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The Duobaoshan Cu (Mo) deposit is one of the oldest super large porphyry deposits in the eastern part of the Central Asian
orogenic belt. Although ore-forming processes have been extensively concerned, the post-mineralization ore preservation state
was poorly focused on. In order to improve the ability of prospecting forecast, it is necessary to consider both deposit
formation and deposit preservation. Here, we reported apatite fission track (AFT) data for the Duobaoshan porphyry copper
deposits in the belt to reveal the cooling and exhumation history and evaluate ore preservation. The results show that the rapid
cooling of the ore-hosting rock body occurred later than the surrounding rock body. The rapid cooling of the surrounding
granodiorite occurred between 82 and 72Ma, with the exhumation depth of 2.33-3.11km and the exhumation rate of
0.25 mm/a, whereas the ore-hosting granodiorite porphyry was rapid cooling between 71.8 and 50.2 Ma, with the exhumation
depth of 2.99-3.86km and the exhumation rate of 0.22mm/a. This differential exhumation and cooling event provide
favorable geological conditions for the preservation of the ore body.

1. Introduction

Porphyry Cu (Mo) deposits are distributed in rocks formed
in different periods from the Archean to the present, but
mainly formed in the Meso-Cenozoic, and are spatially con-
centrated in three tectonic metallogenic regions: the Pacific
belt, the Tethys region and the Central Asian-Mongolian-
Hinggan region. More than half of the 25 largest known
porphyry copper deposits, formed during three periods:
the Paleocene-Eocene, Eocene-Oligocene, and middle
Miocene-Pliocene [1]. The Miocene porphyry copper
deposits such as the Zhunuo deposit in the Gangdese belt
of southern Tibet, the post-mineralization granite porphyry
yielded a zircon U-Pb age of 12.0+0.2 Ma and molybdenite
Re-Os isotopic data indicate mineralization likely occurred
from 14.8 £ 0.1 Ma to 13.5+ 0.1 Ma [2]. The formation depth
of porphyry deposits is generally 1-6 km, though some were
emplaced deeper [3, 4]. Therefore, most porphyry deposits

formed before the Mesozoic have been destroyed or even
exhumated completely.

The porphyry Cu (Mo) deposits that formed before
the Mesozoic are mainly located in the Central Asian-
Mongolian-Hinggan Paleozoic Orogenic Belt, and the Duo-
baoshan porphyry Cu (Mo) deposit is one such deposit.
According to Liu et al. [5], the sulfide Re-Os isochronal age
of one molybdenite sample from the Duobaoshan Cu (Mo)
deposit was 485.6 + 3.7 Ma, and the model ages of five chalco-
pyrite and two pyrite samples were 485.8+2.7 and 481.9
+ 6.7 Ma, respectively. Thus, the mineralization age is consis-
tent with the age of the early Paleozoic granitoids include a
biotite granodiorite with a zircon SHRIMP U-Pb age of
479.5 + 4.6 Ma and a granite porphyry [6, 7]. The mineraliza-
tion age of the Duobaoshan deposit is between 482 and
486 Ma, and mantle fluid and materials were involved in
the mineralization process. The Duobaoshan deposit is a
classic porphyry Cu (Mo) deposit that formed in an early
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Paleeozoic island arc tectonic setting [5]. The Central Asian
orogenic belt has this important feature that the Early Paleo-
zoic porphyry deposits have been preserved, which is differ-
ent from the Tethys and Circum-Pacific belts. Then, taking
the Duobaoshan porphyry Cu (Mo) deposit in the Central
Asian orogenic belt as an example to analyze the preservation
process of some Early Paleozoic porphyry deposits should be
of great significance and also have a certain indication for
prospecting and exploration.

