<]
TUDelft

Delft University of Technology

Crustal conductivity footprint of the Miocene porphyry copper polymetallic deposits in the
Gangdese metallogenic belt, Tibetan Plateau

Sheng, Yue; Jin, Sheng; Comeau, Matthew J.; Hou, Zenggqian; Yin, Yaotian; Zhang, Letian; Wei, Wenbo;
Ye, Gaofeng

DOI
10.1016/j.oregeorev.2024.106033

Publication date
2024

Document Version
Final published version

Published in
Ore Geology Reviews

Citation (APA)

Sheng, Y., Jin, S., Comeau, M. J., Hou, Z., Yin, Y., Zhang, L., Wei, W., & Ye, G. (2024). Crustal conductivity
footprint of the Miocene porphyry copper polymetallic deposits in the Gangdese metallogenic belt, Tibetan
Plateau. Ore Geology Reviews, 168, Article 106033. https://doi.org/10.1016/j.oregeorev.2024.106033

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.oregeorev.2024.106033
https://doi.org/10.1016/j.oregeorev.2024.106033

Ore Geology Reviews 168 (2024) 106033

Contents lists available at ScienceDirect

Ore Geology Reviews

journal homepage: www.elsevier.com/locate/oregeorev

ELSEVIER

t.)

Check for

Crustal conductivity footprint of the Miocene porphyry copper polymetallic ~ [%&s"
deposits in the Gangdese metallogenic belt, Tibetan Plateau

a,b,* a,b
)

Yue Sheng“, Sheng Jin , Matthew J. Comeau ‘, Zenggian Hou 4" Yaotian Yin
Letian Zhang *", Wenbo Wei ®", Gaofeng Ye ™"

& School of Geophysics and Information Technology, China University of Geosciences, Beijing 100083, China

Y Key Laboratory of Intraplate Volcanoes and Earthquakes (China University of Geosciences, Beijing), Ministry of Education, Beijing 100083, China
¢ Department of Geoscience and Engineering, Delft University of Technology, 2628 CN Delft, the Netherlands

4 Key Lab of Continental Tectonics and Dynamics, Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037, China

ARTICLE INFO ABSTRACT

Keywords: New evidence worldwide has linked the surface locations of mineral deposits and their crustal-scale electrical

Miocene porphyry copper deposits conductivity footprint. We examine the relationship between the Gangdese Miocene porphyry copper deposits,

I(\:/Iagéletotellurlcs Tibetan Plateau, and the electrical conductivity signature from a three-dimensional model generated from 311
onductance

magnetotelluric measurements. The distribution of electrical resistivity throughout the crust and the conduc-
tance within the mid-lower crust (depth range of 25-70 km) is analyzed. The results clearly show that the large
and ultra-large Miocene porphyry copper deposits coincide spatially with conductive zones and areas of very-
high conductance (>10,000S) in the mid-lower crust. Computations are undertaken to determine the influ-
ence of water-bearing silicate melts and alkali-bearing (Na™ and K") fluids on conductivity. Based on this, the
bulk conductivity is interpretated to be caused by a system of alkali-rich volatile-rich partial melt. The alkali-rich
volatile-rich magmatic-hydrothermal fluids facilitate the migration and concentration of metal ions originating
in deep areas. The volumes necessary are much less than partial melt alone and can thus help to reconcile large
conductivity variations with small seismic velocity variations. The electrical structure indicates the magma
source area of anatexis in the lower crust, a multi-stage magmatic system with large mid-crustal and small upper-
crustal magma reservoirs, and complex pathways related to rift zones. We determine that the conductive zones in
the mid-lower crust have an influence on the development of the mineralization and the location of the mineral
belt.

Alkali-rich volatile-rich partial melting
Metallogenic dynamics

the crustal structure, mantle features, and the thermal state between the
western and eastern Gangdese metallogenic belt, taking longitude 88°E

1. Introduction

Porphyry copper deposits (PCDs) can be formed in accretion-type
orogenic belts related to the subduction of oceanic plates, in collision-
type orogenic belts related to continent-continent convergence, in
continental orogenic belts related to continental subduction, and in the
reactivated or destroyed craton interiors and craton margins (e.g., Hou
et al., 2020). In contrast to the understanding of PCDs in arc-magmatic
backgrounds, there has been much less work and consensus on the for-
mation and evolution of PCDs in non-arc magmatic backgrounds
(especially in orogenic belts).

The Gangdese porphyry copper polymetallic belt, Tibetan Plateau, is
a typical example of a porphyry copper deposit formed in a collision-
type orogenic belt. Intriguingly, obvious differences are observed in

as the boundary, which is likely responsible for differences in the
mineralization (Hou et al., 2015, 2023; Wang et al., 2015, 2018).
Miocene porphyry copper polymetallic deposits (MPCDs), such as Zhu-
nuo, Jiru (including Eocene mineralization), Tinggong, Qulong, and
Jiama (listed west to east), have formed in the southern Lhasa terrane,
following magmatic activity in the post-collision stage (Hou et al., 2015;
Zhu et al., 2019). The ore-forming Miocene adakitic granitoids are
interpreted to be derived from remelting of the juvenile lower crust with
metal fertilization caused by previous subduction-related modification
during the Miocene (Hou et al., 2015).

