-laminations on Figures 4a—e.

Foreset Description

Subcore K X
Direction and
Core Depth Thickness Horizon Thickness Apparent Angle (°) Paleocurrent
No. (m) (m) (m) (mm) of Dip Direction
A3 3.70-4.45 0.75 3.869-3.872 3 Right, 10 Right
A4 4.60-5.90 1.30 5.373-5.380 7 Left, 15 Left
A5 5.95-7.35 1.40 7.230-7.240 10 Right, 10 Right
A6 7.40-8.80 1.40 8.035-8.045 10 Left, 30 Left
8.172-8.180 8 Right, 20 Right
8.253-8.261 8 Left, 30 Left
AT 8.85-10.25 1.40 8.922-8.930 8 left, 15 Left A
8.972-8.977 5 Left, 15 Left B
8.988-8.993 5 Left, 15 Left C
9.657-9.664 7 Left, 10-15 Left D
9.675-9.686 11 Right, 20 Right E
B15 12.90-14.30 1.40 13.430-13.436 6 Left, 20 Left
B16 14.80-15.75 0.95 15.725-75.735 10 Left, 10 Left
B17 15.80-17.20 1.40 16.350-16.360 10 Right, 15 Right F
16.374-16.386 12 Right, 15 Right G
16.394-16.400 6 Left, 5 Left H
B25 27.55-29.60 2.05 28.203-28.210 7 Left, 30 Left
28.220-28.232 12 Left, 30 Left
B27 30.38-31.85 1.47 30.723-30.730 7 Right, 5 Right
B29 34.35-36.50 2.15 35.490-35.499 9 Left, 25 Left
B30 36.80-38.75 1.95 36.860-36.864 4 Right, 15 Right
37.068-37.071 3 Right, 10 Right I
37.073-37.080 7 Left, 30 Left J
37.770-37.780 10 Left, 20 Left
B31 38.80—-40.95 2.15 38.884-38.891 7 Left, 10 Left
39.156-39.162 6 Left, 20 Left
B33 43.30-45.45 2.15 44.388-44.397 9 Right, 10 Right
B34 45.55-47.70 2.15 45.593-45.598 5 Right, 10 Right
B35 47.80—49.95 2.15 49.370-49.380 10 Left, 20 Left
B37 52.27-54.40 2.13 52.540-52.551 11 Right, 20 Right
B38 54.50-56.65 2.15 54.698-54.702 5 Left, 10 Left K
54.714-54.723 8 Left, 20 Left L
54.757-54.765 8 Right, 20 Right M
54.771-54.785 14 Left, 19 Left N
B39 56.75-58.50 1.75 57.378-57.386 8 Right, 20 Right

not clear because it might have been divided into two AMS
samples (Figure 4b). Besides the sedimentary structures, the
in situ AMS data also showed bidirectional flow features (Fig-
ure 4a, 4b). However, no absolute paleocurrent directions
could be inferred for these sediments because the reoriented
K, scattered around the center on the lower-hemisphere
equal-area projections of K; and K, without clear imbrication
(Figure 4a, 4b).

In subcore B17, cross-laminations were found at three ho-
rizons (Table 1, Figure 4c). Lamination F, located at 16.350
to 16.360 m depth, with a thickness of 10 mm and an appar-
ent dip angle of 15°, dipped to the right, indicating a paleo-
current direction to the right, and the corresponding AMS
paleocurrent direction was also to the right (Table 1, Figure
4c¢). Lamination G, 16.374 to 16.386 m deep, 12 mm thick,
and an apparent dip angle 15° to the right, indicated a pa-
leocurrent direction to the right, with the corresponding AMS
paleocurrent direction also to the right (Table 1, Figure 4c).
Lamination H, 16.394 to 16.400 m deep, 6 mm tick, and an
apparent dip angle of 5° to the left, indicated a paleocurrent

direction to the left, but the corresponding AMS paleocurrent
direction was to the right (Table 1, Figure 4c). Among the
paleocurrent directions determined from these three cross-
laminations, F and G were in good accordance with those
estimated from the in situ AMS data (Figure 4c), while H
was not. The in situ AMS data did not show bidirectional flow
features even though the sedimentary structures showed bi-
directional flows (Figure 4c).

