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Abstract

The Zanhuang domain in the hinterland of the North China Craton, consists of Archaean, Paleoproterozoic, Mesoproterozoic
and Palaeozoic rocks, and was previously considered a Mesozoic metamorphic core complex. Our reappraisal of regional
structural history and minerdPAr /3°Ar geochronology shows that the domain was subjected to a number of deformation
events and had a heterogeneous uplift-cooling history during the Paleoproterozoic. Four primary deformation events have been
recognized in the domain. The first event reflects the earliest deformation in the region, however, only closed and rootless folds are
preserved. Bwas dominated by WNW-ESE shortening and top-to-ESE thrusting in a collisional environrperas2 divergent
extensional and ductile shearing event, driven by the post-collisional extensional collapse and exhumation of the thickened crust
in the domain. @ was characterized by localized ductile shearing with the development of three NNE-trending ductile shear
zones. Thé%Ar /3°Ar plateau ages derived from the thermochronology analyses of the biotite concentrates from the metamorphic
rocks are interpreted as cooling ages through biétiae />°Ar closure temperature (30€) and this allows us to constrain the
timing of deformation events. In conjunction with the evidence from structural analyses and previous geochronological data, we
conclude that 1870 and 1870-1826 Ma define the timing,cdfitl D, events, respectively, while 1826—1793 Ma represents the
age of . The last event (B) occurred at 1689—1633 Ma, as constrained®y /2°Ar plateau ages of biotite concentrates from
the mylonites within the ductile shear zones. These data, together with K-fefapai°Ar geochronology, allows us to depict
the cooling history of the region during the Paleoproterozoic and Mesoproterozoic. It appears that the uplift-cooling rate varies
temporally and spatially in the region.
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1. Introduction of the Zanhuang and Fuping domains (marked as ZH
and FP inFig. 1A). It represents a tectonic transi-
The Taihang Mountains belt is located in the hin- tion zone between the Eastern and Western blocks of
terland of the North China Craton and is composed the North China Craton, which have different tectonic
architectures (e.gZhao et al., 1998, 1999a,b, 2000,
"+ Corresponding author. Tek:61-8-64368626: 2003 Zhao., 2001; _Guan, 1998; Guan et al., 2})0_2
fax: +61-8-64368555. The tectonic evolution of the Zanhuang and Fuping
E-mail address: yanhua.zhang@csiro.au (Y. Zhang). metamorphic domains has long been debated. Several
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Fig. 1. (A) Tectonic location of the Zanhuang (ZH) and Fuping (FP) domains in the North China Craton. (B) and (C) Geological
and structural maps of the Zanhuang domain, respectively (b is Idfteet al., 1994a,h The locations of the Cangyansi-Yingfangtai,

