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Case History

Mapping chromite deposits with audio magnetotellurics in the Luobusa
ophiolite of southern Tibet

Lanfang He', Ling Chen?, Dorji®, Zhanxiang He*, Xuben Wang?®, Bayi Xiao*, Ligui Xu?,
Xuefang Zhao®, Xiaolu Xi®, Hongchun Yao®, and Rujun Chen®

ABSTRACT and 3D resistivity imaging were used to elucidate the inner
structure and distribution of rock faces within the Luobusa
The exploration of podiform chromites in the Indus Yarlong ophiolite. Results from rock physics and drilling further indicate
Zangbo suture zone of southern Tibet has proved difficult that resistivity-anomaly domains from these AMT results are
because most known deposits pinch out and then reappear in the correlated with rock faces in terms of fresh harzburgite, altered
same direction. Several ground-based geophysical approaches harzburgite and dunite, and they can thus be connected to con-
such as gravity, magnetic, and controlled-source audio-fre- cealed deposits. Therefore, we have developed three resistivity-
quency magnetotelluric (CSAMT) methods have been applied anomaly models for chromite exploration, and we delineated
to explore for these chromite deposits but have mostly failed to several prospective regions containing exploitable deposits
delineate prospective areas. We have evaluated a successful within the Luobusa ophiolite. Seven of the nine verified bore-
podiform chromite exploration case history that is based on holes discussed in this paper intersected with chromite deposits;
AMT. More than 8000 AMT stations were used in this study one comprises the largest and highest grade chromite deposit in
within a 10 km? area of the ophiolite belt. Line separations were China to date. Our AMT results provide the impetus for future
80 or 40 m, and the station separation was 20 m. We imple- chromite exploration in Tibet and enable a refined understand-
mented Bostick conversion and nonlinear conjugate gradient in- ing of the structure and distribution of rock faces within the Luo-
versions for data interpretation, whereas 2D resistivity sections busa ophiolite.
INTRODUCTION suture zone that separates Eurasia from the Indian continent in
southern Tibet (Figure 1). Significant progress has been made in re-
The Luobusa ophiolite is part of the eastern portion of the Yarlung cent years toward an understanding of the geologic characteristics of
Zangbo ophiolite, which is controlled by the Indus-Yarlung Zangbo this ophiolite, including the geologic ages of constituent rock units,
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its environment of formation, and the regional tectonics of southern
Tibet (Pan et al., 2002; C6té et al., 2005; Zhou et al., 2005; Yin, 2006;
Royden et al., 2008; Wu et al., 2014; Wang et al., 2015; Hu et al.,
2016). The Luobusa ophiolite is important because it contains the
largest reservoir of chromite in China, encompassing almost 90%
of the total national production (Wang et al., 2010; Bao et al.,
2014). Systematic exploration and studies have been carried out
on the Luobusa ophiolite since the initial discovery of chromite in
1956 (Zhang et al., 1996). Much of the studies have focused on
the mineralogy, lithology, economic geology, and features of this de-
posit, as well as the tectonics and the origin of these podiform chro-
mites (Wang and Bao, 1987; Zhang et al., 1996; Zhou et al., 1996,
2005, 2014; Yang et al., 2003, 2007, 2014; Bao et al., 2014; Xu et al.,
2015). However, several key characteristics of this ophiolite still re-
main under debate, including its tectonic occurrence, mechanism of
emplacement, nature of the interior of the rock body, and location of
favorable areas for mining (Liang et al., 2011; Lietal., 2012, Liet al.,
2016; He et al., 2014). The origin of this rock body and the nature of
the chromite are also debated; Zhou et al. (1996, 2005) and Zhou and
Robinson (1997) develop a melt-rock reaction model for the Luobusa
podiform chromite. Bao et al. (2014) use the occurrence of highly
depleted mantle peridotites and a high chromite content to suggest
that this ophiolite formed in a forearc basin environment. Research
by Yang et al. (2007, 2014) and Yamamoto et al. (2009) also supports
a deep mantle origin for the Luobusa podiform chromites.