In subcore B30, cross-laminations were found at four ho-
rizons (Table 1). We selected the interval from 37.00 to 37.25
m depth for detailed comparison (Figure 4d). Lamination I,
at 37.068 to 37.071 m depth, was 3 mm thick and had an
apparent dip angle of 10° to the right, indicating a paleocur-
rent direction to the right, but the corresponding AMS paleo-
current direction was to the left (Table 1, Figure 4d). Lami-
nation J, 37.073 to 37.080 m deep, 7 mm thick, and an ap-
parent dip angle of 30° to the left, indicated that a paleocur-
rent direction was to the left, and the corresponding AMS
paleocurrent direction was also to the left (Table 1, Figure
4d). The paleocurrent determined from lamination J was in
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Figure 4. Comparison between paleocurrents determined from the sedimentary structures and those indicated by the in situ AMS data. (a) The section 8.85
to 9.05 m deep in subcore A7. (b) The section 9.50 to 9.75 m deep in subcore A7. (c¢) The section 16.20 to 16.45 m deep in subcore B17. (d) The section 37.00
to 37.25 m deep in subcore B30. (e) The section 54.65 to 54.85 m deep in subcore B38. On the left is the X-ray photo image, while on the right is the downhole
paleocurrent as determined from the in situ AMS data (D,). Primary cross-laminations are marked with rectangles on the X-ray photos and the paleocurrents
inferred are shown with open arrows pointing in the flow direction. For the downhole paleocurrents determined from the in situ AMS data, —90 represents
left, while 90 represents right. The cross-laminations A, B, E, F, G, J, K, L, and N are in good accordance with the in situ AMS data. Lower-hemisphere
equal-area stereographic projections of the reoriented K, (solid square) and K (solid circle) of these samples are also shown in the plot.
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Figure 4. Continued.

good accordance with that estimated by the in situ AMS data,
but the same was not true for lamination I (Figure 4d). How-
ever, it is clear that both laminations I and J were collected
as one AMS sample, not two separate samples (Figure 4d),
and lamination I was much thinner than J. Like the sedi-
mentary structures, the in situ AMS data also showed bidi-
rectional flow features clearly (Figure 4d). From the lower-
hemisphere equal-area projections of reoriented K, and K,
the paleocurrent direction seems to have been northwest to
southeast, but no absolute direction could be inferred because
there was no clear imbrication of K, (Figure 4d).

In subcore B38, cross-laminations were found at four ho-
rizons (Table 1, Figure 4e). Lamination K was located at
54.698 to 54.702 m depth, with a thickness of 5 mm and an
apparent dip angle of 10° to the left, indicating a paleocurrent
direction to the left, and the corresponding AMS paleocurrent
direction was also to the left (Table 1, Figure 4e). Lamination
L, 54.714 to 54.723 m deep, 8 mm thick, and an apparent dip
angle of 20° to the left, indicated a paleocurrent direction to
the left, with the corresponding AMS paleocurrent direction
also to the left (Table 1, Figure 4e). Lamination M, located
at 54.757 to 54.765 m depth, with a thickness of 8 mm and
an apparent dip angle of 20° to the right, indicated a paleo-
current direction to the right, but the corresponding AMS
paleocurrent direction was to the left (Table 1, Figure 4e).
Lamination N was located between 54.771 and 54.785 m
depth and had a thickness of 14 mm and an apparent dip
angle of 19° to the left, indicating a paleocurrent direction to
the left, and the corresponding AMS paleocurrent direction

was also to the left (Table 1, Figure 4e). Paleocurrents deter-
mined from the cross-laminations K, L, and N were in good
accordance with those indicated by the in situ AMS data; all
were to the left, but lamination M indicated a current direc-
tion opposite to that indicated by the in situ AMS data (Fig-
ure 4e). Both the sedimentary structures and AMS showed
bidirectional flow features in these sediments (Figure 4e).

In general, not only the primary sedimentary structures
but also the in situ AMS data showed bidirectional flow char-
acteristics in these sediments. Among 14 cross-laminations
discussed previously, nine (about 64.3%) showed the same
paleocurrent direction (either to the right or to the left as that
indicated by the in situ AMS data).