Podi-Haozhuang and Yudi—-Heishuihe shear zones are indicat@,l@ and®), respectively, in (C).
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different scenarios have been proposed. These includeintrusions are exposed adjacent to the southern edge
Archaean metamorphic domélé, 1989, Precam- of the Zanhuang domain. This is in contrast with the
brian compound fold dome&zhang et al., 1983and a observations reported for typical core complex models
late Archaean extensional deformation zofeng and (e.g.Malavieille, 1997; Faure et al., 1996
Liu, 1997). Zhao et al. (1998, 1999a,b, 2000, 2001)  We recognize the fact that existing geochronologi-
andZhao (2001Yyecently suggested that the basement cal data are very sparse except for a few conventional
of the North China Craton consists of the Eastern and K/Ar ages for the Zanhuang domain in the south Tai-
Western Blocks joined together by the Central Block hang Mountains (e.ddBGMR, 1989. This, together
as a result of collision at ca. 1870 Ma (also $éide with the lack of systematic kinematic studies, is the
et al., 1997, 1998; Guan, 1998; Guan et al., 9002 main reason for the uncertainties described above.
(Fig. 1A). These authors believe that the Fuping and To achieve a better understanding of the tectonic
Zanhuang domains are important parts of the Central evolution of the region, extensive geochronological
Block and represent Paleoproterozoic structures. Oth- studies and systematic structural analysis are crucial.
ers Ma and He, 1989Niu et al., 1994a,bLei and In this paper, we present the results of structural and
Hu, 1999, however, considered that the Zanhuang and mineral “°Ar /3%Ar thermogeochronology studies of
Fuping domains are Mesozoic metamorphic core com- the Zanhuang domain with a focus on the structural
plexes generated by intra-plate extensional deforma- evolution and tectonothermal overprinting history
tion associated with rapid uplifting of possibly greater of the region. The Zanhuang domain was selected
than 10km. This was based on the presence of: (1) because it is situated far away from any known Meso-
three major extensional NNE-trending ductile shear zoic intra-continental active belt. In contrast, the
zones in the region which are approximately parallel Fuping domain in the North Taihang Mountains is
to the boundaries of the domain; (2) Mesozoic granitic close to Mesozoic Yanshanian reactivation structures
intrusions which occur in the areas near to the south and might be affected by Mesozoic tectonothermal
margin of the Zanhuang domaifi¢. 1B). events (e.gDavis et al., 1998, 2001; Zheng et al.,
It is widely accepted that metamorphic core com- 1996.
plex structures such as those in the Basin and Range
Province of western USA and the Wugongshan and
Lushan regions of southeast China are typically ex- 2. Geological setting
tensional structures (e.§rmstrong, 1982; Lister and
Davis, 1989; Malavieille, 1997; Faure et al., 1996; Lin The Zanhuang metamorphic domain is elon-
et al., 2000. They generally have domed footwalls gated and oriented in a NNE directiofrig. 10).
capped by a ductile shear zone with a consistent nor- The succession of rock units from base to top, and
mal movement sense and are commonly associatedfrom core to margin includes Archaean high-grade
with syntectonic plutonism at the center of the dome metamorphic rocks, Paleoproterozoic metavolcanic
(e.g.Malavieille, 1997; Faure et al., 1996; Lin et al., rocks and metamorphic sandstone, the unmetamor-
2000. The Mesozoic extensional scenario for the Zan- phosed Paleo-mesoproterozoic Changcheng Group
huang and Fuping metamorphic domainsu( et al., and Paleozoic—Mesozoic sedimentary rocks.
1994a,h Lei and Hu, 199% seems to be quite com- The Archaean high-grade metamorphic rocks in
patible with this metamorphic core complex concept. the domain, also termed the Zanhuang “Group”
However, there is a critical geochronological prob- (e.g. HBGMR, 1989; Niu et al., 1994aor Zan-
lem. The metamorphic basement with a crystallization huang Complex (e.gZhao et al., 2000, 200;Lhave
age of 2400-2600 Ma in the Fuping domain appears a crystallization age of 2400-2600 Ma but unknown
to bear the signatures of the Liliang tectonothermal metamorphic ages. These rocks are generally con-
event with an age of ca. 1850 Ma rather than that of sidered the equivalent of the upper “subgroup” of
the Mesozoic cooling events (e.Guan, 1998; Liu the Fuping “Group” (or Fuping Complex) or of the
et al., 2000; Yu et al., 1997; Xu et al., 1995; Zhao Wutai “Group” (HBGMR, 1989 or Wutai Complex,