Sr-Nd-Hf isotopic results show that most the MPCDs have a close
spatial relationship with the juvenile lower crust. In contrast, the
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Zhunuo deposit formed outside the extent of the Jurassic arc and in the
western boundary of the juvenile lower crust (Hou et al., 2015). Previ-
ous studies have been carried out to examine the origin of the ore-
bearing magma in this area, the evolution of the magmatic fluids, the
source and enrichment process of the metallogenic elements (e.g., cop-
per, gold and molybdenum), and the characteristic oxygen fugacity
(Yang et al., 2015; Hou et al., 2015, 2020; Wang et al., 2018, 2021;
Zheng et al., 2018, 2020; Yang & Fu, 2020; Zhang et al., 2022). Based on
geochemical and geophysical data, Hou et al. (2023) described three key
metallogenic factors of the MPCDs: a torn slab subducted at moderate
angle, prior fertilization of the lower crust with Cu, and trans-litho-
spheric vertical structures for magma ascent. However, geophysical
research is an important component that is required to image the sub-
surface and to better understand deep processes and physical states.
Magnetotellurics (MT) is a passive electromagnetic geophysical
method. It probes the subsurface electrical structure by measuring the
time variation of natural electric and magnetic fields at the Earth’s
surface. It is well-suited to identify anomalous bodies of high conduc-
tivity, high temperature, and strong rheology contrasts (e.g., Unsworth
et al., 2005; Wei et al., 2009). Furthermore, electrical signatures can be
preserved over (geological) time, until a new and significant (tectonic or
geodynamic) event overprints the signatures (e.g., Hill et al., 2021; Wise
& Thiel, 2019; Di et al., 2023). The electrical structure is useful for
understanding the whole mineral system because it can link lithospheric
architecture, deep source regions of metals and fluids, fluid-flow
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pathways, and the emplacement locations of discrete mineral deposits
—- helping to advance new exploration strategies for the future. Previous
studies have successfully exploited the MT technique to gain insights on
the relationship between high conductivity anomalies and the imprints
of the formation of mineral ore deposits, in regions as diverse as China,
Australia, Canada, and Mongolia (e.g., Heinson et al., 2018; Yin et al.,
2021; Lii et al., 2021; Hill et al., 2021; Zhang et al., 2021, 2023; Vadoodi
et al., 2021; Sheng et al., 2022; Comeau et al., 2022).

Previous research emphasized a strong link between MPCDs and
Miocene N-S-trending rifts (e.g., Yadon-Gulu rift) in the Lhasa terrane
(Wang et al., 2015, 2021). The work presented here focuses on the area
between longitudes 82°E and 93°E in the southern Lhasa terrane and
uses an array of MT measurements to generate a 3-D model of the
electrical structure. This model has better coverage of the MPCDs and
better resolution than other local studies because it includes new data in
some key regions (cf. Jin et al., 2022). Based on the explanations for the
anomalous conductive zones in the crust and their formation mecha-
nisms, the relationship between the deep electrical structure and the
metallogenic dynamics of the MPCDs from an overall perspective across
this large region will be sought, for the first time — which advances
understanding of deep processes in the development of MPCDs and,
more generally, of the link between deep sources and pathways of ore-
forming fluids within mineral systems worldwide.
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Fig. 1. Map of the study area. (a) The locations of magnetotelluric measurements (black dots) and major tectonic structures (red = rifts, black = terranes; see
acronyms below). For modelling purposes, the study area is divided into two regions (boxes). The main ore deposits are indicated (derived from Hou et al., 2015;
circle symbols, see legend), as are adakitic (blue dots) and potassic magmatic rocks (white dots). (b) Topography of the Tibetan Plateau and its adjacent areas. The
red rectangle outlines the study area. (c) Moho depth (Li et al., 2013). Granite-related Pb-Zn deposits and skarn Fe-Cu deposit (Narusongduo, Chagele, and
Lietinggao-Legingla) are marked with a purple dashed circle. TH: Tethys-Himalaya; LS: Lhasa terrane (SL, CL, NL: Southern, Central, Northern Lhasa terrane); QT:
Qiangtang terrane; SPGZ: Songpan- Ganzi terrane; QD: Qaidam basin; TB: Tarim basin; IYS: Indus-YarlungZangbo suture; LMF: Luobadui- Milashan Fault; SNMZ:
Shiquan River-Nam Tso Mélange Zone; BNS: Banggong- Nujiang suture; JRS: Jinsha River suture; AMS: Animagqing suture; RCR: Riduo-Cuona Rift; YGR: Yadong-Gulu
Rift; XDR: Xainza-Dinggye Rift; NTR: Niyima-Tingri Rift; LGR: Longgar Rift. YR: Yari Rift. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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2. Data and inversion
2.1. Data collection and analysis

The study area encompasses a region in the southern Lhasa terrane
(Fig. 1), between longitude 82°E and 93°E. It consists of 311 MT mea-
surements, many of which were acquired by China University of Geo-
sciences (Beijing). Because the dataset includes some older data from the
INDEPTH project (e.g., Wei et al., 2001; Unsworth et al., 2005) and some
newly-acquired data, it is denser than the datset used by Jin et al. (2022)
and covers more important regions (e.g., Zhunuo, Bairong, and Qulong-
Jiama districts). High-quality MT data were collected with Phoenix
Canada MTU-5 instruments with a period range of 0.003-3,000 s and a
recording time of 24 h. Five components of the time-varying electro-
magnetic field (Ex, Ey, Hx, Hy, and Hz, where X, y, and z are the South-
North, East-West, and vertical directions) were recorded and were
optimized using the remote reference method. The time series data were
transformed into the frequency domain, after which frequency-
dependent transfer functions were computed with a statistically robust
algorithm (Egbert, 1997).

