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Abstract A 1-D unloaded tectonic subsidence (air-loaded

tectonic subsidence) model is proposed and applied to the

Qiongdongnan Basin. Results show that three episodes of

subsidence exist in Cenozoic, that is, syn-rift rapid subsi-

dence (Eocene–Oligocene) with subsidence rate at 20–100

m/m.y., post-rift slow thermal subsidence (early-middle

Miocene) around 40 m/m.y., and post-rift accelerated sub-

sidence (since late Miocene) 40–140 m/m.y., which is sub-

stantially deviated from the exponentially decayed thermal

subsidence model. For exploring the mechanism of post-rift

accelerated subsidence, the faulting analyses are conducted

and results show that there is a dramatically decrease in the

numbers of active faults and fault growth rate since 21 Ma,

which indicates that no active brittle crust extension occur-

red during post-rift period. Furthermore, previous studies

have demonstrated that the stretching of the upper crust is

far less than that affecting the whole crust. Therefore, we

infer that the lower crust thinned during the post-rift period

and a new model of basin development and evolution is put

forward to explain the post-rift accelerated subsidence and

depth-dependent crust thinning in the Qiongdongnan Basin,

which is supported by gravity data.

Keywords Accelerated subsidence � Unloaded

tectonic subsidence � Lower crust thinning � Depth-

dependent crust thinning � Qiongdongnan Basin

Introduction

Qiongdongnan Basin, located at the western end of the

northern continental margin of South China Sea, is mainly

composed of a shelf and adjacent deepwater depressions,

rich in oil and gas resources (Zhu et al. 2012; Zhang 2010).

The Cenozoic tectonic setting of the Qiongdongnan

Basin is complicated, and is impacted by the mutli-epi-

sodic, multi-directional stretching of South China Block

(Ru and Pigott 1986; Zhou et al. 1995), as well as the

sinistral and dextral strike-slip of the Red River Fault

(Harrison et al. 1992; Sun et al. 2003; Xiang et al. 2004),

and multi-phase spreading of the South China Sea (Briais

et al. 1993; Li et al. 2011). In Qiongdongnan Basin, an

episode of accelerated subsidence exists during the post-rift

(Li et al. 1998), which is dramatically deviated from the

exponential decayed thermal subsidence in the typical

Atlantic continental margin (Steckler and Watts 1978).

However, the specific time and location of the accelerated

subsidence are still in debate. Lei et al. (2011) and Song

et al. (2011) argued that the accelerated subsidence

occurred since Pliocene (5.3 Ma); In contrast, Li et al.

(1998), Xie et al. (2006), Tian (2010), Li et al. (2012)

proposed that it happened during and after the late Miocene

(10.5 Ma); Yuan et al. (2008) believed that it took place

since late Miocene (10.5 Ma) in the west but since the

Pliocene (5.3 Ma) in the east. New data and methods are

employed to explore when, where and how the accelerated

subsidence happened.

Geologic setting

Qiongdongnan Baisn, trending NE, experiences Eocene–

Oligocene extension and a Neogene-Quaternary post-rift
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period bounded by a breakup unconformity (21 Ma) (Ru

and Pigott 1986; Zhou et al. 1995; Briais et al. 1993). The

basin has an obvious double-layer vertical architecture with

lower fault-controlled sags and overlying cover (Li et al.

1998; Wang et al. 1998). The stratigraphy of Qiongdon-

gnan Basin consists of eight units, i.e. Eocene, YaCheng

(early Oligocene), LingShui (later Oligocene), SanYa

(early Miocene), MeiShan (middle Miocene), HuangLiu

(late Miocene), YingGeHai (Pliocene) and LeDong (Qua-

ternary) Formations. The structure of Qiongdongnan Basin

is characterized by NE-trending belts of depressions and

uplifted block formed by NE-striking faults (Li et al. 2006;

Xie et al. 2008; Fig. 1). The central depression zone, lying

in deepwater, is the main body of the Qiongdongnan Basin,

including from west to east LeDong, LingShui, SongNan,

BaoDao and ChangChang Sags (Fig. 1). The eastern and

western segments of the central depression zone are divi-

ded by the NW, NWW transfer zones between the Ling-

Shui Sag and SongNan Sag, which are distinct in structural

styles and subsidence patterns.