et al., 1998, 2001 Intrusions are absent in the core see Zhao et al., 2000, 2001 It consists primar-
area of the domains, although the Mesozoic granitic ily of plagioclase amphibolite, biotite-plagioclase
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gneiss, amphibole-plagioclase gneiss, leucogranuli- Archaean and Paleoproterozoic rocks but covered by
tite, quartzite, amphibole schist, quartz schist, marble, the Changcheng Group.
and migmatite (e.ddBGMR, 1989; Niu et al., 1999a Three NNE trending ductile shear zones developed
Similar to the Wutai “Group”, the Zanhuang “Group” in the Zanhuang domair-{g. 1C). From west to east,
was subjected to greenschist- to amphibolite-facies they are the Cangyansi-Yingfangtai shear zone, the
metamorphism. The temperature and pressure of thePodi—-Haozhuang shear zone and the Yudi—Heishuihe
metamorphism, estimated from garnet-amphibole shear zone. Each shear zone has a combined length
and biotite-garnet and related metamorphic reac- of >100km and a width of 100-1000 nNiju et al.,
tions, are approximately 550-70C, 5-10kbar for 1994a,b Lei, 1997, and is entirely hosted by the
plagioclase-amphibolite and 400-620, 4-8 kbar Archaean and Paleoproterozoic metamorphic rocks.
for mica-quartz schist (e.ddBGMR, 1989. This is Niu et al. (1994a,bandLei (1991)considered these
consistent with thé>—T conditions (5.0-7.0kbar and shear zones to have formed during the Mesozoic but
550-650°'C) for amphibolite-facies metamorphism had no geochronological constraints to support their
recorded in other domains in the Central Block of interpretation.
the North China Craton (e.@hao et al., 2000, 2001;
Zhang et al., 1994; Zhang, 1997
The Paleoproterozoic metamorphic rocks (the Gan- 3. Structural analyses
taohe and Honghe “Groups”) uncomfortably over-
lie the Zanhuang “Group” and are composed of Detailed structural work was carried out in the re-
greenschist-facies mica-schist, sandstone, slate andgion to analyze the characteristics of folds, foliations,
metavolcanic rocksHBGMR, 1989. These rocks are  lineations, shear zones, faults and quarixis fab-
predominantly exposed in the western flank and axial rics. Special attention was given to overprinting rela-
zone of the domainKig. 10. The temperature and tionships between structural elements wherever they
pressure of the relevant metamorphism are approxi- could be confidently established. A multiple deforma-
mately 350-500C and 3-7 kbarBGMR, 1989. tion history characterized by four deformation events
The Paleo-mesoproterozoic Changcheng Group is proposed herein for the Zanhuang domadab(e J).
consists of unmetamorphosed, gently dipping sand-
stones that uncomfortably overlie the metamorphic 3.1. D; deformation
rocks described above, and was probably deposited
from ca. 1700 Ma Zhao et al., 2001; Li, 1992; Lu Evidence for the earliest deformation is represented
and Jin, 1993; Lu and Li, 19911t is generally con- by rootless and hook-like folds {J of metamorphic
sidered the lowest unit of the sedimentary cover in rock bands and felsic veins in the Zanhuang “Group”
the North China Craton (e.iBGMR, 1989. On the high-grade metamorphic rockBi@s. 2 and 3p These
eastern margin of the domain, the Paleoproterozoic small-scale tight folds are mainly preserved in the
Gantaohe and Honghe “Groups” are missing and the hinge zones of large-scale .FElsewhere B structures
Changcheng Group or Paleozoic rocks directly overlie have been largely transposed by subsequent deforma-
the Archaean metamorphic basement ro¢kg.(10). tion events. As a result, the nature of the &ent is
There are no syn- and post-Paleoproterozoic grani- poorly understood.
tic rocks outcropping within the Zanhuang domain
except for the Mesozoic dioritic-granitic intrusions ex- 3.2. D, deformation
posed in neighboring areas close to the south margin
of the domain Fig. 1B). The presence of Paleopro- D, was a compressive event and produced the dom-
terozoic unmetamorphosed mafic dykes with a possi- inant structural fabrics in the Zanhuang domain. D
ble age of 1700-1800 Ma (50-200 m long and 3—10 m structures include folds at various scales)(R per-
wide), however, is widespread in the basement of the vasive foliation ($) and some reverse faults that re-
domain Qian and Chen, 1987; Zhai and Bian, 2000; sulted in the duplication of the Zanhuang “Group”
Zhao et al., 200l These dykes are predominantly metamorphic rocks.Holds in the Zanhuang “Group”
NNE- and NW-trending, cutting directly across both are mostly at a clearly larger scale in comparison with