In spite of research progress on the origins and basic geology of
podiform chromites, the exploration for concealed deposits has
proved problematic (Frasheri, 2009). Geophysical methods have
been used to search for orebodies and to map geologic structures to
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study the factors controlling the mineralization (Frasheri, 2009).
Because of density and magnetic-susceptibility differences between
an orebody and its host rocks, gravity and magnetic methods have
been widely applied since the 1940s for chromite exploration (Ham-
mer, 1945; Hammer et al., 1945; Yiingiil, 1956; Davis et al., 1957;
Wu, 2006; Frasheri, 2009). Ten percent of the interpreted anomalies
have been verified as buried chromite deposits within the Bulgiza
ultrabasic massif in Albania (Frasheri, 2009). Progress has recently
been achieved in the use of gravity and magnetic processing and the
inversion methods for exploration (José et al., 2007; Liu et al., 2012;
Mandal et al., 2013; Qiu, 2013; He et al., 2014). A range of addi-
tional geophysical methods, including induced polarization (IP) and
magnetotellurics (MTs), has also been used for indirect chromite
exploration (Xi et al., 2013; Jiang et al., 2015); however, the geo-
logic conditions under which podiform chromite deposits occur are
complex and remain incompletely understood; the physical and
chemical properties of chromite do not lend themselves easily to
the indirect prospecting methods commonly applied to other ores,
such as zinc or copper (Kospiri, 1999). Therefore, individual geo-
physical methods exhibit several limitations that negatively impact
their applicability at specific sites. Integrated surveys comprising
gravity, magnetic, and IP approaches, as well as MT methods, are
usually used in podiform chromite exploration. In some cases, these
integrated approaches have led to the discovery of significant ore
deposits and have yielded information about host rock structure
(Kospiri, 1999; Mohanty et al., 2011; Jiang et al., 2015). Mohanty
et al. (2011) present a case study in which they use a range of
integrated geologic and geophysical approaches including gravity,
magnetic, electrical, and electromagnetic (EM) methods to delin-
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Figure 1. Schematic geologic map of the Luobusa ophiolite (He et al., 2014, modified after Li et al., 2012). The black filled rectangle at the top
left corner shows the location of the working area in Tibet. The legends are 1, harzburgite (bearing dunite and lherzolite); 2, dunite; 3, chromites
ore; 4, cumulus bojite; 5, cumulus consisting of bojite, wehrlite; 6, scope of the surface magnetic survey; 7, Luobusa group conglomerate; 8,
upper Triassic Formation; 9, quartz diorite, quartz monzonite; 10, biotite granite; 11, lithostratigraphic boundary; 12, unconformable contact;
13, reverse fault; 14, strike-slip fault; 15, section and its position.
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eate chromite deposits. The results of that study indicate that,
compared with the use of any single geophysical technique, the sys-
tematic integration of complementary geophysical methods reduces
the ambiguity in interpretation. Between 2009 and 2011, Jiang et al.
(2015) surveyed multiple exploration profiles around the Luobusa
ophiolite using seismic reflection, MT, controlled-source audio-fre-
quency MT, gravity, and magnetic methods to investigate the origin
of chromites and to prospect for other deposits in the area. The re-
sults of that study provided key data on the deep structure of the
Luobusa ophiolite and revealed the presence of mantle upwelling
material within the Yarlung Zangbo suture zone.

A limited amount of geophysical exploration has been conducted
over the past century in the Luobusa ophiolite and its vicinity. Pre-
vious investigations have applied gravity and magnetic (Wu, 2006),
IP (Qu, 1978), and borehole EM (Fu and Jiang, 1986) methods in this
region, but the results were unconvincing to geologists because only a
few ore deposits have been discovered by drilling based on the geo-
physical interpretations. Because a few concealed ore deposits were
nevertheless discovered over the past 30 years via drilling exploration
based on geologic analysis (Wang et al., 2010), exploration for chro-
mite has become a key challenge in Luobusa. To explore for and
evaluate concealed and potential chromite deposits within the Luo-
busa ophiolite, we conducted a comprehensive exploration project
financed by mining companies between 2012 and 2013. We applied
detailed gravity, magnetic, AMT, and IP methods using spread spec-
trum technology (Xi et al., 2013) over a 10 km? area within the
ophiolite region to search for chromite (He et al., 2015). AMT
and IP were the major geophysical exploration methods applied in
this project; we identified several favorable areas and located many
economic chromite deposits via exploratory drill cores. One drill core
that was based on an AMT result with a nonlinear conjugate gradient
(NLCG) inversion interpretation resulted in the discovery of four
layers of chromite with a total thickness of 49.18 m, the largest de-
posit found so far in China. We discuss our field operations, data
processing, and AMT results in this paper and report correlations
with the occurrence of chromite deposits. We also discuss the appli-
cability of AMT models in chromite exploration.

GEOLOGIC SETTING

The chromite deposits within the Luobusa ophiolite are associ-
ated with Alpine-type peridotites, one of the various assemblages
within the Yarlung Zangbo ophiolite belt (Pan et al., 2002), distrib-
uted in an east-west direction over approximately 2000 km in
southern Tibet. Our study area (Figure 1) comprises a small but vital
part of a major tectonic contact within the Yarlung Zangbo ophiolite
belt, one of the most known and most extensively studied of the
ophiolites in China (Wu et al., 2014). The Luobusa ophiolite is ap-
proximately 40 km in length and ranges in width between 0.7 and
4 km; this ophiolite covers an area of approximately 70 km? and has
a general east—west trend. A suite of island-arc volcanic-rock se-
quences is located immediately to the north of the Luobusa ophio-
lite, discordantly overlain by polymictic and sandy conglomerates
of the Tertiary Luobusa group (Zhang et al., 1996; Bao et al., 2014).
To the south, this ophiolite has a faulted contact with Upper Triassic
turbidites, and some Cretaceous intermediate-acid magmatic rocks
are also present in the study area (Bao et al., 2014). Based on avail-
able outcrop observations and drill-core results, the major lithotypes
within the Luobusa ophiolite are identified as harzburgite and
dunite (Figure 1). The contact between these two lithotypes is char-