Characteristics of unloaded tectonic subsidence

in Qiongdongnan Basin

One-dimensional unloaded tectonic subsidence (air-

loaded tectonic subsidence) reconstructions

Tectonic subsidence is the amount of subsidence that would

have been experienced by the basement if it had only been air-

loaded and is generally considered to have been caused by the

inner tectonic force of the earth, that is the unloaded tectonic

subsidence or air-loaded tectonic subsidence (Wu et al. 2003).

This unloaded tectonic subsidence is calculated after adjusting

for the loading effects of water and sediment. Much research

has utilized the water-loaded basin subsidence as the tectonic

subsidence (Watts and Ryan 1976; Steckler and Watts 1978;

Sclater and Christie 1980). Technically the water-loaded basin

subsidence is not the true tectonic subsidence, because it

contains the water induced isostatic subsidence. Understand-

ing the uplift or subsidence of basement in the absence of a

water-load correction makes quantifying basin subsidence

Fig. 1 Simplified structures and distribution of data source in

Qiongdongnan Basin (1-uplift, 2-sag, 3-faults, 4-seismics lines used

for faulting analysis, 5-seismic section named line 1 for backstrip-

ping, 6-line 2, 3 and 4 for gravity inversion (A, B, C are the

intersection points of line 2, line 3, line 4 with line 1, respectively),

7-lithological wells, 8-bacstripped points selected from line 1.), the

inset map showing the northern continental margin of South China

Sea with pink area denoting Qiongdongnan Basin
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more difficult. As a result, A 1-D unloaded (i.e., water and

sediment unloaded) tectonic subsidence model (Fig. 2) is

developed and the formula of unloaded tectonic subsidence is

established under the assumption of Airy isostasy. Unloaded

tectonic subsidence is the true tectonic subsidence without any

load induced isostatic subsidence, which makes the concept of

tectonic subsidence clear and the analysis of dynamic mech-

anism easier.

The above model (Fig. 2) assumes Airy isostasy, without

considering the effect of lithospheric effective elastic thick-

ness. Si in Fig. 2 indicates the initial state and P1, P2, P3

correspond to three different processes at a given time after Si.

BLi is the initial baselevel, BLis the baselevel at a given time

after Si and DBL = BL - BLi is the change of baselevel. The

total subsidence (TS) is the sum of the paleowaterdepth (PWD)

and the decompacted sediment thickness (ST) (Formula 1).

The unloaded accommodation (AcE) is obtained by removing

the water and sediment-induced isostatic subsidence from the

total subsidence, as shown in Formula 2. By subtracting the

baselevel change (DBL) from the AcE, the empty basin or

unloaded tectonic subsidence (EBS) is calculated (For-

mula 3). Therefore, the unloaded tectonic subsidence

(EBS) = total subsidence (TS)—water and sediment induced

isostatic subsidence—baselevel change (DBL).

TS ¼ ST þ PWD ð1Þ

AcE ¼ ST � qm � qs

qm

þ PWD� qm � qw

qm

ð2Þ

EBS ¼ ST � qm � qs

qm

þ PWD� qm � qw

qm

� DBL ð3Þ

where qw, qs, qm is the average density of water, sediment

and mantle.

The formula of total subsidence rate (TSR), unloaded

accommodation rate (AcER) and unloaded tectonic subsidence

rate (EBSR) between any two time (k ? n, k [n) are given as

follows (Formulas 4–6).

TSRk�n ¼ TSn � TSkð Þ= k � nð Þ
¼ STn þ PWDn � STk þ PWDkð Þ½ �= k � nð Þ

ð4Þ

AcERk�n ¼ AcEn � AcEkð Þ= k � nð Þ

¼ STn � STkð Þ � qm � qs

qm

�

þ PWDn � PWDkð Þ � qm � qw

qm

�
= k � nð Þ ð5Þ

EBSRk�n ¼ EBSn � EBSkð Þ= k � nð Þ

¼ STn � STkð Þ � qm � qs

qm

�

þ PWDn � PWDkð Þ � qm � qw

qm

� BLn � BLkð Þ�= k � nð Þ ð6Þ

As the water-loaded basin subsidence is extensively used in

the current and previous literatures (Watts and Ryan 1976;

Steckler and Watts 1978; Sclater and Christie 1980), the

relationship between unloaded tectonic subsidence (EBS),

water-loaded basin subsidence (WBS) and sediment-loaded

basin subsidence (SBS) are illustrated in Fig. 3 and are also

expressed in Formulas 7 and 8.