The phase tensor, shown by an ellipse, can provide information on
the data dimensionality (Caldwell et al., 2004; Booker et al., 2013).
Because the phase tensor is not easily affected by 3-D distortion, the
ellipse long axis can determine the strike direction of the MT data
conveniently. The skew angle p is used to analyze the dimensionality
and whether the assumption of 2-D structure is reasonable (Fig. 2).
When § is equal or similar to zero, the MT data exhibit ideal one-
dimensionality or two-dimensionality; when f is nonzero, the MT data
exhibit three-dimensionality. We use a threshold value (generally 3°) of
the absolute value of B (|p|) (Caldwell et al., 2004). The larger the |f|
changes, the stronger the three-dimensionality exhibited (Booker et al.,
2004). Based on the values of |B| for all the MT stations, and the dis-
tribution of MT stations, using a 3-D inversion is preferred.

2.2. Three-dimensional (3-D) inversion

A 3-D modeling approach was undertaken with the ModEM 3-D

0.015
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Ore Geology Reviews 168 (2024) 106033

inversion algorithm (Egbert & Kelbert, 2012; Kelbert et al., 2014).
Because of the irregular shape of the study area, it is divided into two
subregions (WPCB and EPCB; Fig. 1a) in order to decrease the grid size
and the computational load. In order to smooth the transition between
both models, we define a central overlapping region (near longitude
87°E) where the same measurements are used in both models. The
starting model, for both subregions, was a uniform 100 Q-m half space.
The modeling grid uses a horizontal cell size of 4 km; the thickness of the
first layer is 50 m and increases at a rate of 1.1 in the core area and 1.5 in
the outer area. The modeling grids are 70 x 195 x 73 (N-S, E-W, and
vertical) (with seven air layers) for EPCB and 104 x 158 x 73 for WPCB.
The 3-D inversion uses the total impedance tensor data (Z; four complex
components) for 6 periods in each decade, logarithmically spaced be-
tween 0.01 and 3,000 s (34 frequency points in total). Error floors were
5 % of sqrt(|Zxy * Zyx|) for Zxy and Zyx impedance components and 10
% of sqrt(|Zxy * Zyx|) for Zxx and Zyy. Note that 5 % error on the
impedance tensor is equivalent to approximately 10 % on the apparent
resistivity component and 2.86° on the phase component. The final
normalized-root-mean-square (nR.M.S.) misfit of the model was reduced
from 22.5 to 1.96 for WPCB and from 23.49 to 1.88 for EPCB.

The nR.M.S. values of half of the MT stations are less than 2, some
stations have values ranging from 2 to 3, and several stations have
values above 3 (Fig. 3). To analyze the fit of the model response to the
observed data, the apparent resistivity and impedance phase for both
regions are examined with pseudo-slices for one period in each order of
magnitude (T = 1 s, 10 s, 100 s, and 1,000 s) (Figs. 4 and 5). The

z
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9

Fig. 3. Site-by-site nR.M.S. misfit for the models in the (a) WPCB and (b)
EPCB subregions.
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Fig. 2. Phase tensor maps for periods of (a) 0.01 s, (b) 0.1 s, (c) 15, (d) 10 s, (e) 100 s, (f) 1000 s. Refer to Fig. 1 for labels.
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Fig. 4. The observed apparent resistivity and impedance phase compared to the 3-D model response for sub-region EPCB, shown with horizontal pseudo-slices for

periods from T = 1 s to T = 1,000 s.

comparison shows good agreement for periods of less than 100 s,
although several stations have differences in the impedance phase. The
apparent resistivity is also well modelled for long period data (1,000 s)
although the impedance phase appears to be sometimes inconsistent.
Above all, the site-by-site nR.M.S. distribution and the comparison be-
tween observed data and model response show that the data fit is not
biased and that the given model adequately fits the MT data.

3. Results
3.1. Sensitivity test and model combination

The model results for both separate subregions are shown in Fig. 6.
The models can define the depth to the top of conductive zones; how-
ever, they are not sensitive to the bottom (i.e., it’s thickness) because
equivalent models can give similar integrated conductance. Therefore,
sensitivity tests must be carried out to verify the reliability of the main
conductive layers. For example, the vertical extension of the imaged
conductors EPCB-C1, EPCB-C2, EPCB-C3, WPCB-C1, WPCB-C2, WPCB-
C3, and WPCB-C4 (Figures S1-S7). We took the following strategy: we
extended those features to greater depths, for example from 70 km to 50
km, compared to the original model, by adding a conductive block (1
Q-m). The changes in the model are assessed by examining the change in
nR.M.S. for all sites, and especially those above or near the corre-
sponding conductors. New response data are computed through forward
modeling, and the site-by-site RMS misfit distributions are plotted.
These tests indicate that the MT data are sensitive to the electrical
structures beneath all the main conductors, and the extension to depths
of 70 km is reliable (i.e., the entire crust).

Then, we employed the approach of Jin et al. (2022) to combine two
models derived from separate regions to solve the challenge of inverting
a large area and many data points. The n.R.M.S. misfit of the shared MT
stations (overlapping region near longitude 87°E) is less than 3, the

difference between two corresponding stations is not large (Fig. 6), and
the separate 3-D electrical models themselves (WPCB and EPCB) in the
vicinity of the shared line are generally similar with only small differ-
ences (Fig. 6). The n.R.M.S. misfit of the shared MT stations (between
sub-regions) can be computed from a weighted-average based combi-
nation of the misfit of the two separate models, with the minimum misfit
having the maximum weight. The weight factors are defined as

R.M.S.
weight, = n (WPCB) )
nR.M.S.(wpcp) + nR.M.S. (zpcp)
and
R.M.S.
weight, = e @
nR.M.S.(WpCB) + nR.M.S.(EPCB)
and
NR.M.S. (1oary = weight; x nR.M.S.gpcp) +weighty X nR.M.S. wpca) 3)

The preferred electrical resistivity models for regions WPCB and
EPCB use the same lambda parameter in the inversion, and the com-
bined model in the shared region is observed to be reasonably smooth
and continuous (Fig. 7).

