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ABSTRACT

This study attempts to estimate the thermal structure in the Southern Vietnam continental shelf by calculating the
Curie point depth isotherm using magnetic data. The Curie point depth values, from 49 overlapping blocks 128 x
128 km in size, have been estimated by the exponential approach. This approach is based on the analytical solution of
the exponential equations obtained from transforming the magnetic anomaly data into the frequency domain.
According to the obtained results, the range of Curie point depths is from 15.3 to 35.6 km. In the study area, the
greatest Curie point depth is located in the South-Eastern part, and the smallest depth is located at North-Western
part. The heat flows derived from the Curie point depths are also presented. The obtained results are at relatively high
resolutions and in agreement with the published information available for the study area. The Curie point depths
generally lie below the Moho surface in this region but lie above in some locations, notably the Cuu Long basin.

Keywords: Curie point depth; heat flow; exponential approach; magnetic data; Southern Vietnam continental
shelf.
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1. Introduction (Fowler, 2005). Thereby, thermal structures of
the Earth’s crust can be manifested the
deformation models, depths of brittle and
ductile deformation zones, regional heat flow
variations,  seismicity,  subsidence/uplift
patterns and maturity of organic matter in
sedimentary basins (Dolmaz et al., 2005a,
2005b). In general, evaluations on the thermal
characters of the Earth’s crust have been
carried out from investigations by direct
measurements of heat flow. However, such
data are scarce and can be contaminated with
shallow anomalies of the local geological

"Corresponding author, Email: luanpt@hus.edu.vn environment (Blackwell, 1983; Siler and

Temperature is one of the main factor
controlling the rheology of solids, thus, to
understand the mechanical behavior of the
Earth’s crust and lithosphere, it is necessary to
know its thermal structures (Turcotte and
Schubert, 2002). Geological processes and
events such as volcanism, intrusion,
earthquakes, mountains uplift and
metamorphism are controlled by heat
generation and its transfer inside Earth
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Kennedy, 2016; Correa et al., 2016). As an
alternative method to examine the thermal
structures of the Earth’s crust is the estimation
of the Curie point depth (CPD) which
provides a proxy of the thermal regime at
depth, and can be used to infer the heat flow
pattern in wide regions. Hereby, the Curie
point depth is known as the depth at which the
dominant magnetic mineral in the Earth’s
crust changes its magnetic property from
ferromagnetic to the paramagnetic state under
the effect of increasing temperature (Nagata,
1961). According to this, the Curie point
temperature related to the Curie point depth
can be variable depending on the
mineralogical content of rocks and the
geological structure of the region. However,
the Curie point depth isotherm of 580°C of the
Earth’s crust, which is the demagnetizing
point of magnetite (Frost and Shive, 1986) is
generally considered as an indicator of the
extent of magnetic sources. Within this frame,
shallow Curie point depths are excepted
usually at regions comprising thinned crust,
young volcanism and geothermal potential
(Tanaka et al., 1999).

In this context, the idea of using
aeromagnetic data to estimate Curie point
depth is not new and has been extensively
taken advantage worldwide in estimation of
the thermal structure of the Earth’s crust in
various tectonic settings (i.e.; Serson and
Hannaford, 1957; Smith et al., 1977; Okubo et
al., 1985; Tanaka et al.,1999; Stampolidis and
Tsokas, 2002; Trifonova et al., 2009; Saleh et
al., 2013; Bansal et al. 2013; Starostenko et al.
2014; Rocha et al., 2015; Correa et al., 2016;
Teknik and Ghods, 2017; Wang and Li,
2018). A number of methods have been
proposed for estimating the basal depth of the
magnetic sources, particularly to provide a
statistical estimate of CPD for regional-scale
studies. For example the spectral peak method
(Spector and Grant, 1970), the centroid
method (Bhattacharyya and Leu, 1975) used

by Okubo et al. (1985) and Tanaka et al.
(1999), the power law correction method
(Maus and Dimri, 1996), forward modelling
of spectral peaks (Finn and Ravat, 2004),
exponential approach (Aydin and Oksum,
2010, 2012), fractal method (Bansal et al.,
2011) and recently the de-fractal method
(Salem et al., 2014).

