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Abstract—We discuss the structure of the Earth’s crust the seismic stratigraphy, thermal evolution, and stretching of the lithosphere 
in the sedimentary basin of the Cooperation Sea located on the continental margin of Antarctica in the south of the Indian Ocean. The 
sedimentary basin includes intracontinental and marginal rifts; the former is located on the shelf, and the latter, in the deep-water area. A 
seismostratigraphic analysis has revealed four sequences in the sedimentary cover of the intracontinental rift, which formed from middle 
Permian to late Cenozoic, and nine sequences in the sedimentary cover of the marginal rift, which have been deposited since the Middle 
Jurassic. One-dimensional numerical modeling of the thermal regime and the basement subsidence was performed over 18 points along the 
profile crossing the basin from the shelf to the lower continental rise. Based on the results of modeling and seismostratigraphic analysis, 
we have established variations in rock temperature with depth and in the degree of lithosphere stretching throughout the basin rift history. 
The modeling showed that the depth of the basement subsidence and the thickness of the crystalline part of the basin crust are governed by 
the lithosphere stretching before sedimentation. The maximum stretching is reached at the depocenters of rift structures (where the crust is 
the thinnest), being 2.8 before sedimentation and 1.16 after it in the intracontinental rift and 4.6 and 1.4, respectively, in the marginal rift.
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INTRODUCTION

The Cooperation Sea is located in the southern (Antarc-
tic) part of the Indian Ocean between 55° E and 80° E, oc-
cupying the area between the continental shelf and the abys-
sal plain (Fig. 1). The western part of the Cooperation Sea 
shelf is relatively narrow, its width varying from 50 to 
100 km, while the eastern one runs into the continent for 
more than 300 km and is known as the Prydz Bay. The con-
tinental slope and rise range in depth from 450–500 to 
4200–4500 m and extend 420–450 km into the ocean, being 
one the widest margin of Antarctica. The Cooperation Sea 
contains a large sedimentary basin that formed as the result 
of rifting and the breakup of East Gondwana (separation of 
Indian and Antarctica (Leitchenkov et al., 2014)). The basin 
extends to the west into the Cosmonaut Sea, and to the east 
into the Davis Sea (Fig. 1).
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The objective of the presented study was numerical mod-
eling of the thermal evolution of the lithosphere underlying 
the basin, the history of its basement subsidence and the es-
timation of lithospheric stretching during the rift phase. The 
modeling was performed based on the geophysical data ob-
tained in the Cooperation Sea by the Polar Marine Geosur-
vey Expedition (PMGE) during the 52nd and 57th Russian 
Arctic Expeditions (RAE) in 2007 and 2012, respectively 
and the results of their interpretation (seismic stratigraphy 
analysis and crustal thickness estimation).

The results of the performed modeling in combination 
with the estimation of the crustal thickness allow us to sup-
pose that at the early stage of rifting, before the start of rift-
related sedimentation, the lithosphere might have had quite 
a high stretching amplitude. Data on sedimentary thickness-
es and assumption about the sea bottom deepening make it 
possible to estimate the total amplitude of the lithospheric 
stretching during the rifting.

For this purpose, in our study, we applied analysis of the 
basin’s tectonic subsidence in the assumption of the local 
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isostatic rebound of the lithosphere to changes in surface 
(sediments and water) and inner (rock densities within the 
lithosphere) loads.

THE REGION’S GEOPHYSICAL RESEARCH  
AND A SHORT OVERVIEW OF ITS  
GEOLOGICAL HISTORY

A first geophysical study in the Cooperation Sea was 
conducted in 1981 by an Australian expedition (Stagg, 
1985). Since then multiple surveys have been carried out by 
groups from Australia, Germany, Russia, and Japan (Leitch-
enkov et al., 2014). A typical survey normally included mul-
tichannel seismic, gravity and magnetic observations. In 
1988 and 2000, 5 boreholes in the Prydz Bay shelf and 2 
boreholes in the upper continental rise were drilled by ODP 
(Legs 119 and 188) (Barron and Larson, 1991; Cooper et al., 
2004).

In 2007, a joint Russian–German expedition carried out a 
study during the 3d International Polar Year (IPY) (Project 
“History of Geodynamic Development, Sedimentation and 
Environmental Changes in Cooperation Sea Basin and 

Southern Kerguelen Plateau”) (Leitchenkov et al., 2010). 
Multichannel seismic and refraction seismic data were col-
lected under this project along a line crossing the continental 
rise and the abyssal plain from south to north. The survey 
provided reliable data on the crustal thickness and the struc-
ture of sedimentary cover. In 2012, PMGE extended the 
2007 profile to the Prydz Bay shelf, so it crossed the main 
tectonic structures of the Cooperation Sea.