Table 1

Correlation between deformation events and structures

Event

Dy

D2

D3

Dy

Folds

Foliations

Lineations

Ductile shear

Faults

Overprinting
relationship

Ages (Ma)

Rootless and
hook-like folds ()

ca. 1870

Overturned and recumbent fold x)F

$ foliations dip toward WNW and
are subparallel to #fold axial planes

Mineral lineations () with
subparallel to F fold axes or hinges

NE-NNE trending reverse faults,
subparallel to F fold axial planes
F1 rootless and hook-like folds are
enclosed by gfoliations

ca. 1870-1826

Post-$ foliation folds and open folds ¢}

NNE-trending $ foliations dipping to
WNW and ESE in the two flank,
respectively
L3 stretching lineations plunging toward
WNW and ESE in the two flanks,
respectively

Ductile shearing (g¢along
“unconformity” between Ar and Rt
metamorphic rocks
NNE-trending normal faults and the
D,-reactivated normal faults

Unmetamorphosed mafic dykes crosscpt F

folds; D3 faults and g foliations cut $
foliations and F folds; refolded $ in D3
ca. 1826-1793

F4 drag folds within the SZ zones

Mylonitic foliations dip gently to
WNW or E in the different SZ

E- or W-plunging stretching
lineation (L4) on & foliation planes

Three NNE-trending ductile shear
zones (S3)

Normal faults of various orientations

Sz, displaced E folds, post-$

folds and g foliation as well as

unmetamorphic mafic dykes
1689-1633
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Fig. 2. Schematic cross-sections along profile lines A-B and C—-DHigeé& Cfor locations) in the Zanhuang domain. The locations of the NNE-trending Cangyansi—Yingfangtai,
Podi-Haozhuang and Yudi-Heishuihe shear zones are indicat@,@ and®, respectively. See text for more information.
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Fig. 3. Photographs showing structural features in the Zanhuang domain, (apfless and hook-like folds {ffin the Zanhuang “Group”
metamorphic rocks (east of Jiangshui). (B)rBotless and hook-like folds enclosed by fBliations (west of Podi). (c) Bshear bands (SX

and porphyroclasts in the upper part of the Zanhuang “Group” in the western flank of the Zanhuang domain, indicating a top-to-WNW
shearing (south of Jiangshui). (d) An overprinting relationship pE&ting $ (West of Yecaowang). (e) Outcrop-scale structural lenses in

the Podi-Haozhuang shear zone, indicating a top-to-WNW shearing (east of Haozhuang). (f) Porphyroblasts and elongated quartz grains
in the Heishuihe—Yudi shear zone, indicating a top-to-E shearing (east of Heishuihe). See text for more information.



166

F1, ranging from a few meters to a few tens of kilome-

Y.J. Wang et al./Precambrian Research 122 (2003) 159-182

geometry of associated drag folds indicate a reverse

tres in wavelength. They are represented by overturnedmovement on these faults during deformation.

and recumbent foldsFH{g. 2). These folds generally
exhibit markedly asymmetric geometries with signifi-

The kinematics of B deformation can be inferred
from the structural observations described above. The

cantly thickened hinge zones, and thinned and shearedstructural features of #olds (asymmetric geometry,

limbs. It is noted that & folds in the Archaean high

axial plane trending and dipping), $oliations (mor-

grade metamorphic rocks are generally tighter than in phological features), and Dfaults (reverse faulting)

the Paleoproterozoic greenschist rocksgy( 2). Nu-

all point to a kinematic scenario with a WNW-ESE

merous smaller scale, second order parasitic folds areshortening and a ESE structural transport direction

also observed within larger scale Folds in the Ar-

chaean rocks, with axial planes parallel to each other.

The axial planes of £folds generally dip to the WNW
but locally to the ESE, and their hinges plunge shal-
lowly to the NNE.

Axial planar foliations ($) were well developed
throughout the Zanhuang “Group” metamorphic rocks
(Figs. 1C and 2 They generally strike NNE and dip
to the WNW, approximately parallel to,Fold axial
planes. Anomalous Soliation strike and dip orienta-
tions may also be observed in the region, most likely
reflecting the influence of later faulting-related rota-
tion. Within the $ foliation, mineral lineations (k)
oriented parallel to § fold axes or hinges are also

(top-to-ESE thrusting).
3.3. D3 deformation

Field evidence for B deformation includes the ob-
servation of mylonitic foliation (&), mineral stretch-
ing lineation (lg), some post-b folds (F3) and
low-angle normal faults.

Sz mylonitic foliations and related 4. lineations
provided important information about 3Devent.
These fabrics are represented by the development
of mylonitic greenschist, mylonitic gneisses, proto-
mylonites and quartz-feldspar mylonites along litho-
logical boundaries, particularly along the regional

observed, and they commonly consist of elongated “unconformity” contact between the Archaean and

minerals. $ foliations and I lineations display quite

different characteristics between the Archaean Zan-
huang high-grade metamorphic rocks and the Paleo-

proterozoic metamorphic rocks. In the former, these

Paleoproterozoic metamorphic rocksd. 2). S foli-
ations are pervasive and consist of muscovite, biotite,
and elongated quartz grains, withs Istretched lin-
eations defined by elongated and preferably oriented

