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ARTICLE INFO ABSTRACT

Editor: Dr. Giorgio Basilici Paleowind is an important paleoclimate parameter, but its study has been limited due to the lack of research

methods. Recently, some researchers have proposed a method combining wind fields, waves, and the scale of

Keywords: ancient bar sand bodies to indirectly reconstruct paleowind. However, this method can only be used in lacustrine
Paieowmd environments since in existing reconstruction methods, the fetch—a necessary parameter approximating the
Paleowave

distance that wind blows—is difficult to obtain in marine environments. This study introduces the concept of
“fully developed waves”, eliminating the need of fetch, which improves the current method of reconstructing
paleowind using bars and extends its application to marine environments. The method is easy to operate and it
only needs two parameters: the thickness of longshore bars and the seabed slope. This study further focuses on
the bars of the Pinghu Formation in the Pingbei slope zone of the Xihu Sag within the East China Sea Shelf Basin.
Using the proposed method, the paleowind variations during the depositional period (37.2-35.5 Ma) were
reconstructed. The results show that the Xihu Sag was primarily influenced by easterly winds during this time,
with wind speeds ranging from 8.76 to 19.71 m/s. This method removes the limitation of using bars for quan-
titative paleowind reconstruction exclusively in lacustrine settings, thereby enhancing its application potential
and contributing to providing more data for paleoclimate reconstruction.

Longshore bar
Breaker zone
Xihu Sag

1. Introduction

Wind fields are the result of atmospheric circulation, influencing
temperature variations and precipitation patterns. Research on wind
fields is a critical topic in global climate change studies (Young et al.,
2011; Young and Ribal, 2019; Kifumbi et al., 2023; Chen et al., 2024).
Currently, studies on paleowind fields are relatively scarce, primarily
due to a lack of research methods. Most existing studies on paleowind
fields focus on qualitative analysis, such as winds’ directions or relative
strength (Lagroix and Banerjee, 2002; Troiani et al., 2011; Ge et al.,
2014; Xue et al., 2021; Mau et al., 2022; Hu et al., 2023; Liu et al., 2024;
Xie et al., 2024). This is because studying paleowind fields requires the
use of sedimentary records associated with wind activities, which are

hard to gain.

The influence of wind on sediments can be categorized into two
types: direct and indirect effects. Direct effects refer to the trans-
portation and modification of sediment particles directly by wind. By
establishing a relationship between the particle size of aeolian sediments
and the wind field’s transport capacity, paleowind can be reconstructed
using sedimentary dynamics principles (Davidson-Arnott and Bauer,
2009; Eastwood et al., 2012; Wang et al., 2018a). The sedimentary re-
cord used in these methods are deposited under the directly influence of
wind, making it highly correlated with the wind field and relatively
reliable (Bauer et al., 2009; Favaro et al., 2024; Liu et al., 2024).
However, aeolian sediments are relatively difficult to preserve in the
sedimentary record, so these applications are limited.
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In addition to acting directly on sediments, wind can also influence
sediment transport and modification indirectly by driving water bodies
in lakes or oceans to generate waves (Chai et al., 2024; Hu et al., 2024; Li
et al., 2024a). Compared to aeolian deposits, wave deposits are more
common. As waves propagate toward the shore, they can transport un-
consolidated sediments on the sea (or lake) floor and deposit large
amounts of sediment in the coastal zone, forming beaches and bars
(Airy, 1845; Le Roux, 2015; Wang et al., 2018b). During this process,
bars would record the information about the direction and magnitude of
ancient waves, making it feasible to reconstruct paleowind indirectly
after restoring ancient wave characteristics (Adams, 2003; Jiang et al.,
2018; Wang et al., 2018b).

Based on the research framework described above, Jiang et al.
(2018) proposed a method for reconstructing paleowind speed using
longshore bars in ancient lakes. Here is a brief introduction to this
method:

This method involves collecting three parameters for a single-phase
longshore bar: its thickness (t), the seabed slope (), and the paleofetch
of wind (F). The thicknesses of longshore bars are measured from rock
cores or well-log data and the seabed slope is obtained by paleo-
topograpgy reconstruction based on basin analyses. When t and «a are
known, the water depth of breaking waves (d,) can be calculated. And
then, water depth of breaking waves (d,) can be converted into breaking
wave height (Hj) by reading the graph of Goda (1970).

Besides, in this method, operator also have to identify the shoreline
of the ancient lake for measuring the distance between longshore bars
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and the edge of basin, which is used to estimate paleofetch (F). When
breaking wave height (Hj), which is assumed as the maximum height of
the waves, and paleofetch (F) are known, the speed of wind can be
calculated in this fetch-limited conditions.

In this method, paleofetch is a critical parameter, and errors in it
significantly impact the accuracy of wind speed reconstruction, which
makes the method difficult to use. Theoretically, the application of this
method is limited to lacustrine basins, since the method approximates
fetch as the distance from the location of longshore bar development
upwind to the edge of the ancient lake. For marine basins, it is
impractical to measure the entire width of an ancient ocean to determine
paleofetch.