3.2. Description of the conductive features

At depths of less than 20 km, the electrical structure shows a series of
isolated conductive zones embedded in large-scale resistive zones
(Fig. 7). These large-scale zones are indicative of the volcanic strata (e.
g., Paleogene Linzizong volcanic rocks and Cretaceous-Eocene Gangdese
granitoids). At depths of more than 30 km, in the mid-lower crust, large-
area conductive zones are observed (Fig. 7), and the conductivity of
these zones typically decreases with depth. Furthermore, it is observed
that the discrete conductive zones in the upper crust have a good
connection to the conductive zones below in the mid-lower crust.
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Fig. 5. The observed apparent resistivity and impedance phase compared to the 3-D model response for sub-region WPCB, shown with horizontal pseudo-slices for

periods from T = 1 s to T = 1,000 s.

Besides the distribution of conductive anomalies at different depths, the
conductance (product of conductivity and thickness, units of siemens
[S]) of different layers is also an important parameter, which takes the
volume effect of the MT method into account. Based on the spatial
distribution of conductive features and the average thickness of the
upper, middle, and lower crust, the conductance at depths of 25-70 is
calculated (Fig. 8).

Examining the features imaged in the electrical resistivity model in
combination with the conductance maps, four main zones (marked A1,
A2, A3, and A4) are identified in the mid-lower crust of the southern
Lhasa terrane that have a high conductivity and a very high

conductance, with a conductance of >10,000 S (Fig. 8). Several other
conductive zones (B1, B2, B3, B4, and B5), are characterized by a
conductance of >5,000 S (Fig. 8), which is still notably high. In com-
parison, many other regions in the southern Lhasa terrane are charac-
terized by a conductance of <2,000 S. To provide a comparison, the
conductance is computed at depths of 10-25 km (upper crust), 25-45
km (middle crust), and 45-70 km (lower crust) (Fig. S8). Note that the
conductance at depths of 25-70 km (middle-lower crust) is the sum of
conductance at depths of 25-45 km and 45-70 km. The conductive
zones Al, A2, A3, and A4 at depths of 25-70 km (Fig. 8) correspond
mostly with the strong high-conductance features in the middle crust
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Fig. 6. Electrical resistivity models for each subregion, WPCB (al-d1) and EPCB (a2-d2), shown for representative depths of 10, 30, 50 and 70 km. The locations of
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figure legend, the reader is referred to the web version of this article.)
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(25-45 km; Fig. S8b), in addition to those in the lower crust (45-70 km;
Fig. S8c). Considering the volume effect of the MT method and the re-
sults of the sensitivity tests, the conductive zones A1, A2, A3, and A4 are
considered to be crustal scale. Conductance at depths of 45-70 km
(lower crust) in the conductive zones B1, B2, B3, B4, and B5 is lower
than that in the conductive zones Al, A2, A3, and A4, and contributes
little to the conductance in the range of 25-70 km depth.

4. Constraining volume fraction of melts and fluids from the
electrical resistivity model

4.1. Volume fraction of silicate melts

Partial melting and aqueous (or salt-bearing) fluids are two factors
that can explain crustal conductive zones (Unsworth et al., 2005; Wei
etal., 2009; Sheng et al., 2022). In the study area, the temperature in the
middle-lower crust is reported to be > 650 °C (Sun et al., 2013) and the
pressure is estimated to be 0.5-2 GPa based on the simple relationship of
pressure and density (Sun et al., 2013; Bai et al., 2013). Therefore, based
on the interpretation of experimental results (e.g., Naif et al., 2021, and
others), it is possible to have the occurrence of silicate melts with

aqueous fluids under the right pressure-temperature conditions. The
Hashin-Shtrikman upper bound (HS+; Equation 1), which can be
thought of as a model of resistive (rock grain) inclusions within a
conductive (melt/fluid) medium and thus allows for full inter-
connetivity of the conductive phase, is used to estimate the volume
fraction of the conductive phase (Hashin & Shtrikman, 1962).

3650tid + 2V (Cmete — Osolia)
3o-melt + V(o-melt - Usolid)

(€8]

OHS, = Omelr

where oy, is the bulk conductivity, o, is the melt/fluid conductivity,
osotig 1S the conductivity of solid matrix, and V is the fraction of the melt
phase.

Based on the main volcanic rocks distributed in the southern Lhasa
terrane, we use the empirical relationships of conductivity, water con-
tent, temperature, and pressure of andesitic and rhyolitic melts from
Guo et al. (2017) and Guo et al. (2016). The equations are written as:

8130.4 — 1462.7w" + (581.3 — 12.7w?)P
T

logoime™ = 5.23 - 0.56w"° —
“
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with the conductance of more than 5,000 S (orange box). Refer to Fig. 1 for labels. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

) _ _ 2
loga™* — 2,983 - 0.0732w — 3528 — 233.8w + (763 — 7.5w*)P

melt T (5)

where w is the water content in wt%, T is temperature in K, P is pressure
in GPa.