acterized as the central ore-bearing zone, and most of the chromite
appears to occur within, or close to, this zone. Based on results pre-
sented by Wu et al. (2014), the age of ophiolite host rock emplace-
ment has been dated as approximately 130 Ma.

The Luobusa ophiolite is composed of metamorphic mantle
peridotite, mafic-ultramafic cumulate, and gabbro or diabase dikes.
More than 93% of this ophiolite is made up of metamorphic mantle
peridotite, and altered rocks include serpentine and magnetite; this
mantle peridotite mainly consists of dunite (orthorhombic pyrox-
ene, OPX < 10%), OPX-poor harzburgite (OPX 10%-25%), and
harzburgite (OPX > 25%). The major elemental constituents of
chromites in the podiform chromites and mantle peridotites in the
Luobusa ophiolite were reported by Zhang et al. (1996) and Zhou
et al. (1996). These data show that the molar ratio of forsterite (Fo,
Fo = 100 Mg/(Mg + Fe)) in the host ophiolite ranges between
88% and 94%, and it is between 93.6% and 96.4% in the chromite
deposits. The average Cr,O; mass content is between 0.75%
and 0.90% in enstatite, 1.04% in clinopyroxene, and 1.07% in lher-
zolite, but it is only 0.67% in dunite. Two major assemblages char-
acterize the Luobusa ophiolite: an upper part containing dunite-
harzburgite and OPX-poor harzburgite (mostly containing lenses of
dunite and some large-scale, high-grade chromite deposits) and a
lower part that consists of a harzburgite-lherzolite complex subzone
(sometimes containing dunite and lherzolite with chrome diopside
levels between 4% and 5%, up to occasionally between 7% and 8§%)
(Bao et al., 2014). The transition band between these two major
assemblages plays an important role in high-grade chromite explo-
ration, and its burial depth ranges from several tens of meters to
several hundreds of meters. The presence of high-grade deposits is
also controlled by faults that generally strike from west to east. Most
of the known chromite deposits are podiform and pinch out and
reappear in the same direction, creating issues for geologic and geo-
physical exploration (Zhang et al., 1996).

METHODS

AMT was the dominant method we used for comprehensive
podiform chromite exploration within the Luobusa ophiolite. This
natural, or passive, source EM method has played an important role
in the search for concealed chromite deposits and uses naturally
occurring MT fields within the audio-frequency band 10 Hz to
10 kHz to investigate the electrical-conductivity structure of the
earth’s near surface. The natural sources of AMT are thunderstorms
occurring worldwide because energy discharged by lightning emits
EM fields that propagate over great distances. AMT fields at the
earth’s surface behave like plane waves (Vozoff, 1991), and are
measured as orthogonal electric (E) and magnetic (H or B) fields
(Figure 2). Frequency-based impedance results, which correspond
to the distribution of electrical conductivity in the subsurface, can
therefore be acquired from the amplitude, phase, and directional
relationships between surface electric and magnetic fields (Vozoff,
1991; Asch and Sweetkind, 2011).

We conducted a high-density AMT survey at more than 8000
stations across a 10 km? area within the Luobusa ophiolite belt
(area L and area K in Figure 1). The line spacing was 80 or 40 m,
and the normal station spacing was 20 m. Survey line directions
were laid out across the strike of the ophiolite belt; in the western
part of area L, survey lines were laid from west to east (A-A’ in
Figure 1). In the eastern part of this area, survey lines were laid
out from south to north (B-B’ in Figure 1). In contrast, all the survey
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lines within area K trend from the southwest to northeast with an
azimuth of 42° (C-C’ and D-D’ in Figure 1). We used 4 MTU-5A
sets (Phoenix Geophysics) and 20 PMT-2 sets (an AMT receiver
developed by Champion Geophysics) MT receiver units for data
acquisition, recording horizontal electric and magnetic fields in
two orthogonal directions (Ex, Ey, Hx, and Hy in Figure 2), along
the trend of the survey line (the x-direction), as well as across the
survey line (the y-direction). The normal E dipole lengths used to
measure the Ex and Ey electric fields were 20 m, corresponding to
the separation between Ex0 and Ex1 (or between Ey0 and Ey1) in
Figure 2. We also used five PbCI-Pb electrodes, two pairs for the Ex
and Ey dipoles, and a fifth electrode for central ground contact. A
pair of coils is used to measure the orthogonal components of the
magnetic field at each station. The measured time-series signals are
first converted to complex cross spectra using the fast Fourier trans-
form (FFT). Tensor apparent resistivities and phases are derived
from the complex cross spectra by robust cross spectral analysis
(He et al., 2006; Sampson and Rodriguez, 2010). We acquired ap-
parent resistivities and phases at each station for 40 frequencies
ranging between 11.5 and 11,250 Hz. More than 90% of our AMT
data were of high quality (Figure 3a and 3b), and the remaining 10%
of data were of low quality as shown in Figure 3c. No remote refer-

