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LIU Gang, LIANG Shuneng, YAN Yunpeng, et al. Overview of fine geology. Earth Science Frontiers, 2018, 25(2): 267-

279

Abstract: The necessity of {ine geology study is put forward in this paper through requirements analysis of
economic development, resource exploration, environmental protection and development of geosciences.
The concept and technical system of fine geology are illustrated. Fine geology involves precise and detailed
study of geological phenomena based on advanced technology and high sensitivity of the measuring
instrument; results obtained from such study can be used for the advancement of scientific research,
exploration and economic construction. The technical system of fine geology include remote sensing,
geophysical prospecting, geochemical exploration, drilling. isotopic dating, space positioning techniques and
computer technology, etc, and an integrated full range air-surface-subsurface 3-dimensional survey usually
completes the fine geology study. Taking remote sensing as an example, the feasibility of fine geology is
described through analyses of the development and application of geophysics, remote sensing, isotope and
geochemistry in f{ine geology studies at home and abroad. The prospects of applying fine geology in mineral
resource exploration, geological research, environmental protection, national defense and geological disaster
investigation are discussed in this paper.

Key words: fine geology; concept; technology system; present situation; possibility; application prospect
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Fig. 1 Minerals distribution from CASI/SASI hyperspectral data of Liuyuan area in Gansu Province
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Fig. 3 Regional metamorphic and hydrothermal minerals detected from CASI'SASI hyperspectral data
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Abstract  Geological remote sensing is one of the most important application fields that can reflect and exploit the
characteristics and advantages of spectral remote sensing technology.In this paper, the latest research progress of
spectrometry geological remote sensing, including spectral simulation and characteristics analysis for minerals and
rocks, technical parameter optimization design of spectrometer, radiometric calibration and correction, derivation of
surface spectra,information extraction, information product validation and geological application are summarized.On
the basis of the above work ,the progress, problems and development of the spectrometry geological remote sensing
are discussed.
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A MARINE AEROMAGNETIC DATABASE FOR
EFFICIENT DATA MANAGEMENT

WANG Linfei, XUE Dianjun, LI Fang, HE Hui, FENG Lei, ZHOU Wei

(China Aero Geophysical Survey &. Remote Sensing Center for Land and Resources, Beijing 100083, China)

Abstract: Following the principle of “integrated management of the sea and land”, we designed in this
paper an airborne gravity database table structure to make a unified airborne geophysical database,
which includes airborne magnetic data, airborne magnetic gradient data, airborne electromagnetic data
and airborne gamma energy spectrum data. On the GeoProbe platform, we developed a software for
data services by using plug-in technology and WebGIS technology. Then we integrated the data serv-
ice software, the data acquisition software and the airborne geophysical remote sensing data directory
service system, and finally established an incorporate airborne geophysical data management service
system. Adopting standardized data sorting process and strict data quality inspection measures, we
put the airborne gravity data from the Bohai sea, Yellow sea and other sea areas into the database, a-
bout 3.5 square kilometers of ocean airborne gravity data was stored in the database. As the result, a
marine geophysical database covering an area of about 4. 97 million square kilometers of the Bohai sea,
the Yellow Sea, the East China Sea, and the South China Sea has been constructed. The database may
provide a series of service products of the whole sea area for users.

Key words: airborne geophysical prospecting; database construction; database services; data sharing
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Fig.3 Sketch map of ore prospecting prediction by Hyperspectral Remote Sensing
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Progress and prospectives on engineering application
of hyperspectral remote sensing for geology and mineral

resources

DONG Xinfeng'?, YAN Bokun'?, GAN Fuping'?", LI Na'?, YU Junchuan'?, LIU Rongyuan'*
( 1. China Aero Geophysical Survey & Remote Sensing Center for Land and Resources, Beijing 100083, China)
(2. Key Laboratory of Aero Geophysics and Remote Sensing Geology of China Ministry of Natural Resources,
Beijing 100083, China)

Abstract: Remote sensing technology plays an important role in geological survey and plays an
irreplaceable role. With the development of remote sensing technology, the appearance of
hyperspectral remote sensing makes the application of remote sensing in geological and mineral
fields have undergone a qualitative change. After nearly ten years of exploration and practice, the
engineering application of hyperspectral remote sensing in geology and mineral resources has
been preliminarily realized. With the launch of domestic hyperspectral satellites, it will further
promote its application in geology and mineral resources. In this paper, the progress of
engineering application of hyperspectral remote sensing in geology and mineral resources is
summarized from the aspects of hyperspectral data processing, information extraction, information

analysis, prospecting and prediction.

Key word: hyperspectral remote sensing; Remote sensing geology; mineral mapping;

ore-prospecting
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Development and Characteristics of the International

Conference on -Military Geoscience

MENG Qingkui GAO Wei WANG Chenyang
(China Aero Geophysical Survey and Remote Sensing Center for
Land and Resources, Beijing 100083)

Abstract From 1994 to 2017, the Geological Society of America had organized 12 sessions of the international
military geoscience conference, interval of about 2 years between two sessions, and mainly held in the United
States. Participants were mainly the military workers related geoscience or the scientists pay attention to the
development of military geocience. The theme of the conference around two aspects, the one was the applica-
tion of the military geocience in the war, the other was the impact of the war on the military geoscience. The
Geological Society of America had made outstanding contributions to promoting the development of military ge-
oscience and publicizing the achievements of military geosciences. It was an important channel for all countries
in the world to understand and learn the US military geosciences.

Key Words military geoscience international conference development characteristics
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The paper focuses on the nature and the distribution of Paleozoic and Mesozoic marine strata of South Yellow
Sea. The depths to the magnetic basement (bottom of the marine strata) and the Indosinian suture (top of the
marine strata), and hence the gross thickness of marine sediments, are calculated and interpreted for the first
time using the latest high-resolution aeromagnetic and airborne gravity data in South Yellow Sea. The residual
thickness of marine strata is suspected to be greatly influenced by the uplift and denudation induced by
Indosinian orogeny. The preliminary subdivision of Paleozoic and Mesozoic tectonic units is conducted. The

Middle Depression and Southern Depression have the high preservation of the Paleozoic and Mesozoic marine
sedimentation. A NW-trending fault belt is found to exist in the western onshore-offshore transition zone, and
possibly control the Cenozoic and Mesozoic sedimentation. This study contributes to the oil-gas exploration of
Paleozoic and Mesozoic marine strata in South Yellow Sea.

1. Introduction

Marine areas have become increasingly important, both in terms of
their resources and politics, during this century. The South Yellow Sea,
a large multicycle basin consisting of a Paleozoic —Mesozoic marine
basin and a Mesozoic — Cenozoic terrestrial basin (Cai, 2002; Ren et al.,
2002; Lee et al., 2006; Ouyang et al., 2009; Yuan et al., 2016), is of
tremendous value because of its energy resources. The basins developed
over a crystalline basement of pre-Sinian (The last period of the Neo-
proterozoic) metamorphic rocks, and marine strata of considerable
thickness and terrestrial strata have been deposited subsequently
(Zhang et al., 2014; Yao et al., 2005). The features of the terrestrial
sedimentary basin of the South Yellow Sea are well-known after more
than 50 years of regional oil and gas exploration. However, research on
its Paleozoic —Mesozoic marine strata developed slowly prior to the
availability of effective seismic reflection (Deng and Ou, 1995; Lin and
Yao, 2009; Sun et al., 2014). Although previous studies have demon-
strated the value of seismic reflection data as the main tool for the
exploration of marine strata, sophisticated seismic data analysis (Lin
and Yao, 2009; Qi et al., 2013, 2015; Zhang et al., 2014; Chen et al.,
2016; Liu et al., 2016; Yuan et al., 2016) has failed to determine the

thickness distribution of the marine strata of the South Yellow Sea as a
result of the low reflectivity of deep Paleozoic strata. Gravimetric and
magnetic data have also been used to study the sedimentary basin
(Wang and An., 2000; Dai et al., 2002; Liang et al., 2003; Zhang et al.,
2007; Li et al., 2014a,b; Luo et al., 2014; Xing et al., 2014), but con-
siderable discrepancies remain in the definition of marine strata mor-
phology of the South Yellow Sea because of the limited precision of the
geophysical data and its subsequent integration.