Integration and interpretation of all available geophysical 
data enabled us to conclude that the Prydz Bay shelf in-
cludes the northern termination of an extended intraconti-
nental rift known as Lambert Rift (Leitchenkov et al., 2014). 
Within the outer shelf, it meets the marginal rift to form a 
triple junction.

The geological data collected in the coastal area demon-
strate that the Lambert Rift started to form in the late Car-
boniferous. It is confirmed by the significant denudation of 
the Earth’s surface, indicating the thermal uplift of the litho-
sphere in the rims of the forming rift (Lisker et al., 2003) as 
well as by magmatism manifestations such as intrusion of 
dolerite dikes and olivine–leucite basalts flows of this age 
(Leitchenkov et al., 2014). The further development of the 
Lambert Rift is documented by the formation of the Perm-

Fig. 1. Tectonic structure of the Cooperation Sea Basin from (Leitchenkov et al., 2010 with changes and additions). 1, crystalline shield; 2, bound-
ary between the crystalline shield and the sedimentary basin; 3, intracontinental and marginal rifts; 4, zone of mantle exhumation; 5, continent-to-
ocean boundary; 6, volcanic plateau; 7, depth to the basement (km); 8, 1000 m isobaths; 9, coastal line and ice shelf boundaries; 10, ODP bore-
holes; 11, Reflection and refraction seismic profile providing information about the crustal structure and sedimentary cover to be used in 
numerical modeling.
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ian–Triassic terrigenous coal-bearing deposits 2 km thick 
that were found in the western rim of the Lambert Rift 
(Aleksashin and Laiba, 1993). The presence of stretching at 
that time is confirmed by the intrusion of Early Triassic do
lerite dikes (Mikhalsky and Sheraton, 1993). The Paleozo-
ic–early Mesozoic phase of rifting ended with a short period 
of relative stabilization that covered the time from the Late 
Triassic to the beginning of the Middle Jurassic (about 
170 Ma). This was followed by another stage of tectonic 
activity with repeated stretching of the intracontinental rift 
and formation of an extended rift zone between India and 
Antarctica (Truswell et al., 1999; Leitchenkov et al., 2014). 
The end of rifting and the lithosphere’s break-up is thought 
to have occurred at 140–130 Ma. This age is suggested from 
the oldest magnetic anomalies identified in the Cooperation 
Sea (Leitchenkov et al., 2010).

THE STRUCTURE OF EARTH’S CRUST  
AND SEDIMENTARY COVER  
OF THE CONTINENTAL MARGIN  
IN THE COOPERATION SEA

The structure of the Earth’s crust was studied by gravity 
modeling (using GM-SYS 4.8 software) with use of seismic 
reflection and refraction data. The basement surface and 
seismic horizons interpreted from reflection seismics were 
recorded during gravity modeling (Fig. 2).

According to gravity modeling, the crustal thickness in 
the coastal area varies from 30 to 35 km and is significantly 
reduced in the axial part of the Lambert Rift in the Prydz 
Bay where the crystalline basement deepens down to 12 km, 
while the Moho discontinuity rises to 22 km (Fig. 2). The 
crust of the rift flanks on the shelf is 25–26 km thick. Under 
the continental slope, upper continental rise and lower con-
tinental rise, the crustal thickness is reduced to 15, 10 and 
5 km, respectively (Fig. 2).

The outer part of the marginal rift (between 450 and 
570 km) forms a transitional crust with mantle exhumation 
(Figs. 1, 2) (Leitchenkov et al., 2010, 2014). A mantle exhu-
mation is a rupture in lithosphere formed due to its extreme 
stretching during the final stage of rifting when the upper 
mantle rises and is actually outcropped in the sea floor 
(Boillot and Froitzheim, 2001). Such processes are typical 
for nonvolcanic margins and have been well studied in the 
northern part of the Atlantic Ocean (Boillot and Froitzheim, 
2001) and in the southeastern part of the Indian Ocean 
(Leitchenkov et al., 2014). Due to the uplift, mantle rocks 
(peridotites) undergo serpentinization, changing their com-
position, so the values of their density and seismic velocities 
are significantly reduced.