Geodynamic studies based primarily on the
interpretation of magnetic anomalies in the
Southern Vietnam continental shelf have been
so far very rare. In the past, Tanaka et al.
(1999) used the centroid method to calculate
the CPD in the East and Southeast Asia. Since
their study covers a very large area, their map
of estimated CPD in Southern Vietnam
continental shelf is very low resolution. The
aim of this work is to utilize magnetic
anomaly to estimate the CPD in the Southern
Vietnam continental shelf at relatively high
resolutions through the exponential approach
(Aydim and Oksum, 2010, 2012). The method
is based on depth calculations of single prism
or ensemble of prisms by using an exponential
solution of the Fourier transform of magnetic
data which might slightly differ from
Bhattacharyya and Leu’s (1977) approach. In
this study, a modified MATLAB code using
the exponential approach has been developed
to compute the Curie point depth
configuration in the study area.

2. Regional Geological setting

The Southern Vietnam continental shelf is
an area of active hydrocarbon production (Fig.
1). The area is formed by the prograding
Pliocene - Quaternary sediments of the
Mekong Delta. The oil exploration has
revealed the presence of two main basins
beneath this recent sedimentary cover, the
Cuu Long and Nam Con Son basins (Fig. 2).
The Northern Cuu Long basin is the
continuation of the onshore Mekong basin and
is a major basin for oil production (Huchon et
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al.,, 1998; Gwang et al., 2001; Binh et al,,
2011). The age of Cuu Long basin fill
sediments ranges from Eocene to Quaternary
(Binh et al., 2011). The Southern Nam Con
Son basin is open to the deeper oceanic basin
to the east and is a major gas-producing basin
(Huchon et al., 1998; Gwang et al., 2001;
Binh et al., 2011). The age of Nam Con Son

basin fill sediments ranges from Oligocene to
Quaternary (Binh et al., 2011). Two basins are
separated by a basement high named Con Son
ridge. The depth to the basement of the basins
obtained from various sources and from the
PONAGA’93 cruise, and is shown in Fig. 2
(Huchon et al., 1998).
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Figure 1. Location of the study area
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Figure 2. The depth to basement depth map (modified from Huchon et al., 1988)

3. Methodology

Following Aydin and Oksum (2010, 2012),

the expression of the Fourier transform of the
4

F(u,v) =B (e_|5|h1 — e—|5|hz) Z e ~H(uxp+uyp)

p=1
where x, and y, denote the corner coordinates
of the top and bottom surfaces of the prism at
the horizontal plane, B is the complex term
related to the directions of the magnetization
and the magnetic permeability (Blakely,
1996).

magnetic anomaly of a finite vertical prism
model with the top depth h; and bottom depth
h, can be written as:

s = W?+v>)W/2 M

Setting the horizontal size of the prismatic
body in Eq. (1) as infinitely expanded, it can
be described as a kind of a magnetic layer
comprising several prisms with depth limits
close to each other. Aydin and Oksum (2010,
2012) introduced a statistical approach using
the diagonal discrete values of F(u,v) for
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estimating the top and bottom depths of a
magnetic layer which might be defined as the
average depths of an ensemble of prisms.
Hereunder, by taking the frequency increment
interval as Ar = 2m/N for equally spaced
N X N gridded data and u =v = Ar, the
discrete radial values of F(u,v) along the
diagonal axis on u — v plane is expressed
with the form of A(mAr) as:

A(mAr) = Y3 _ Byuyy 2)
where  p, = e At @*p))  and  m =
0,1,2,3,..n. Ar 1is the increment with
eqiuspaced intervals and n + 1 is the number
of data taken on the radial line in the u — v
plane. Based on the  exponential

A((m — 1DAr) A((m — 2)Ar)
A((m — 1)Ar)

Df = A(?’T:lAT)