The current paper focuses on the calculation and interpretation of
the depth to top and bottom of the Paleozoic and Mesozoic marine
strata of the South Yellow Sea based on the latest high resolution
aeromagnetic and airborne gravity data, covering latitudes 31to 37°N
and longitudes120 to124°E. On this basis, we determined the thickness
distribution of Paleozoic —Mesozoic marine strata, conducted the cor-
responding geophysical and geological interpretation, and proposed a
new schema for the morphology of the Paleozoic and Mesozoic marine
strata.
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Fig. 1. Tectonic setting and structural outline of the South Yellow Sea (extended and modified from Guo et al., 1997 and Zhang et al., 2007). The blue dashed
rectangle is the study area, which is also shown in Figs. 3, 7, 8, 9 and 12. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

2. Regional setting
2.1. Geological setting

The study area in this paper covers latitudes 31to 37°N and long-
itudes120 to124°E (Fig. 1), located in the northeastern lower Yangtze
block. It is bounded by the Tanlu fault belt to the west, the Jiashan-
Xiangshui fault belt to the north, and the Jiangshao fault belt to the
south.

According to the distribution of the Mesozoic and Cretaceous ter-
restrial strata, the structural units of the South Yellow Sea can be
subdivided tectonically from north to south into two uplifts and two
depressions: namely, the Northern Depression, the Middle Uplift, the
Southern Depression (adjacent to the Subei Basin), and the Wunansha
Uplift (Fig. 1) (Guo et al., 1997; Zhang et al., 2007). The Paleo-
zoic —Mesozoic marine sedimentary strata were formed during the
Jinning orogeny and evolved until the Indosinian and Yanshanian or-
ogenies, within which, the Cambrian, Ordovician, Carboniferous, Per-
mian, and Lower Triassic marine strata developed (Yue et al., 2014;
Pang et al., 2016). Several significant interfaces formed during the
tectonic movements of the South Yellow Sea, including the upper in-
terface of the pre-Sinian metamorphic rocks, caused by the Jinning
orogeny (Wu et al., 2008; Hao et al., 2010; Shinn, 2015); the Caledo-
nian suture that resulted from the tectonic events of the late Silurian to
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early Devonian; and the Indosinian suture that was caused by In-
dosinian orogeny from the late Permian to the early Mesozoic (Grimmer
et al., 2002; Yao et al., 2005; Shinn et al., 2010; Zhang et al., 2014). The
crystalline basement has been shown to comprise pre-Sinian meta-
morphic rocks; thus, the upper interface of the pre-Sinian metamorphic
basement was the base of the marine strata during the regional tectonic
evolution (Zhang et al., 2007; Li et al., 2014a,b; Xing et al., 2014). The
interpreted seismic profile of the South Yellow Sea clearly shows that
the deformation character of the Lower Triassic and Permian strata
differs from those of the Upper Triassic, Cretaceous, Jurassic, Paleo-
gene, and Neogene, which establishes that the Indosinian suture was
the top of the marine strata of the South Yellow Sea (Fig. 2) (Qi et al.,
2013, 2015; Zhang et al., 2014; Liang et al., 2017).

2.2. Regional physical properties

The density and susceptibility of the strata are the basis of geo-
physical interpretation of magnetic and gravity data. They are key
parameters in the identification of geophysical morphology. We mea-
sured more than 8000 susceptibility and density data from 350 rock
sampling locations distributed in different strata in southern Shandong
Peninsula and northern Jiangsu Province. Parameters from the same
location, but different strata, were combined by an arithmetic mean.
Physical properties that are based upon this study and published
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A—A’ seismic profile

Fig. 2. Seismic stratigraphic sequence of the South Yellow Sea(modified after Liang et al., 2017). The location of this profile (AA") is shown in Fig. 1. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Physical properties and distribution status of the strata in South Yellow Sea.

Stratigraphic sequence Main Density Susceptibility Distribution status of
unconformities (g/cm?) (k x 1058I)  strata
Strata system Main lithology
Mesozoic — Cenozoic terrestrial Neogene Mudstone,sandstone,basalt,andesite, and clay 2.10 220 5-3753 Well distributed
strata Paleogene Sandstone, mudstone 2.29 10~ —45
Cretaceous Mudstone, sandstone, conglomerate Yanshanian 2.53 2.56 0-100 Limited distributed
Jurassic Conglomerate, unconformity 2.59 0-402
Triassic sandstone,shale, Indosinian
andesite, suture
trachyte, tuff
Paleozoic — Mesozoic marine Permian Carbonate 2.68 2.68 5-101 Well distributed
strata Carboniferous
Devonian Clastic Caledonian 2.57
Silurian suture
Ordovician Carbonate 2.68
Cambrian
Crystalline basement Pt2-3 Lower metamorphic rocks Jinning 2.78 2.78 0-210 Well distributed
unconformity
Ptl —Ar Deep metamorphic rocks 1118-4378

articles (Lin and Yao, 2009; Hou et al., 2012) are collated in Table 1.

The magnetic features of the strata can be represented by a very
simple model, according to the statistics of susceptibility and the geo-
logical setting of the South Yellow Sea. It is shown that the Paleozoic-
Mesozoic marine strata have either no or weak magnetization. The
Mesozoic — Cenozoic terrestrial strata only develop some weak or local
magnetization. In contrast, the Paleoproterozoic and Archean crystal-
line basement, being composed of deep metamorphic rocks, have rather
stable and stronger susceptibility values, varying from 1118 x 10> to
4378 x 10~ ° SI. They are identified as the magnetic basement of the
South Yellow Sea and are inferred to be the main contributors to the
change of regional magnetic anomalies. Thus, the aeromagnetic data is
used to derive the depth of the top of the magnetic basement in this
study.

Based on the statistics of the rock densities and the geological set-
ting of the South Yellow Sea, there are four main density layers:
namely, the well-distributed Cenozoic terrestrial strata across the whole
study area, which have an average density of 2.20 g/cm>;the spatially
limited Mesozoic terrestrial strata in the depression area, which have an
average density of 2.56 g/cm®; well-distributed Paleozoic —Mesozoic
marine strata across the study area, which have an average density of
2.68 g/cm?; and the well-distributed crystalline basement, which has an
average density of 2.78 g/cm®. According to the aforementioned dis-
tribution of the main density layers, the Indosinian suture between the
Mesozoic — Cenozoic terrestrial strata and the Paleozoic —Mesozoic
marine strata is identified as the main density contrast. The density
contrast associated with the suture demonstrates large and continuous
regional undulations, with the largest density contrast valuesranging-
from0.12 g/cm® (the contrast between Paleozoic —Mesozoic marine
strata and Mesozoic terrestrial strata)to 0.48 g/cm3(the contrast be-
tween Paleozoic —Mesozoic marine strata and Cenozoic terrestrial
strata, where Mesozoic strata were denuded). Hence the depth of the
Indosinian suture can be derived from airborne gravity data.

57

3. Aeromagnetic and airborne gravity data
3.1. Aeromagnetic data and field characteristics

The aeromagnetic data were measured by a helium optical-pumping
magnetometer in an aeromagnetic survey with 1 km line spacing over
the South Yellow Sea and its western onshore-offshore transition zone
conducted by the China Aero Geophysical Survey and Remote Sensing
Center for Land and Resources in 2004. The normal magnetic field
correction used the IGRF 2000 model and data were processed using a
method of reduction to the pole by variable inclination (Li et al.,
2014a,b) to eliminate the effects of oblique magnetization.