WBS ¼ EBS� qm

qm � qw

¼ ST � qm � qs

qm � qw

þ PWD� DBL� qm

qm � qw

ð7Þ

SBS ¼ EBS� qm

qm � qs

¼ ST þ PWD� qm � qw

qm � qs

� DBL� qm

qm � qs

ð8Þ

Fig. 2 One-dimensional

unloaded tectonic subsidence

model
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In Formulas 7 and 8, we use a mantle density of 3,184 kg/m3,

a water density of 1,030 kg/m3, and an average sediment density

of 2,400 kg/m3. The water-loaded basin subsidence (WBS) is

approximately 1.5 times the unloaded tectonic subsidence

(EBS) and the sediment-loaded basin subsidence (SBS) is about

four times the unloaded tectonic subsidence (EBS).

Characteristics of unloaded tectonic subsidence

in Qiongdongnan Basin

The 1-D unloaded tectonic subsidence technique is applied

to Line 1 with nine sequence boundaries dated at 45, 36, 30,

23, 21, 15.5, 10.5, 5.5 and 0 Ma (Fig. 4) from CNOOC. The

section cuts through the central depression and is time-depth

converted, decompacted and backstripped under the con-

straint of the time-depth relationship, lithology and paleo-

waterdepth of five wells from CNOOC (#1, #2, #3, #4, #5)

in the deepwater area (Fig. 1). The lithologic parameters are

derived from the Baiyun Sag deepwater in the Pearl River

Mouth Basin (Zhao et al. 2011) and the sea level recon-

struction of Haq et al. (1987) is applied. The unloaded tec-

tonic subsidence rate of Line 1 (Fig. 5) is calculated and six

points along the line are selected to be analyzed in detail

(Fig. 6). Point 1 lies in the LeDong Sag, Point 2 locates in

the LingShui Sag, Point 3 sits on the SongNan Low Uplift,

and Points 4, 5 and 6 are in the SongNan, BaoDao and

ChangChang Sags respectively (locations see Figs. 1, 4).

According to Figs. 5 and 6, the evolution of unloaded

tectonic subsidence in Qiongdongnan Basin can be classi-

fied into three stages: syn-rift subsidence, post-rift slow

subsidence, and post-rift accelerated subsidence.

1. Syn-rift tectonic subsidence during Eocene–Oligocene

(45–21 Ma). Subsidence rate varies from 20 to 100 m/

m.y. with the smallest value beneath the SongNan Low

uplift (See P3 in Figs. 5, 6). The amplitude of the

subsidence rate curve (Fig. 5a) oscillates largely

laterally showing the features of syn-rift tectonic

subsidence. However, the subsidence declined sub-

stantially after 30 Ma and lasted at a slow rate during

30–23 Ma (Fig. 6), which is similar to the character-

istics of post-rift subsidence. Nonetheless, considering

the strong faulting during 30–21 Ma [see Fig. 8 as well

as previous faulting studies (Xie et al. 2007; Zhong

2000; Yin et al. 2010)], this period together with the

subsequent fast subsidence period 23–21 Ma (Fig. 6)

are classified as part of the syn-rift stage, which may

be affected by the opening of the South China Sea and

the ridge propagation into the Southwest subbasin to

the south of Qiongdongnan Basin (Taylor 1983; Briais

et al. 1993).

2. Post-rift slow thermal subsidence during Early-Middle

Miocene (21–10.5 Ma). The subsidence rate is around

40 m/m.y. and the curve of subsidence rate is very

smooth during 21–15.5 Ma and 15.5–10.5 Ma

(Fig. 5b) compared with the syn-rift period, which

are the characteristics of post-rift thermal subsidence

period with a low rate and are classified as the post-rift

slow thermal subsidence.