The presence of the exhumed mantle in the marginal rift 
is confirmed by the increased thickness of the crystalline 
crust that cannot be explained by progressing stretching; by 
its average density (Fig. 2); by the presence of high-ampli-
tude uplifts of the basement that are typical for peridotite 
ridges; and by the complex crustal structure in seismic re-

Fig. 2. Crustal model across the Prydz Bay shelf and deepwater part of the Cooperation Sea. 1–3: crystalline crust: 1, continental; 2, transitional 
(composed of mainly serpentinized peridotites); 3, oceanic; 4, sedimentary cover (the color marks rift and post-rift deposits); 5, rock density 
(g/cm3); 6, seismic and/or density boundaries; 7, pseudowells (their numbers are indicated on top); 8, seismic refraction points. See Fig. 1 for 
profile location.
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cords showing multiple diffractions and discontinuous ref
lectors that are characteristic for different degrees of serpen-
tinized mantle (Leitchenkov et al., 2010). In addition, a zone 
of mantle exhumation has been discovered on the conjugate 
continental margin of India (Mangipudi et al., 2014).

The seismic and drilling data allow us to identify seismic 
sequences in the sedimentary cover of the Cooperation Sea 
basin and to determine their ages. The sedimentary cover is 
subdivided into two major units corresponding, respective-
ly, to the syn-rift and post-rift phases of deposition (Fig. 3). 
Multichannel seismic reflection data enable recognizing the 
crystalline basement for the most part of the basin, exclud-
ing only the central part of the intracontinental rift and the 
inner part of the margin rift, where, however, it can be deter-
mined using the refraction seismic data.

The seismic stratigraphy model for the sedimentary cover 
of the Prydz Bay shelf was suggested by Stagg (1985) based 
on an Australian seismic survey conducted in 1981 and was 
later specified using ODP drilling data and the results ob-
tained by the Soviet and Russian expeditions of 1986–1988 
and 2012. According to this model, the sedimentary cover of 
this area is divided into four seismic sequences: PS5, PS4, 
PS2B and PS2A (three upper ones were sampled by the 
ODP drilling (Barron and Larson, 1991; Cooper et al., 
2004)).

The lower sequence PS5 is characterized by high seismic 
velocities: 4.8–5.0 km/s and its thickness reaches 4.5 km 

(Fig. 2). This sequence was not sampled by drilling, but con-
sidering its high seismic velocities (4.5–5.0 km/s), it might 
be composed of the Permian–Triassic deposits analogous to 
those found on the western flank of the Lambert Rift (Leitch-
enkov et al., 2010).

Sequence PS4 reaches its maximum thickness (3.5–
4.0 km) in the axial part of the rift and is limited in its top by 
an angular unconformity (Fig. 3). According to the drilling 
data, it is composed of siltstones and thin layers of sand-
stones (Barron and Larson, 1991). This sequence has been 
sampled by drilling but its age has not been determined due 
to absence of fossils. Based on structural characteristics of 
PS4 (Fig. 3), we suggest that it was deposited during the fi-
nal rifting stage during the Late Jurassic–Early Cretaceous.

Sequence PS2B covers the most part of the Prydz Bay 
shelf. The drilling data show that it is mainly composed of 
sandstones and siltstones with carbonized vegetative matter 
(Barron and Larson, 1991). The sediments in the sampled 
(upper) part of the sequence were deposited in the cold 
moist climate of the Early Cretaceous.

The upper sequence PS2A spreads over the area from the 
middle shelf to the continental slope, has a progradational 
pattern and was sampled by four ODP holes (Fig. 3). Its 
basal part penetrated by well 1166 is composed of the mid-
dle and late Eocene sandstones deposited in fluvial condi-
tions and lagoons in cold moist climate near the glacier mar-
gin (Cooper et al., 2004). The remaining part of the section 

Fig. 3. Interpretive seismic section across the continental margin in the Cooperation Sea. 1–5: lithology: 1, conglomerates, sandstones, siltstones, 
mudstones, coals (alluvial, lacustrine, lagoonal); 2, argillites and siltstones (continental and shallow marine); 3, argillites, clays (hemipelagic de-
posits); 4, clays and silts/siltstone (levee deposits, debris flows deposits, landslides); 5, diamictites (glacialfluvial and glacialmarine); 6, age (in 
Ma) of seismic sequences; 7, ODP drill-holes, 8, pseudowells (their numbers are indicated on top) used in modeling. CS1, CS1a, CS2, CS3, CS4, 
CS5, CS6, CS7, seismic horizons; PS5, PS4, PS2B, PS2A, seismic sequences in the Prydz Bay shelf. The basement surface marked with the 
solid line is derived from multichannel seismic data. The basement surface marked with the dashed line is derived from seismic refraction data. 
See Fig. 1 for profile location.
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formed during the early-late Oligocene and includes mas-
sive and stratified diamictites of glacial and glacialmarine 
origin (Barron and Larson, 1991).