The general aeromagnetic field characteristics of the South Yellow
Sea can be regarded as a dominant circle shape, with gentle and high
anomaly zones in the middle of the study area, according to the aero-
magnetic data that have been reduced to the pole (Fig. 2), and is sur-
rounded by dramatically changing positive and negative magnetic
anomalies to the north and south. The aeromagnetic anomalies vary
from —296 nT to + 1535 nT, with apparent contrast between regional
and local magnetic anomalies. The Northern Depression contains the
majority of the gentle positive and negative magnetic anomalies; the
Middle Uplift shows a widespread gentle increase with regional positive
magnetic anomalies, accompanied by correspondingly decreasing ne-
gative magnetic anomalies; the Southern Depression is dominated by
widespread and gentle negative magnetic anomalies, with some sur-
rounding positive anomalies; and the Wunansha Uplift has widespread
and gentle negative regional magnetic anomalies in its northern region
and distinct positive and negative local anomalies with a north-
east —southwest trend in the southern region.

3.2. Airborne gravity data and field characteristics

The gravity data comes from the airborne gravimetry of the China
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Fig. 3. (A) Color grid of the aeromagnetic data after being reduced to the pole in the study area. (B) Color grid of the airborne Bouguer gravity in the study area. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Aero Geophysical Survey and Remote Sensing Center for Land and
Resources and was gathered using a Russian GT-1A airborne gravity
meter system with a survey scale of 1:100,000 and a flight altitude
ranging from 400 to 800 m. The internal accuracy of the mean square
deviation of the airborne gravimetric measurement for a repeated line
test is 0.6 mGal. The free-air gravity was acquired after field data
preprocessing and indoor processing; then, the Bouguer gravity data
was obtained by removing the terrain effects of the seabed and topo-
graphy using the Terrain Correction modules of the Oasis Montaj soft-
ware platform produced by Geosoft Inc. of Canada.

The study area shows widely distributed positive high anomalies
with a few negative low value anomalies, which have apparent anomaly
zones and belts, with gravity anomalies ranging from —20 mGal to
+55 mGal (Fig. 3). The Northern Depression is dominated by high
value anomalies with northeast — southwest or near east — west trending
strip-shaped anomalies; the Middle Uplift shows negative low gravity
values among high value anomalies; the Southern Depression is mainly
shown as gentle and low anomalies; and the Wunansha Uplift has the
majority of the high anomalies in the east, with only a few low
anomalies in the west. In general, the distribution of the Bouguer
gravity anomalies corresponds well with the structural framework of
the “two uplift and two depression zone” model of the South Yellow
Sea, although there are some instances of the airborne Bouguer gravity
anomalies varying dramatically over a short distance and some high
frequency anomalies existing among regional anomalies.

4. Methodology and results
4.1. Regional —residual separation

Both aeromagnetic data and airborne Bouguer gravity data are
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composed of regional and residual components. The regional compo-
nents, caused by abnormal geological bodies with a certain large scale
and wide distribution, are our target that should be isolated from the
original data.

Matched filtering, based on radially averaged logarithmic power
spectra, is an effective method for this data separation (Keating and
Pinet, 2011; Wang et al., 2015). A good curve of the radially averaged
logarithmic power spectra is the prerequisite for the application of the
method, as the matched filter factor is optimized by the fine linear
fitting of the curve. We selected a typical basin in the study area to
apply this method as an experiment. Firstly, we calculated the averaged
logarithmic power spectrum of the magnetic (AT) data with magnetic
pole reduction and the first-order vertical derivative of the Bouguer
gravity data separately. Secondly, we performed a fine linear fitting of
the spectrum curve to optimize the filter factor, shown in Fig. 4. The
frequency range of segment no. 3 in Fig. 4 is the largest of all three
segments, and is selected to be the filter factor. Thirdly, the regional
anomalies are separated from residual anomalies, shown in Fig. 5.

Fig. 5B and D presents the regional aeromagnetic and Bouguer
gravity anomalies while Figs. SA and Cshow higher frequency residual
aeromagnetic and Bouguer gravity anomalies, respectively. The re-
gional anomalies have simpler undulating characteristics with greatly
reduced amplitude relative to the residual anomalies. By applying this
method, the regional anomalies of the whole area are obtained.

4.2. Depth inversion

The Vacquier and tangent methods are two mature methods used to
calculate the buried depth of magnetic bodies (Vacquier et al., 1951;
Sparker, 1963; Xiong, 2010; Zhu, 2012; Xiong et al., 2014). Based on
the theory of magnetic and gravity potential field transformation, the
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Vacquier and tangent methods have also been successfully used in
depth calculation of density interfaces by us since 2010 (Xiong et al.,
2014). The statistical depth calculation error of a density interface
ranges from 10% to 20% (Xiong et al., 2014) by the first vertical de-
rivative of the gravity anomaly profile. We applied both the Vacquier
and tangent methods to calculate the buried depth of magnetic bodies
and density interface and then obtained the depths of the magnetic
basement and Indosinian suture, respectively.

The decision whether to use the Vacquier or tangent method de-
pends on the geometry of the profile of the aeromagnetic AT data and
the first vertical derivative of the airborne gravity data. For symme-
trical anomaly profiles, the tangent method is used. First, tangential
lines are drawn at the peak and the two inflection points of the given
anomaly curve, shown in Fig. 6A. The intersections between the side
tangent lines and the peak tangent line are projected onto the X-axis,
given X, and Xs. The side tangent lines intersect with the X-axis at X;
and X4 respectively. Next, the morphological parameter of abnormal
symmetric is calculated asK; =(X;—X;)/(X3—X,). Thirdly, the depth
factor of the buried geologic body, denoted as K, can be obtained in the

standard table of coefficients of the tangent method by searching for K;.
Finally, the buried depth of the top surface is calculated by h=
(X4—X3)/Kn.

For asymmetric anomaly profiles, the Vaquier method is used to
approximate the depth to the buried magnetic source. A tangent is
drawn at the inflection point, shown in Fig. 6B. Xland X2 are the
horizontal coordinates of the overlapped end-points. Then the buried
depth of top surface is calculated by h = K*(X,-X;), where the coeffi-
cient K has to be chosen by experience.

The depth of the magnetic basement and the Indosinian suture in
the South Yellow Sea was obtained by the following procedure. Firstly,
we extracted profiles from the separated regional aeromagnetic AT grid
data with magnetic pole reduction and the first vertical derivative of
the separated regional airborne Bouguer gravity grid data. 16510 depth
point-related data of magnetic bodies and 18015 depth point-related
data of pseudo-magnetic bodies were obtained by using automatic in-
version software with the tangent and Vaquier methods. Secondly,
based upon the geological and geophysical interpretations, we com-
piled a depth contour map of the top of the magnetic basement and

Fig. 5. (A) Separated residual aeromagnetic (AT) anomalies. (B) Separated regional aeromagnetic (AT) anomalies. (C) Separated residual Bouguer anomalies. (D)

Separated regional Bouguer anomalies.
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Fig. 6. (A) Sketch showing the tangent method for symmetric anomaly profile. (B) Sketch showing the Vaquier method for an asymmetric anomaly profile.
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Fig. 7. (A) Color shaded grid of the depth of the top of the magnetic basement. (B) Color shaded grid of the depth of the Indosinian suture. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Indosinian suture by drawing the depth contours with varied spacing
from 0.5km, 1.0km, 1.5km, 2.0km, 3.0km, 5.0km, 7.0km and
9.0 km.Thirdly, we calculated the color shaded grid of the depth of the
magnetic basement and Indosinian suture (Fig. 7) by deriving a digital
terrain model from the contours.