fabrics are penetrative and are represented as pressurguartz and feldspar grains. Amphibole was also seen
solution features and a strongly preferred alignment within Sz foliations in the portions of the Archaean

of moderate- and fine-grained muscovite, biotite,

metamorphic rocks near the regional “unconformity”

severely elongated quartz grains, and metamorphic contact. The geometries of $oliations and I3 lin-

hornblende (in amphibolitic rocks). In the latter, these

fabrics are spaced and relatively weakly developed,

eations exhibit clear differences between the western
and the eastern flanks of the Zanhuang domain. In

and are primarily defined by discontinuous seams of the western flank, $foliations are NNE-trending and
opaque materials and a preferred alignment of slightly WNW-dipping, with L3 lineations plunging toward

elongated quartz grains and minor metamorphic mus-

covite, biotite and chlorite. An overprinting relation-
ship can be established betweenf8liations and
folds; F rootless and hook-like folds are often en-
tirely enclosed or truncated by, $oliations (Fig. 3b).
This provides an important constraint on temporal
relationship between Pand D» deformations.

D, faults commonly developed along the thinned
limbs of the k; overturned foldsKig. 2). These faults
trend NE-NNE and dip to the NW-WNW, approx-
imately parallel to k fold axial planes and Sfoli-
ations. Displacement of lithological markers and the

the WNW direction. In contrast, s5foliations in the
eastern flank are ESE-dipping, withs Llineations
plunging toward the ESE directiofig. 10). It needs
to be mentioned thatsSfoliations usually dip more
gently in comparison with Sfoliations, though both
have very similar trending orientations. An overprint-
ing relationship of $ cutting $ can be observed
(Fig. 3d and this provides critical constraints on the
relative timing sequence of event.

Microstructures associated with the &ylonitic
foliations indicate that ductile shearing was the dom-
inant mode of deformation. Kinematic indicators
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reflecting the local sense of shearing include mica Law, 1990; Twiss and Moores, 199pHowever, for
fish, microscale shear bands, dynamically recrys- samples taken from localities near the “unconformity”
tallized quartz grains oblique to the foliations, S-C contact where the maximum shearing occurred (99JX-
fabrics, asymmetrical bouding}- and o-type por- 38 and 99HXT-5), the quartz-axis fabrics display
phyroclasts Fig. 39, small-scale and asymmetric point-maxima patterns asymmetrical with respect to
folds (cf. Simpson and Schmid, 1983; Cobbold et al., the shortening axis and lineation orientatioRgy( 4).
1987; Twiss and Moores, 19R4All these indica- This is basically consistent with non-coaxial deforma-
tors suggest a divergent sense of shearing from thetion associated with localized shearing at such struc-
western to the eastern flanks across the region, thattural localities (sed.aw, 1990; Twiss and Moores,
is, top-to-WNW extensional shearing in the western 1994). The quartzc-axis fabrics patterns described
flank and top-to-ESE extensional shearing in the east- above suggest that the basa) crystallographic
ern flank. This deformation pattern is likely the result planes were the dominant gliding system during D
of a regional sideways extension divergent from the deformation, which is the situation generally proposed
central zone of the domain, directly related to the for lower temperature or higher strain rate conditions
uplift and collapse of the axial zone of the Zanhuang (e.g.Twiss and Moores, 1994; Faure et al., 1996; Law,
domain. 1990; Tullis et al., 1978 This is in agreement with
F3 folds are characterized by folding of Solia- the low to moderate temperature deformation regime
tions and also by the development of some open folds and greenschist facies metamorphism of the Paleopro-
(F3). These folds generally occur at smaller scales in terozoic Gangtaohe and Honghe “Group” rocks. It is
comparison with B folds (Fig. 2). The development  noted, however, that there is an additiooalxis max-
of some recumbent folds in the eastern flank of the imum consistently developed at the center of the fab-
Zanhuang domain could be attributed to the rotation ric diagrams for the samples taken from the Archaean
of F> folds during I top-to-ESE extensional shearing Zanhuang “Group” metamorphic rocks (99HXT-15,
(Fig. 2. Some small-scale overturned folds)Mere 99HXT-9, 99HXT-27, 99JX-32, 99JX-68, 99JX-91,
also observed locally in the western flafikd. 2b) and Fig. 4). This probably indicates that the prismatic slip
they appear to reflect top-to-WNW extensional shear- system was also active, a case for higher temperature
ing there. NNE-trending normal faults developed dur- or low-strain rate regimes. If assuming the Archaean
ing D3 and there is also evidence that somefaults and Paleoproterozoic rocks were subjected to similar
were reactivated in a normal sense. The displacementstrain rates during B} we can speculate that the Ar-
patterns of these faults are consistent with the shear-chaean metamorphic rocks were probably deformed
ing movements reflected by other structures (egy. S under intermediate to high temperature conditions.
foliations). Some of these faults offset 8eavage and  This is consistent with the observation of amphi-
F> folds. bolite-grade metamorphism in the Archaean rocks.
The quartz-axis preferred orientations of Archaean In summary, all the structural and microstructural
and Paleoproterozoic metamorphic and mylonitic observations suggest that thg 8vent was dominated
rocks have been measured using a universal stageby regional extension. Uplift of the axial zone of the
(Fig. 4; cf. Simpson and Schmid, 1983; Cobbold etal., Zanhuang domain resulted in a divergent shearing
1987. The patterns are consistent with the kinematics away from the axial zone predominantly along the
of D3 deformation, as proposed by the structural anal- regional “unconformity” contact. This is consistent
yses described above. For samples collected from thewith top-to-WNW shearing at the western flank and
central zone of the Zanhuang domain or the localities top-to-ESE shearing at the eastern flank, with shear-
far away from major shearing surfaces (99HXT-15, ing mainly accommodated by the development of
99HXT-9, 99HXT-27, 99JX-32, 99HXT-36, 99JX-68, mylonitic foliations and normal faults.
99JX-65, 99JX-91 and 99JX-85), the derived fabric
patterns show two maxima symmetrical about the 3.4. D4 deformation
shortening axis and stretching lineation orientation
(Fig. 4). This reflects the coaxial deformation kine- D4 deformation is represented by the development
matics associated with broad regional extension (seeof three NNE-trending ductile shear zones (1-3 in
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Fig. 4. Quartzc-axis preferred orientation patterns for metamorphic rocks and mylonites in the Zanhuang domain (L and Z give the
orientations of stretching lineations and the shortening axis, respectively. Contour intervals are 1, 4, 7 and 10% (Schmidt net, lower