Downhole Paleocurrent Changes from the
In Situ AMS Data

Borehole CM-97 was divided into nine stratigraphic units
(HorlI et al., 1999), of which unit 5 was deposited in a muddy
intertidal- to subtidal-flat environment, unit 6 consisted of
Changjiang estuary central basin sediments, and unit 8 com-
prised delta front sediments (HORTI et al., 2001a, 2001b). We
used the in situ declination (D,) of maximum susceptibility
(K,) to obtain downhole paleocurrent changes for the whole
core section of these three stratigraphic units (Figure 5a, 5b,
5c¢).

The muddy intertidal- to subtidal-flat sediments, downhole
paleocurrent changes showed bidirectional processes very
clearly (Figure 5a). Based on downhole paleocurrent features,
this unit was subdivided into three parts: in the upper part
(36.80-37.87 m depth), there were regular bidirectional flows;
the middle part (37.87-39.20 m depth) was dominated by
right-directed unidirectional flow; and the lower part (39.20—
39.80 m depth) also showed bidirectional flow features, with
about two-thirds of the flows directed to the right (Figure 5a).
Absolute paleocurrent directions determined from lower-
hemisphere equal-area stereographic projections of reorient-
ed K, and K, for samples from the upper part of the unit also
indicated clear bidirectional flow features, shown by open ar-
rows, with K, of the samples imbricated to the northwest and
southeast (Figure 5a).

The Changjiang estuary central basin sediments also
showed bidirectional flow features, although they were quite
different from those of the muddy intertidal- to subtidal-flat
sediments (Figure 5a, 5b). These downhole paleocurrents
were not as regular as those of the intertidal- to subtidal-flat
sediments, but the whole stratigraphic unit resembled the
lower part of unit 5, i.e, bidirectional currents with right-
directed flows dominant.

Similarly, the delta front sediments also showed prevailing
current direction to the right, although some samples indi-
cated a left-directed current (Figure 5c). Compared with the
Changjiang estuary central basin sediments, the delta front
sediments seemed to be controlled to a greater degree by a
unidirectional current.

These differences between the downhole paleocurrent fea-
tures of units 5, 6, and 8 may reflect hydrodynamic differ-
ences among these three sedimentary environments.

In general, downhole paleocurrent changes in all the inter-
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Figure 5. Downhole paleocurrent changes. (a) Muddy intertidal to subtidal sediments. (b) Changjiang estuary central basin sediments. (c)Delta front
sediments. The downhole paleocurrents were inferred from the in situ declination (D,) of maximum susceptibility (K,). Left is represented by —90, while
right is represented by 90. The downhole paleocurrent features clearly show the bidirectional flows, indicating tidal processes, especially for the muddy
intertidal to subtidal sediments. Unit 5 strata were subdivided into upper, middle, and lower parts, with the boundaries marked by dashed lines. The
dotted lines show the boundary between two subcores. Lower-hemisphere equal-area stereographic projections of the reoriented K, (solid square) and K,
(solid circle) of the samples from the upper part of unit 5 also show bidirectional flow features (open arrows).

tidal- to subtidal-flat, Changjiang estuary central basin, and
delta front sediments showed bidirectional flow features,
even though there were differences among them.

AMS Characteristics of These Tide-Influenced
CM-97 Sediments

We use unit 5 as an example to discuss the AMS charac-
teristics of CM-97 tide-influenced sediments. As mentioned
previously, sediments of this unit were deposited in an inter-
tidal- to subtidal-flat environment (HoR1 et al., 2001a, 2001b).
Figure 6 shows the downhole changes in mean magnetic sus-
ceptibility (K), corrected anisotropy degree (Pj), magnetic lin-
eation (L), magnetic foliation (¥), and the shape parameter
(g) of unit 5.

There were obvious downhole changes in mean suscepti-
bility (K), which averaged 492.1 X 10-¢ SI, with a minimum
0f 374.6 X 107 SI and a maximum of 831.9 X 10-¢ SI (Figure
6). There were also obvious downhole changes in the correct-

ed anisotropy degree (Pj), which averaged 1.112, with a min-
imum of 1.047 and a maximum of 1.157 (Figure 6). The down-
hole changes in L, F, and g were different from those in K
and Pj, with only the changes in the middle part of the unit
like those of K and Pj, while the upper and lower parts were
without obvious downhole changes (Figure 6). The average,
minimum, and maximum values were, respectively, 1.011,
1.001, and 1.062 for L; 1.089, 1.030, and 1.129 for F; and
0.123, 0.006, and 0.615 for q.