Therefore, reconstructing paleowind in marine basins requires
addressing the challenge of paleofetch being unobtainable. To resolve
this issue, this study proposes a new method for reconstructing paleo-
wind by using longshore bars without the need for paleofetch. The
method is applied to the Pingbei slope zone of the Xihu Sag in the East
China Sea Shelf Basin, utilizing longshore bar deposits developed during
the Pinghu Formation to reconstruct paleowind for that period.

2. Principles and methodology
2.1. Sedimentary characteristics of longshore bar

Longshore bars are a type of bar deposit formed in the breaker zone
of nearshore environments. Its sedimentation processes are directly

Deep water zone | Shallow water zone |

Breaker zone
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Wave base
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Q Trajectory of water particle
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d, Water depth at the bar crest

Move direction of sediments

0 Landward bar slope
t, Thickness of'the longshore bar

d, Water depth at the landward trough

Fig. 1. Equilibrium model diagram of longshore bar (modified from Davidson-Arnott, 2011; Wang et al., 2021). (A) Movement trajectory of water particle blew by
wind. (B) Fully established longshore bar that has reached an equilibrium state. (C) Diagram of each parameter.
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controlled by breaking waves (Jiang et al., 2018). When waves propa-
gate from deep water to the shore, the water particles interact with the
seabed, causing waves deformation and their break down (Fig. 1A). The
energy of waves accumulation during the deformation and release when
they break. The area where the waves break is called breaking zone. It is
the first major energy dissipation zone of wave propagation. In this re-
gion, not only are large amounts of sediment carried by waves deposited,
but also loose clastic sediments in the area are reshaped by wave ac-
tivities (Davidson-Arnott, 2011). These processes work together to form
longshore bars. In addition to the dominant shoreward propagation of
waves, the breaker zone also features offshore-directed undertows
(Biausque et al., 2020). This bottom current can transport sediment
toward deeper water (Fig. 1B). Through repeated wave-driven transport,
sediments gradually accumulate in the breaker zone, leading to the
formation of longshore bars.

The self-organizational model is one of the most widely accepted
explanations for the formation of longshore bars (Dyhr-Nielsen and
Sgrensen, 1970). It posits that, when longshore bars form in the breaker
zone, sediments transported shoreward by dominant wave and sediment
transported seaward by undertow reach an equilibrium state. In this
equilibrium, the sediment transport rates in both directions are equal
over a given period. Under ideal conditions, when a longshore bar
achieves this balance with the waves, the bar’s position, thickness, and
water depth above its crest will remain constant (Coco and Murray,
2007).

The parameters mentioned above are determined by the waves that
create the longshore bar. Larger waves break in deeper water, resulting
in a larger bar, and vice versa (Ruessink and Kroon, 1994; Pruszak et al.,
1997). As a wave increases in size, the longshore bar migrates seaward
into deeper water, leading to an increase in water depth above the bar
crest and in the trough behind the bar. Conversely, if wave intensity is
weaker, the longshore bar would migrate shoreward, and its equilibrium
size becomes smaller.

2.2. Relationship between longshore bars and breaking waves

According to the self-organizational model of longshore bars,
although waves of different sizes produce longshore bars of varying
scales, the morphology of these bars remains consistent (Wang et al.,
2021). Due to the seabed slope, loose sediments slope toward the basin,
which creates asymmetry in the cross-shore profile of the longshore bar
(Fig. 1B). The offshore side of the bar tends to be relatively gentle, while
the nearshore side is steeper (Dyhr-Nielsen and Sgrensen, 1970;
Davidson-Arnott, 2011). On the other hand, the morphology of the bar is
generally uniform in the alongshore direction. As a result, descriptions
of longshore bars typically focus on their cross-shore asymmetry. A
commonly used parameter for characterization is Ry, which represents
the ratio of the trough depth behind the bar (d;) to the crest depth of the
bar (d,) (Wang et al., 2021), expressed as:

Ry =d,/dy (€))

The value of Ry, varies between longshore bars formed in different
regions and at different slopes (Wang et al., 2021). It is an empirical
value, generally considered to range between 1.4 and 1.7 (Evans, 1940;
Keulegan, 1948; Drgnen and Deigaard, 2007).

For longshore bars in the equilibrium state, there is a correspondence
between the bar thickness and wave conditions. Starting from the ideal
geometric morphology of longshore bars (Fig. 1C), the relationship be-
tween the thickness of the longshore bar (t;), the crest depth (d;), and
the trough depth (d;) behind the bar can be built, expressed as (Jiang
et al., 2018):

(d¢ — dp)tana

2
tand @

tb:dt_db“l‘

where a is the seabed slope on which the bar forms, and 4 is the land-
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ward bar slope.
Substitute Eq. (1) into Eq. (2), Eq. (2) can be simplified as Eq. (3):

tana
_ _ 3
ty = (Ra 1)(tan0+ 1)db 3)

Thus, the relationship between longshore bars and breaking waves
can be expressed quantitatively.

2.3. Relationship between waves and winds

Waves are generated by winds blowing over the sea (or lake) surface,
with stronger winds producing larger waves. Also, the size of waves is
controlled by the duration and distance the wind blows on the water
surface. Therefore, when studying wave size and wave characteristic
parameters, fetch (F) is an important consideration. For a constant wind
speed, larger fetch results in larger waves.