A((n - 2)Ar)  A((n - 3)Ar)
—A(mAr)
—A((m + 1)Ar)

Da =

—A((n - 1)Ar)

Once the unknown parameters y’s are
obtained and the solutions of u’s is performed
from Eq. (3), the depths of the corners of the
prism can be computed by taking the natural
logarithm of the absolute values of p,values
divided to the frequency interval as in Eq. 5
(Aydin and Oksum, 2010, 2012):

hy = Ln(|uy|)/22/N (5)

It is noted that the number of corners
depends on whether the problem is a finite
extended prism model (8 corners), or an
infinite extended prism model (4 corners). In
the case of a finite model, the average value of
the largest four depths estimated provides the
depth to the bottom (Curie point depth)
whereas the mean of the remaining four
provide the depth to the top of the ensemble.
However, in the case of an infinite depth
extended model, 4 corners are used and the
mean value of the estimated depths of these
corners give the top depth of the magnetic
layer (depth to the magnetic basement).
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approximation procedure explained
comprehensively by Hildenbrand (1965,
1974) and Aydin and Oksum (2010, 2012),
the unknown p values in equation set (2) can
be solved by letting the u values be the roots
of an algebraic Eq. (3):
P+ y ™+ yppd? 3)
+ . Vgt Y =0
In order to obtain the y values to be used
for determining p values, it follows setting of
a linear Equation set (4) constructed from
matrix components of the discrete radial
values of equation set (2):
Da=Df Xy 4
where these matrices are indicated in open
form as below,

A(0AT)
A(1Ar)

b

A((n —m — 1)Ar)

V1

Y2
Y=t

Yq

A plot of the logarithm power spectrum
versus wavenumber usually shows linear
segments that decrease in slope with
increasing wavenumber. Generally, low radial
wavenumbers mainly relate to deep sources,
and intermediate radial wavenumbers mostly
correspond to shallow ones, while high radial
wavenumbers are dominated by noise
(Spector and Grant, 1970). Aydin and Oksum
(2012) stated that obtaining reasonable results
from their statistical approach mostly depends
on regularly changing depths, entirely covered
anomaly in the subarea and a properly
selected critical frequency on the radial line at
which the authors suggest to construct the
matrices in Equation (4) by the values after
that critical frequency. The authors also noted
that this critical frequency generally occurs on
the point, which stands at the end of the
rapidly decaying low radial wavenumber part
of the power spectrum plot curve.



Pham Thanh Luan et al./Vietnam Journal of Earth Sciences 41(2019)

Using the CDPs, the heat flow (q) can

similarly be estimated as (Tanaka et al., 1999)
_ k6, 6

9= (6)

where £k is the coefficient of thermal
conductivity, 0. is the Curie temperature and

D, is the Curie point depth.
4. Data and Results

The most comprehensive magnetic
anomaly database for Southeast Asia as
compiled by the Geological Survey of Japan
and the Coordinating Committee for Coastal
and Offshore Geoscience Programs in East
and Southeast Asia (CCOP, 1996). The
compilation includes aeromagnetic surveys,
shipboard measurements, and some land data
processed into a single 1 x 1 arcminute grid.
Fig. 3 shows a map of total magnetic intensity
used for estimation of the CPDs in the
Southern Vietnam continental shelf from the
CCOP compilation. For our analysis, the
magnetic anomaly was gridded into a 249 x
249 grid at a 2 km interval in the x- and y-
directions, respectively. The magnitudes of
the magnetic field of the Southern Vietnam
continental shelf vary from — 400 nT to + 600
nT. The map shows the patterns of the
magnetic anomalies that are mostly elongate
to oval or relatively round. The map is also
characterized by magnetic anomalies that are
irregular and do not show any significant
patterns. Thus, they can be ascribed to lateral
inhomogeneities in the magnetic properties.