Unit 5 can also be subdivided into three parts based on the
downhole changes in K, Pj, L, F, and g (Figure 6). The upper
part (36.80-37.63 m depth) had no obvious downhole changes
in L, E, or g, although there were obvious downhole changes
in K and Pj; the middle part (37.63-38.80 m depth) had ob-
vious downhole changes in all the parameters K, Pj, L, F, and
g, and the lower part (38.80-39.80 m depth) had no obvious
downhole changes in L, F, or g, although there were obvious
downhole changes in K and Pj, except near the bottom, where
F and q also changed obviously.

Journal of Coastal Research, Vol. 21, No. 5, 2005



AMS Characteristics of Tide-Influenced Sediments of Changjiang Delta, China 1039

K Pj L F q
(10° 81
400 800 1.081.12 1.021.06 1.05 11502 06
L by 1y Ll bbbyl

Upper part

37.40 ]

z

-1 @©

o

38.20 o

— ©

S E k=)

< s
5 —

o

g J
38.60 —
39.00 —

— h=d

©

_ o

o}

39.40 — 2

. —
39.80 —

Figure 6. Anisotropy of magnetic susceptibility characteristics of strati-
graphic unit 5. Downhole changes in mean magnetic susceptibility (K),
corrected anisotropy degree (Pj), magnetic lineation (L), magnetic folia-
tion (F), and the shape parameter (q) are shown in this figure. The strata
were subdivided into upper, middle, and lower parts based on downhole
changes in these parameters, with the boundaries marked by dashed
lines.

DISCUSSION

Primary sedimentary structures (cross-laminations) were
found in 35 horizons of the subcore section of borehole CM-
97 with the tide-influenced estuary or delta sediments. These
cross-laminations enabled us to determine current directions
during their formation. The bidirectional flow features, es-
pecially in the five subcores with bidirectional cross-lamina-
tions, indicated that these sediments were deposited by tidal
currents. Furthermore, absolute paleocurrent directions as-
certained from the reoriented AMS data from the upper part
of unit 5 also showed bidirectional flow features, with the
currents directed northwest and southeast. The directions
are in good accordance with the tidal features in this area (L1
and WANG, 1998). Unfortunately, we could not compare the
cross-laminations among different subcores because they do
not have the same cut direction when the subcores were split
into two halves. Otherwise, we might have been able to find
more bidirectional sedimentary structures.

Other sedimentary structures, such as sand-mud couplets,
representing daily tidal cycles and neap-spring tide cycles,
have also been found in the CM-97 samples (HORI et al.,
2001a, 2001b). In fact, sedimentary structures formed under
tidal processes have been widely found in the Changjiang del-
ta estuarine and deltaic sediments (L1 et al., 2000, 2001).
Therefore, these sediments were deposited in a strong tide-
influenced environment.

Comparison of the paleocurrents determined from the sed-
imentary structures and those indicated by the in situ AMS
data showed that more than 64% were in agreement with
respect to current direction. In the case of the other five cross-
laminations that indicated different current directions from
those indicated by the in situ AMS data, the differences in
AMS sample size relative to the thickness of the cross-lami-
nation may explain the discrepancy. In other words, many of
the cross-laminations were too thin to be able to control the
mean flow direction of the whole AMS sample in which they
were located. More than 68% of the cross-laminations were
less than 10 mm thick, which is much smaller than the thick-
ness of a single AMS sample (20 mm). A cross-lamination can
show the current direction of its horizon, while AMS data can
only indicate the mean current direction for the whole 20-
mm-thick stratum. We could infer the current direction from
the cross-laminations found, but we could not determine the
current direction of the other sediments for which no cross-
laminations were available and whose current directions
might or might not be the same as that of the part with the
cross-lamination. In addition, some cross-laminations, such
as lamination D, might have been cut into two parts and di-
vided into two samples (Figure 4b). On the other hand, two
thin cross-laminations, such as laminations I and J, also
might have been included in one sample (Figure 4d). Since J
is much thicker than I, it may have counteracted the effect
of I. These possibilities could result in the AMS data indicat-
ing a mean direction different from that indicated by a cross-
lamination located in the same horizon.