The seismic stratigraphy model for the deep-water basins 
of East Antarctica was developed by Russian scientists after 
many years of extensive research (Leitchenkov et al., 2007). 
Based on this model, nine seismic horizons CS1, CS1а, 
CS2, CS3, CS4, CS5, CS5а, CS6 and CS7 were identified in 
the sedimentary cover of the Cooperation Sea, a part of them 
were correlated with horizons (sequence boundaries) recog-
nized in the Prydz Bay shelf (Fig. 3).

Horizon CS1 forms the top of the rift unit filling the re-
gional through of the marginal rift and the local structures of 
the stretching (half-grabens). Its age corresponds to the be-
ginning of sea floor spreading in the Cooperation Sea and 
varies from 130 to 125 Ma. The rift unit formed in continen-
tal and shallow marine conditions, so it is mainly composed 
of sandstone and siltstones.

Horizon CS1а is traced in the middle and lower continen-
tal rise. Its formation is probably related to the changes in 
depositional environments influenced by intensive volcanism 
in the southern part of the Kerguelen Plateau between 120 
and 110 Ma and by the Indian Ocean development. The un-
derlying sedimentary sequence (between horizons CS1 and 
CS1a) deposited at the early stage of oceanic development 
and may be composed of mainly siltstones and mudstones. 
All overlying sequences are predominantly composed of 
hemipelagic and pelagic sediments, but may also locally con-
tain coarsegrained deposits formed by gravity flows.

Horizon CS2 is confidently recognized everywhere in 
the deep-water area of the Cooperation Sea. Its age is con-
sidered to be 90–80 Ma corresponding to the gate-way 
opening and changes in the ocean water circulation in the 
South Atlantic and Indian Oceans (Lawver et al., 1992; 
Leitchenkov et al., 2010).

Horizons CS3–CS7 were identified in all the sedimentary 
basins of the East Antarctic continental margin and are cor-
related between the basins (Leitchenkov et al., 2007). Hori-
zon CS3 is dated as middle Eocene (48–43 Ma), and this age 
is based on the horizon’s overlapping onto the dated (by 
magnetic anomalies) oceanic crust.

Horizon CS4 is the most prominent interface in the sedi-
mentary cover almost everywhere on the East Antarctic 
margin exhibiting a profound change in the seismic reflec-
tion pattern. It is widely accepted that this horizon correlates 
with the onset of large-scale Antarctic glaciation at about 
34 Ma (Leitchenkov et al., 2007). The age of CS5, CS6 and 
CS7 is reliably determined from the ODP drilling (Figs. 1, 
3) and corresponds to 24–22, 14–12 and 5–3 Ma, respec-
tively. Formation of horizon CS6 is related to the global 
cooling that occurred in the end of the middle Miocene and 
resulted in the stabilization of the Antarctic glaciation and 
decrease in the rate of sedimentation on the Antarctic conti-
nental margin.

ROCK TEMPERATURE FLUCTUATIONS DURING 
BASIN SUBSIDENCE

The subsidence and rock temperature evolution of the 
sedimentary basin were reconstructed along the profile 
crossing the continental margin using the GALO software 
(Figs. 2, 3) at 18 evenly spread points (pseudowells). The 
process of modeling using this software was considered in 
detail in (Galushkin, 2007, 2016), so in this paper only the 
key elements will be highlighted. The modeling process is 
based on a numerical solution of the 1D nonstationary equa-
tion for heat transfer that accounts for time and depth-relat-
ed changes in thermophysical rock properties in flat basin 
approximation when the temperature depends only on the 
depth and time. The temperatures were calculated for a do-
main including the sedimentary cover, undelaying the litho-
sphere, and a part of the asthenosphere to the depths of 80–
100 km.