Waves cannot grow indefinitely as fetch increases, so waves that
form under sufficiently long wind durations and across sufficiently large
distances are called fully developed waves (Eyhavand-Koohzadi and
Badiei, 2022). When the wind is stable and sustained, characteristics of
the waves, such as period, height, and wavelength are considered con-
stant throughout their propagation until the waves enter the deforma-
tion zone near the shore (Fig. 1A). These characteristic parameters can
be directly calculated by wind speed. The specific calculation methods
will be presented later.

Fully developed waves form in deep-water regions and their particles
move as a circle, so they propagate toward the shore in a sinusoidal
shape (Fig. 1A). In 1845, Airy provided a description of the shape of fully
developed waves in deep-water regions under ideal conditions, so waves
in this stage are also known as Airy waves. The wavelength of Airy
waves (L,) can be calculated from wind speed as follows (Airy, 1845):

_ 2al?
g

L, 4

where U is the wind speed at 10 m above sea level, and g is the gravi-
tational acceleration (m/sz).
The height of Airy waves is given by:

2
g 2

= ®)

As waves propagate toward the shore, the water depth (d) gradually
decreases. When the water depth becomes less than the depth of the
wave base, the seabed begins to influence the waves, causing wave’s
deformation (Fig. 1A). Generally, the wave base is considered to be
located at approximately half the wavelength below the water surface,
which is L, /2, although some researchers prefer slightly different values,
such as L,/2.965 (Le Roux, 2007a; Le Roux et al., 2010).

During the wave deformation process, the wavelength gradually
decreases, while the wave height increases (Sakai and Battjes, 1980;
Davidson-Arnott, 2011). The formula for calculating the wavelength
after deformation is as follows (Le Roux, 2007a):

L, = \/ TLy[g(0.5H, + d) 2 ©

where T is the period, L is the wavelength at the break, and Hj, is the
wave height at the break.

The formula for calculating the wave height after deformation is as
follows (Le Roux, 2007b):

H,, = H,[aexp(bH,/L,) | @)
where a and b are coefficients given by:

a=0.5875(d/L,) *"%,d /Lo < 0.0844 ®)
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a=0.9672(d/L,)* — 045013d/LD 10.9521,0.0844 < d/LO <06 (9)

a=1,d/L, > 0.6 (10)

b = 0.0042(d/L,) >**"! an

It is important to note that for fully developed waves, their period (T)
remains unchanged despite variations in wave shape. This characteristic
distinguishes wave period from changes in wavelength and wave height.
The period (T) of fully developed waves is related to wind speed (U), and
the calculation formula is as follows:

2w
g

The shallower the water, the more pronounced the wave deforma-
tion, which means the lower stability of the wave. During deformation,
wave energy converges at the crest. Once it exceeds the critical
threshold, the wave breaks, forming breaking waves. Based on data from
CERGC, a critical condition formula for wave breaking is provided (Le
Roux et al., 2010):

T 12)

Hy = dy( — 0.0036a> + 0.0843a + 0.835) (13)
where dj, is the water depth at the break.

Thus, the relationship between the water depth (d,) and the wave
height (H,) at the break can be expressed by Eq. (13). It is worth noting
that Eq. (13) is an empirical formula validated for wave periods ranging
from 1 s to 6 s and seabed slopes between 0° and 11.3°.

2.4. Calculation process of paleowind strength

After establishing the relationships among longshore bar, wave, and
wind, the reconstruction of paleowind strength can be determined by
using the thickness of a single-period longshore bar. The process re-
quires geological data to obtain the bar thickness (t,) and paleoslope (a).
The steps are as follows: (1) Identify the maximum thickness of the
longshore bar (t) from core or logging data, and applying a decom-
paction correction to determine its original thickness (ty) during depo-
sition. The method used to determined decompaction correction will be
showed below. (2) Obtain the paleoslope (a) at the location of the
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longshore bar’s position by using seismic or other geological data. (3)
Substitute t; and @ into Eq. (3) to calculate the water depth at the break
(dp). (4) Substitute d, and @ into Eq. (13) to determine the wave height of
the break (Hp). (5) Set the initial value of wind speed U as 0, and then
calculate Eq. (5) and Egs. (7)—(11) simultaneously by gradually increase
the value of U until the H,, and Hj, values coincide. It is worthy to point
out that, if the initial value U is set incorrectly, the solution might be
wrong or incalculably.
The specific steps are illustrated in the flowchart in Fig. 2.

2.5. Verification of the method

The verification of a new technique or a new method is essential. The
method should be tested against record data to determine whether the
calculation result reflects reality accurately.

Therefore, a field study of Secret Harbour Beach in western Australia
is selected as a modern example to verify the method proposed in this
study. The field study was finished by Contardo and Symonds (2015),
who revealed a morphological response on a barred beach to variable
wave forcing over two summers and one spring. In this study, they
measured the profile of sandbar in nearshore, which can be used to
measure the thickness of the bars. Also, they recorded the wind speed
data during their observation. Thus, we can use the thicknesses of
sandbars to calculate the wind speed and compare to the record data to
verify our method.