3. Post-rift accelerated subsidence since Late Miocene

(10.5–0 Ma). The subsidence rate varies from 40 to

140 m/m.y. and increases eastward with the subsi-

dence center locates invariably in the east (BaoDao

and ChangChang Sags) (Fig. 5c). During the period

10.5–5.5 Ma, there is a slightly rapid subsidence at the

west end of the basin (80 m/Ma, Fig. 5c) which may

be the result of activity along the Red River Fault. In

contrast, there is slower subsidence in LeDong Sag,

LingShui sag and SongNan Low Uplift at the rate of

40 m/m.y. and markedly faster subsidence in the east

as large as 140 m/m.y. that time (Figs. 5c, 6). In the

west, the subsidence rate began to accelerate

(60–80 m/m.y.) since 5.5 Ma including LeDong Sag,

LingShui Sag and SongNan Low Uplift. In the east,

however, the rate keeps the same as 140 m/m.y. with

the 10.5–5.5 Ma during 5.5–0 Ma (Fig. 5c, 6). Gener-

ally, during 10.5–0 Ma, the subsidence rate curve is

very smooth with the amplitude having little oscilla-

tion laterally showing the post-rift thermal subsidence

features. Although the tectonic subsidence began to

accelerate since 5.5 Ma in the west (LeDong Sag,

LingShui Sag and SongNan Low Uplift), the acceler-

ated subsidence originated from the beginning of

10.5 Ma at a high rate in the east in SongNan,

BaoDao and ChangChang Sags. Therefore, the period

10.5–0 Ma is considered as the post-rift accelerated

subsidence here.

Fig. 3 The relationship between unloaded tectonic subsidence

(EBS), water-loaded basin subsidence (WBS) and sediment-loaded

basin subsidence
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Characteristics of sedimentation in Qiongdongnan

Basin

The sediment thickness of eight strata (45–36, 36–30,

30–23, 23–21, 21–15.5, 15.5–10.5, 10.5–5.5 and 5.5–0 Ma)

of Line 1 (Figs. 1, 4) are computed after decompaction

during backstripping under the constraint of lithology of

five wells (#1, #2, #3, #4, #5) in the deepwater area (Fig. 1)

with the lithologic parameters for decompaction derived

from the Baiyun Sag deepwater in the Pearl River Mouth

Basin (Zhao et al. 2011). The calculated sedimentation

rates are illustrated in Fig. 7, which can be divided into

three stages (45–21, 21–10.5 and 10.5–0 Ma) in consistent

with the classification of tectonic subsidence.

Fig. 4 Depth section of Line 1

with six points selected for

subsidence analyses (P1 lies in

the LeDong Sag, P2 locates in

the LingShui Sag, P3 sits on the

SongNan Low Uplift, and P4,

P5, P6 are in the SongNan,

BaoDao and ChangChang Sags

respectively)

a

b

c

Fig. 5 Unloaded tectonic

subsidence rate (EBSR, m/m.y.)

along Line1 (location of Line 1

see Fig. 1), Fig. 5a is the syn-

rift tectonic subsidence during

Eocene–Oligocene (45–21 Ma),

Fig. 5b indicates the post-rift

slow thermal subsidence during

Early-Middle Miocene

(21–10.5 Ma), and Fig. 5c is the

Post-rift accelerated subsidence

since Late Miocene

(10.5–0 Ma)
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The amplitude of syn-rift sedimentation rate during

45–21 Ma (Fig. 7a) oscillated largely from 0 to 600 m/m.y.,

similar to the variation of syn-rift tectonic subsidence in

Fig. 5a and affected significantly by the basement topogra-

phy (Fig. 4), having the depocenters separated by the low

uplifts with the low sedimentation rate even erosion beneath

SongNan Low Uplift (P3 in Fig. 7a) and the high rate in

LeDong, LinShui, SongNan, BaoDao and ChangChang

Sags.

The post-rift sedimentation during 21–10.5 Ma (Fig. 7b)

is characterized by the smooth curve of sedimentation rate

with almost constant value of 400 m/m.y. in 21–15.5 Ma

and 100 m/m.y. in 15.5–10.5 Ma.

The post-rift sedimentation during 10.5–0 Ma (Fig. 7c)

is characterized by the smooth curve of sedimentation rate

and by the migration of depocenter to the west in the

LeDong, LingShui Sags. The sedimentation rate increases

dramatically westwards, from 0 to 600 m/m.y. in

10.5–5.5 Ma and from 0 to 800 m.y. in 5.5–0 Ma, which

are contrary to the tectonic subsidence in Fig. 5c.

Faulting analyses

Normal basement faulting, the widespread structural styles

in the upper crust caused by tectonic tensile forces, indi-

cates the brittle crust deformation during stretching. 48

seismic lines from CNOOC across Qiongdongnan Basin

(Fig. 1) are selected and interpreted, from which the active

faults (determined from the different strata thickness

between the hangingwall and footwall) of eight phases

during 45–36, 36–30, 30–23, 23–21, 21–15.5, 15.5–10.5,

Fig. 6 Unloaded tectonic

subsidence rate (EBSR, m/m.y.)

histograms of six points along

Line 1 (locations of six points

see Figs. 1, 4)
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10.5–5.5 and 5.5–0 Ma are identified respectively. And the

identified numbers of active faults of each phase are

illustrated in Fig. 8a.