hemisphere).
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Fig. 1C SZ; in Fig. 2). They are, from west to east,
the Cangyansi-Yingfangtai,
Yudi—Heishuihe shear zones, respectivélju( et al.,
1994a,b; Lei, 1991 These shear zones displaced F
folds, S foliations and $ mylonitic foliations. Some
mafic enclaves derived from mafic dykes with a possi-
ble age of ca. 1700—-1800 MZt{ai and Bian, 2000; Li

et al., 2000 were deformed into lenticular structures
within these shear zones. Post-folds (i.e. folded

S, foliations during 3) were also preserved within

structural lenses in the Podi-Haozhuang shear zone.

169

used as an indication of the sense of shear along

Podi-Haozhuang and these shear zonesBduchez et al., 1983; Law,

1990, and confirm top-to-WNW shearing along the
Canyansi-Yingfangtai and Podi-Haozhuang shear
zones and top-to-ESE shearing along Yudi—Heishuihe
shear zone as suggested by other geometrical rela-
tionships. One sample (99JX-85) shows sarrexis
clustering at the center of the diagram, suggesting that
the prismatic slip system may also have been active
and accommodated some plastic deformation (e.g.
Lin et al., 2000. This pattern is in agreement with the

In the three shear zones (e.g. the Podi—-Haozhuangtextures derived from previous polycrystal—plasticity
shear zone), metasedimentay rocks and gneisses werenodels and experimental studies (eTallis et al.,

mylonitized to variable degrees from protomylonite
to mylonite. § mylonitic foliations are defined by a
preferred alignment of muscovite, biotite and elon-

1973; Etchecopar, 1977; Law, 1990

gate quartz grains, and are strictly confined to these 4. Mineral 4%Ar /3%Ar ther mochronology

shear zones. The mylonitic foliations dip “1%&nd
45° to the WNW in the Canyansi-Yinfantai and
Podi-Haozhuang shear zones, respectively, ahdd25