We estimate the conductivity of andesite melt (Equation 4; 60.8 wt%
SiO3) and rhyolite melt (Equation 5; 75.7 wt% SiO3) under specific
temperature (950°C; Sun et al., 2013) and pressure conditions (1.32
GPa; Bai et al., 2013). We find the conductivity of silicate melts can be in
the range of 1-12 S/m, assuming a water content of 5-8 wt% (cf. Sheng
et al., 2022). The rock matrix has a resistivity of approximately 450 Q-m
in the southern Lhasa terrane (Jin et al., 2022). Computations show that
when the pure melt conductivity is 12 S/m (i.e., the maximum), melt
fractions of at least 20 % are needed to explain the bulk conductivity of
Al and A2 and melt fractions of more than 5 % are needed for A3 and A4
(Fig. 9a).

The high melt fractions estimated for A1 and A2 are similar to pre-
vious results (Sheng et al., 2021,2022; Jin et al., 2022). However, high
melt fractions are not compatible with the observed low velocity vari-
ation (e.g., Huang et al., 2020). Silicate melts in combination with (al-
kali-bearing) fluids may be orders of magnitude more conductive than
the surrounding rocks in a magmatic-hydrothermal system (e.g.,
Klumbach & Keppler, 2020; Sheng et al., 2023; Unsworth et al., 2023).
Therefore, the alkali-bearing fluids can have a significant contribution to
explaining conductivity anomalies in the crust.

4.2. Volume fraction of alkali-bearing aqueous fluids

Sodium chloride (NaCl) is the main salt component found in crustal
and shallow subduction zone fluids, whereas in mantle fluids it is po-
tassium chloride (KCl) (Vlasov & Keppler, 2022). The alkaline content of
partial melt is known to increase the conductivity (e.g., Vlasov & Kep-
pler, 2022, and references therein). However, potassic volcanism in the
region (Chen et al., 2017; Liu et al.,, 2021; Fig. 1a) indicates that
KCl-H,0 fluids derived from the upper mantle could have migrated
upwards to shallow depths. The K/Na ratio at different depths varies
(because of changing relative incompatibility; see Ni et al., 2015), which
has an influence on the electrical conductivity; however, no petro-
physical experiment has yet adequately discussed this issue in a quan-
titative way. Therefore, HoO-NaCl fluids and HyO-KCl fluids are
assumed to be alkali-bearing fluids separately in this study, as it is un-
clear how to properly combine them.

We use the model of Guo & Keppler (2019) to estimate the con-
ductivities of NaCl-bearing aqueous fluids (under specific temperature
and pressure conditions). The equation is written as:

872.5

logo = —0.919 — T'Jr 7.611ogp + 0.852log ¢ +1log Ao(T,p) (6)
872.5
logo = —0.919 — TJr 7.611ogp + 0.852log ¢ +1log Ao(T,p) (6)

7062 208122721
Ao(Tp) = 1573 — 12129+ 22 ]96 _ 208122721
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Fig. 9. Relationship between bulk conductivity and volume fraction of melts or fluids. (a) Silicate melts with varying water contents. (b) NaCl-bearing aqueous fluids
with different salinities. (c) KCl-bearing aqueous fluids with different salinities. (d) CO, and H,O-bearing melt. Conditions: T = 950 °C, P = 1.33GPa.

where ¢ is the conductivity in S/m, T is temperature in K, ¢ is NaCl 4.3. Volume fraction of COz-bearing melts

concentration in wt%, p is the density of pure water (in g/cm?) at given
pressure and temperature, and A is the molar conductivity of NaCl in
water at infinite dilution (in S~cm2-mol_1).

Then, we use the model of Vlasov & Keppler (2022) to estimate the
conductivities of the KCl-bearing aqueous fluids (under specific tem-
perature and pressure conditions). The equation is written as:

In the shallow area of the subduction zone, carbon dioxide (CO3) can
be released in the upwelling fluids or melts because of the decarbon-
ization of the large-scale subducted lithospheric plate (Plank & Mann-
ing, 2019). Geochemical analysis of hot springs distributed in the
southern Lhasa terrane (Klemperer et al., 2022) indicate the possibility
of deep carbon cycling in this zone. Furthermore, carbon dioxide played
logo — —2.03 +§ +0.923log ¢+ 0.990logp + log Ao(T, p) 8) an essential role in the carbonate alteration zone during the minerali-
zation and the formation of potassic and ultra-potassic volcanic rocks in
the region (Xu et al., 2022). The conductivity may be low (0.01 S/m)

Ao(T,p) = 1377 —1082p — 688;00 - 24717'& 9 when carbon dioxide exists as magmatic volatiles (e.g., Samrock et al.,
2021), however, the carbonate groups (CO'32) in the melt can increase
where ¢ is the conductivity in S/m, T is temperature in K, ¢ is KCl the conductivity in the mixed system.
concentration in wt%, p is the density of pure water (in g/ em®) at given We use the model of Guo et al. (2021) to estimate the conductivities
pressure and temperature, and A, is the molar conductivity of KCl in of CO, and H,0-bearing nephelinitic melt (under specific temperature
water at infinite dilution (in S-cm®mol ™). and pressure conditions). The equation is written as:
The results show that, under the condition of T = 950°C (1224.15 K)
and P = 1.32 GPa, the HyO-NacCl fluids (Equations 6 and 7) may have Ine = Ino, — M (10)