Since it is impossible to evaluate the error in the depth calculation
of the magnetic basement directly because of the lack of deep drilling
data offshore the South Yellow Sea, we compared the calculated depth
results close to 0 with the outcrop magnetic strata and rocks around
Shandong and Jiangsu, and then we confirmed that the statistical depth
calculation error of the top of the magnetic basement is within 20%.In
addition, we also compared the depth results of the magnetic basement
(Fig. 7A) to the depth solutions produced by the Standard Euler3D
method in Oasis Montaj (Fig. 8). It was noticed that the depth locations
and specific trends obtained from the Euler deconvolution generally
corresponded well with our depth results, which supports the reliability
of our depth result of the magnetic basement. To evaluate the precision
of the depth calculation of the Indosinian suture, we derived the error
by comparing the calculated results with the measured depth from eight
boreholes (Table 2). These wells are all located in the study area shown
in Fig. 1 and reached the top of the marine strata. The relative error of
the Indosinian suture calculation ranges from 0.82% to 19.69%, with a
deviation of 14-409 m. The error analysis of the two interfaces depths
proved the reliability of the calculation method and its comprehensive
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interpretation.
4.3. Thickness calculation

The thickness of the marine strata is required for the recognition of
the morphology of Paleozoic and Mesozoic marine strata, and for the
exploration of oil and gas-prone structures. Based on the stage of tec-
tonic evolution and the regional physical properties of the South Yellow
Sea, the top of the magnetic basement and the Indosinian suture can be
determined as the bottom and top interfaces, respectively, of the
Paleozoic and Mesozoic marine strata. The thickness of these units is
simply the difference between the depth of the bottom and top inter-
faces, which is shown in Fig. 9. When the difference of magnetic
basement and crystalline basement is taken into consideration, it needs
to be stated that the calculated marine strata thickness are probably
larger than the real thickness.

5. Discussions and conclusion
5.1. Magnetic basement
As illustrated in Fig. 7A, the depth of magnetic basement is greater

in the central area, and shallower in the both the northern and southern
areas of the South Yellow Sea. In the northern part of the study area, the
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Fig. 8. (A) Euler3D deconvolution solutions of gridded aeromagnetic data using a structural index of 0.5 and window size 10. (B) Euler3D deconvolution solutions of

gridded aeromagnetic data using structural index 1 and window size 10.

buried depth of the magnetic basement is generally less than 2km to
the north of the Jiashan—Xiangshui fault belt, where the depth is
gradually shallower from south to north. It is inferred that the magnetic
basement is composed of exposed Archean and Paleoproterozoic me-
tamorphic rocks. In the southern Wunansha Uplift, the magnetic base-
ment is also buried shallower with depths varying from 1 km to 1.5 km.
Here, the basement is interpreted to be composed of a variety of
magmatic rocks encountered in Paleo—Mesoproterozoic strata. In
contrast, the magnetic basement is generally buried deeper in the
middle South Yellow Sea, corresponding to around zone of high mag-
netic anomalies.

The central strong magnetic basement, covering an area of ap-
proximately 60,000 km?, is surrounded by a lower gradient magnetic
field, shown in Fig. 10A. Based on comprehensive analysis of the phy-
sical properties measured from onshore rock samples described in
Section 2, we deduce that the central strong magnetic basement is
formed of Archaeozoic and Proterozoic deep metamorphic rocks, which
are composed of dramatically transformed pre-Sinian magmatic rocks.
In general, the magnetic basement depths in Fig. 10B are large in the
middle with depths varying from 4km to 10km. In contrast, sur-
rounding the middle strong magnetic crystallized basement, the gentle
low value anomalies are probably induced by shallow folded basement
of Middle and Late Proterozoic strata. Thus, the character of the central
magnetic field reflects the high stability of the stiff crystalline

Table 2

basement.

5.2. Indosinian suture

The Indosinian suture is an unconformity between the Mesozoic-
Cenozoic terrestrial strata and Paleozoic —Mesozoic marine strata,
which is also the most significant density contrast layer in South Yellow
Sea. In our study, we obtained the complete distribution of the
Indosinian suture (Fig. 7B) in the South Yellow Sea and its western
onshore-offshore transition zone using airborne gravity data, which has
significant implications for the identification of the stages of marine
sedimentary development. The depth inversion result (Fig. 7B)shows
the undulating distribution of the Indosinian suture in the north — south
direction. In general, the buried depth of the Indosinian suture is much
greater in the northern and southern depression zones, at depths of
approximately 2 km-6 km, while it is shallower in the Middle and
Wunansha uplift zones, at approximately 1 km-2km. Here, the calcu-
lated depth of the Indosinian suture based on the airborne gravity was
proved to be reliable and concur with previous seismic exploration
results. In addition, well CSDP-2 (Guo et al., 2017) in the Middle Uplift
zone has encountered the Lower Triassic Qinglong Formation at a depth
of 600 m, which also verifies the shallower burial depth of the In-
dosinian suture.

Furthermore, the Indosinian suture also provides an important

Comparison of the depth (in m) of the top of the marine strata determined by drilling and calculations using the airborne gravity data.

Drilling number Drilling location

Depth to top of marine strata

Deviation (m) Relative error (%)

Drilling (m)

Gravity data (m)

ZC7-2-1 Northern Depression 1200
CZ24-1-1 Southern Depression 3341
WX4-2-1 Southern Depression 2708
WX5-ST1 Southern Depression 1410
CZ35-2-1 Wunansha Uplift 2077
HH2 Northern Depression 1706
WX13-3-1 Southern Depression 2805
CZ12-1-1 Southern Depression 2077

1410 210 17.50
3396 55 1.65
2579 -129 —4.76
1620 210 14.89
1758 —319 —15.36
1720 14 0.82
2706 -99 —3.53
2486 409 19.69
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reference for the delineation of Cenozoic structural units. Previous re-
search mainly depended on seismic data to determine the boundary of
the Southern Depression of the South Yellow Sea. However, these
previous works failed to identify the western trend of the boundary of
the basin, nor to clearly illustrate structural relationship of the Southern
Depression with the Subei Basin due to a lack of offshore data. Our
study indicates that the high and low gravity anomalies correspond well
with the Cenozoic sag and swell of the Northern and Southern de-
pression zones, as shown in Fig. 3B. We found that a NW-trending fault
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belt (Fig. 11) exists in the western onshore-offshore transition zone and
controls the Cenozoic and Mesozoic sedimentation. Under the control of
this NW-trending fault, the Cenozoic and Mesozoic sedimentary de-
pression in the Subei Basin is obviously wider in the north —south di-
rection, and the morphology of local sags are also considerably different
from those offshore. In contrast, the sedimentary sags in the Southern
Depression belong to a narrow strip faulted basin with a nearly
east—west trend, and the sedimentary sags offshore are relatively
gentle and wide, presenting a structural framework of sags and swells.
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Fig. 10. (A) Color intensity plot of the middle strong
magnetic basement anomaly. (B) Gridded depth of
burial of the middle strong magnetic basement. I.
Archaeozoic and Proterozoic deep metamorphic
basement.I.Middle and Late Proterozoic folded
basement. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 11. The NW-trending fault belt in South Yellow Sea interpreted by the aeromagnetic and airborne gravity data. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

These sags and swells within the Southern Depression are suddenly cut
off by the NW-trending fault in the sea.

In general, the Indosinian suture is buried shallow in the Middle
Uplift along an east —west trend, except in some local areas. The cur-
rent structural framework of the Middle Uplift was formed as a result of
the Indosinian and early Yanshanian orogenies. In addition, under the
control of the regional north —south-trending stress(Wang et al., 2014),
the strata of the Middle Uplift was successively uplifted and folded
during the Paleozoic, suffering large-scale serious denudation during
the early Yanshanian orogeny, there by forming large-scale thrust fault-
related structures and an unconformable contact between the Cen-
ozoic —Mesozoic and Paleozoic strata.