The fault growth rate, defined as the difference in

thickness between the hangingwall and footwall of the same

strata per unit time interval (Formula 9), was proposed by

Zhao (1989) and Li et al. (2000), which are used to analyze

the faulting intensity of active faults of eight phases (45–36,

36–30, 30–21, 21–15.5, 15.5–10.5, 10.5–5.5, 5.5–1.6 and

1.6–0 Ma) in the Qiongdongnan Basin. The calculated

results of fault growth rate are illustrated in Fig. 8b.

Fault Growth Rate ¼ DH=Dt ¼ ðHhangingwall � HfootwallÞ=Dt

ð9Þ

where Hhangingwall, Hfootwall, DH are the thickness of ha-

ningwall, footwall and the difference between them of the

same strata, and Dt is the time interval of each strata.

There is a dramatically decrease both in the numbers of

active faults (Fig. 8a) and fault growth rate (Fig. 8b) since

21 Ma. The numbers of active faults identified from 48

seismic lines (Fig. 1) are between 485 and 366 before 21 Ma

except 45–36 Ma, and then dramatically decrease to 198 in

21–15.5 Ma, then gradually decline to about 80 to present

(Fig. 8a). The fault growth rate is greater than 60 m/m.y.

before 21 Ma and declines substantially to 20 m/m.y. after

21 Ma (Fig. 8b). The results of identified numbers of active

faults (Fig. 8a) and faults growth rate (Fig. 8b) of the

selected 48 seismic lines (Fig. 1) across the Qiongdongnan

Basin show that the Qiongdongnan Basin experienced a

fault-controlled basin phase and subsequently a sag phase

bounded by 21 Ma, which indicates that the brittle crust

deformation mainly happened during 45–21 Ma and little

crustal extension took place since 21 Ma.

The dynamic mechanism of the post-rift accelerated

subsidence

The post-rift accelerated tectonic subsidence since Late

Miocene in Qiongdongnan Basin is substantially deviates

a

b

c

Fig. 7 Illustration of

sedimentation rates along Line 1

(location of Line 1 see Fig. 1).

Figure 7a is the syn-rift

sedimentation rate during

Eocene–Oligocene (45–21 Ma),

Fig. 7b is the post-rift

sedimentation rate during Early-

Middle Miocene (21–10.5 Ma),

and Fig. 7c is the post-rift

sedimentation rate since Late

Miocene (10.5–0 Ma)
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from the slow thermal subsidence of typical Atlantic conti-

nental margins (Steckler and Watts 1978; Mckenzie 1978),

and can not be explained by the simple pure model proposed

by McKenzie (1978). Faulting analyses above (Fig. 8) and

previous studies (Zhong; Xie et al. 2007; Yin et al. 2010) show

that little faulting occurred since Late Miocene, implying that

there is no active brittle crustal extension since that time. Other

research have demonstrated the stretching of upper brittle

crust is less than the whole crust (Clift et al. 2001, 2002; Zhang

et al. 2010; Lei et al. 2013), meaning that the lower ductile

crust thinned more than the upper brittle crust, although the

time of this lower crustal stretching is not known. The depth-

dependent lithosphere stretching calculation method, pro-

posed by Davis and Kusznir (2004), considered all the post-rift

subsidence as thermal subsidence and Kusznir et al. (2005,

2007)argued that the depth-dependent stretching occurred at

the time of the continental lithosphere breakup. However,

these theories can not be applied to the Qiongdongnan Basin

because the accelerated subsidence is known to be in the post-

rift period. Considering all above, the lower ductile crust may

thin in the post-rift period in Qiongdongnan Basin. Based on

this presumption, a new model of basin development and

evolution is built and tested.

Post-rift lower crust thinning model

As McKenzie (1978) proposed, the evolution of a rift basin

can be divided into two stages, syn-rift and post-rift. In the

syn-rift, there is stretching of continental lithosphere

associated with block faulting, crustal and mantle thinning,

subsidence, upwelling of asthenosphere and an enhanced

temperature gradient. During the post-rift phase, the lith-

osphere thickens by heat conduction to the surface and

further slow subsidence occurs without faulting.

The new model will take the lower, ductile crust thinning

process into consideration during the post-rift stage while

other conditions and assumptions remain the same as for the

McKenzie’s model. During the post-rift period, the lower

ductile crust thinning rate is assumed to be c km/m.y. which

is responsible for the post-rift accelerated subsidence caused

by lower crust thinning without faulting. This model is

tested by the gravity data of Lines 2, 3 and 4 which intersect

with Line 1 at A, B and C, respectively (locations are shown

in Fig. 1).