conductivities ranging from 1.7 to 46.5 S/m, assuming 0.3-5 wt% NaCl RT

(Fig. 9b), and the HoO-KCl fluids (Equations 8 and 9) have conductiv-
ities ranging from 2.3 to 30.8 S/m, assuming 0.3-5 wt% KCI (Fig. 9¢), at
1.32GPa (average pressure) and 950 °C (average temperature). It is clear
that the ranges of conductivity for fluids are larger than those for melts
(Fig. 9 b, c). For a concentration > 3 wt% of NaCl or KCl, the conduc-
tivity possible for HoO-NaCl or HoO-KCl fluids is much higher than the
maximum possible for silicate melts. Because the electrical conductivity
is more sensitive to the presence of Na' and K" (alkali ions) than the
seismic velocity (e.g., Naif et al., 2021, and others), a low volume of
saline fluids can make a significant difference to bulk conductivity but a
negligible or small difference to seismic velocity. Therefore, considering
water contents in the melts in the southern Lhasa terrane (Sheng et al.,
2022; references therein), alkali-rich fluids in combination with melts
must exist in the very high-conductance areas (Sheng et al., 2023).

where ¢ is the conductivity in S/m, T is temperature in K, P is pressure in
GPa, R is the universal gas constant (8.3145 J K 'mol™), 6, is the pre-
exponential factor, AE is the activation energy, and AV is the activation
volume. When the content of CO5 is more than 6 wt%, Inc,,AE and AV
can be 10.5 S/m, 75.2 kJ/mol, and 7.3 cm3/mol, respectively.

Guo et al. (2021) reported that more than 6 wt% CO; can have a
positive effect on conductivity, and the conductivity of the CO5 and HyO-
bearing melt can be approximately 30 S/m at 1.32 GPa and 950 °C
(Equation 10). The result shows that the volume of the CO,-free (or CO4
< 6 wt%) melt is at least three times that of the CO2-H,0-bearing (CO»
> 6 wt%) melt in order to produce the same bulk conductivity (Fig. 9 d),
using a two-phase system (solid and liquid). Again, requiring a lower
volume of the fluid phase can help reconcile the results with the
observed minimal decrease of seismic velocity.
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4.4. Forming mechanism of the conductive zones

Alkali-rich fluid in the crust is largely chlorate aqueous fluid, which
is related to the chlorine volatile in the material circulation between
Earth sub-systems (e.g., Zhao et al., 2023). When alkali-rich fluids exist
in the mid-lower crust, and when the mid-lower crust is hot, it is likely
that partial melt also exists (e.g., Unsworth et al., 2005). Besides the free
alkali-bearing fluid in the crust, the miscibility of silicate melts and
aqueous (saline) fluids can be equivalent to the alkali-rich melt. Previous
studies showed that CO5 has an extremely low solubility in silicate
minerals, but has a much higher solubility in alkali-rich melts (e.g., Guo
et al., 2021). Guo et al. (2021) also reported that when the CO; content
is low (approximately < 6 wt%) in the melt, it may show a weak effect
on conductivity. Therefore, the conductive zones A1-A4 are more likely
to result from silicate melts with different contents of alkali metal ions
and volatiles (CO5 and Cl), whereas the conductive zones B1-B5 mainly
result from (water-bearing) silicate melts (perhaps with small amounts
of volatiles). This interpretation differs from previous ideas (Sheng et al.,
2022; Jin et al., 2022).

Furthermore, Ni et al. (2017) reported that under the high-
temperature and high-pressure conditions in subduction zones, the
miscible condition of silicate melts and aqueous (saline) fluids is
enhanced to form supercritical aqueous fluids, the conductivity of which
is higher than that of water-rich silicate melts and water-rich (alkali-
bearing) fluids. These supercritical aqueous fluids can play an essential
role in the circulation and migration of materials, mineralization, and
intermediate-anatectic magmas. Hou et al. (2020) reported that super-
critical aqueous fluids probably contributed to the evolution of the
MPCDs in the Qulong-Jima district. Therefore, the influence of a small
number of supercritical aqueous fluids on the conductivity of areas Al
and A2 may not be excluded.

Previous studies have reported that at least 5 % melt can result in one
order of magnitude strength reduction, which can reduce the viscosity of
rocks (e.g., Unsworth et al., 2005). In combination with the observed
velocity reductions in this area (Huang et al., 2020) and crustal motion
(Gan et al., 2007), it is interpreted that at least 10 % melt volume is
required to explain anomalies A1-A4, and at least 5 % melt volume may
contribute to the bulk conductivity in anomalies B1-B5.

The electrical structure at depths of 20 km is characterized by
discrete conductive zones, some of which have a connection to
conductive zones below in the mid-lower crust. In contrast, the electrical
structure at depths of more than 30 km is characterized by extensive
high-resistivity zones. Sun et al. (2013) revealed that the temperature at
depths of ~ 20 km in the upper crust between longitudes 87°E and 92°E
can be more than 650°C; whereas to the west between 82°E and 87°E, it
is ~ 580°C or less. These conductive zones are more likely to result from
saline fluids with a small volume of melts, which may be related to
cooling and crystallization of magmas after multi-period magmatic
activities.