5.3. Marine strata

The Mesozoic and Cenozoic tectonic framework of South Yellow Sea
has been made and known for many years. However, it is difficult to
divide the Paleozoic and Mesozoic tectonic units for shortage of seismic
data. According to the distribution of the Paleozoic and Mesozoic
marine strata, combining the magnetic basement depth and other
known geological materials of South Yellow Sea, the preliminary sub-
division of Paleozoic and Mesozoic tectonic units is conducted in this
study. As shown in Fig. 12, the Paleozoic and Mesozoic tectonic
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framework of the South Yellow Sea can be divided into four Grade I
tectonic units from north to south: the Jiaonan Uplift area, the Subei-
South Yellow Sea Depression area, the Southern Uplift area, and Wu-
nansha Uplift area. The Subei-South Yellow Sea Depression area with
large-scale northeast-southwest-trending distributions of marine strata,
can be subdivided into five Grade II tectonic units: the Northern De-
pression, Eastern Depression, Middle Depression, Southern Uplift and
Subei Depression. The Middle Depression is identified to be the main
tectonic unit of marine sediments in Subei-South Yellow Sea Depression
area with thickness of marine strata varying from 3 km to 10 km. The
Southern Depression also has much widely distributed marine strata
with maximum thickness up to 5-6 km. In contrast, the marine strata of
the Northern Depression, Eastern Depression, and Subei Depression are
relatively locally distributed, which is probably due to the intensive
tectonic movements during Indosinian and Yanshanian orogeny. In
addition, the Southern Uplift is inferred to be the Paleozoic marine
sediments missing area as a result of uplifting and denudation.
Compared with the distribution of strata onshore in the lower
Yangtze, the Paleozoic and Mesozoic marine strata in the South Yellow
Sea are very different in terms of their thicknesses, scales, and tectonic
movements. The marine strata onshore in the lower Yangtze region
become thinner but still have a large residual thickness in the Rugao
area. Based on the known geo-seismic data, the thrust faults and ramp
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Fig. 12. The Paleozoic-Mesozoic tectonic division and marine strata distribution of South Yellow Sea. (For interpretation of the references to color in this figure
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structures are widely developed onshore in the lower Yangtze region,
and overturns and recumbent folds are also developed. In contrast, the
seismic data show much flatter and simpler folds of the Paleozoic and
Mesozoic marine strata (Fig. 13). In addition, the four drilling sites that
encounter the marine strata of the South Yellow Sea also verified a
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more complete Triassic succession than those onshore. Only CZ12-1-1
presents a repeating and overturning phenomenon of the strata, but the
three other wells showed the normal strata order. Therefore, it can be
inferred that the tectonic movement of the South Yellow Sea was
weaker than that in the Subei Basin, which favors the preservation of
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the Paleozoic and Mesozoic marine strata.

The China Geological Survey conducted the Chinese Continental
Scientific Drilling Project in the middle uplift of the South Yellow Sea to
aid in fundamental geological research in 2015, identifying seven oil- or
gas-bearing sections using CSDP-2 drilling, with approximately
100-280 m thickness. These sections were preserved under more than
600m of marine strata, including the late Triassic, Permian,
Carboniferous, and Devonian. The drilling proved that the marine strata
of the South Yellow Sea have significant hydrocarbon potential, espe-
cially in the Middle Uplift of the South Yellow Sea. Thus, based on the
results of this study, the Middle Uplift should be considered as a key oil
and gas target because of its thick and stable marine sediments.
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The PanXi region in Sichuan province, Sounthwest China is famous for magmatic Fe-Ti-V oxide deposits in
the country. The metallogenesis of the Panzhihua type V-Ti magnetite deposits remains controversial. Here
we apply an interactive inversion technique on profiles of magnetic anomalies to study the deep geological
structure of the Baima area. Combined with previous petrological and sedimentological studies on these
rocks, the inversion results indicate that Baima iron deposits consist of several layered iron ore bodies.
Different characteristics in the geometric forms of Panzhihua rock body and Baima rock body show
different mineralization characters when forming magnetite ore layers under the gravity variation, resulting
in different ore structures. Although the large aeromagnetic anomaly could be the signal of the buried huge
iron ore bodies at depth in Panxi area, this has not been confirmed by deep drilling exploration. In order to
solve this puzzle, we computed the acromagnetic anomalies along profiles in the proven iron deposits of the
Baima districts. The results reveal marked contrast between the calculated and observed anomalies. Based
on these results and previous studies on the metallogenic features, we predict the presence of large iron ore

bodies at depth beneath the Baima districts.

1 INTRODUCTION

The PanXi region has several large mafic-layered
intrusions that host world-class Fe-Ti—V oxide
deposits, such as the Panzhihua Fe-Ti-V deposit and
Baima Fe-Ti-V deposit that form part of the ~260
Ma Emeishan Large Igneous Province. This region
have attracted interest over the last decade because
of their association with ore deposits(Zhou et al 2008)
(Shellnutt et al., 2010) and the Panzhihua Fe-Ti—V
oxide mine makes China a major producer of V and
Ti, accounting for 6.7% and 35.2% of the total
world production of V and Ti, respectively (Zhou et
al., 2005).

Several models have been proposed for the
formation of the Panzhihua deposit that are related
to the Emeishan large igneous province (LIP): (1)
the Panzhihua ore bodies developed concentrations
of Fe and Ti through the fractional crystallization of
ferrobasaltic or ferropicritic magmas, followed by
separation into silicate magma and Fe-rich oxide ore
melt (Zhou et al., 2005); (2) early crystallization of

Ge, T., He, J., Yang, X. and Huang, X.

Fe-Ti oxides from a parent magma with 1.5 wt.%
H,0 and oxide accumulated through crystal setting
at the base of the intrusion (Pang et al., 2008; Zhou
et al.,, 2008); and (3) an increase in magma fO,
related to the CO,-degassing of the footwall
carbonates resulted in the accumulation of Fe-Ti
oxides (Ganino et al., 2008) .The Fe-Ti oxides had
crystallized at an early stage of the solidification of
the Panzhihua intrusion, in consideration of an
effective accumulation of titanomagnetite in the
Panzhihua intrusion (Ganino et al., 2008).

Although the depth of exploration conducted so
far is shallow, there are some clues to indicate the
presence of greatly potential iron ores at depth in the
Panzhihua-Xichang area. He have suggested that the
known deposits may not have appeared in their
overlapping anomaly regions of 1:50,000 AT
reduced-to-pole upwards vertical second derivative
and AT reduced-to-pole downwards continuation
,the 3D model of Hongge Fe-Ti—V deposit was also
built under the constrain of the drilling profiles and
high- precision aeromagnetic data(Ganino and Arndt,
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2009). Ge suggested that the deep levels beneath the
Daheishan and Minzhengxiang districts are benefit
space for future prospecting (Ge et al. 2015).

The interactive inversion technique on profile of
magnetic anomalies is a new method that can be
used to infer the depth and attitude of deeply buried
ore bodies through geophysical data inversion, and
has been successfully applied for the prediction of
several iron ore bodies (Fan et al., 2010, 2012; Yu et
al., 2007). To evaluate the possibility of deep iron
ore bodies in these areas, we conducted 15 magnetic
inversion lines across both Panzhihua area and
Baima area, among them 10 magnetic inversion
lines in Panzhihua area and 6 magnetic inversion
lines in Baima area proved to be of obvious ore
prospecting potential. The results from the inversion
aid in evaluating the possibility of the presence of
deep iron ore bodies and understanding the
distribution of iron ore bodies in the Panzhihua-
Baima area.

2 GEOLOGICAL SETTING

Numerous papers have described the geological
setting of the ~260 Ma Emeishan Large Igneous
Provinceand the large mafic-ultramafic intrusions
that are considered to be part of the plumbing
system of the Emeishan flood basalt (Zhou et al.,
2008). The Emeishan magmas intruded sedimentary
rocks of the Sichuan basin. In the Panxi region,
uplift and erosion has exposed large
mafic~ultramafic intrusions that are considered to
be part of the plumbing system of the Emeishan
flood basalts (Figure 1).

The Panzhihua gabbroic intrusion dips 50~60°
NW and extends about 19 km along strike. The
majority of the wall rocks are Neoproterozoic
(Sinian) dolostones (Figure 2a). These rocks are
almost pure and most contain very low contents of
clay and silica minerals, but they are interbedded
with siliceous limestones, marlstones and shales
(Pécher et al. 2013).