Solving the heat-transfer equation for the domain’s upper 
boundary the temperature was selected to match the climatic 
conditions at the sea bottom (basin surface) within the con-
sidered time period. To determine the paleotemperatures we 
relied upon (Frakes, 1979) where the author indicates yearly 
average temperature changes on the Earth’s surface in rela-
tion to geographical latitudes and geological times for the 
most part of the Phanerozoic that were specified to correlate 
with the modern understandings of climate changes in Ant-
arctica (Florido and Siegert, 2009). These surface values 
were then recalculated to obtain sea floor temperatures con-
sidering sea depth changes within the period of basin deve-
lop ment.

At the low boundary of the computation domain (ZM), 
whose depth for different pseudowells varied from 84 to 
90 km, a constant temperature (TM) was set, its value vary-
ing for different parts of the basin in relatively narrow rang-
es (from 1150 to 1180 °С). The values ZM and TM were 
determined by the crossing of geotherm Tcold (z) with a peri-
dotite solidus curve that is characterized by a low level of 
Н2О (less than 0.2%) (Wyllie, 1979). In this case, Tcold (z) 
determined the temperature distribution in the basement (ex-
cluding sedimentary cover) matching the minimum thermal 
flow in the history of the basin’s development (for more de-
tails see (Galushkin, 2007)). In our study, the minimum 
thermal flow was considered to be equal to 1.1 heat units 
(hU) or 46 MW/m2. The differences in the ZM and TM val-
ues were due to different degrees of lithospheric thinning 
during the initial stage marginal deposition in the different 
parts of the basin.

The GALO software, like any other software packages 
for numerical modeling (Ungerer et al., 1990; Ungerer, 
1993; Welte et al., 1997) utilizes the data on a sedimentation 
rates changes, erosional processes and hiatuses in deposi-
tion. During modeling, GALO calculates changes in poros-
ity in sedimentary rocks (during their cementation) as well 
as their density, thermal conductivity and capacity, and the 
degree of their heat generation caused by lithological chang-
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es, increased deepening depth and temperature. Moreover, it 
takes into account the dependence of the thermal conductiv-
ity of water and rock matrix on temperature (Galushkin, 
2007, 2016).

The process of sedimentary cover formation was modeled 
as the virtual deposition of the uncompacted sediments form-
ing elementary (no more than 10 m thick) layers of Δz in 
thickness. The temperature computation included the sedi-
mentary layer, crystalline crust and underlying mantle down 
to 100 km. Within this domain, the mesh size increased with 
the depth and comprised about 1 km at a depth of 100 km. 
The time intervals varied from 400 thous. years for slow 
sedimentation rates and 16 thous. years for fast ones.

When calculating the thermophysical parameters of the 
sedimentary rocks, we used the global average values of the 
petrophysical matrix characteristics of the main lithological 

units. The lithology was predicted based on the results of 
seismic stratigraphy analysis.

Figure 4 shows (as an example) changes in rock tempera-
tures for pseudowells 3, 4, 14 and 16, and Fig. 5 demon-
strates the modeling results for the sedimentary section. The 
maximum thicknesses of the sedimentary cover were record-
ed in the Lambert Rift in the Prydz Bay and under the middle 
continental rise of the Cooperation Sea (Figs. 3–5). In the 
Lambert Rift, the maximum sedimentation rates are related 
to the first (210–170 Ma) and second (170–125 Ma) phases 
of rifting, and in the marginal rift to the main phase (170–
125 Ma) of rifting and the glaciation period (34–0 Ma).

The degree of organic matter (OM) maturation deter-
mined through the values of vitrinite reflectance (Ro

Vt, %) 
served as an indicator of the integral thermal history of the 
basin. Figures 4 and 5 demonstrate that the sedimentary 

Fig. 4. Temperature and organic matter maturity changes during basin subsidence calculated for pseudowells 3, 4, 14 and 16 (see Figs. 2, 3). The 
upper parts of the figure demonstrate changes average annual temperature at sea bottom (Frakes, 1979; Florindo and Siegert, 2009). 1, base of the 
seismic sequences; 2, isotherms; 3, vitrinite reflectance isolines (%).
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rocks of the upper 6 km are of moderate maturity corre-
sponding to the socalled oil generation window (0.50 ≤ Ro

Vt 
≤ 1.30%).