The Duobaoshan Cu (Mo) deposit is one of the most
important super-large porphyry copper deposits in the
northeast China. A variety of former studies have focused
on the metallogenic model [8, 9] and geochemical character-
istics of the ore deposit [10, 11], the diagenetic and metallo-
genic age [12, 13], characteristics of the metallogenic fluids
[5, 14], and metallogenic regularities [15-17]. However, no
study has previously focused specifically on the post-ore
change and preservation of this ancient porphyry deposit.
In this study, the fission track (FT) and thermal structural
analysis were adopted to conduct chronological research
on the ore-hosting granodiorite porphyry to determine the
timing and rates of cooling and exhumation in the Meso-
Cenozoic period, and to constrain the preservation process
of the Duobaoshan porphyry Cu deposit.

2. Geological Setting

The Duobaoshan porphyry Cu (Mo) deposit, located in the
northwestern part of the, is one of the largest Cu (Mo)
deposits in the Central Asian orogenic belt [7, 18-21].
Northeast China consists of the Erguna, Xing’an, Songnen
and Jiamusi blocks along the Tayuan-Xiguitu, Nenjiang
and Mudanjiang faults, respectively (Figure 1(a)). The
Erguna block was tectonically stable before the collision with
the Xing’an block along the Tayuan-Xiguitu fault from the
early Paleozoic period [22, 23]. The Songnen block joined
the composite block along the Nenjiang fault during the late
Paleozoic period [22]. The Jiamusi block accreted to this
merged block along the Mudanjiang fault during the Meso-
zoic period (~219Ma) [22]. The Duobaoshan porphyry Cu
(Mo) deposit is located in the Xing’an block (Figure 1(a)).

The lithostratigraphic units in the Duobaoshan area are
mainly Ordovician and Silurian, with small areas of Devo-
nian and Cretaceous strata (Figure 1(b)). The Ordovician
strata include the Tongshan and Duobaoshan formations,
which are composed of terrigenous clastic rocks and
intermediate-acid volcanic-volcanoclastic rocks, respectively
[18, 20]. The Duobaoshan Formation, with a high Cu abun-
dance, has been considered to be the local source bed of Cu
mineralization [9, 24]. The Silurian strata consist of terres-
trial clastic rocks and intermediate-basic volcanic rocks.
The Devonian strata are composed of sandstone, silty sand-
stone, argillaceous slate, andesite, dacite, tuff lava and spilite
with lenses of limestone. The Cretaceous strata are terrestrial
and coal-bearing.

The Duobaoshan ore district has undergone at least
three magmatic events, the Ordovician period (470-
480 Ma), Triassic period (230-240 Ma), and early Jurassic
period (170-180 Ma) [25]. The major magmatic rocks in this
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district are granodiorite, granodiorite porphyry, and veins of
trondhjemite and diorite porphyry that intruded along the
NE-trending fissures in the late stage. The Cu mineralization
in the Duobaoshan deposit is closely related to the granodi-
orite porphyry. The Cu ore body is mainly hosted in the
granodiorite (Figure 2(a)). It extends along the NW-SE arc
structure, and the rock body plunges toward the SW. Inten-
sive alteration of granodiorite can be observed in an open
pit, including propylitization at the periphery of the granodi-
orite and phyllic alteration of the surrounding rock (Figure 2
(b)). The contact surface between the rock body and the sur-
rounding rock is mostly in a canine-tooth shape, and a small
part of the rock body penetrates into the surrounding rock
in the form of small rock dendrites. The surrounding rocks
in the contact zone and the trapped bodies in the rock have
undergone a certain degree of thermal metamorphism, but
the degree is slightly different. Biotization and hornlitifica-
tion usually develop in the contact zone, and alteration can
be seen in local areas. The thermal metamorphism of the
surrounding rocks is not only weak but also very uneven.
At the same time, the composition of minerals has a clear
zonation relationship. There are more quartz-mica diorite
facies belts at the edges of the rock body, while granodiorite
facies belts can be seen gradually into the interior of the rock
body.