The Secret Harbour Beach is selected as a modern example for the
following reasons: (i) it is located in a marine environment with no
nearby river input, making it a wave-dominated system; (ii) tidal in-
fluence is negligible here since the spring and neap tidal ranges of 0.7 m
and 0.2 m respectively; (iii) the area consists of sandy beaches, with a
median grain size of 0.22 mm, which satisfies the assumptions of the
self-organizational model.

The study conducted by Contardo and Symonds (2015) includes
three periods data: summer 2012, spring 2012, and summer 2013. We
used the published data from their work to obtain the average thickness
of longshore bar profiles for each of these periods, and calculated the
corresponding average wind speeds. Based on the field conditions
described in their paper, the parameter @ was assigned a value of 1.72°
according to local measurements when calculating wind speed from
sandbar thickness. The parameters 6 and Ry, are empirical values and are

Obtain thickness of Paleotopography Initial value of

longshore bars (7) reconstruction wind speed (U=0)

Eq.(14) § Eq.(16) v v E4.(5)
Decompaction Wavelength in deep |
correction (7,) Laleoslopei(a) water zone (L,) -

| Eq.(3) | Eq.(8-11) -

A 4

Water depth at Eq.(8-11) Coefficient E S
the break (d, ) aandb S<
L v
Eq.(13) { vEa-(D E ;
Wave height at . ” =
the break (H,) Wave Height (H) § E

[ [ £

compare the value H,#H,

between H, and H,

H.=H,

A

y

Wind speed (V)

Fig. 2. Flowchart of peleowind strength restoration.
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therefore 0 set to 32° and Ry to 1.6, which consistent with the values
used later in this study. The calculation results are shown in Table 1.

When comparing the calculated wind speeds to the average values of
the measured wind speeds, the maximum difference between them is
0.531 m/s of the data in summer 2013. This difference is significantly
smaller than the natural variability of wind speeds observed in the field,
which are all over 15 m/s. Therefore, it can be concluded that the
calculated wind speeds are generally consistent with the real wind
speeds, indicating that the paleowind reconstruction method proposed
in this study is feasible.

3. Application to the Pingbei slope zone, Xihu Sag
3.1. Background of study area

The Pingbei Slope Zone of the Xihu Sag is located in the northeastern
part of the East China Sea Shelf Basin and represents a key oil and gas
rich region within the basin. The Pinghu Formation, dates ~42.5-32.0
Ma, is a significant oil and gas reservoir within the Xihu Sag (Abbas
et al., 2018; Su et al., 2019; Wu et al., 2022; Guo et al., 2024; He et al.,
2024; Li et al., 2024b). Based on well-log and seismic data, the Pinghu
Formation has been divided into five third-order sequences.

Through core facies and log analysis, the fourth third-order sequence
of the Pinghu formation (SQ4, 37.2-35.5 Ma) is the focus of this study.
This period can be further divided into two systems tracts: the Trans-
gressive Systems Tract (TST) and the Highstand Systems Tract (HST). In
the TST, single sand body thicknesses are relatively thin and coal seams
are less frequent, so the depositional environment leans more toward a
shoreline setting. During this period, longshore bar deposits, which are
favorable for paleowind reconstruction, are relatively abundant. In
contrast, the HST is characterized by thicker sand bodies and an increase
in the quantity of coal seams, which implies a depositional environment
dominated by barrier island-lagoon system. During the HST, longshore
bar deposits are less frequent and less suitable for paleowind recon-
struction (Fig. 3).

Based on the Cenozoic Pacific sea-level reconstruction of Miller et al.
(2020), the East China Sea Shelf Basin experienced two significant ma-
rine transgressions during the Pinghu Formation period. The first was a
rapid sea-level rise at approximately 40.7 Ma, and the second was a
gradual rise at around 36.7 Ma, which aligns with the SQ4 identified in
this study. During this period, a sea-level rose by about 20 m, providing
water depth conditions conducive to the development of longshore bars.

Since initiation of exploration and development in the Xihu Sag,
extensive research on the sedimentary systems of the Pinghu Formation
has been conducted. Although opinions vary, the widely accepted
consensus is that the Pinghu Formation consists of coal-bearing strata
representing a transitional marine-terrestrial depositional environment,
with a significant tidal influence (Abbas et al., 2018; Cai et al., 2019; Li
et al., 2022; Wang et al., 2024; Xu et al., 2024).

This study reinterprets the sedimentary characteristics of the Pinghu
Formation based on approximately 150 m of core data from 17 wells.
Based on rock color, grain size, structure, and texture of the core, four

Table 1
Comparison between calculated wind speeds and recorded wind speed of Secret
Harbour Beach in Australia (according to Contardo and Symonds, 2015).

Date Average Average value of  Calculated Difference
thickness of measured wind wind speed
longshore bar speed (m/s) (m/s)
(m)
Summer ~0.874 ~6.419 6.802 0.383
2012
Spring ~0.861 ~6.533 6.751 0.218
2012
Summer ~1.065 ~6.977 7.508 0.531
2013
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primary sedimentary facies have been identified within the study area:
bar, barrier island, tidal channel, and lagoon (Fig. 4).