5. Discussion

5.1. Relationship of the conductive zones and material source of the
MPCDs

On the whole, the MPCDs are mainly located above the zones of high-
conductivity and very high-conductance (>10,000S; areas A1, A2, and
A3) and near their edges (Fig. 7). The ultra-large deposits (Qulong and
Jiama) and most of the large deposits (e.g., Nuri, Chongmuda, Bairong,
Tinggong, and Chongjiang) in the eastern Gangdese metallogenic belt
are distributed directly above or in the vicinity of A1 and A2, while the
Zhunuo porphyry Cu deposit is above A3 (Fig. 7). On one hand, the
activity and enrichment capacity of the metal ions is much higher in
alkali rich melts/fluids (e.g., Wang et al., 2020), and the concentration
of the CI” ions also increases the distribution ratio of metal ions in the
fluid (including melt) (Poty et al., 1972; Zhao et al., 2023); on the other
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hand, there is a contribution from the carbonate contact zone and car-
bon dioxide on the mineralization of the MPCDs. Hou et al., (2020,2023)
further reported that the high-salinity liquid phase and low-density su-
percritical vapor-phase fluid can transport metals and form porphyry
copper deposits with large-scale hydrothermal alteration. The system of
alkali-rich volatile-rich partial melting in the conductive zones A1, A2,
and A3 can correspond with the geochemical data, and may facilitate the
super-enrichment of metals.

Although the Hf isotope results (Hou et al., 2015) show that areas A1,
A2, and A3 have high eHf and low TSy values (within the juvenile lower
crust), the peak of the Nd isotopic data occurs between longitudes 90°E
and 92°F (Luo et al., 2022; Xu et al., 2022), which corresponds well with
Al and A2. Maps of the Moho depth show a thicker crust below Al and
A2 than in other areas (Li et al., 2013). It is possible that the thickened
crust effectively resisted large-scale eruptions of ore-bearing magmas,
which directly contributed to the formation of large-scale, stable magma
chambers in the upper crust (Hou & Cook, 2009). This is intriguing
because the re-melting of arc-related cumulates at the bottom of the
crust which formed during lower crustal growth and thickening most
likely played an essential role in the release of metals (Hou et al., 2015;
Comeau et al., 2022). With the alkali-rich volatile-rich magmatic-
hydrothermal fluids in the conductive areas A1l and A2, it is a possible
reason why most large and ultra-large Cu polymetallicpolymetallic de-
posits (such as Qulong and Jima) discovered at present are gathered in
this region (Fig. 8).

Previous studies showed that the subduction angle of the Indian Plate
is shallower to the west of longitude 88°E than to the east (e.g., Chen
et al., 2015; Guo et al., 2018; Sheng et al., 2019). This implies that the
location of the plunging subduction of the Indian Plate in the west
(beneath A3 and A4) is farther north than in the east (beneath A1l and
A2), and the tearing of the Indian Plate may occur beneath the N-S-
trending grabens or rifts (e.g., Bian et al., 2020). Although from the
crustal electrical structure it is difficult to sketch the tearing of the
subducted Indian Plate at depth, the variation of the northern bound-
aries of the resistive zone in the south along the IYS can indicate dif-
ferential subduction of the Indian Plate. Importantly, it has been
reported that a torn slab, subducted at moderate angle, is a key factor for
the mineralization of the MPCDs (Hou et al., 2023). Therefore, east of
88°E (Al and A2), both partial melting of the lithospheric mantle
resulting from upwelling of the asthenosphere and metasomatism of the
subducted Indian Plate and mantle wedge formed masses of mantle-
derived thermal materials, and subsequently partial melting of a
subduction-modified lower crust mixed with melt derived from the
lithospheric mantle at the source depth (e.g., Xu et al., 2022). West of 88
°E, the impedance of thermal materials at depth because of the north-
ward subduction of the Indian Plate (e.g., Hou et al., 2023) may cause
tectonic thermal events to contribute to the variation of conductivity.
This may be a possible reason why MPCDs are sparse near area A3
(Zhunuo).

In comparison, area A4 is adjacent to the Niyima-Tingri rift (NTR),
including the Triassic Luerma subduction-related porphyry Cu-Au de-
posit that has been recently discovered at the western edge and some
ultrapotassic and potassic rocks exposed in the north (Xu et al., 2022).
No MPCDs (collision-related type) are located in A4. The Nd-Hf isotope
(eNd and eHf: —2 to 2) and oxygen isotope (6180: ~6%o0) results (Hou
et al., 2023) show that this area is different from other areas with ancient
crust (low eNd, negative ¢Hf and high 5'%0) west of the Zhunuo region
(approximately longitude 87.5°E). It is more likely that the conductive
zone A4 is related to multi-stage magmatic activities in this region.

As mentioned above, combined with the coupling relation between
geological, geochemical, and geophysical data, large and ultra-large
MPCDs are spatially coincident with conductive zones and areas of
very high conductance located in the mid-lower crust. The former may
represent partial melting of juvenile lower crust (high eHf values, low
DMec values; Hou et al., 2015) that resulted from underplating of mantle-
derived melt and migration channels of magmatic-hydrothermal fluids;
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the latter may represent the influence of alkali-rich CO3-H20 bearing
magmatic-hydrothermal fluids on the migration and concentration of
metal ions (e.g., Wang et al., 2015; Comeau et al., 2021).

What’s more, Tang et al. (2011) discussed how deep-seated magma
ascended repeatedly into the crust to form large-volume multi-stage
magma chambers at various depths. The MPCDs are congruent with
some discrete conductive zones in the upper crust, which are probably
related to the electrical trace of the ancient magma chambers in the
upper crust. Therefore, the results reveal the magma source area of
anatexis in the lower crust, large-scale deep-seated magma chambers in
the mid-crust, and some multi-stage magma chambers at different
depths in the upper crust that resulted from emplacement of deep-seated
magma along complex fracture systems (Fig. 10). Thus, the alkali-rich
volatile-rich magmatic-hydrothermal fluids play an essential role dur-
ing the mineralization of the collision-related MPCDs in the Tibetan
Plateau.