The magnetic anomaly in the study area
was subdivided into 49 blocks (B1, B2,...,
B49) with 50% overlapping windows each in
size of 128 km x 128 km. The configuration
and the center positions of these sub-areas are
shown in Fig. 4. For each block, the basal
depths of the sources were estimated (Table 1)
by averaging the deepest four depths
calculated in the analytical solutions of the
exponential approach from the Fourier
transform of the magnetic data. Fig. 5 presents

two examples of the plot of the spectrum
along with the diagonal elements in the
Fourier plane for the magnetic anomaly data
of sub-regions B10 and B47, and the
frequency range where the first equation set
was built for the calculations. The CPDs were
gridded by applying a minimum curvature
algorithm, and they were subsequently
mapped to image the Curie isotherm surface
as shown in Fig. 6. The obtained results show
that the CPDs range from 15.3 to 35.6 km
with an average value of 26.9 km. Although
there are many active and potentially active
volcanoes in Southeast Asia (Whelley et al.,
2015), our results showed that there are not
any volcanoes in the study area because
typical CPD values for areas of subduction
zone volcanism and active volcanoes are
commonly shallower than about 10 km
(Tanaka et al., 1999; De Ritis et al., 2013).
The CDPs in the Northern Cuu Long basin is
from 21 to 26 km, and the CDPs is from 24 to
31 km in the Southern Nam Con Son basin.
Fig. 7 shows the contour map of the depth to
Curie point presented by Tanaka et al. (1999),
for the same area derived from the centroid
method. According to Tanaka et al. (1999),
the CPDs in the study area is between 26 and
32 km. As can be seen, the exponential
approach and centroid method yielded similar
results qualitatively (i.e., deep and shallow
CPD locations). Here, there are very good
correlations between our results and those of
Tanaka et al. (1999), with the shallow portion
in the North-Western, North-Eastern parts of
the area; and the deep portion in the South-
Western, South-Eastern parts of the area.
However, it can be seen that our results in a
higher resolution, compared to those of
Tanaka et al. (1999).

Using k8,= 2000 W/m?! for Southwest
region in East and Southeast Asia (Tanaka
et al., 1999) and CPDs, the heat flows of the
area was calculated. The obtained heat flows

221



Vietnam Journal of Earth Sciences, 41(3), 216228

are shown in Fig. 8 with the values ranges
from 56.2 to 130.7 mW/m? (Table 1). CPDs
have an inverse relationship with the heat
flow in so much that regions indicating high
heat flow are associated with shallower CPDs,
whereas regions of lower heat flow are
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associated with deeper CPDs. The high heat
flows related to the shallow CPDs in the area
are thought to be responsible for the early
maturation of the organic matter and
generation of petroleum in the sedimentary
basins, Southern Vietnam continental shelf.
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Figure 3. The magnetic anomaly map used for estimation of the CPDs in the Southern Vietnam
continental shelf
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Figure 4. Sketch of the positions of the overlapping blocks (plus signs are centers of the sub-regions)
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Figure 5. The logarithmic absolute diagonal elements of blocks B10 (a) and B47 (b) as representative
examples for the depth calculations. Data remaining within the bounded area with gray color show the
selection range where the first equation set (the first row of the matrix D;in Eq.4) was built for the
calculations in the procedure of the exponential approach. The average of the largest four depths (hy, h,,
h,, hy) estimated provide the depth to the bottom (CPD)
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Figure 6. Map of Curie point depth in the Southern Figure 7. Map of Curie point depth in the Southern

Vietnam continental shelf derived from the Vietnam continental shelf derived from centroid
exponential approach method (redrawn from Tanaka et al., 1999)
750000 800000 850000 900000 950000 1000000 1050000 750000 800000 850000 900000 950000 1000000 1050000
mi N )
g Wkl o — & s 2
g))|ze& e @ T g & R
S L 15— = = =
= 00— o =] .’:‘\-“ Y S
= L S sH /8 =
g 4 8~ 8 8 kY 8
g' L K = § 1 ) rg
P & =] P © S
: 2/ 4 o (A NSL
s s / g =g R g
5 2] s & = \M LS
z z 2 Z 2z o4 2
» o