3.2. Paleowind strength estimation

3.2.1. Identification of fossil longshore bars

Identifying longshore bars is the first and foundational step in
reconstructing paleowind strength. As a type of shoreline bars, long-
shore bars represent the outermost bars, situated farthest from the shore.
Shoreline bars form in nearshore environments far from sediment
sources, and are shaped by waves, which result in strong hydrodynamic
conditions. Thus, longshore bars exhibit high compositional maturity
(Q/(R + F) > 70 %, where Q is quartz, R is lithic and F is feldspar). Also,
grain size of longshore bars typically ranges from fine-grained to
medium-grained sandstone, with occasional lenses of fine conglomerate.

A complete longshore bar deposit corresponds to a parasequence,
and its top and bottom boundaries marked by mud, which indicates the
flooding surfaces (Wang, 2016). This cycle reflects a gradual shallowing
water depth, so the longshore bar sand bodies typically exhibit a
coarsening-upward trend in the vertical profile. Occasionally, a fin-
ing-coarsening—fining composite grain-size pattern may appear, indi-
cating a depositional environment where wave energy gradually
weakened after bar formation.

Based on previous research by Taylor and Ritts (2004) and core data
in study area, we establish a typical succession of lithofacies of an
idealized longshore bars parasequence. An idealized vertical sequence of
longshore bars commonly includes, from bottom to top: massive
mudstone, usually offshore mudstone, represents suspension load fall-
out mud, indicate deep water; lenticular to wavy ripple laminated silt-
stone, pelitic strip silty to fine sandstone, ripple-laminated fine sand-
stone, planar cross-bedded fine to medium sandstone, massive medium
sandstone, parallel-bedded medium to coarse sandstone, low angle
cross-bedded medium sandstone, parallel-laminated fine conglomerate,
trough cross-bedded medium sandstone, and wavy ripple to lenticular
laminated siltstone, culminating in massive mudstone (Fig. 5).

It should be noted that due to the migratory nature of sandbars,
superposition of multiple longshore bars often occurs. When such su-
perposition is present, the paleowind reconstruction method proposed in
this study must be applied using the thickness of an individual longshore
bar rather than the cumulative thickness of multi-phase stacked bars.
Identification of single-phase sandbars should follow the facies sequence
criteria described earlier in the manuscript. For example, if the sedi-
mentary structure displays a marked shift in hydrodynamic ener-
gy—such as a transition from parallel laminate to lenticular
laminate—this should be interpreted as representing two distinct
sandbar-forming events.

In addition, since longshore bars form in relatively deeper water, a
decline in wind strength and wave energy may lead to earlier-formed
longshore bars being buried by fine-grained sediments, resulting in the
formation of a thin mudstone layer. Even if longshore bars from different
periods become superimposed, the presence of a black mudstone layer
between them can serve as a distinguishing marker. The mudstone
should be used as the basis for separating individual depositional events
during the identification of single-phase longshore bars.

Due to the limited amount of core data, reconstructing paleowind
usually requires identifying multiple phases of longshore bars in well-log
data. Therefore, existing methods for identifying shoreline bars in cores
and well-log data can also be applied to longshore bars (Jiang et al.,
2011). Longshore bars exhibit a coarsening upward trend overlain by a
fining upward trend, which could be discernible in well-log data with a
vertical resolution of 0.125 m. On gamma-ray (GR) logs, longshore bars
typically appear as box-shaped or funnel-shaped curves (Fig. 5). Based
on previous research on modern sediments and a statistical analysis
within the study area, the thickness of longshore bars generally ranges
from 0.5 to 3.5 m, rarely exceeding 5 m.

During the identification process, longshore bar phases should be
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Fig. 3. (A) Tectonic map of Xihu Sag, East China Shelf Basin (modified from Liu, 2020). (B) Generalized stratigraphic column of Xihu Sag, East China Sea Shelf Basin
showing tectonic evolution, lithologies and sequence (modified from Chang et al., 2021; Yan et al., 2024). Abbreviation: Sys.: System; Ser.: Series; Fm.: Formation;

Q: Quaternary.

labeled in accordance with the principle of chronostratigraphic corre-
lation. Each bar should then be analyzed sequentially to calculate its
corresponding paleowind strength, thereby reconstructing the temporal
variations in ancient wind strength. Based on the paleotopogrophy re-
constructions, four wells (cross-section AA’) were selected (Fig. 6). A
total of 35 longshore bars were identified within these wells.

3.2.2. Decompation correction of bar thicknesses

The study area lies at a depth exceeding 4000 m, where compaction
effects are significant, resulting in the thickness of longshore bars
identified in well logs being less than their original thickness (Jiang
et al., 2009). Therefore, to accurately reconstruct paleowind strength
using the thickness of longshore bars, a decompaction correction must
be applied to derive the initial bar thickness.

During the compaction process, the volume reduction in rock is
primarily due to compression of intergranular pore spaces, leading to a
significant decrease in porosity with increasing depth. Assuming the
framework grains of the rock remain undeformed during compaction,
and only the pore space is reduced, the pre-compaction thickness of the
bar can be approximated by the following equation (Jiang et al., 2018):

1—
q)t

= 14
1—¢, a4

to

where ¢ is the ancient thickness of the bar, ¢, is the ancient porosity of
the bar, ¢ is the current porosity of the bar, and t is the current thickness
of the bar.