From stable isotope analyses, Ganino estimated
that the Panzhihua gabbro assimilated 8~13.7 wt.%
of carbonate wallrock (Ganino et al., 2013),and
provided preliminary descriptions of the marbles
and skarns and explained how carbon dioxide
released during the metamorphism may have
triggered both the ore formation and global climate
change (Ganino et al., 2008). Magnetite-rich
melanogabbro at the base grades through normal
gabbro to leucogabbro near the top. The large Fe-Ti-
V oxide ore deposits occur as magnetite-rich
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cumulate layers or discordant lenses along the
southeast margin of the intrusion. The contact
aureole is >300 m thick and is mostly composed of
brucite marble that formed from the thermal
metamorphism of dolostones, and various calc-
silicate rocks (olivine, diopside or garnet bearing
marbles) that formed from marly layers. Banded
carbonate-serpentinite reaction rims, “zebra-rocks”,
surround small dolerite dykes that were probably the
early intrusions associated with the emplacement of
Panzhihua magma.

The Baima mafic layered intrusion is located in
the central part of the Panxi area, SW China (Figure
1). The N-S striking intrusion is 24 km long and 2
km wide, dips to the west in 50-70° and is
emplaced into the Sinian metamorphic sandstone,
phyllite, slate and marble (Figure 3). After
emplacement, the Baima intrusion was surrounded
and cut by ~259 Ma syenitic intrusions and dykes
(Zhang, et al., 2012). In addition, several NW—SE-
trending faults separate the Baima intrusion into five
segments, including Xiajiaping, Jijiping, Tianjiacun,
Qinggangping and Mabinglang (Figure 3). Along
the strike, the Baima intrusion shows a thickness
gradation from a more primitive facies in the north
to a more evolved thinner facies in the south. The
magnetite ore reserve of Baima intrusion is 1497 Mt
(millionton) with mean grades of ~26% total Fe,
~7% Ti0, and ~0.21% V105 (Zhang, et al., 2012).

26°40N

Panzhihua

\Q 0 5 10km

102°E,

Figure 1: Simplified regional geology of the Panxi area,
Emeishan large igneous province, SW China, showing the
distribution of Panzhihua, Hongge and Baima mafic-
ultramafic intrusions that host Fe-Ti-(V) oxide ore.
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Figure 2: (a) Geological map of the Panzhihua area.; (b)
aeromagnetic anomalies in the Panzhihua area;1 —
Quaternary~Neogene; 2 - Lower Jurassic; 3 - Upper
Triassic; 4 - Middle Permian (Emeishan basalt); 5 - Lower
Triassic; 6 - Middle Triassic phonolite; 7 - Sinian
limestone and marble; 8 - Kangding complex
Pianjiangtian unit; 9 - Kangding complex Huatan unit; 10
- Kangding complex Bude unit; 11 - Early Triassic
granite; 12 — Permian Syenite; 13 - Middle Permian
gabbro (containing seam); 14 - Middle Permian gabbro
and dioritic; 15 - Middle Permian pyroxenite; 16 - Faults;
17 - Inversion profiles(5 low potential profiles in the
northern part are not mentioned).

Figure 3. (a) Geological map of the Baima area.; (b)

aeromagnetic anomalies in the Baima area; 1 —
Quaternary; 2 - Middle Permian (Emeishan basalt); 3 -
Upper Cambrian; 4 - Lower Cambrian; 5 - Sinian
Dengying Formation; 6 - Sinian Guanyinya formation; 7 —
Lower Proterozoic; 8 — Granite; 9 - Granite porphyry; 10 -
Plagiogranite; 11 — Huangcao Syenite; 12 - Quartz
syenite; 13 — Baima Syenite; 14 - Gabbro; 15- Dolerite; 16
- Diorite; 17- Faults;18- Inversion profiles(9 low potential
profiles in the sorthern part of this area are not mentioned).
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3 GEOPHYSICAL SETTING

3.1 Characteristics of Magnetic
Anomalies

On the 1:50,000 contour map of the aeromagnetic
AT in Baima area (Figure 3b), several anomalies
with an intensity 775~ 1200 nT is identified in the
Baima area ,known iron ore belts is located along
the S-N high magnetic anomaly zone. According to
the contour map of the aeromagnetic AT, the area of
the high magnetic anomalies is much larger than the
iron ore belts. From Laocunpingzi to Womalin
where iron deposits have not been found, the
intensity of the aeromagnetic anomalies is more than
1000nT.

3.2 Physical Properties of Rocks and
Ores

We measured the physical properties of selected iron
ores, the ore bearing layers and cover strata, and the
statistical results are listed in Table 1. The
susceptibilities of the metamorphic  rocks,
sedimentary rocks and are in the range of (0~10) x
1075 SI, which can be generally regarded as non-
magnetic. Gabbro (the ore bearing layer) shows a
much higher susceptibility of (11,768.79~116.99) x
1073 SI. The susceptibilities of the iron ore are in the
range of (129,000-20,499) x 107> SI, which is a
geological body that could cause a strong magnetic
anomaly in this area, with densities in the range of
3.1-4.2 g/cm’.

Removing errors in  measurement the
relationship between Susceptibility and Ore grade is
positive correlation (Sun et al,1991; Tian et
al,2013).We conducted magnetic susceptibility
measurement and optical film identification upon 30
magnetite samples (Figure 4) from Panzhihua
deposit and Baima deposit , and the results indicated
that the magnetic susceptibility can be used as the
basis for the division of rich iron ores.
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Figure 4. The relationship between susceptibility and ore
grade in Panxi area.
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Table 1: Physical properties of geological bodies.

Number of Susceptibility(10-5SI)
Name measured Maximal Minimum Average area
points value value value
medium-grade ore 32 116000 38090 76541 Panzhihua area
high-grade ore 31 129000 55741 111521 Panzhihua area
Low-grade ore 34 113000 20063 61041 Panzhihua area
Submarginal ore 30 46062 20499 33618 Panzhihua area
Gabbro 38 6539 2865 4564 Panzhihua area
Gabbro 35 11768 116 6406 Panzhihua area(drill core)
Gabbro(ore 30 19014 3483 11286 Panzhihua area
bearing)
Gray marble 33 10 0.2 0.7 Panzhihua area
Syenite 32 3357 1508 2243 Panzhihua area
Phonolite 32 4916 1815 3364 Panzhihua area
Basalt 30 5556 807 4186 Panzhihua area
Sandstone 31 12 0.4 5 Panzhihua area
granite gneiss 30 1244 98 560 Panzhihua area
granite 34 2011 104 1121 Panzhihua area
Pyroxenite 30 15905 6428 11075 Panzhihua area
Low-grade ore 31 89903 30004 59442 Baima area
high-grade ore 31 127000 20163 98134 Baima area
Gabbro(ore 3 26486 1063 9846 Baima area
bearing)
Gabbro 36 10497 142 4983 Baima area
Gray marble 32 14 1.2 5.5 Baima area
Syenite 30 5669 2305 4323 Baima area
Basalt 30 5556 807 4057 Baima area
Granite 37 34 1 9 Baima area
dolomite 30 10.9 0.2 33 Baima area
Sandstone 31 11 1 3 Baima area
granite gneiss 32 53 2 14 Baima area

4 INTERACTIVE INVERSION
TECHNIQUE OF MAGNETIC
ANOMALIES ALONG THE
UNDULATING TERRAIN
PROFILE

Along undulating terrain profiles can be expressed
in 2.5-D. The magnetic anomalies are calculated
above the initial model with polygonal sections of
level prism 2.5-D that are created on the basis of the
known geological structures, the property data and
semi-quantitative interpretation. Thereafter  the
model parameters continue to be adjusted until the
calculated gravity and magnetic anomalies are
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consistent with measured gravity and magnetic
anomalies. Finally, based on these, we can
understand some important information such as the
depth, shape and volume of iron ore bodies (Fan et
al., 2012).

Deep ore deposit prediction has been achieved
by utilizing this technology (Cong et al., 2012; Fan
et al., 2010, 2012; Yu et al., 2007). Yu noted that
two iron ore bodies dipping to the south occur at
230-480 m and 630-880 m, with a horizontal
distance of 200 m through the aeromagnetic
anomaly inversion of Xiangbishan profile across
Daye iron deposit in Hubei province, China. The
borehole ZK21-8 exploration has successfully
confirmed the inversion result (Fan et al., 2012) ,
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several layered ore bodies with a total thickness of
14.6m at 40-45% Fe were found at a depth interval
of 740—840 m, consistent with the above prediction.