Granodiorite and granodiorite porphyry are the major
granitoids in the area, although many other kinds of intru-
sions rocks are also present (Figure 1(b)). The early Palaeo-
zoic granitoids include a biotite granodiorite with a zircon
SHRIMP U-Pb age of 485+8Ma and a granite porphyry
[7]. The late Palacozoic granitoids are mainly granodiorite,
granodiorite porphyry, quartz diorite and tonalite with
reported whole rock K-Ar isochron ages of 292 Ma for the
granodiorite and 283 Ma for the granodiorite porphyry
[18]. According to the compiled isotopic ages (K-Ar and
Rb-Sr isochron ages) of hornblende, biotite and the whole
rock, the granodiorite in the area was likely emplaced two
periods, about 226 Ma and 310 Ma, respectively [19]. The
Mesozoic granitoids are mainly amphibole granodiorite, bio-
tite granodiorite and minor alkaligranite and fine-grained
diorite, yielding zircon SHRIMP U-Pb ages between 176
+3Ma and 177 £ 3 Ma [7]. The Mesozoic granitoids are con-
sidered to be related to the Au mineralization in the
area [26].

The structure of the Duobaoshan mining area mainly
consists of NW-trending structures, NW-trending arc struc-
tures and NE-trending structures. The NW-trending struc-
tural belt, consisting of a series of folds and faults, is
approximately 25km long and displays a reverse “S” shape
[20, 27]. The folds are well developed, mainly comprising
the Duobaoshan compound inverted anticline, which
includes a closed ring of steep inclined folds, a compound
anticline, and accompanying syncline. The main active
period of this compound structure likely occurred at the
end of the Early Carboniferous period and persisted until
the late Permian period. Orebody No. 3 of the Duobaoshan
copper deposit in the study area is located at the core of the
syncline structure accompanied by the NW-trending com-
pound anticline and syncline. There are at least three NW-
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FIGURE 1: Sketch tectonic map (a) and regional geological map (b) of the Duobaoshan porphyry Cu (Mo) deposit [7, 20].
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FiGure 2: Simplified geological tectonic map (a) and schematic section of ore belt No. 3 (b) of the Duobaoshan porphyry Cu (Mo) deposit
[9, 18]. 1-Luohe Formation; 2-Duobaoshan Formation; 3-Tongshan Formation; 4-Plagiogranite; 5-Trondhjemite; 6-Granodiorite porphyry;
7-Granodiorite; 8-Diorite; 9-Diorite porphyrite; 10-The inverted anticline and its serial number; 11-Synclinal axis; 12-Compression-
torsional arc fracture fragmentary zone and Number; 13-Fault and Number; 14-Compression-torsional fault; 15-Field measurement and
prediction of faults; 16-Observed geologic boundary; 17-Speculated geological boundary; 18-Ore body; 19-Alteration zone boundary; 20-
Section line; 21-Potassic alteration zone; 22-Propylitic alteration zone; 23-Phyllic alteration zone; 24-Sampling locations.
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FIGURE 3: Representative photomicrographs for granites in the Duobaoshan area. Hbl-Hornblende; Ap-apatite; Ep-Epidote; Chl-Chlorite;
Qz-Quartz; Pl-Plagioclase; Kfs-K-feldspar; Bt-Biotite; Ccp-Chalcopyrite.

trending compressive and torsional faults in the NW-
trending fault structure. They are composed of strong frag-
mentary fracture zones, which controlled the formation of
ore bodies and caused the ore group of Duobaoshan to
appear in an en-echelon ramp structure (Figure 2(a)). The
NW-trending arcuate structural belt is composed of strata,
intrusive rocks, fault zones, schistositized zones, alteration
zones and ore zones. The arcuate belt was formed by super-
imposition and reconstruction based on the NW-trending
structural belt. Consequently, several groups of structures
intersect in the area, providing channels for metallogenic
fluids and space for ore storage, and the ore bodies are
mostly located in this structural belt [16]. Therefore, the

NW-trending arcuate tectonic belt has laid a favorable tec-
tonic framework for magmatism and mineralization of the
Duobaoshan ore field and controlled the formation of ore
bodies.