Figure 2. Field layout of AMT data acquisition. The horizontal
electric and magnetic fields are recorded in two orthogonal direc-
tions (Ex, Ey, Hx, and Hy). In general, the x-direction is along the
trend of the survey line and the y-direction is across the survey line.
The normal E dipole length, the separation between Ex0 and Ex1
(or Ey0 to Ey1), is 20 m. Data are acquired by the data acquisition
unit (DAU). EO is the central ground contact point in the center of
this survey station.

ences were used for data processing. Most stations used a mutual
reference comparing their data with the magnetic data from another
array; the average acquisition duration was greater than 30 min.

We used the software package SSMT2000 (Phoenix Geophysics)
for onsite data processing, including preconditioning the time-series
data by verifying or editing site parameters and specifying FFT
times, converting from the time to frequency domain, calculating
impedance estimates (Share et al., 2014), and correcting them using
calibration data from acquisition boxes and coils. We then used the
MTeditor (part of the SSMT2000 package) to evaluate calculated
impedances and response curves (Asch and Sweetkind, 2011; Share
et al., 2014). Other data processing included editing and static-shift
correction. The first of these processes involved the removal of indi-
vidual cross-powers from the calculations to enable poor-quality
data to be edited; this was accomplished by marking poor-quality
cross-powers (which normally have large deviations) with a non-
commercial program. In the case of data containing artifactual
noise, we selected cross-powers referring to adjacent frequencies
or stations.

We used EM array profiling (EMAP) filtering (Torres-Verdin and
Bostick, 1992) as a postprocessing step to correct topographic and
static shifts in the data along the survey line direction (xy) before
inversion or conversion. The EMAP approach uses a low-pass filter
to diminish topographic and static-shift effects in the spatial or
wavenumber domains. A filter constant ¢ that performs the role of
a window-width expansion factor in an applied Hanning window is
used as part of the adaptation process to control roll-off character-
istics (Torres-Verdin and Bostick, 1992). The filter constant ¢ can be
set within a range between zero and five, where zero indicates no
EMAP filtering, whereas a value greater than five indicates that all
the data will be smoothed flat with little lateral prediction. Wang
et al. (2017) outline a detailed discussion and comparison of the
effects of the filter constant c¢; we applied a value between 0.1 and
0.4 for Luobusa ophiolite data processing and interpretation, in con-
cert with Bostick conversion (for a detailed discussion of this
approach and comparison to other inversion methods, see Bostick,
1977; Wang et al., 2017). NLCG inversion based on the algorithm
of Rodi and Mackie (2001) was applied for AMT data inversion. We
set a noise floor of 5% in NLCG for the resistivity and phase. The
iterations we used were between 12 and 15 and a root-mean-square
(rms) value that ranged between 4.5 and 6.6. Some stations have
skin depths of less than 400-800 m, and the inversion results of
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Figure 3. Examples of the typical resistivity curves for (a) high-quality data, (b) normal, and (c) low-quality data.
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these stations shown in the figures have been blanked. A compari-
son of a raw data section (section AA’ as shown in Figure 1) with
modeling results from the 2D inversion is shown in Figure 4; the
number of NLCG iterations is 15 in this case with an rms of 6.56%.
Figure 4a and 4c shows resistivity and phase of the raw data from
the section of 56 stations with 20 m station separation. Each AMT
data in one station encompasses 40 frequencies ranging between
11.20 and 10,040 Hz. Figure 4b and 4d shows those of the modeling
results based on the inversion model of the section. Apart from the
phase, these raw and modeled data profiles exhibit similar geoelec-
trical properties, which indicates that the inversion is reasonable.