The characteristics of downhole paleocurrent changes dif-
fered among the muddy intertidal- to subtidal-flat, estuary
central basin, and delta front sediments, perhaps because of
hydrodynamic differences among these three sedimentary en-
vironments. Hydrodynamic conditions in the intertidal- to
subtidal-flat environment are controlled by typical bidirec-
tional flood and ebb tidal currents, with the speed of flood
tidal currents generally greater than that of ebb tidal cur-
rents (KLEIN, 1985). Hydrodynamic conditions of the estuary
and delta front environments are comprehensively influenced
by river flow, tidal currents, waves and wind, and other fac-
tors (N1icHOLS and Bigas, 1985; WRIiGHT, 1985). These hy-
drodynamic factors affect AMS, i.e, the alignment of mag-
netic minerals.

Sedimentary paleoenvironments since the Late Pleistocene
in the Changjiang estuary have been found to be controlled
by flood-tidal currents (L1U et al., 2001), and tidal currents
have been inferred to have been much stronger during the
Holocene transgression than at present (L1 et al., 2002),
which may be why downhole paleocurrent changes in the
Changjiang estuary central basin and delta front sediments
were dominated by unidirectional flow features.
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Magnetic susceptibility has been found very useful for
stratigraphic division and correlation (ARAI et al, 1997,
BARTHES et al, 1999; CRICK et al, 1997; ELLWOOD et al.,
1999; HELLER and L1u, 1982). Furthermore, downhole chang-
es in K, Pj, L, F, and q have been found corresponding well
to the nine stratigraphic units of CM-97 (L1uU et al., 2001). In
the present study we found that unit 5 could be subdivided
into three parts on the basis of both downhole paleocurrents
and downhole changes in AMS parameters (Figures 5a, 6).
When we examined changes in downhole AMS parameters
carefully, we found that the boundary mismatch might be due
to a single sample, e.g, the sample marked "B” near the
boundary between the upper and middle parts of Unit 5 (Fig-
ure 6). Without sample B, the boundary could be put at 37.87
m depth, which is exactly the same depth as the boundary
indicated by the downhole paleocurrent changes. Similarly,
the boundary between the middle and lower parts of unit 5
based on changes in downhole AMS parameters corresponded
to the sample marked "A” on the graph showing downhole
paleocurrent changes (Figure 5a). It would be better to put
the boundary between the middle and lower parts of the unit
at 38.80 m depth because it is clear that the downhole paleo-
current directions for the strata between 38.80 and 39.20 m
depth differed from those above 38.80 m depth even though
they were also right directed (Figure 5a), and the differences
above and below 38.80 m deep were quite clear with respect
to the changes in downhole AMS parameters (Figure 6).

CONCLUSIONS

Primary sedimentary structures (cross-laminations) were
observed in 35 horizons distributed on 19 of 35 subcores,
among which five subcores had bidirectional cross-lamina-
tions, showing that these sediments were deposited by bidi-
rectional currents. More than 64% of the cross-laminations
found on the five subcores with bidirectional flow features
indicated paleocurrent directions matching those inferred
from the in situ AMS data, even though more than 68% of
the cross-laminations were thinner than 10 mm, half thick-
ness of the AMS samples, demonstrating that AMS data can
supply us with true paleocurrent directions for coastal tidal-
influenced estuary or delta sediments. Downhole paleocur-
rent changes determined from the in situ AMS data also
showed bidirectional flow features of the intertidal to subti-
dal flat, Changjiang estuary central basin, and delta front
sediments, although the features indicating the changes dif-
fered in detail. These differences in the downhole paleocur-
rent changes of sediments deposited in different sedimentary
paleoenvironments may have resulted from differences in the
hydrodynamic conditions of the specific environment.

AMS characteristics of tide-influenced sediments from
borehole core CM-97 clearly showed the possibility of subdi-
viding strata in detail. The strata of stratigraphic unit 5 were
subdivided into three parts, showing that AMS may be useful
for determining stratigraphic divisions and for detailed re-
construction of sedimentary paleoenvironments.
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