The granodiorite porphyry is medium-grained and con-
sists of plagioclase (55% of the rock body), hornblende (10-
20%), quartz (15-20%), and potassium feldspar (5-12%),
with minor amounts of biotite (5-8%) (Figures 3(a)-3(f)).
The plagioclase is generally automorphic and subhedral
crystal and is twinned (Figures 3(c), 3(d)). Accessory minerals
include zircon, apatite, titanite, and magnetite. Moreover,
most of these samples are slightly sericitized, chloritized, and
argillic-altered.
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TaBLE 1: Sample description of the Duobaoshan copper deposit.

Sample number Location Longitude E Latitude N Elevation (m) Rock type

DBO1 Wallrock 125°46'50" 50°14'37" 505 Granodiorite
DB82 Orebody 125°47'02" 50°14'36" 475 Granodiorite porphyry
DB37 Orebody 125°46'51" 50°14'54" 490 Granodiorite porphyry
DB66 Orebody 125°47'08" 50°14'49" 475 Granodiorite porphyry
DB119 Orebody 125°47'20" 50°14'28" 512 Granodiorite porphyry
DB120 Wallrock 125°47'26" 50°14'53" 532 Granodiorite
DB07 Rock vein 125°46'50" 50°14'37" 505 Diorite vein
DBYS Rock vein 125°47'02" 50°14'36" 475 Diorite vein
DB14 Rock vein 125°46'51" 50°14'54" 490 Trondhjemite
DBI18 Rock vein 125°47' 08" 50°14'49" 475 Trondhjemite
DBY9 Rock vein 125°47'20" 50°14'28" 512 Trondhjemite
DB118 Rock body 125°47'26" 50°14'53" 532 Granite porphyry

3. Sample and Analytical Methods

3.1. Sample locations. Samples for apatite fission track (AFT)
analysis were collected from the open pit of the Duobaoshan
porphyry Cu deposit. Four samples were collected from the
ore body (granodiorite porphyry), and two samples were
collected from the surrounding granodiorite (Table 1).
Others are collected from the late rock body, so this article
mainly analyzes the exhumation and cooling history of ore
bodies and surrounding rocks. The samples were crushed
at the Institute of Regional Geology and Mineral Survey,
Hebei Province, China, until the particle size of the minerals
in the rocks was suitable, generally about 60 mesh size. After
rough separation by traditional methods, apatite was puri-
fied by means of electromagnetic separation and heavy liq-
uid separation.

3.2. Analytical methods. Apatite grains were mounted in
epoxy resin and polished to expose internal grain surfaces
at room temperature. Spontaneous tracks were revealed by
etching using 5.5 M HNO, for 20 s at 21°C [28]. The weaker
etchant and lower temperature resulted in more under-
etched tracks, leading to shorter mean track lengths. Pres-
sure and stress can also affect the annealing behavior of
fission tracks. It is found that continuous supercharging will
slow down the annealing rate, and the annealing behavior is
even independent of temperature under high stress. Low-
uranium muscovite external detectors were packed together
with sample grain mounts and Corning CN5 glass dosime-
ters irradiated in the 492 swimming pool hot-neutron
nuclear reactor at the China Institute of Atomic Energy,
Beijing. The external detectors were low-umica, and the
etching conditions were 40% HF for 40 min at 25°C. FT den-
sities were measured at 1000x magnification under the
AUTOSCAN system at the Institute of Geology, China
Earthquake Administration. To increase the number of
observable horizontal confined tracks, the samples were

exposed to *°*Cf [29]. The confirmed apatite grains were
used to obtain FT data by the external detectors method
and the zeta (§) calibration method [30]. The anisotropy is
calibrated by projecting FT length onto the c-axis using an
empirical model [31]. The Xz test was used to evaluate the
degree of congruence between single apatite ages and all apa-
tite ages in a sample [32, 33]. The grain age distributions
were subjected to the x” test to detect whether they con-
tained any extra-Poissonian error. A y> probability=5% is
indicative of a homogeneous population [34].