CHANGES IN LITHOSPHERIC STRETCHING  
DEGREE DURING THE RIFT HISTORY  
OF COOPERATION SEA BASIN

The depth and age of the seismic sequences (Fig. 3) to-
gether with suggested sea floor paleodepths (curves 4 in 
Fig. 6) enabled us to reconstruct the thermal history of the 
basin and to calculate the variations of its tectonic subsid-
ence, i.e., the subsidence of the basement surface due to the 
stretching and thermal cooling of the lithosphere. We as-
sumed that before the start sedimentation, an arch had dom-
inated over the area. Lines 1 (Fig. 6) demonstrate changes in 
tectonic subsidence, i.e., changes in the depth of basement 
(ZTs) calculated after removal of water and sediments load 
(Galushkin, 2007, 2016; Galushkin et al., 2018) using the 
following expression:
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Formula (1) was derived under the assumption of the iso-
static response to a load of water and sediments. If sedimen-
tation occurred within the mainland, in (1) we accept 
Zw(t) = 0. Hence, changes in the tectonic subsidence at the 
time t relative to the subsidence value at the time of sedi-
mentation onset (sag phase) determined by changes in the 
weight of the sedimentary column and sea paleodepths with-
in the same time interval. In other words, curves 1 in Fig. 6 
correspond to the classical definition of basin subsidence 
(Parson and Sclater, 1980).

Figure 7 shows thermal conditions of the lithosphere as 
they were calculated for pseudowell 3 in the intracontinen-
tal Lambert Rift and for pseudowell 14 in the marginal rift. 
In our calculation, we assumed that in the initial period of 
the basin’s development (before lithosphere started to 
stretch), the thickness of the crustal layers and the thermo-
physical parameters of lithospheric rocks were similar to 
the ones of the standard continental lithosphere (Table 1) 
(Baer, 1981; Galushkin, 2007). It should be noted that the 
contribution of radiogenic elements of the crystalline crust 
into the surface heat flow is about 21 MW/m2 (Table 1), 
which correlates with the data on the thermophysical prop-
erties of the rocks of the Indian crystalline shield adjoining 
to the studied region before the Gondwana break-up (Gupta 
et al., 1991).

Since the GALO software calculated temperature distri-
bution not only for the sedimentary cover but also for the 
underlying lithosphere (Fig. 7), we had an opportunity to use 
another method for estimation of the amplitudes of the tec-
tonic subsidence (Galushkin, 2007, 2016). This additional 
method is based on computation of rock density vs. depth 
both for crystalline crust and for mantle trough the geological 
time. The corresponding variations of tectonic subsidence 
were calculated using the formula (Galushkin, 2007, 2016):
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( ) ( )
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�
�

0
0

�
. (3)

Fig. 5. Calculated vitrinite reflectance and temperature distributions. 1, 
seismic horizons. For the rest of the legend see Fig. 4.

Table 1. Parameters of standard continental lithosphere to be used in modeling 

Parameter Upper crust Lower crust Mantle

Basement depth, km 5.0 15.0 36.0 > 36
density, kg/m3 2750 2750 2900 3300
Thermal conductivity, W/m/K 2.72 2.72 1.88 K = f (T)
Thermal generation, µW/m3 1.465 0.84 0.21 0.004

Note. Dependence of mantle rock thermal conductivity (K) on the temperature was determined using equations (McKenzie et al., 2005), and the litho-
spheric parameters (Baer, 1981; Galushkin, 2007, 2016).
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where g denotes the gravity acceleration; G, the weight of 
the crust and mantle of a certain fixed thickness l0:

G t g Z t dZl

l

( ) ( , )� � ��� �
0

0

. (4)

Here, the basement’s rock density rl (Z, t) is the function 
of temperature T(Z, t), pressure P(Z, t) and time t:

� � � �l Z t Z t T Z t P Z t( , ) ( , ) [ ( , ) ( , )],� � � �� � � � � �0 1  (5)

where a = 3.2 × 10–5 °C–1 denotes the thermal coefficient of 
expansion (Parsons and Sclater, 1977); b = 0.00079 kbar–1, 
the isothermal rock compaction coefficient (Touloukian and 
Ho, 1981); r

0 (Z, t), the rock density distribution with depth 
under the standard conditions (P = 1 atm and T = 20 C).

Parameter r0 includes variations of density caused by 
differences in rock composition; phase transitions within 
the peridotite mantle as well as lithospheric stretching. The 
corresponding variations of tectonic deepening (3) can be 
seen in Fig. 6 (curves 2). According to (5), the temporal 
fluctuations in distribution of the crustal and mantle rock 
densities with depth that determine the variations of the tec-
tonic subsidence depend on the changes of temperature, 
pressure and rock composition with depth as well as on 
changes in depths of phase transition in the mantle during 
basin development (Galushkin, 2016). Rock density with 
depth changes both during lithospheric stretching and dur-
ing its thermal activation.