4.1 Calculation Method for Magnetic

Anomalies

The three-components of magnetic field for any
point P (x, y, z) on the section of the level prism 2.5-
D could be calculated by the formula (Fan et al.,
2010):

Hax(P) Zl 1 sin P; (]xlli + ]ylzi + ]zI3i)®
Hay(P) = — ZiL; (Jxsin @; — ], cos @)lp; —
Iy((Sin @i Ill — COS @; ISi) @

Z (P) - _Zl 1 COS @; (]xlli + ]yIZi + ]zISi) @

which can be further calculated as:

= P]L(YZ) - BL(Yl)I] = 1l3 @
P;;(y) = cosg;In RitY _ sin ®; (arctan iy
Riy1t+y WiRit1

arctani) ®

WiR;

21y u1+1+R1+1 @
P (y) = cos @; ln — oS @; (arctan Uity _
WiKi+1

arctan%) @

[k A

The magnetic anomaly of the total field is:

A T(P) = Hgy(P)coslgcosD, + Hyy, (P)coslgsinDg
+ Z,(P)sinl,

which can be further calculated as:

U; = X;CoSQ; + Z;Sing;, u;41
= X;4+1€0SQ; + Zl+15in(pl @
Ri= (x*+y*+ 22" Ripy = (gt +y° +
7. +12)1/z

- )
@; = arctan> ‘w; = —Xx; sing; +
xl+1+xl

Zi+1 COS @ @
Jx =]JcoslcosD, ], = JcoslsinD, ], = ] sinl

where, Jo: geomagnetic inclination and
Do:geomagnetic  declination; 1i: prism corner
number; N:prism side number; J: prism

magnetization; I: prism magnetic inclination and D:
prism magnetic declination. Because the formula
applies to arbitrary points on the section, we infer
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that it may be applied to almost all undulated
terrains.

4.2 The Interactive Inversion Software

The interactive inversion software used in this study
is called GMVPS (Sui et al., 2004). It simulates the
underground geological conditions at deep level by
creating a model or multiple models that consist of
finite horizontal prisms with a section of arbitrary
polygons. The corner number of the polygons may
be added, reduced or moved based on the known
geological structures and anomaly characteristics. In

addition to inductive susceptibility, inductive
magnetic inclination, inductive magnetic
declination, residual magnetization, residual

inclination, horizontal ext ension of the model and
pattern of the polygonal section,some other relevant
parameters, including geomagnetic field
strength,geomagnetic  inclination,  geomagnetic
declination, profile azimuth, are also entered and
corrected in the dialog box. The computational curve
above the model is updated in real time as the
change of the model parameters (Fan et al., 2010).
The shape of the model is terminated at the least
difference between the calculated and measured
anomalies. Thus,we can get the final model by an
inversion result(Figure 5 as a example).The physical
properties used in the software is given according to
the physical properties measured (table 2).

NI
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Figure 5: Aeromagnetic anomaly caused by the proven
Panzhihua iron deposit along Panzhihua 4-4 ‘'profile
(Figure legend refer to figure 7).
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Table 2: Physical properties used in software.

Area Name Susceptibility Effective direction of Density
k(10°3SI) magnetization | magnetization;(°) (103g/cm?)
Js(10*A/m)
Baima Gabbro(ore bearing) 9840 3761.79 41.7
area Gabbro 4983 1927.45 41.7
Gray marble and 5.5 2.2 41.7
dolomite
Syenite(mixed with 4320 1698.26 41.7
gabbro)
Syenite 1850 727 41.7
Basalt 4050 1552.81 41.7
Sandstone and siltstone 3 1.2 41.7
Archean and Proterozoic 14 5.6 41.7
metamorphic rocks
Granite 9 3.6 41.7
High grade ore (more 98100 37778.5 47 4.0
than 45%)
Low grade ore (<45%) 59442 23367.6 47 3.2
Panzhihua Gabbro(ore bearing) 11200 4288.99 40.9
area Gabbro 5600 2144.5 40.9
Pyroxenite 11075 4270 40.9
Gray marble and 0.7 0.3 40.9
dolomite
Syenite 2243 857.79 40.9
Phonolite 3364 1286.7 40.9
Basalt 4486 1715.6 40.9
Sandstone and siltstone 5 2 40.9
Archean and Proterozoic 560 214.449 40.9
metamorphic rocks
Granite 1121 428.99 40.9
grade I ore (TFe>45%) 111060 42890 53.0 4.2
grade II ore 76500 30022 53.0 3.7
(44.9%>TFe>30%)
grade 11T 61000 23503.6 53.0 34
ore(29.9%>TFe>20%)
Submarginal 33600 12867 53.0 3.1
ore(19.99%>TFe>15%)
5 RESULTS geomagnetic inclination = 40.9°, geomagnetic
declination =-1.4°, and profile azimuth=

The parameters of the normal maetic field of the
Panxi area used in the interactive inversion are the
following: geomagnetic field strength = 48,202 nT,
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125°(Panzhihua)/90°(Baima). The initial model is
built on the basis of cross sections (Figure 6 and
Figure 7 for example).
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Figure 6: Aeromagnetic anomaly caused by the proven
Panzhihua iron deposit along Panzhihua 4-4 ‘profile
(Figure legend refer to figure 8).
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Figure 7: Aeromagnetic anomaly caused by the
proven Baima iron deposit along Baima 2-2 'profile
(Figure legend refer to figure 9)

5.1 Aeromagnetic Anomaly Caused by
the Proven Panzhihua Iron Deposit

The salient features of the Panzhihua iron deposit
(Figure 6 and Figure 8) are summarized as follows.
The exploration depth is ~600 m. The ore body is
~200m thick, ~5000m long, and dips to the
northwest at dipping angle of 50°. The wall rocks
around the ore body are mainly Permian gabrro
which intruded into Simian limestone and Archean
gneiss.(Figure 6 and Figure 8).
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Figure 8: Inversion profiles 1~10 in Panzhihua area.

1- Quaternary; 2 - Permian phonolite; 3 - Permian basalt;
4 - Triassic sandstone; 5 - Sinian limestone; 6 - Archean,
Proterozoic metamorphic rocks; 7 - Gabbro; 8 - Syenite; 9
-Pyroxenite; 10 - Granite; 11 - Grade I ore (TFe>45%); 12
- Grade II ore (TFe 30~44.9%); 13 - Grade III ore
(TFe20~29.9%); 14 - Submarginal ore (TFel5~19.9%);
15 - faults; 16 - Flight trajectory; 17 - Drilling controlled
part.

On the basis of physical properties and
aeromagnetic anomaly features, the aeromagnetic
anomaly can be accomplished by running GMVPS,
and is shown on the geological section of the proven
Panzhihua iron deposit (Figure 6 and Figure 8). The
physical properties of the rock and the ore data for
modeling are listed in Tablel and shown in Figure 7.

5.2 Aeromagnetic Anomaly Caused by
the Proven Baima Iron Deposit

The salient features of Baima iron deposit (Figure 7
and Figure 9) are summarized below. The
exploration depth is ~430 m. The ore body is ~200
m thick, ~13000 m long(cut and translated by faults
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into more than 5 ore blocks), and dips to the west at
a dipping angle of 70°. The wall rocks around the
ore body are mainly Permian gabrro(Figure 7 and
Figure 9). We calculate the aeromagnetic anomaly
of the Baima iron deposit via the abovementioned
method (Figure 7 and Figure 9).The physical
parameters of the rocks and ores for modeling are
listed in Table 1 and shown in Figure 9.

W™

Figure 9: Inversion profiles 1~6 in Baima area(Cross
sections were showed in the enlarged views)

1- Quaternary; 2 - Sinian limestone; 3 - Proterozoic; 4 -
Granite; 5 - Gabbro; 6 — Syenite;7 - Rich ore(TFE>45%);
8 - Lean ore(TFE<45%).