For samples, track lengths were measured by digitizing
the track ends using a drawing tube, and the diameter of etch
pit (defined as Dpar) was measured in the dated crystals, to
constrain their annealing kinetics [35, 36]. Thermal history
modelling for individual samples was carried out using the
HeFTy software [37]. AFT data were modelled using c-axis
projected lengths and the multi-kinetic annealing model of
Ketcham et al. [31], with Dpar as a kinetic parameter. In
each of the model simulations, the sample-specific kinetic
data (Dpar) were used. Ten thousand t-T paths were ran-
domly generated using a Monte Carlo algorithm.

4. Results and Analysis

The AFT age and track length results are shown in Table 2.
The FT age test P (x°) of the six samples was greater than
5%, indicating that the single particle ages of the samples
belonged to the same group age. A chi-squared probability
>5% passed the y” test, and the pooled apatite fission-track
age is used for interpretation; a chi-squared probability
<5% fail the y* test, and the mean apatite fission-track age
is used for interpretation. The AFT ages of the six samples
range between 50.2+3.0 and 76.0 +3.8 Ma. Samples DBO01
and DB120 were collected from the surrounding rock and
yielded AFT ages of 71.8 +3.5 Ma and 76.0 + 3.8 Ma, respec-
tively. Samples DB37, DB66, DB82 and DB119 were col-
lected from the orebody No. 3 and had AFT ages of 50.2



6 Geofluids
TABLE 2: Apatite fission track (AFT) results of samples from the Duobaoshan copper deposit.
i?lr:l%l:r c (f ld(()lé\lcdl?n' (X,JIS(()g\Icszn' (x ﬁ;gj;l)q 2) concerﬁration 0 l?i;ieflj;g)e M((ean tJrralck len'gth Dpar Cslg?i?(r)i
?) 2) (ppm) t pm21O)NG) - Gum) )
DBO01 30 ((;29215) (515;;7) 1.295(2727) 17.9 57.1 0936 71.8+35 13.76 +£0.12(100) 1.58 1.28
DB37 30 (gf;f) ?5%28? 0.869(1777) 12.4 99.6 0.931 50.2+3.0 13.80+0.10(100) 1.60 1.00
DB66 30 éf;sl) ?3261; 0.573(945) 8.2 100 0963  59.1+4.2 13.79+£0.11(100) 1.66 1.11
DB82 30 (31866;1) ?9223 1.119(2646) 16.2 86.2 0.890 56.7+29 13.82 +0.10(100) 1.63 1.02
DB119 30 (gggf) ?fggi 0.808(1338) 12.0 93.2 0900 53.2+34 13.80+0.10(100) 1.72 0.97
DB120 29 (02(?;71) (51?;)92) 0.960(2281) 14.4 64.7 0.899 76.0+3.8 13.67 £ 0.10(100) 1.53 1.07

Notes: Nc=number of apatite crystals analyzed. pd =induced FT density calculated from muscovite external detectors used with SRM612 dosimeter.
Nd = total number of FT counted in pd. ps=spontaneous FT density on the internal surfaces of apatite crystals analyzed. Ns=total number of FT
counted in ps. pi=induced FT density on the muscovite external detector for crystals analyzed. Ni=total number of FT counted in pi. P () = chi-
squared probability that all single-crystal ages represent a single population of ages where degrees of freedom =Nc-1 [34]. r= correlation coefficient
between Ns and Ni. Nj = number of horizontally confined FT lengths measured. Apatite-Zeta CN5 = 353.0 +10.

+3.0Ma, 59.1+4.2Ma, 56.7+2.9Ma and 53.2+3.4Ma,
respectively.