Because of the limited amount of data, porosity data of both the
measured porosity (¢) and the initial porosity (¢,) for each identified
longshore bar may not be available. However, since porosity typically

decreases with depth following a predictable trend, the initial porosity
(o) can be calculated using a compaction equation, which is as follows
(Jiang et al., 2009):

¢ = poexp( — Ch) (15)
where C is compaction coefficient, and h is the burial depth of the bar.

The values of C and ¢, can be determined using measured porosity
data by plotting a curve of porosity versus depth and fitting the rela-
tionship. Using measured porosity data from Well B1, a compaction
equation for the Pingbei slope zone in the Xihu Sag was derived through
curve fitting (Fig. 7):

¢ = 52.2393exp( — 0.0003h) 16)
Therefore, t; of longshore bars at different depths can be calculated by
Eq. (14) and Eq. (16).

3.2.3. Value of paleoslope

The paleoslope (a) is an essential parameter needed for recon-
structing paleowind strength, as its magnitude influences both the wave
deformation process and the formation of longshore bars. A steeper
slope results in more intense wave deformation and a greater energy
release during wave breaking (Wang and Zou, 2016). The average
continental shelf slope is approximately 0.1°, while longshore bars
typically develop in the nearshore region of the inner continental shelf
(Jiang et al., 2020; Zhu, 2020). Modern observations and flume exper-
iments show that the inner continental shelf often displays a gradual
steepening of its slope onshore, suggesting that the seabed slope near the
shore is relatively steep (Bruun, 1962; Wang and Muto, 2021).

In order to study the range of a, a survey of slopes associated with
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Longshore Bar Tideway

Fig. 4. Sedimentary facies map of SQ4 sequence of the Pinghu Formation of
Pingbei slope zone.

longshore bar development in modern deposits is included in this study.
For example, in Chesapeake Bay in the United States, the slope at the
location of longshore bars is approximately 0.0052 or less, while the
nearshore slope of Terschelling Island off the northwest coast of the
Netherlands is 0.0056 (Dolan and Dean, 1985; Ruessink and Kroon,
1994). In Secret Harbour Beach in west Australia, the slope of the sandy
beach is about 0.03 (~1.72°) (Contardo and Symonds, 2015). Davidson-
Arnott (2013) thinks sandbar generation should occur with a nearshore
bed slope in the range of 0.005-0.03 (~0.3°-1.72°). We assume an
average slope of about 1° (~0.017). Notably, when the error in a values
is relatively small (<1° approximately), its influence on the paleowind
speed (U) calculations is negligible, as will be demonstrated later in this
text.

3.2.4. Calculation of paleowind strength

After performing decompaction corrections for the t, of longshore
bars and using the average « in the study area, paleowind strength can
be calculated. First, use the t; to determine the corresponding dj, by
using Eq. (3), assuming Rp= 1.6 and 6 = 32°. Once the d,, is obtained, the
wave’s characteristics can be derived further: use Eq. (13) to calculate
the wave height of breaker (Hp). Finally, an iterative computational
method using Egs. (7)-(11) determines the value of U when H, equals
H,.

Using multiple longshore bar data from well logs, the paleowind
strength variation in the study area from 37.2 to 35.5 Ma is recon-
structed (Fig. 8). The results indicate that wind speeds during this period
ranged from 8.76 to 19.71 m/s. When exam paleowind strength through
the time, paleowind variations in the transgressive systems tract (TST)
were relatively intense, showing significant high-frequency shifts with
four distinct peaks and troughs (Fig. 8). The maximum wind speed
variation reached 10.95 m/s. In contrast, variations in paleowind
strength during the highstand systems tract (HST) were relatively
moderate, with less pronounced and irregular fluctuations.
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4. Discussion
4.1. Effectiveness of the method

When waves propagate shoreward, they generally undergo multiple
breaks. Based on the characteristics of nearshore bars, the wave trans-
formation zones can be divided into the storm zone, shoaling zone,
breaker zone, reformation zone, surf zone, and swash-backwash zone
(Jiang et al., 2015). Among these, the breaker zone and the surf zone
exhibit greater energy variation and more sediment discharge, which
often leads to the formation of thicker “bars”. In contrast, the shoaling
and reformation zones are associated with less sediment discharge,
typically resulting in thinner “beaches” (Wang, 2016). The swash-
backwash zone can also create nearshore bars that serve as valuable
geological data for reconstructing paleowind strength (Wang et al.,
2018a).

The methodology for reconstructing paleowind strength proposed in
this study requires researchers to focus on longshore bars, which are
located at the outermost, farthest offshore position. This is because the
longshore bars are formed during the first break in waves, where the
relationship between H, and d, can be quantitatively expressed by Eq.
(13). Those bars formed closer to the shore result from subsequent wave-
breaking events, so they do not align with the assumptions of wave
energy and morphology outlined earlier in this study.

In real wave systems, sandbars often migrate in response to sea-level
fluctuations, which can lead to the superposition of multiple sandbar
bodies. It is important to note that the longshore bars used for paleowind
reconstruction must be single-phase bars; the cumulative thickness of
superimposed longshore bars is not applicable to the method proposed
in this study. This is because the quantitative relationship assumed be-
tween longshore bar thickness and break is derived based on the for-
mation process of an individual sandbar event. Therefore, the method is
not valid for multi-phase stacked longshore bars. For such cases, the
identification of single-phase longshore bars should be conducted ac-
cording to the criteria described in Section 3.2.1 of this paper.