AMT is widely used in mine and engineering geophysics. In most
cases, we have no or few geologic data in the working or study
areas, so the result of the AMT is the only knowl-

apping using AMT B51

35% had resistivities greater than 1000 kQm (Figure 5a). Complex
resistivity results for harzburgite (HAR), chromite (Cr), and dunite
(DUN) samples are shown in Figure 5b. The data show that the
resistivity of the harzburgite samples is approximately 100 MQm
across a frequency range between 0.005 and 10 Hz, and that the
resistivity decreases sharply in concert with increasing frequencies
higher than 10 Hz. The resistivity of the chromite samples is some
30 kQm across the whole range of frequency measurements, be-
tween 0.005 and 1000 Hz, decreasing gradually as the frequency
increases. The values for three dunite samples range from less than
100 to more than 100 kQm, the resistivity low is mainly due to the
serpentinization and their high free-water content (more than 8 wt%)
measured in terms of loss on ignition. Fresh harzburgite samples have

edge before digging or drilling. The methods we

used to decrease the uncertainty includes com- a) b) ,
paring the result of different inversion or conver- = =
sion methods; comparing to results from other T T
geophysical methods; comparing to the known E E
mine deposits, caves, or faults; and testing the 5 §
modeling data. The best way is comparing the &£ &
result to drillholes. In some areas of Luobusa, we 3'?’ E’
have geologic and borehole data, so we can
verify the inversion model and get a set of “rea- ‘o 200 400 600 800 1000 "o 200 400 600 800 1000
sonable” parameters for conversion or inversion. Ofiset (m) Offset (m)
In some other areas of the Luobusa rock mass, c) 4 d) 4
we have no geologic data because of a lack of _ N =
coverage or other reasons. In these areas, the z E Dagrae
depth of the target can only be inferred from the E 3 é‘ 3
AMT inversion model. The parameters we used ﬁ_
are from the verified section. We set a uncertainty % 2 £ m
of 20% or more when we propose a drillhole base S ;
on the AMT model, and then we set a target 4 ‘ o . “ A '3 *
depth (e.g., 80-120 m) for drilling. 200 400 1000 200 400 600
crﬂset (m) cmset(m)

RESULTS AND DISCUSSION
Rock physics

56 stations with 20

ber of NLCG is 15

To better understand the electrical properties of
the ultramafic rocks within the Luobusa ophiolite,
we measured the complex impedance of the natu-
ral samples under dry conditions, which means

section.

Figure 4. Comparison of the raw-data section (section AA" as shown in Figure 1; it has

m station separation encompassing 40 frequencies ranging between

11.20 and 10,040 Hz) with modeling results from the 2D inversion. The iteration num-

with an rms of 6.56%. (a and c) Resistivity and phase raw data from

the section. (b and d) Those of the modeling results based on the inversion model of the

that the samples did not undergo a soaping proc- a) 25
ess, at room temperature, and at atmospheric pres-
sure. We measured all samples using a four-pole
electrode system configuration, encompassing
two outer current and two inner potential electro-
des (He et al., 2016). Complex resistivity mea- §‘
surements were performed using a Solartron- g
1260A impedance/gain-phase analyzer, and the E
range of frequencies used for impedance spectros-
copy was between 0.005 and 1000 Hz. We mea-
sured a total of 75 samples from the Luobusa
ophiolite.

Our results show that sample resistivity varies ]
from tens of Qm up to 10 million Qm, around a
mean of 0.85 MQm. Data show that 20% of our

20
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Frequency (Hz)

samples exhibited resistivities less than 10 kQm,
45% had values between 10 and 1000 kQm, and

Figure 5. (a) Resistivity histogram and (b) complex resistivity of harzburgite (fresh),
chromite, and dunite (fresh to serpentinized) of samples from the Luobusa ophiolite.
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the highest resistivity, about four orders of magnitude higher than
chromite.

2D section results

We collated AMT results from a survey of more than 100 profiles
across our study to reveal significant internal structural details of
the Luobusa ophiolite (all located in area L and area K, Figure 1).
Inversion results from two typical AMT sections, B-B’ and C-C’,
are shown in Figure 6 (see Figure 1 for their locations); these two
sections can be generally divided into three domains based on the
electrical responses: a top low-resistivity domain yielding values
between 40 and 300 Qm (d1), a middle domain (d2) yielding highly
variable resistivity values between 300 and 3000 Qm, and a deep-
buried low-resistivity domain (d3) characterized by generally low-
resistivity values between 10 and 200 Qm.

In general, the resistivities from the laboratory samples (rock
physics) have correlation to the resistivities of the formation or rock
mass where the rocks were sampled, but the values are always
different. First, in the laboratory, samples are directly measured,
the value means “true” resistivity. But the resistivities interpreted
from the AMT sections are calculated from the ground-measured
electric and magnetic field, the value means the cross resistivities
of the formation or rock mass. Second, the samples for laboratory
measurements are sampled from the drill core, but the detritus and
gouge, which greatly decrease the resistivity of the formation or
rock mass, could not be measured in the laboratory. These made
the resistivities from the laboratory samples to be several times even
orders of magnitude higher than those interpreted from the AMT
sections.