Taken together, the results indicate that the tectonic dynamics
related to the plunging subduction (east of 88°E) and/or tearing of the
Indian Plate (beneath the north-south-trending rifts) facilitated crust-
mantle interaction and is responsible for the occurrence of alkali-rich
volatile-rich partial melting because of the surplus of mantle-derived
thermal materials, which can drive the formation of collision-related
porphyry Cu deposits (Zheng et al., 2020).

5.2. Influence of the crustal viscosity on the MPCDs

Previous studies reported that if the volume of partial melt or fluid
reaches values greater than about 5 %, it can lower the effective vis-
cosity substantially (e.g., Unsworth et al., 2005; Rosenberg and Handy,
2005). For example, a melt fraction of 5 %-10 % may reduce the vis-
cosity by an order of magnitude and a melt fraction of about 20 % may
reduce the viscosity by two orders of magnitude (Jin et al., 2022, and
references therein). Estimates for the volume fraction of melts or fluids
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at depths of 25-70 km are therefore compatible with a reduced effective
viscosity in the mid-lower crust in areas A1-A4, possibly by more than
an order of magnitude.

The MT method is sensitive to fluids and has a dependence on tem-
perature; these properties make it a very promising proxy for estimating
mechanical strength variations in the lithosphere. Because the electrical
resistivity is sensitive to the quantity and composition of fluids as well as
to the temperature, Liu and Hasterok (2016) showed that it can be used
to estimate mechanical strength variations in the lithosphere. A simple
scaling relation to convert from electrical resistivity to viscosity is given
as:

C
”e
_ff - CO (pﬁ)
Mo o

where 7, represents the effective viscosity, and 7, represents the
reference viscosity, p is the measured resistivity, po is the reference re-
sistivity, and Co and C; are scaling coefficients (Liu and Hasterok, 2016).
Based on the study of Sheng et al. (2022), Cy and C; can be set as 2.0 and
1.1 in the southern Lhasa terrane. Using this simple relationship, the
estimated variation of effective viscosity across the study area (Fig. 11)
is shown to be similar to that predicted from the volume fraction esti-
mates in areas A1-A4.

Besides the fluid/melt source region and the specific magmatic
evolution, the geodynamic history, regional tectonics, and structural
architecture of the region also control the metallogenesis of porphyry Cu
deposits (e.g., Hou et al., 2020; Comeau et al., 2021, 2022; see also
Huston et al., 2016). Wang et al. (2021) reported that prominent tearing
in the Indian lithosphere, sub-parallel to a rift zone (Yadong-Gulu rift),
played an important role in the tectono-thermal anomalies and the
formation of MPCDs between longitudes 90°E and 92°E during the
Miocene. The large conductive zones in the mid-lower crust may result
in the decoupling of the brittle upper crust from the lower lithosphere
and thereby contribute to surface deformation (Sheng et al., 2021, 2022;

an

T
91°E

Porphyry Cu polymetallic deposit

Upper crust

40 1 Mﬂdle > crust

Lower crust

Multi-stage magma
chambers

Large-scale deep-seated
magma chambers

A
|
|
|

.
volatiles

Mantle-derived materials

Fig. 10. Model section and cartoon for interpretation. (a) Cross-section of the electrical structure. Location is pink line in Fig. 7c. (b) Simplified sketch of the
proposed metallogenic evolution of the MPCDs based on the electrical structure (see also: Sheng et al., 2022; Xu et al., 2023). Not to scale. Refer to Fig. 1 for labels.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Viscosity of the middle-lower crust (25-70 km). Viscosity is estimated by applying the scaling relation proposed by Liu and Hasterok (2016). The coefficients
values are Cy = 2.0, and C; = 1.1 (referring to Sheng et al., 2022). Refer to Fig. 1 for labels.

Jin et al., 2022). Meanwhile, in regions in which the stress was
concentrated, the N-S-trending grabens or rifts were formed, although,
interestingly, the formation age of the MPCDs is slightly earlier than that
of the rifts (e.g., Hou et al., 2015; Bian et al., 2020). The development of
the MPCDs following mineralization may be influenced by these weak-
ened zones in the mid-lower crust.

6. Summary

A magnetetolluric dataset covering a polymetallic belt in the
southern Tibetan Plateau is used to generate a 3-D electrical resistivity
model. Zones with very high conductance (>10,000 S) are identified in
the mid-lower crust. These zones are spatially coincident with the
location of Miocene porphyry copper deposits. We investigated the in-
fluence of partial melt and alkali metal ions on the conductivity and
mineralization. We conclude that these conductive zones may result
from alkali-rich volatile-rich magmatic-hydrothermal fluids, and pro-
cesses related to them, including metasomatism and exsolution. This
interpretation can not only reconcile the differences seen with large
conductivity variations but small velocity variations, but also explain
the migration and concentration of metal ions in the magmatic-
hydrothermal systems in this region, resulting in large and ultra-large
deposits (e.g., Qulong and Jiama).The imaged electrical structure in-
dicates a transcrustal mineral system including the magma source area
of anatexis in the lower crust, partially molten zones in the mid-crust,
and some multi-stage magma reservoirs at different depths in the
upper crust. The conductive zones in the mid-lower crust also corre-
spond with the location of N-S-trending rifts at the surface, which may
influence the development of the mineral system, and large size of the
deposits, by providing natural fluid-flow pathways or weaknesses within
the lithospheric-scale architecture.
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