T
900000
900000
L
82
900000

850000
850000
I

850000 900000
1 L
\J) \‘
S
&

@)
M D
8()(}‘000 8. 50‘()00

O y
3 e R ° 3 §0
s 2 2
= | 8 84
g g 3
z 8 %
T T T T T T T
750‘000 80()'000 8! 50‘()00 90{)'()0() 9; 50‘(}00 l(}o(l)()()() 10. 5(')0()() 750000 800000 850000 900000 950000 1000000 1050000
East (m) East (m)
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Table 1. Estimated CPD and heat flow values derived from magnetic data

Blocks no. CPD (km) Heat flow (mW/m?) Blocks no. CPD (km) Heat flow (mW/m?)
1 35.6 56.2 26 26.1 76.9
2 33.7 59.2 27 32.2 80.6
3 29.2 73.8 28 30.1 78.7
4 253 93.0 29 18.2 82.3
5 243 109.9 30 23.2 86.6
6 32.1 130.7 31 24.2 68.0
7 33.8 1124 32 26 76.6
8 33.8 593 33 30.03 66.6
9 334 59.9 34 31.6 80.0
10 30.6 71.2 35 31 79.1
11 26.7 81.3 36 15.3 62.3
12 23.1 86.2 37 21.7 65.8
13 304 92.2 38 24 64.3
14 31 89.7 39 24.8 62.1
15 27.1 68.5 40 25 63.3
16 28.1 65.4 41 25.5 78.4
17 27.7 72.2 42 26.4 84.7
18 23.9 76.6 43 17.8 59.2
19 294 82.6 44 223 64.5

20 31.1 83.3 45 243 56.3
21 355 823 46 254 66.4
22 21.5 79.1 47 25.3 64.5
23 24.6 74.9 48 23.6 75.8
24 26.1 83.7 49 22 90.9

Based on the Parker-Oldenburg iterative
method (Oldenburg 1974), we also estimate
the Moho depths in the area from mantle
Bouguer anomaly (Fig. 9) (Huchon et al.,
1998). Fig. 10 shows the Moho depth map of
the study area. The obtained result shows that
the Moho depths range from 9 to 31 km with
an average value of 23.5 km. It is found that
the minimum Moho depth corresponds to the
oceanic propagating tip of the East Sea (less
than 10 km), the Moho depth in the Cuu Long
basin is from 24 to 29 km while the Moho
depth in the Nam Con Son basin is from 18 to
26 km. Comparison of Fig. 7 and Fig. 10
shows that the Moho generally lies above the
Curie isotherm in the area but lies below this
boundary in some locations, notably in the
Cuu Long basin. This result indicates that the
uppermost mantle in the most area is also
magnetized and contributes to surface
magnetic anomalies. Magnetization in the
uppermost part of the mantle is also shown in

many other studies (Counil et al., 1989;
Chiozzi et al.,, 2005; Ferré et al., 2013;
Friedman et al., 2014; Li and Wang 2016).
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Figure 10. Moho depth map of the study area
calculated from the mantle Bouguer anomaly data
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5. Conclusions

The exponential approach was applied to
the magnetic anomaly in the Southern
Vietnam continental shelf to map the depth in
the Earth’s crust to the Curie point
temperature (~580°C) where magnetization
disappears. Within the study area, the
shallowest CPD value of 15.3 km is located in
North-Western area. The average CPD is
about 19 km in this region. The highest value
of 35.6 km is located in the South-Western
part of the Southern Vietnam continental shelf
where the average CPD is about 33 km. A
comparison between the Curie depths and the
Moho surface revealed that the Curie isotherm
surface, in general, is deeper than the Moho
surface, except at some locations in the Cuu
Long basin and Con Son ridge. The crustal
heat flow obtained from the CPDs varies
between 56.2 mW/m?and 130.7 mW/m?
with an average of 76.8 mW/m?. The
obtained CPDs from this study are quite high
in resolution, therefore these results are
anticipated to contribute significantly to the
quantitative appraisal of the rheology,
geological processes and events, and
understanding of the heat flux variations in
the Southern Vietnam continental shelf.
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