Section B-B’ (Figure 6a) is 1400 m in length and extends in a
south to north direction. The top domain within this section is gen-
erally characterized by low-resistivity values between 40 and
300 Qm and has a thickness ranging from 10 to 80 m. Conversion
results show that resistivity values range between 40 and 80 Qm in

the interval, between 1100 and 1200 m in distance, and between 120
and 300 Qm across the rest of this domain. This shallow domain is
interpreted as indicative of loose Quaternary system deposits based
on drill core and other geologic data. In contrast, the middle domain
(d2) has a thickness of some 760 m in depth from 80 to 840 m
(elevations from 4320 to 3560 m) and distance between 0 and
900 m from south to north, and it is characterized by highly variable
resistivity values. This domain exhibits resistivities that are gener-
ally greater than 500 Qm. A high-resistivity layer characterized by
values greater than 1000 Qm yields a maximum value of 3000 Qm
at its center. Drill-core and rock-physics results indicate that this
high-resistivity layer mainly comprises fresh harzburgite, and that
the transitions within this domain that have a range of resistivities
between 500 and 1000 Qm consist of altered (partially serpenti-
nized) harzburgite and dunite. The third and deepest domain (d3)
occurs at depths approximately 800 m and at an elevation of lower
than 3560-3600 m at a distance from 0 to 900 m. At distances
greater than 900 m, its top interface goes up to elevation 4050 m
with a depth of some 200 m. This domain is characterized by very
low-resistivity values between 10 and 200 ©m as well as having a
southern-dipping gradient in resistivity values at an apparent dip of
approximately 60°. Based on drill core and rock physics results, this
very low-resistivity domain is thought to be indicative of altered
dunite, which contains more than 8 wt% water content.

Section C-C’ (Figure 6b) is 1600 m in length, trends from the
southwest to northeast, and it is situated in the northwest Luobusa
ophiolite area K (Figure 1). Although this section is characterized
by an EM response similar to that seen in section B-B’, the top do-
main (d1) is divided into three parts by its high-resistivity counter-
part (d2). The data show that the thickness of d1 (the top layer) in
this section ranges from less than 10 m to approximately 80 m. It
reflects the loose Quaternary system deposits as in section B-B’. The
middle domain (d2) within this section is characterized by highly
variable resistivity values that range between 300 and 3000 Qm,
and it is between 100 and 700 m in thickness. Four blocks with re-
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Figure 6. Typical resistivity cross section from the AMT results of the different portions of the Luobusa ophiolite: (a) from the middle portion
of area L and (b) from area K. The result shows that the rock mass could generally be divided in three domains: a shallow low-resistivity
domain (d1) reflects the loose deposits of the Quaternary systems, a middle domain (d2) has highly variable resistivity value from 300 to
3000 m due to fresh harzburgite and the altered harzburgite and dunite, and a very low-resistivity deep domain (d3) of the altered dunite with
high water content. The white blanked area means that there are no convertion data due to the lower skin depth at that station.
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sistivities greater than 1000 Qm are developed at distances of 60,
600, 1200, and 1550 m; they are interpreted as fresh harzburgite. Re-
sults and observations from drill cores, mine tunnels, and rock phys-
ics suggest that the transitions within this domain are indicative of
altered harzburgite and dunite. The deep very low-resistivity domain
(d3) within this section is characterized by a generally southwest and
flat-dipping gradient less than 30°. Similar to section B-B’, this do-
main reflects altered dunites and also has a high water content.

3D view of AMT results

We performed 3D imaging analysis using 2D converted data
from each section using commercial scientific visualization soft-
ware. The resultant 3D view of our AMT results reflects the elec-
trical properties of the internal structure and rock faces distribution
of the entire Luobusa ophiolite rock mass. Three-dimensional resis-
tivity image results for area K are shown in Figure 7. Figure 7a
illustrates face-render results from rock mass that have resistivities
higher than 800 Qm. Figure 7b illustrates those that have resistiv-
ities less than 50 Qm. From the surface to a depth of 1500 m, the
rock mass in area K can be divided generally into a higher resistivity
upper domain and a lower resistivity basal domain. A continuous
and thin high-resistivity block that yields values greater than
800 Qm trends from the northwest to southwest across area K (Fig-
ure 7b); this high-resistivity block is more than 3000 m in length
and is interpreted as fresh harzburgite, controlling the distribution
of chromite deposits. Another similar and discontinuous thin high-
resistivity block with comparable properties trends from the north-
west to southeast, and both are characterized by burial depths that
range between 50 and 700 m. Results show that the dominant do-
main characterizing area K of the Luobusa ophiolite exhibits resis-
tivities less than 100 Qm and that most of the rock masses of this
type have burial depths greater than 400 m. The low-resistivity (less
than 50 Qm) volume within the upper section of the ophiolite has
been divided into three parts by two slender and high-resistivity
blocks (Figure 7b). Rocks characterized by lower resistivity values
are interpreted as mainly altered dunite. The rest of the ophiolite is
characterized by resistivities that range from 50 to 800 Qm inter-
mediate between high-resistivity blocks and low-resistivity volume.
They are reflections of partially serpentinized harzburgite and dun-
ite. Most of the chromite deposits occur within this transitional
zone.