5.3 Results of Interactive Inversion on
Magnetic Anomalies along
Panzhihua and Baima Profiles

Based on the range of physical properties for rocks
and ores in the Panzhihua and Baima area, we can
get these physical parameters for modeling (Table
1). The parameters listed in Table 2 indicate
magnetite ores are the strongest magnetic, and the
ore-bearing layers(mainly gabbro) display the
transition between non-magnetic or weakly
magnetic limestone and syenite. However, the
strength and the center position of magnetic
anomalies significantly depend on the shapes of iron
bodies. To obtain the best results, we corrected the
models of the iron ore bodies constantly, until the
residual anomaly between aeromagnetic fitting
curve and the measured curve is the minimum.
Consequently, when the aeromagnetic residual
anomalies are the least, we can obtain the final
model for Panzhihua and Baima profiles (Figure 8
and Figure 9).
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6 DISCUSSION

6.1 Deep Mineral Exploration in the

Panzhihua and Baima Area

Several magmatic Fe-Ti-V oxide deposits in the
Panxi region, SW China, are hosted in layered
mafic-ultramafic intrusions of the Emeishan Large
Igneous Province(ELIP) (Figure 1) (Zhong et al.,
2002; Zhou et al., 2005). Examples are the giant
deposits of Panzhihua, Hongge and Baima. The
Hongge deposit alone contains 4572 Mt of ore
reserves with 1830 Mt of Fe, 196 Mt of Ti and 14.7
Mt of V (Ganino et al., 2013). In addition to these
three giant deposits, other deposits currently being
mined include the Taihe deposit to the north of the
Baima deposit. In recent years, With the continuous
development of the prospecting work ,several
deposits, including Anyi , Mianhuadi and Wuben,
were discovered.

Our investigation suggests that there are
potential targets for iron ore exploration in the
Baima area. As shown in Figure 6 and 7, the
calculated aeromagnetic anomalies are much lower
than the observed anomalies in Baima deposit. The
similar scenario can also be seen in the other
inversion lines in Panzhihua and Baima area (Figure
8 and Figure 9,curves were omitted). It suggests that
there might be buried large-scale iron ore bodies
both in Panzhihua and Baima, because such large
measured anomalies cannot be produced by the
proven iron ore bodies or the gabbro surrounded
them. The Panzhihua and Baima iron ore bodies
extend to larger depth level and as shown in Figure
7 and 8. On the whole, the Panzhihua and Baima
iron deposit consists of a several layered iron bodies.

The proven iron ore bodies of Panzhihua iron
deposit are situated on the southeast part of the iron
ore layers and the volume only accounts for ~50%
of the volume predicted by the inversion result.
Therefore, we believe that there is a great potential
to discover large iron ore bodies beneath the
Panzhihua and Baima area. The exact results of the
prospecting targets of Panzhihua and Baima area
were confirmed according to the top projection of
the inferred iron ore layers and the vertical first
derivative of the magnetic field(Figure 10).
According to the study, profiles 1-1°, 2-2°, 3-3” | 4-
4’and 5-5’ in Panzhihua have little potential in
finding new iron ore deposits near-surface, only
deep ores delow the known deposits are
expectable.Profiles 6-6’, 7-7°, 8-8” and 9-9° proved
to be most potential for the iron ore in Panzhihua
area for the large volume according the study.
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Similarly, profiles 2-2°, 3-3°, 4-4’, 5-5’and 6-6’
proved to be most potential for the iron ore in Baima
area.

1

Zhujiabactan

3 Warnalin

1027 057
Figure 10: Prospecting targets in Panzhihua and Baima
area.
1- Prospecting area; 2 - Prospecting targets(Rich ore); 3 -
Prospecting targets(Lean ore); 4 - Locations; 5 - Inversion
profiles.

6.2 Shape of Rock Bodies and Its
Relationship with Ore Grade in the
Panzhihua and Baima Area

Comparing the similarity and diversity between
Panzhihua and Baima iron deposit, we concluded
that the controlling factors of mineralization are
similar: (1)the crystallization of Fe-Ti oxides from
iron rich mafic magma in the earlier stage is the
prerequisite of mineralization; (2)Gravity separation
is the physical mechanism of the formation of Fe Ti
oxide ore of vanadium titanium magnetite.

After the parent magma separated into silicate
magma and Fe-Ti rich oxide ore melt (Zhou et al.,
2005), the Fe-Ti rich magma migrated into
Panzhihua and Baima rock body, Olivine,
plagioclase and Fe-Ti oxides become liquidus
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minerals, forming magnetite ore layer under the
gravity variation.

According to the inversion results(Figure 8 and
Figure 9),the shapes of Panzhihua rock body and
Baima rock body show different characteristics in
geometrical forms .In Panzhihua area , as a result of
the obvious concave section at the bottom of the
magma chamber and the smaller horizontal area of
single rock body, the gravity separation of magnetite
is more abundant in the process of magmatic flow,
leading to the formation of thick massive ore(richer
ore) in Zhujiabaobao area. Relatively speaking,in
Baima area the bottom of the magma chamber is
relatively gentle, and the horizontal area of single
rock body is larger , gravity separation is not
abundant ,thus formed dense disseminated
ore(leaner ore).

6.3 Genesis of Panzhihua Type V-Ti
Magnetite Deposits

Different explanations were given for the ore
forming proce ss including immiscibility (Zhou et
al., 2005), fractionation (Pang et al., 2008) and
assimilation (Ganino et al.,2008). Large contact
aureoles, mostly composed of brucite marbles and
calc-silicate rocks, developed at the contact of the
intrusions (Zhou et al., 2008).

Based on the inversions we conducted, we
measured the length of the contact aureole on each
inversion profiles to make some conservative
estimates of the dimensions of the part of the aureole
that underwent partial decarbonatization, the
thickness was estimated as 300 m. The volume of
the aureole between two profiles can be calculated
as prismoid or frustum of a pyramid, giving a total
volume of 13.6 km?3. If the rock density is 2,750
kg/m?, the mass of the dolostone was 37.5Gt. If we
assume that 80% of dolomite is transformed into
brucite, then 190 g of CO? is released for each
kilogram of rock (Ganino et al., 2008).The total
amount of CO? is calculated as 5.7 Gt, which is
similar to result Ganino obtained. However,90% of
the aureole on the inversion profiles were located
near Hualaipa area, 6.2 kilometers northwest of the
panzhihua deposit. Although large volume of
blinded gabbro were inferred in Hualaipa area, based
on the inversions, the metallogenic potential is low.
How CO?-rich fluids Interacted with the magma is
hard to estimate, and the inversions above does not
support the view that assimilation with carbonate
rocks is vital condition in the formation of
Panzhihua type V-Ti magnetite deposits.
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7 CONCLUSIONS

Computation through forward and inverse methods
of the magnetic anomalies of Panzhihua and Baima
profiles have been conducted through interactive
inversion technique. Our study leads to the
following three major conclusions.

There is a potential to find large-sized iron ore
bodies buried at depth in the Panzhihua and Baima
area that remain to be discovered, the inversions we
conducted provides prospecting targets for mineral
exploration. According to the study, profiles 6-6°, 7-
7°, 8-8 and 9-9’ in Panzhihua area and Profiles 2-2’,
3-3’, 4-4°, 5-5’and 6-6’ in Baima area proved to be
most potential for the iron ore.

The Panzhihua iron deposit is composed of thick
massive ore and disseminated ore, while in Baima
deposit only disseminated ore was found. The
inversions indicated that such phenomenon could be
explained by the different shapes of different magma
chamber which related to the process of gravity
separation of magnetite.

Based on the inversions, the quality of CO;
released from dolomite that underwent partial
decarbonatization is ~37.5Gt.Most of the aureole is
located beneath Hualaipa area where the
metallogenic potential is low, which probably mean
that assimilation with carbonate rocks is not the vital
condition in the formation of Panzhihua type V-Ti
magnetite deposits.
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