Syn-rift unloaded tectonic subsidence

The lithospheric stretching in the syn-rift is assumed to be

instantaneous and uniform. McKenzie (1978) offered the

syn-rift water-loaded basin subsidence formula. After

modification, the syn-rift water and sediment unloaded

tectonic subsidence (Sr) is obtained by Formula 10.

Sr ¼
a½ðqm0 � qc0Þ tc

a
1� aT1

tc
a

� �
� aT1qm0

2
� 1� 1=b
� �

qm0ð1� aT1Þ
ð10Þ

where a is the thickness of the lithosphere and tc is the

initial crustal thickness, b the lithosphere stretching factor,

qm0 the density of mantle, qc0 the density of continental

crust both at 0 �C, a the thermal expansion coefficient of

both the mantle and the crust, and T1 the temperature of the

asthenosphere.

Post-rift unloaded tectonic subsidence

Assuming that the lower ductile crust thinning occurs

during the post-rift period, this would cause the subsidence

to occur by crust thinning without faulting. As the effect of

ductile crust thinning on the post-rift thermal subsidence is

ignored, the post-rift unloaded tectonic subsidence (Sp)

(Formula 11) is considered to consists of post-rift thermal

subsidence (Sthermal) solely depending on the lithospheric

stretching during the syn-rift period and Post-rift ductile

crust thinning subsidence (Sthin).

Sp ¼ Sthermal þ Sthin ð11Þ

.

1. Post-rift thermal subsidence

The post-rift unloaded thermal subsidence (Sthermal)

depends only on the amount of syn-rift lithosphere

stretching, and Formulas 12 and 13 show how this is cal-

culated after modification based on McKenzie (1978).

a b
Fig. 8 Faulting analyses of

eight phases (45–36, 36–30,

30–23, 23–21, 21–15.5,

15.5–10.5, 10.5–5.5 and

5.5–0 Ma), Fig. 8a is the

numbers of active faults

identified from 48 seismic lines

(Fig. 1) and Fig. 8b is the

average fault growth rate (m/

m.y.)
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e1ðtÞ¼ aqm0aT1

qm0

(
4

p2

X�
m¼0

1

2mþ1ð Þ2

b
2mþ1ð Þpsin

2mþ1ð Þp
b

� �
exp � 2mþ1ð Þ2 t

s

�)
ð12Þ

 

Sthermal ¼ e1ð0Þ � e1ðtÞ ð13Þ

where e1(t) is the elevation above the final depth to which

the upper surface of the lithosphere sinks, and s is thermal

contraction constant, approximately is 62.8 Ma.

2. Post-rift lower crust thinning subsidence

The lower ductile crust thinning rate is assumed to be c
km/m.y. which is responsible for the post-rift accelerated

subsidence caused by crust thinning in the absence of

faulting. The formula for the post-rift lower crust thinning

subsidence (Sthin) is given by Formula 14.

Sthin ¼ 1� qdc

qm0ð1� aT1Þ

� �
�
Z t

0

c dt ð14Þ

where, qdc is the average ductile crust density.

The amount of post-rift lower crust thinning

Based on the new model, the amount of post-rift lower

crust thinning can be computed from the tectonic subsi-

dence backstripped along Line 1. Firstly, the post-rift

subsidence caused by crust thinning should be separated

from the post-rift subsidence driven by thermal process in

the mantle lithosphere. In order to figure out the post-rift

thermal subsidence, the syn-rift lithosphere stretching

factor must be calculated from the syn-rift tectonic subsi-

dence. The initial crustal thickness is set to 32 km (Zhang

et al. 2010), and other parameters are listed in Table 1. The

syn-rift lithosphere stretching factor is calculated by For-

mula 10 and illustrated as a red line in Fig. 9. The syn-rift

stretching factor varies between 1.4 and 3.5 with the

smallest stretching factor of 1.4 on the SongNan Low

Uplift and the largest stretching factor 3.5 in the SongNan

and BaoDao Sags. The post-rift thermal subsidence is

computed by Formulas 12 and 13 with the result shown in

red line in Fig. 10. The post-rift thermal subsidence is

200–600 m. The black line in Fig. 10 is the total post-rift

subsidence and the blue line is the post-rift subsidence

caused by crustal thinning, which is derived by subtracting

the post-rift thermal subsidence from the total post-rift

subsidence. The post-rift crustal thinning subsidence is

500–1,500 m and gradually increases from west to east. It

is obviously that the post-rift crustal thinning subsidence

on SongNan Low Uplift (900 m) is greater than that in

neighboring sags (600 m) on both sides. Secondly, the

amount of post-rift ductile crust thinning can be calculated

by Formula 14 when the post-rift crustal thinning subsi-

dence is known. The lateral variation in the degree of post-

rift crust thinning is illustrated by a black line in Fig. 11.