The relationship between AMT results and chromite
deposits

Understanding the relationship between the AMT results and the
location of the chromite deposits is of paramount exploration im-
portance because chromite deposits occur within the transition zone
between harzburgite and dunite (Zhang et al., 1996; Zhou et al.,
2005; Wang et al., 2010). Our research is therefore a major step
forward because we are able to elucidate this relationship via cor-
relations between the AMT results and rock faces (Figure 8) in con-
cert with rock-physics results (Figure 5). The data presented in
Figure 8a reveal the relationship between a known chromite deposit
and the resistivity cross section. A 6 m thick chromite deposit oc-
curs within the transition zone between higher-resistivity (fresh
harzburgite) and lower-resistivity domains (serpentinized harzbur-
gite and dunite). On this basis, we propose the use of a “transition
zone” model (T model) for chromite exploration. This model is

characterized by a high-resistivity upper domain with values higher
than 800-1000 Qm (fresh harzburgite), a region of low resistivity
lower than 50-100 Qm with a thickness greater than 100 m (ser-
pentinized dunite), and a transitional domain with intermediate val-
ues (100-800 Qm). We carried out a comprehensive exploration in
Luobusa, so we can use some other data such as gravity, magnetic,
and spectral IP method to help to guide the drilling. But the AMT
model is the dominant foundation for proposing drilling. Compar-
ing our exploration result to the AMT model (with known deposits)
shown in Figure 8a and referring to the gravity and magnetic results,
we proposed drilling based on this model within the section shown
in Figure 8b. Drill cores within this area intersected a new chromite
deposit that has a maximum thickness of 49.18 m, including two
thin sheets of rock with a total thickness of approximately 3 m. This
level of success based on model predictions provides further evi-
dence that the chromite deposits occur mostly within transitional
resistivity zones, although the reasons for this, as well as how these
zones control the formation and size of deposits, remain unclear and

P
A ﬁ%

Figure 7. Three-dimensional resistivity view of area K at Luobusa
ophiolite based on AMT inversion data. The result is imaged by com-
mercial 3D scientific visualization software using 2D converted data
from each section. (a) The face-render results of the rock mass with
resistivity lower than 50 Qm, which reflects altered dunite. (b) Those
of the resistivity higher than 800 Qm, which mainly reflect fresh
harzburgite and its relation to the lower-resistivity rock mass.
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are under study. We also present two additional chromite explora-
tion models based on the resistivity results discussed in this study.
The first of these is called the “lower resistivity fracture”” model (F
model) in which a deposit is characterized by low resistivity and
occurs in an ophiolite fracture (Figure 8c), especially relatively shal-
low ones. According to this model, chromite is always found at the
boundary and sometimes in the middle of the ophiolite. Most of the
drill cores targeting this model encountered thin, small-scale depos-
its. The second of our two additional models is referred to as the
“lower resistivity entrapment” model (E model) in which a deposit
is characterized by low resistivity (Figure 8d), enclosed by high-

resistivity host rocks. The model is widely applied across the
northern region of the Luobusa ophiolite, and it is consistently re-
lated to the occurrence of medium- to small-scale deposits.
Between 2012 and 2013, nine proposed boreholes were drilled to
verify chromite AMT exploration results. Of these, two are consis-
tent with the T model, and both intersected high-grade deposits.
One of them, borehole 02 (Figure 8b), led to the discovery of the
largest and highest-grade Chinese chromite deposit to date. Five
additional boreholes were drilled on the basis of the E model, and
four intersected chromite deposits with thicknesses ranging be-
tween 0.6 and 5.6 m, and the fifth did not intersect any minerali-
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Figure 8. Relationship between the resistivity domain and the chromite deposit in the AMT section. (a) The relationship between a known
deposit with a thickness of 6 m and the resistivity cross section in area L. The deposit lies in the transition zone from the higher resistivity
domain (the fresh harzburgite) to a lower resistivity domain (the serpentinized harzburgite and dunite). (b) The location of our proposed
borehole and deposit unveiled by the Borehole 02 in area L. The extension of the deposit was outlined by other drills. (a and b) An example
of the transition zone model (T model) for chromite exploration. (c) Referred to as the lower-resistivity fracture model (F model) and (d) reflect
the lower-resistivity entrapment model (E model).
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zation. Finally, two boreholes were drilled on the basis of the F
model, and one of them intersected a thin deposit.

Between 2014 and 2015, several drillholes intersected chromite
deposit in area K. Figure 9 shows the results of two drillholes. Fig-
ure 9a and 9b shows the proposed target burial depth and the depth
of the deposit unveiled by drillholes (X01 and X02) in different
section. The chromite deposits lie lower than the proposed eleva-
tion. X01 shows that the deposit lies in the transition between
high-resistivity and low-resistivity domain. X02 shows that the de-
posit lies in the low-resistivity domain. X03 is a proposed drillhole,
but the drill has not been carried out. These two sections indicated
the chromite deposits have lower burial depth than our proposed
target depth, and in this area, the host rocks have a lower resistivity
than those in area L.