Since irregular coastlines and seabed undulations interfere with
wave propagation direction, waves may not always travel perpendicular
to the shoreline. When waves approach at oblique or parallel angles,
refraction occurs, altering the energy distribution of the waves. In such
cases, the relationship between bars and wave energy diverges from the
ideal deposition model of longshore bars discussed earlier. Therefore,
the method for reconstructing paleowind strength based on longshore
bar thickness assumes waves approach the shoreline perpendicularly or
at a high angle.

According to the self-organizational model of longshore bars, their
formation results from the reciprocal transportation of sediments by
waves. The correlation between bar thickness and paleowind strength
emerges after prolonged action by a wind field with stable intensity
(Moore et al., 2003; Coco and Murray, 2007). Consequently, the
paleowind reconstruction method presented in this study is applicable
only to longshore bars formed under normal weather conditions, which
usually last for a longer time. On the other hand, it does not apply to
those resulting from infrequent events such as typhoons or storms.

4.2. Inherent uncertainty considerations

The quantitative paleowind strength reconstruction method pro-
posed in this study involves steps and relationships valid under idealized
conditions. Some derivations rely on assumptions and approximations,
which inherently introduce potential errors. To better utilize this
method, researchers should thoroughly understand each step of the
process and the influence of each parameter on the final results. This
understanding can be achieved through single-parameter sensitivity
analysis, wherein one parameter is varied at a time while others are held
constant. By examining how variations in a single parameter affect the
outcome, researchers can quantitatively assess the sensitivity of the



J. Chen et al.

Sedimentary Geology 484-485 (2025) 106903
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results to that parameter and evaluate the method’s tolerance to errors
in its measurement.

A sensitivity analysis was conducted on the parameters used in the
paleowind strength reconstruction method. The parameters t, and a are
measured based on field data from the study area, while Ry and 6 are
derived empirically. Among these parameters, t, directly correlates with
the calculated U. Hence, accurate measurement of t, is crucial because
its errors significantly affect the U results (Fig. 9A).

Assuming accurate t, values, the influence of slope @ on U is minimal.
For instance, as shown in Fig. 9B, when « varies within the range of
0.05-1.5°, the wind speed error remains below 0.5 m/s.

The parameter Ry, based on experimental and modern sedimentary
observations, also influences the results. Fig. 9C illustrates that a smaller
Ry, value leads to more pronounced variations in the outcome of U.
However, when Ry exceeds 2, the sensitivity of U to Ry decreases
significantly, and within the range of Ry = 2.5-3.0, U variations are
limited to about 1 m/s.

Lastly, 6, represents the landward slope of bars (a natural slope
formed during sediment accumulation), theoretically approaching the
angle of repose (Thornton et al., 1996). According to Fig. 9D, variations
in 6 between 10° and 40° result in U variations of approximately 0.3 m/
s, indicating that uncertainties in 6 are a less significant source of
calculational error in U.

4.3. Comparison with existing methods

In previous proposed methods for reconstructing paleowind
strength, obtaining paleofetch is an essential and indispensable step.
However, in marine basins, accurately measuring paleofetch proves
challenging due to the method itself. For lacustrine basins, recon-
structing paleowind strength begins by determining the ancient shore-
line location using geological data. Then, the distance is measured along
the wind direction from the position of the paleo-longshore bars to the
edge of the water body, approximating the paleofetch.

This approach, however, is hard to implement in marine basins. Due
to the vast area of the ocean, the distance between the measurement
point and the basin boundary often greatly exceeds the wind’s actual
fetch, rendering such measurements unreflective of historical wind
conditions. With all other factors constant, larger fetch leads to smaller
reconstructed paleowind strength, following an inverse proportional
relationship (Wang et al., 2021). This suggests that for a given longshore
bar thickness, there is a theoretical minimum wind speed corresponding
to an infinitely large fetch. In other words, while a small bar can result
from strong wind with a short fetch, a large bar cannot form in gentle
wind condition. Consequently, the paleowind strength corresponding to
a longshore bar of the same thickness in a lake basin is likely to be
greater than that in an ocean basin.
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Fig. 6. SQ4 of Pinghu formation (37.2-35.3 Ma) cross-section in Pingbei Slope Zone in Xihu Sag (Section AA’ in Fig. 4).

4.4. Application to the Pinghu Formation in Xihu Sag

The paleowind strength reconstruction for the Pinghu Formation in
the Xihu Sag provides a supplement to the paleoclimate understanding
of the region, filling a gap in the knowledge of its ancient atmospheric
circulation. The calculated paleowind speed range for the West Slope
Belt of the Xihu Sag is between 8.76 and 19.71 m/s. Since there has been
no prior paleowind strength reconstruction conducted specifically for
the Xihu Sag, this study refers to the results of Jiang et al. (2018), who
reconstructed paleowind strength in the Dongying Depression using
longshore bar thickness. Jiang’s reconstruction yielded wind speeds
ranging from 6.9 to 18.2 m/s. Considering that the Dongying Sag rep-
resents a paleo-lacustrine setting while the Xihu Sag represents a paleo-
marine setting, it is reasonable that both the minimum and maximum
wind speeds reconstructed for the Xihu Sag are slightly higher than those
from the Dongying Sag. This comparison provides additional support for
the validity of the paleowind strength reconstruction method proposed
in this study.