The amount of post-rift crust thinning is 3–9 km and

generally increases eastwards, similar to the subsidence

driven by post-rift crustal thinning. The amount of crust

thinning on SongNan Low Uplift (6 km) is greater than

that in nearby sags (4 km). The red line in Fig. 11 indicates

the initial crustal thickness with value of 32 km, the blue

line is the crustal thickness after syn-rift stretching, and the

green line is the remaining crustal thickness after syn-rift

stretching and post-rift lower crust thinning.

The remaining crustal thickness changes dramatically

along Line 1. The thinnest crust thickness is about 2.5 km in

the BaoDao and ChangChang Sag and the thickest crust is

approximately 18 km at the SongNan Low Uplift and to the

southeast of ChangChang Sag. Lines 2, 3 and 4 intersect with

Line1 at points A, B and C respectively (locations are shown

in Fig. 1), and for which the crustal thicknesses have been

modeled by gravity data (Qiu et al. 2013; Wang et al. 2013)

which can be used to test the post-rift lower crust thinning

model. The crustal structures of lines 2, 3 and 4 are presented

in Fig. 12. As the crustal thickness of points A, B and C are

projected onto Line 1 in Fig. 11, the remaining crustal

thickness and the crustal thickness modeled by gravity fit

surprisingly well. This observation strongly supports the

concept of post-rift lower crust thinning.

The amount of post-rift crustal thinning for the post-rift

slow thermal subsidence phase (21–10.5 Ma) and post-rift

accelerated subsidence phase (10.5–0 Ma) is illustrated in

Fig. 13 with the post-rift crust thinning rate shown in Fig. 14.

It is obviously that there is little post-rift crust thinning

during the post-rift slow thermal subsidence (21–10.5 Ma)

except the SongNan Low Uplift with the crust thinned from

the very beginning of the post-rift stage at a high rate of

0.2 km/m.y. and increased to 0.3 km/m.y. since 10.5 Ma.

The post-rift crust thinning mainly occurred during the

post-rift accelerated subsidence phase (10.5–0 Ma) with

the amount of crust thinning increased from 3 km in the

west (LeDong Sag, LingShui Sag, SongNan Low Uplift

and SongNan Sag) abruptly to 9 km in the east (BaoDao

Table 1 Values of parameters

used (mostly taken from

McKenzie (1978)

a = 125 km

tc = 32 km

qm0 = 3,330 kg m-3

qc0 = 2,800 kg m-3

qdc = 2,700 kg m-3

qw = 1,030 kg m-3

a = 3.28910-5 �C-1

T1 = 1,333 oC

s = 62.8 My
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Sag, ChangChang Sag) and the rate changed accordingly

from 0.3 to 0.8 km/m.y.. The post-rift lower crust thinning

subsidence caused by the amount of post-rift lower crust

thinning is responsible for the post-rift accelerated subsi-

dence since 10.5 Ma.

The depth-dependent crust thinning in Qiongdongnan

Basin

The upper crust stretching factor keeps the same as the syn-

rift lithosphere stretching factor (red line in Fig. 9) because

there is little faulting in the post-rift phase (Fig. 8). How-

ever, the whole crust stretching factor will be larger than

that of upper crust when post-rift lower ductile crust thin-

ning happens, as predicted by the post-rift lower crust

thinning model. The whole crust stretching factor is cal-

culated from the initial crust thickness (red line in Fig. 11)

and the remaining crust thickness after syn-rift crust

stretching and post-rift crust thinning (green line in

Fig. 11). The stretching factor of the upper crust and the

whole crust are compared along Line 1 in Fig. 15. The

upper crust stretching factor varies between 2 and 3 while

that of the whole crust varies between 2 and 12 with the

largest discrepancy between them occurring in BaoDao and

ChangChang Sags. The post-rift crust thinning model can

account for the depth-dependent crust thinning in Qiong-

dongnan Basin.