Conception model of the Luobusa ophiolite

Research and exploration on the Luobusa

cumulate mixtite layer containing harzburgite, dunite, and the chro-
mite deposit) discovered AMT (the blue rectangle), from the south
to north, within this ophiolite is in fact consistent with a “drape
structure” model because it undulates from the north to south. In
other words, the rock faces zone (i.e., the ductile shear belt, or mix-
tite) is uplifted to the south of area L. Therefore, we conclude a
drape structure model to map the structure of the Luobusa ophiolite
where AMT could reach. This model has important implications for
our understanding of the inner structure of the Luobusa ophiolite as
well as for chromite deposit exploration. Based on this model, the
southern portion of the Luobusa ophiolite should be considered a
new prospective area and the drillholes have found exploitable chro-
mite deposits there.

ophiolite has been ongoing for several decades
(Zhang et al., 1996; Wu 2006; Wang et al., 2010; a)

Bao et al., 2014). The structure underlying area
L has been considered to conform to a model
described by a southward-dipping “monoclinal
structure” (Figure 10a) based on results from
some drill cores as well as other geologic and
geophysical interpretations (Zhang et al., 1996;
Wang et al., 2010; Jiang et al., 2015). On the ba-
sis of this interpretation, chromite deposits in the

Elevation (m)

Lyt b5

southern portion of area L (Figure 10a) are very
hard to exploit because they are likely to have
been buried at elevations lower than 3500 m, cor-

upper Triassic Formation =] peridotite
5] Dunite  [F]Luobusa conglomerate [7]Faults [Z&]Biotite granite [#F] Chromite deposit

harzburgite  [Z]Cumulate mixtite

responding to depths between 800 and 900 m,
the same as the water level in the Yarlung Zangbo
River. However, our AMT results reveal that the
internal structure of the Luobusa ophiolite in fact
differs from this previously applied monoclinal
structure model. Our results show (Figure 10b)
that in the area, the chromite-bearing layer (a

Figure 10. (a) Conventional conception model and (b) model based on the AMT result
of the inner structure of the Luobusa ophiolite. The conventional model on the structure
of the ophiolite under area L was considered to be a southward-dipping monoclinal
structure model (a) based on the results of some drilling and the other geologic and
geophysical interpretations. We proposed a new conception model as shown in (b), from
south to north, the chromite bearing layer in the ophiolite is a drape structure; it goes up
and down from north to south. The model in the blue rectangle is from the result of the
AMT section; the rest is from the conventional conception.
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Figure 9. Relationship between the resistivity domain and the chromite deposit in the AMT section of area K. (a and b) The proposed target
location and drilled location of the mine in different section and drillholes (X01 and X02). The chromite deposits lies under the proposed
location. X01 shows that the mine lies in the transition of high-resistivity and low-resistivity domain. X02 shows that the mine lies in the low-
resistivity domain. X03 is the proposed drillhole, but the drilling has not been carried out.
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CONCLUSION

We presented a case study of applying AMT to explore for deeply
buried podiform chromite within the Luobusa ophiolite of southern
Tibet. We surveyed more than 100 AMT sections across the whole
rock mass with lengths between 1400 and 1600 m and with a station
separation of 20 m. Typical sections of the Luobusa ophiolite com-
bined with a 3D view of our AMT results showed that this rock
mass can generally be divided into three domains: a shallow low-
resistivity region that is indicative of loose Quaternary system
deposits; a middle domain characterized by highly variable resistiv-
ity values between 300 and 3000 Qm due to the presence of fresh
harzburgite, altered harzburgite and dunite; and a deep very low
resistivity domain interpreted as altered dunite with a high water
content. Our results also reveal that different parts of the Luobusa
ophiolite have significantly different geoelectric properties. Thus,
correlations between AMT anomalies and rock faces provided a
new way to understand the relationships between resistivity distri-
butions and the occurrence of chromite deposits.

Therefore, we proposed three resistivity models for future chro-
mite exploration that are based on correlations among AMT, known
deposits, and drilling results. Our proposed models are effective,
and the largest chromite deposit in China to date has been uncov-
ered by boreholes based on our approach. The AMT results showed
that the internal structure of the Luobusa ophiolite is different from
the previously proposed monoclinal structural model. The interfa-
ces between the different rock faces within this ophiolite do not
entirely dip to the south, but they undulate from south to north. Our
results have led to the discovery of new favorable areas for chromite
exploration within the Luobusa ophiolite. Data from AMT surveys
also significantly refine our understanding of the structure and dis-
tribution of rock faces within the Luobusa ophiolite.
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