The AFT ages are much younger than the crystallization
age of the granodiorite porphyry and the mineralization age.
The AFT age represents the age of exhumation cooling, not
magmatic cooling. The average fission-track lengths of the
samples, its distribution shape and the standard deviation
of the length can provide information on the cooling of the
samples through the partial annealing zone of the AFTs. If
the average fission-track lengths is long, the standard devia-
tion is small. In contrast, if the average fission-track lengths
is small, the standard deviation is large and the distribution
range of fission-track lengths is wider [38-40]. The average
track lengths of all test samples were large and the standard
deviations of length were small, ranging from 13.67 to
13.82 ym and 0.97 to 1.28 ym, respectively (Table 2), show-
ing typical characteristics of non-disturbed bedrock
[41-43]. The average track lengths of the samples were
much smaller than the original track length of 16.3
+0.9 um, as well as smaller than the 14.5-15.5 ym average
AFT length associated with rapid cooling to the surface tem-
perature [44]. These results show that the granite was rap-
idly cooled, and finally was exposed at the surface.

According to the single grain age histogram, sample
track length histogram and radial plots, which can visualize
the central age, track length distribution peak mode, relative
error, tested track number, tested particle number and P (x?)
test values (Figure 4), the average track length of the granite
samples from the Duobaoshan copper deposit was relatively
long, ranging from 13.67 to 13.82 ym, and all values were
greater than 12.5 ym, indicating that the samples only expe-
rienced one stage of partial annealing in the later period.
Their length distribution peaks were all unimodal, barely
affected by thermal disturbance in the late stage, and may
have remained in the cooling process for the entire time,
although this process may have involved both rapid cooling

and slow cooling. The track length distribution has a short
track tail, meaning that the samples experienced relatively
slow cooling through the AFT partial annealing zone; during
this period, the FTs experienced a significant annealing
shortening effect, and their age does not represent the rapid
cooling time of the samples.

5. Thermal Historical Modeling

Apatite fission is a continuous process, and fission track in
the minerals records information about a specific stage of
the thermal history of the sample below the closure temper-
ature. To obtain further information about the exhumation
history of the granite samples from the Duobaoshan copper
deposit, a historical thermal model was completed by the
program HeFTy [37] following the multi-kinetic annealing
model [31]. Monte Carlo simulation was used in modeling
operation and took the Dpar values into consideration. Con-
sidering that no other low-temperature thermochronological
data have been obtained, the con-straints for the AFT ther-
mal modelling in this study include the present-day mean
surface temperature of 10+ 5°C, and the initial temperature
of 60 to 200°C (determined by the closure temperatures of
AFT). In the simulation process, the initial track length for
the temperature calculation was 16.3 ym, and the number
of simulation iterations was set at 10,000. To make the exhu-
mation history simulation more reliable, 100 track length
measurements and 30 single particle ages were used. Model-
ling of each sample was finished until obtaining more than
1000 ‘Acceptable-Fit’ paths (merit value: 0.05) and/or more
than 20 ‘Good-Fit” paths (merit value: 0.5).

Six samples at Duobaoshan were obtained successful
thermal history modelling results which show one episodes
of cooling history characterized by a rapid cooling com-
mencing in the Meso-Cenozoic, a subsequent pronounced
residence in the AFT partial annealing zone (Figures 5, 6).
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The “K-S Test” values of all samples were greater than 0.5,
except sample DB37 with a value of 0.2. The “Age GOF”
values were all greater than 0.5, indicating that the simulation
results were highly reliable. Compared with the apparent FT
age, the exhumation history simulation results better represent
the annealing process of the rock body, provide more intuitive
and detailed thermal evolution information, and yield more
evidence for the tectonic evolution of the mining area.

6. Discussion

6.1. Meso-Cenozoic cooling and exhumation history at
Duobaoshan porphyry copper deposits. The modeling graphs
show that the rock body went through rapid and slow exhu-
mation and cooling in the Meso-Cenozoic (Figures 5, 6).
The wall rock underwent rapid exhumation and cooling rel-
atively early, during the interval from 82 to 72 Ma. The rapid
exhumation and cooling period of the samples from the
NW-trending orebody was relatively late, during the interval
from 71.8 to 50.2 Ma. After this rapid cooling, a slow cooling
period continued until the present. The AFT age and exhu-
mation history simulation results show that the rapid exhu-
mation and cooling of the Duobaoshan granite mainly
occurred in the Late Cretaceous.