Discussions

The post-rift lower crust thinning model can explain the

post-rift accelerated subsidence and the depth-dependent

crust thinning in Qiongdiongnan Basin, where the lower

Fig. 9 Syn-rift unloaded

tectonic subsidence (black line)

and syn-rift lithospheric

stretching factor-b (red line)

calculated from the syn-rift

unloaded tectonic subsidence

using the Formula 10

Fig. 10 Post-rift total

subsidence (black line), the sum

of post-rift thermal subsidence

(red line) and post-rift lower

crustal thinning subsidence

Fig. 11 Illustration of crustal thickness, 1-initial crustal thickness,

2-crustal thickness after syn-rift stretching, 3-the amount of post-rift

crust thinning, 4-the remaining crust thickness after syn-rift crust

stretching and post-rift crust thinning, 5-inversed crust thickness by

Gravity (A, B, C are the intersections of Lines 2, 3 and 4 with Line 1,

respectively)
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crust is rather weak with the viscosities of 1019–1018 Pa s

(Clift et al. 2002). However, what confuses us is what

caused the post-rift lower ductile crust thinning? Was the

post-rift crust thinning caused by the lower ductile crust

flow induced by the rapid sedimentation proposed by

Westaway (2002)? According to the theory of Westaway

Fig. 12 Crustal structure of line

2, line 3, line 4 inversed by

gravity anomaly (Qiu et al.

2013; Wang et al. 2013) (A, B,

C are the intersections of Lines

2, 3 and 4 with Line 1,

respectively)
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(2002), the largest sedimentation should occur in the east

because the accelerated subsidence exists in the east since

Late Miocene (Fig. 5c). Contrary to the prediction by

Westaway (2002), the depocenter migrated to the west in

LeDong and LingShui Sags with a high sedimentation rate

of 400–800 m/m.y. since Late Miocene (Fig. 7c), which

implies that the model of Westaway (2002) can not explain

the presence of the largest post-rift crust thinning in the

east in Qiongdongnan Basin. Megnetotelluric and topo-

graphic data show there is crustal flow at a depth of

20–40 km extending more than 800 km from the Tibetan

Plateau into Southwest China (Clark and Royden 2000; Bai

et al. 2010), and this could be the cause of post-rift crust

thinning in the Qiongdongnan Basin? We favor this as the

most likely explanation at the present time.

Conclusions

1. A 1-D unloaded tectonic subsidence (air-loaded tectonic

subsidence) model is proposed and applied in the

Qiongdongnan Basin. The unloaded tectonic subsidence

is the true tectonic subsidence without any load induced

isostatic subsidence, making the concept of tectonic

Fig. 13 The amount of post-rift

lower crust thinning of two

periods (21–10.5 and

10.5–0 Ma) of Line 1

Fig. 14 Post-rift lower crust

thinning rate of two periods

(21–10.5 and 10.5–0 Ma) of

Line 1

Fig. 15 The depth-dependent crust thinning of Qiongdongnan Basin,

the black line is upper crust stretching factor, also the syn-rift

lithospheric stretching factor, calculated from the syn-rift unloaded

tectonic subsidence (Fig. 9) and the blue line is the whole crust

stretching factor, the ratio of initial crust thickness (red line in

Fig. 11) and the remaining crust thickness after syn-rift crust

stretching and post-rift crust thinning (green line in Fig. 11)
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subsidence clear and the analysis of dynamic mecha-

nism easier.

2. The evolution of tectonic subsidence in Qiongdongnan

Basin can be divided into three stages, that is, syn-rift

rapid subsidence (Eocene–Oligocene) with the subsi-

dence rate of 20–100 m/m.y., post-rift slow thermal

subsidence (early-middle Miocene) around 40 m/m.y.,

and post-rift accelerated subsidence (since late Mio-

cene) 40–140 m/m.y.. The accelerated subsidence

mostly occurred in the east in BaoDao and Chang-

Chang Sags of Qiongdongnan Basin, which is contrary

to the sedimentation with the depocenter migrated to

the west in the LeDong, LingShui Sags since late

Miocene.

3. Results of faulting analyses from 48 seismic lines

across Qiongdongnan Basin show that the Qiongdon-

gnan Basin experienced a fault-controlled basin phase

and subsequently a sag phase bounded by 21 Ma,

which indicates that the brittle crust deformation

mainly occurred during 45–21 Ma and little crustal

extension took place after 21 Ma.

4. The post-rift lower crust thinning model is proposed

and can explain the post-rift accelerated subsidence

and depth-dependent crust thinning, which is consis-

tent with gravity data.
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