In applying the paleowind strength reconstruction method proposed
in this study, a total of 35 data points from four wells were selected—20

from the transgressive systems tract and 15 from the highstand systems
tract (Fig. 6). Besides, the duration of the transgressive phase is shorter
than that of the highstand phase, which makes the variation in wind
strength during the transgression appears to be more pronounced. This
phenomenon arises from the greater water depth during the trans-
gressive period, which enhanced the preservation potential of longshore
bars. In other words, more wave-generated longshore bars were pre-
served during the transgressive phase, resulting in more frequent
paleowind strength fluctuations captured in the dataset. In contrast,
fewer bars were preserved during the highstand phase, leading to a
relatively smoother wind strength variation curve. Thus, the paleowind
strength results obtained using this method should not be used as direct
evidence to infer correlations between sea-level fluctuations and atmo-
spheric circulation patterns.

4.5. Implication

Quantitatively reconstructing information from geological records
has long been one of the most challenging tasks in the field of geology. It
is important to emphasize that the paleowind strength reconstructed
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using the method presented in this study should be interpreted as the
maximum wind strength in the region at the time, rather than the
average wind strength. This is because the geological features used in
the reconstruction are longshore bars, located at the outermost position
among a series of parallel bars. On one hand, the outer longshore bar
corresponds to the point where waves first break—this is when wave
energy is at its peak. On the other hand, because the outermost long-
shore bar is situated farthest from the shoreline, the wind strength at
that location is theoretically higher than that in more nearshore
environments.

Due to the limitations of geological data, simplifications and as-
sumptions are inevitable. However, we believe that the trend of the
paleowind strength reconstructed by this method should generally be
consistent with the actual paleoclimatic conditions. One of the primary
purposes of proposing this quantitative reconstruction method is to
stimulate reflection and discussion, encouraging more researchers to
engage in the validation and refinement of paleowind reconstruction
techniques. This will eventually lead to the development of more
effective and accurate methods for determining paleowind strength.

5. Conclusion

In paleoclimate research, studies focusing on ancient wind fields are
relatively scarce. Previous work, based on the self-organizational model
theory of bars, used waves as a connection to establish an equivalence

10

Fig. 8. Paleowind strength variation curve of Pinghu Formation in Pingbei
slope zone of Xihu Depression at SQ4.

between longshore bars and wind field intensity. This method enabled
bar deposits in geological records to serve as materials for studying
ancient wind fields. However, due to the limitation in measureing
paleofetch, traditional methods are primarily applicable to ancient lakes
and difficult to determine in marine settings. This study incorporates the
theory of fully developed waves, redefining the relationship between
waves and wind fields, making it feasible to reconstruct the strength of
paleowinds in marine environments using the thickness of longshore
bars.

The proposed method is based on assumptions and approximates
approximations, applicable in scenarios where wind direction is
perpendicular or intersects the shoreline at a high angle. Also, the wind
field should be stable over a sufficiently long duration, so both wave size
and longshore bar thickness would reach equilibrium. Although the
method relies on an idealized model, its strength lies in requiring rela-
tively few parameters and its simplicity compared to existing methods.
Meanwhile, the assumptions and approximations inevitably introduce
some errors. Sensitivity analysis shows that this method is highly sen-
sitive to the thickness of longshore bars (t;) and the ratio of trough depth
to bar crest depth (Ry), making accurate determination of these pa-
rameters critical.
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Wind fields, as a manifestation of atmospheric circulation in local-
ized areas, are essential components of climate research. Reconstructing
ancient wind fields from sedimentary records is a valuable supplement
to traditional methods of paleogeography and paleoclimate research. By
considering wind as a geological driving force and starting from its
control over sedimentary processes, this study provides a quantitative
approach to reconstructing wind field magnitude and its variations
millions of years ago. This approach not only facilitates detailed
reconstruction of paleogeographic environments in specific basins but
also offers insights into the history of global atmospheric conditions.

List of symbols

a Coefficient used in calculation of H,, 1

b Coefficient used in calculation of H,,,, 1

C Coefficient of consolidation, m~!

d Water depth, m

dy Water depth at the bar crest/Water depth at the breaker zone,
m

d; Water depth at the landward trough, m

F Fetch, m

g Gravitational acceleration, m/s?

Hy, Wave height at the breaker zone, m

H, Wave height in the deep water, m

H, Wave height in any water depth, m

h The burial depth of the longshore bar, m

Ly Wave length at the breaker zone, m

L, Wave length in the deep water, m

Ly, Wave length in any water depth, m

Ry The ratio of the water depth between the trough and the crest
of the longshore bar, 1

T Fully developed wave period, s

t Current thickness of the longshore bar, m

to Ancient thickness of the longshore bar, m

ty Thickness of the longshore bar, m
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U Wind speed at 10 m above base level, m/s
a Bottom slope, °

[ Landward bar slope, °

@ Current porosity of the longshore bar, %
@ Ancient porosity of the longshore bar, %
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