As it was mentioned above, this approach was applied in 
the assumption of local isostatic rebound (Galushkin, 2016; 
Galushkin et al., 2018). Curves 3 in Fig. 6 show how the 

Fig. 6. Tectonic subsidence variations for the Cooperation Sea Basin for pseudowells 3, 4, 14 and 16. The calculations have been performed in 
the assumption of local isostatic rebound to load. 1, tectonic subsidence of the basement surface, calculated upon removal of water and sediments 
load; 2, tectonic subsidence due to changes in the densities of crystalline consolidated crust and mantle rocks; 3, changes in thickness of sedimen-
tary cover; 4, sea paleodepth.
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thickness of the sedimentary cover changes during basin 
subsidence, and curves 4 in the same depict sea floor depths. 
Summing 3 and 4 in Fig. 6 results in the total depth of the 
basement subsidence calculated from the sea surface.

The stretching amplitudes of the lithosphere that were 
calculated from the profile (Figs. 2, 3) can be seen in Fig. 8a. 
In the beginning of the modeling procedure when the value 
of the lithosphere presedimentary stretching β0, amplitude 
was yet unknown, it was set reasonably but arbitrarily. For 
this arbitrary value, the thickness of crystalline crust at the 
time when the sedimentation started was determined as 
H0sed = H0/β0. The GALO modeling gave us the stretching 
amplitude for the period of rift formation β12. Then, the 
summed amplitude of the lithospheric stretching was deter-
mined as βsum =  β0 × β12, i.e., the stretching amplitude to 
ensure the calculated basement subsidence with sediments 
and water loads taken into account. If βsum was different 
from β0observ (that was derived from the observed thickness 
of modern consolidated crust Hobserv in Fig. 2; β0observ =  
36/Hobserv), the β0 would be changed, and the procedure 
would be repeated until βsum became close to β0observ in a way 
the calculated thickness of the crystalline crust (curve 2 in 
Fig. 8b) became close to the value of Hobserv (curve 1, in 
Fig. 8b). In this way, the results presented in Figs. 4–8 were 
obtained.

DISCUSSION

Using the GALO package for modeling of the Coopera-
tion Sea sedimentary basin assumed that the basin could be 

considered as flat, which means temperature and depth 
changes along the X and Y axes were small relative to those 
along the Z axis. We consider that the model-based correc-
tions for our estimations of tectonic subsidence were not 
significant for all the considered territories.

It is noteworthy that the calculated changes in vitrinite 
reflectance for the sedimentary sections (pseudowell 3 on 
the shelf and pseudowell 16 on the deep-water margin) were 
almost identical despite the areas having different subsid-
ence histories (Fig. 4). This phenomenon can be explained 
by a higher heat flow in the marginal rift during lithospheric 
stretching and at the beginning of oceanic spreading than 
that of the intracontinental rift. At the same time, the model-
ing demonstrated a higher degree of source rock maturity in 
pseudowell 4 than that in pseudowell 14 despite the com-
parative thicknesses of their overlaying mantle. This can be 
explained by the dominating effect of an organic matter 
maturation in the vicinity of pseudowell 4 if compared to the 
thermal effect in the vicinity of pseudowell 14 within the 
same time period.

The performed numerical modeling enables us to assume 
that the sediments started to deposit on the lithosphere that 
had become β0 times thinner. The duration of this initial thin-
ning is not important in our modeling; it could occur from 5 
to 20 Ma. It is important to note that the errors of 10–15 Ma 
in dating of when the sedimentation begun as well as the er-
ror of 100–300 m in determination of paleosea depths should 
not have a significant effect on the results of modeling.