The AFT system is sensitive to shallow crustal level pro-
cesses because of the low effective closure temperature, so
that, in principle, can be used to trace short-lived variations
in the exhumation rate [45]. The AFT closure temperature is
110°C [31, 46, 47]. Assuming a paleo-geothermal gradient of
35°C/km [48] in the research area, which can be used to
transfer the cooling rate to the exhumation rate, the results
indicate the following: (1) The samples of the surrounding
rock body rapidly cooled by 81.7-108.9°C and exhumated
by 2.33-3.11 km during the Late Cretaceous to Eocene. The
corresponding rapid exhumation period was 10.6-11.5Ma,
and the average exhumation rate was about 0.25 mm/a. (2)
The samples of the NW-trending orebody rapidly cooled
by 104.7-135.1°C and were exhumated by 2.99-3.86km.
The corresponding rapid exhumation period was 10.6-
23.8Ma, and the average exhumation rate was about
0.22 mm/a. The exhumation rate of the surrounding rocks
was larger than that of the orebody, which was favorable
for the preservation of the Duobaoshan Cu deposit and con-
sistent with the actual geological conditions.

6.2. Implications for ore preservation and prospecting at
Duobaoshan porphyry copper deposits. Based on analysis of
the AFT age and exhumation history simulation results,
there were three main stages of exhumation and cooling of
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TaBLE 3: Sample locations and exhumation depth of the Duobaoshan rock body.

Exhumation depth

Exhumation rate

Sample number Longitude E Latitude N (k) (mm/yr) Lithology
DBO1 125°46'50" 50°14'37" 3.11 0.27 Wallrock
DBS2 125°47'02" 50°14'36" 3.86 0.24 Ore body
DB37 125°46'51" 50°14'54" 3.77 0.16 Ore body
DB66 125°47'08" 50°14'49" 2.99 0.28 Ore body
DBI119 125°47'20" 50°14'28" 3.62 0.21 Ore body
DB120 125°47' 26" 50°14'53" 2.33 0.22 Wallrock
DB07 125°46'59" 50°15'08" 39 0.11 Diorite vein
DBY8 125°47'10" 50°14'41" 3.92 0.11 Diorite vein
DB14 125°47'19" 50°14'51" 2.94 0.51 Trondhjemite
DBI18 125°47'16" 50°14'57" 2.29 0.19 Trondhjemite
DBY9 125°47"14" 50°14'51" 2.42 0.09 Trondhjemite
DBI118 125°47'24" 50°14'32" 2.71 0.08 Granite porphyry
Note: The exhumation dates of DB07 to DB118 from Leng [50] .
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3
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FiGURE 7: Three-dimensional model of exhumation after the formation of the Duobaoshan copper deposit.

the rock body starting from the Late Cretaceous, but the
rapid cooling stage of the “surrounding rock body” and the
“ore body” was not synchronous. For the surrounding rock
body: A. for a period of time before 82 Ma, the rock body
was basically in a stable stage; B. around 82-72 Ma, a rapid
cooling stage; C. after 71 Ma, a slow cooling stage. For the
NW-trending ore body: A. for a period of time before
71.8 Ma, the ore body was basically in a stable stage; B.

around 71.8-50.2Ma, a rapid cooling stage; C. after
50.2Ma, a slow cooling stage. Therefore, the surrounding
rock body began to undergo rapid cooling earlier than the
NW-trending ore body, but the two periods of cooling were
basically continuous and partial annealing occurred only
once. This differential exhumation and cooling event
enabled the Duobaoshan Paleozoic porphyry copper deposit
to be favorably preserved. At the same time, it has certain
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practical significance for guiding the prospecting of ancient
porphyry deposits in the world. Combination the evidence
of the geotectonic evolution of the mining area and of the
exhumation and cooling evolution process of the ore-
bearing rock body, the mining area underwent both com-
pressional tectonism and extensional tectonism in the
Yanshanian. During this period, there was obvious rapid
exhumation and cooling, and the rock body was then basi-
cally stable until the Eocene period. This coincided with an
cooling and exhumation event in the Late Cretaceous period
in eastern China. In the Campanian, the Okhotomorsk
Block collided with the Siberian margin in northeast Asia.
At about 77 Ma, new oceanic subduction occurred to the
south of the block, ending its long-distance northward
motion [49]. Correspondingly, the contact between the
Sifangtai and Nenjiang formations is a regional unconfor-
mity of the Late Cretaceous in the Songliao Basin, northeast
China.