The resulting amplitudes of presedimentary lithospheric 
stretching β0 are depicted in Fig. 8a (curve 1). They reach 

Fig. 7. Thermal history of lithosphere for intracontinental rift (pseudowell 3) and marginal rift (pseudowell 14). а, Changes in heat flow: 1, heat 
flow through the basement surface; 2, heat flow through the sedimentary cover; b, lithospheric thermal regime evolution: 1, isotherms (°С) 2, 
spinel to garnet peridotite transition depth in the mantle. The figure shows the Moho discontinuity, and the base of lithospheric determined from 
the crossing of a peridotite solidus curve (water saturation of no more than 0.2%) (Wyllie, 1979) and current isotherm Т (Z, t) in the lithosphere. 
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the value of 2.8 in the central part of the intracontinental rift 
and of 4.5 in the marginal rift in the vicinity of the conti-
nent-ocean boundary. If we suggest that sedimentation start-
ed 270 Ma in the Lambert intracontinental rift and 170 Ma 
in the margin rift on the lithosphere with normal (un-
stretched) continental crust of 36 km thick, analysis of tec-
tonic subsidence variations will give us the stretching ampli-
tudes that are significantly less than those observed. In this 
case, the calculated thickness of the consolidated crust will 
be 2–3 times higher than its actual thickness (Galushkin et 
al., 2018). Our estimations have demonstrated that the 
stretching amplitude (β0) before the start of deposition can 
significantly exceed the stretching amplitude during sedi-
mentation (β12).

CONCLUSIONS

The sedimentary basin of the Cooperation Sea is located 
on Antarctic continental margin in the southern part of the 
Indian Ocean and developed due to the rifting in East 
Gondwana followed by break up of India and Antarctica. 
The shelf part of the basin contains the northern termination 
of an intracontinental rift that adjoins the marginal rift. 
Based on seismic and gravity data, it has been confirmed 
that the thickness of the crystalline crust varies from 29 to 
31 km in the rift flanks, to 11 km in the axial part of the 
intracontinental rift and to 8–5 km in the outer part of the 
marginal rift.

Seismic stratigraphy analysis has enabled us to determine 
the main seismic sequences and predict both their age and 
composition. Four sequences were identified for the intra
continental rift. They deposited during the periods of 270–
210, 170–125, 125–34 and 34–0 Ma. In the marginal rift, 9 
seismic sequences have been recognized, and they are inter-
preted to have formed during 170–125, 125–110, 110–90, 
90–43, 43–34, 34–24, 24–14, 14–5, 5–0 Ma.

One-dimensional numerical modeling of the thermal re-
gime, the basement subsidence and lithospheric stretching 
was performed along the profile crossing the basin from the 
shelf to the lower continental rise. The performed numerical 
modeling has demonstrated that in order to match the ob-
served depths of the basement surface and the modern thick-
nesses of the crystalline crust, the rifting has to have a peri-
od of lithospheric stretching that preceded the subsidence 
and deposition of the sediments. Such a situation can be 
explained by the uplift of the crust during the early stage of 
rifting. The stretching reached its maximum in the axial 
parts of the intracontinental and marginal rifts, which result-
ed in the maximum thinning of the crust. In the depocenter 
of the intracontinental rift, the stretching amplitude was 2.8 
before sedimentation began (before 270 Ma) and 1.16 after-
wards. An extreme stretching has been observed in the outer 
part of the marginal rift. It reached 4.6 before the start of 
sedimentation (170 Ma) and 1.75 afterward. The total 
stretching amplitude in this area reached 8.

Fig. 8. Changes in the amplitudes of lithospheric stretching (a) and the thickness of the crystalline crust (b) along the modeled profile (Figs. 2, 3). 
а: 1, stretching amplitude before the start of sedimentation (β0); 2, calculated summed stretching amplitude (βsum); 3, observed stretching ampli-
tude (βobserv) obtained from gravity modeling (Fig. 2) as 36/Hconsol, where Hconsol denotes the thickness of the crystalline crust; its value of 36 km 
was assumed as initial for unstretched crust that is typical for East Antarctica (Baranov et al., 2018); 4, stretching amplitude during rift-related 
sedimentation (β12); b: 1, thickness of the crystalline crust obtained from density modeling (Fig. 2); 2, thickness of the crystalline crust obtained 
from stretching amplitude modeling; 3, thickness of the crystalline crust during the early stage of rifting before the start of sedimentation (Н0sed = 
36/β0, where β0 is curve 1 in Fig. 8а). 
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Our estimations of the stretching amplitudes during the 
sedimentary stage are based on the numerical modeling of 
the Cooperation Sea Basin; the history of the basement sub-
sidence and changes in the rock temperatures. The modeling 
assumes the temperatures could reach higher orders (about 
200 °С and higher) causing high degrees of organic matter 
maturation (Rо

Vt > 2.00%) in the Triassic and Lower Jurassic 
rocks.

The study was performed with the support of the Russian 
Science Foundation (project No. 16-17-10139).
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