Based on the AFT thermal tectonic chronology analysis
results combined with the sampling location and exhuma-
tion depth data of the Duobaoshan rock body (Table 3),
the three-dimensional model of uplift and exhumation after
the formation of the Duobaoshan Cu (Mo) deposit was
established, as shown in Figure 7. Because of the impact of
differential uplift tectonic activity in the mining area, the
rock body exhumation depth is greater in the middle of
the mining area, resulting in the formation of an open-pit
deposit in the ore body.

6.3. Tectonic setting of the Duobaoshan porphyry copper
deposits. The formation of the early Paleozoic Duobaoshan
porphyry Cu (Mo) deposit is related not only to the integra-
tion of the Xing’an and Erguna blocks, but also to uplift after
the collision between the Xing’an and Songnen blocks [51].
The Erguna block became stable in the early Paleozoic [22,
23], and the Xing’an block accreted to the Erguna block
along the Tayuan-Xiguitu fault in the middle of the early
Paleozoic, whereas the Songnen block was collaged with
the above combined blocks along the Hegenshan-Nenjiang
fault in the late Paleozoic. In the early Mesozoic, the Jiamusi
block merged with the above combined blocks along the
Mudanjiang fault and the Xingmeng-Mongolia orogenic
belt [7], and merged into the coastal Pacific continental mar-
gin active zone to enter an intraplate deformation stage. In
the early Mesozoic (~227 Ma) [52], the Duobaoshan copper
mining area was affected by the subduction of the Paleo-
Pacific plate, the early fault was activated, and there were
volcanic eruptions and homologous granite intrusions,
forming the Mesozoic intraplate volcanic rock belt of the
Great Hinggan Mountains [10]. In the Jurassic-Cretaceous,
fault deformation and magmatic activity were intense. In
the Middle Jurassic, the area may have been affected by the
Nenjiang deep fault activity, and the Early Yanshanian
granodiorite and quartz monzodiorite intruded along the
NNE- and NNW-trending faults on the east side of the min-
ing area. During the Late Jurassic to Middle and Late Early
Cretaceous, NNE- or NE-trending fault structures were pro-
duced in the mining area, possibly because of interaction
between the Kula-Pacific plate and the East Asian continent

11

and the influence of mantle uplift. After the Late Cretaceous,
compressional uplift was the main tectonic movement in
this area, leading to differential uplift and cooling events in
the Duobaoshan mining area [19, 53].

7. Conclusions

(1) The AFT age distribution of granite samples from
the Duobaoshan copper deposit varied from 50.2
+3.0 to 76.0+3.8Ma. These dates recorded the
exhumation and cooling events of the Duobaoshan
area in the Late Cretaceous-Eocene period and dem-
onstrate the occurrence of Late Yanshanian tectonic
movement in the Duobaoshan region

(2) The exhumation history simulation results indicate
that the Duobaoshan granite body went through a
rapid exhumation and cooling event during the Late
Cretaceous to Eocene period (82-50.2Ma). The
average cooling rate of the surrounding rock body
was about 0.25mm/a. The average cooling rate of
the orebody was about 0.22 mm/a. Since the Eocene
period (50.2Ma), the crust of the Duobaoshan
region has been basically stable

(3) The AFT age characteristics and spatial distribution of
ore bodies indicate that starting in the Late Cretaceous
period, the Duobaoshan granite was exhumated by
compression, and the NW-trending ore-hosting rock
body was exhumated later than the surrounding rock
body, which caused differential exhumation between
the ore body and the surrounding rock body, provid-
ing favorable geological conditions for the preserva-
tion of the ore body
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