The*9Ar /3%Ar radiometric stepwise heating meth-
od is particularly useful in deciphering a polycyclic

the E in the Heishuihe—Yudi shear zone. Outcrop-scale deformation history and tectonothermal overprinting

structural lensesHig. 3§ and microscale S-C fabrics,

(e.g. Dalrymple and Lanphere, 1971; Hanes et al.,

mica flakes, porphyroblasts, elongated quartz grains 1988; Maluski et al., 1993; Krol and Zeitler, 1996;

were also well developed{g. 3f). These kinematic
indicators indicate a top-to-W, -W and -E exten-

Holm and Dahl, 1997; Shaw et al., 1997; Reddy et al.,
1997, especially in case where low-temperature

sional shearing for the three shear zones from west events have overprinted previous high-temperature

to east, respectively=(g. 2). This is supported by the
observation of an E- or W-plunging stretching lin-
eation (L) on the g foliation planes and associated
extensional fracturesF{g. 1Q. The Ly lineations

events such as in the Zanhuang domain. In this study,
K-bearing minerals including biotite and K-feldspar
from several mylonitic and metamorphic rocks have
been selected and analyzed using this method, to pro-

are represented by slickenlines that were probably vide information on the tectonothermal history of the

formed at low-moderate temperature. It was also ob-

served in thin section that curved and kinked twins of

region.

plagioclase co-exist with microfractures. This seems 4.1. Analytical technique

to indicate that the deformation of plagioclase was
in the brittle—ductile transition domain during4D
deformation.

F4 folds are mainly represented by drag folds de-

All the rock samples had weathered rim removed
and were crushed to millimeter-scale grains. The re-
quired minerals were carefully handpicked under a

veloped within the three shear zones. Some normal magnifier; only fresh mineral grains of 20—40 mesh
faults of various orientations can be recognized as grain-size were selected. A mineral purity of 99%
D4 faults. Several of such faults crosscut unmetamor- was achieved. The selected mineral concentrates were

phosed mafic dykes,>Soliations and k folds.
The quartzc-axis fabric diagrams derived from

mylonites in the three ductile shear zones (sam-

ples 99JX-22, 99JX-41, 99HXT-12 and 99JX-85)
all exhibit monoclinic point-maximum asymmetry
with respect to the foliation and lineation orien-
tation (Fig. 4). These asymmetric patterns can be

individually wrapped in Al-foil packets, encapsu-
lated in sealed Gd-foil, and irradiated for 2627 min
at the central thimble position of the nuclear reac-
tor (1000kW) at the Chinese Academy of Atomic
Energy Science. The instantaneous neutron flux was
6.63 x 10?ncm?s1 and the integrated neutron
flux was 105 x 10ncm 2. The internal standard
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Biotite GA1550, Biotite ZBH-25 and Amphibole
BSP-1 monitors have been used, the ages of which
were 979 + 0.7, 1327 + 1.2 and 2060+ 18.6 Ma,
respectively.

The samples were progressively heated and each

heating step was maintained for 20 min. Experiments
were started at a temperature range of 400-=€30
and ended at 1420-145Q. At each extraction
temperature, the impure gas released was in turn
purified through a 5A molecular griddle, Cu—CuO
(550°C), a spongy Ti container (85C) and a Ti
evaporated pump. Purified argon was finally col-
lected using a Zr-Al getter pump, and subsequently

analyzed using gas source mass-spectrometers oper-

ated in the static mode RGA-10 at the Institute of
Geology and Geophysics, the Chinese Academy of
Sciences. Measured isotopic ratios were corrected
for the effects of mass discrimination and interfer-
ing isotopes (produced during irradiation), using the
factors, (38Ar /3%Ar), = 0.1869, (38Ar/37Ar)ca =
381 x 1075, (3®Ar/3"Ar)ca = 2.64 x 1074,
(3%Ar /37Ar)ca = 6.87 x 1074, (*OAr /3%K) = 0.01.
The blank atmospheric arg8RAr /36Ar ratio is 294.2

for this group of experiments. Total uncertainties in
each apparent age )L have been calculated using
the methods outlined byalrymple and Lanphere
(1971) A “CAr /39Ar plateau of a spectrum is defined
by the >60% contiguous gas fractions of all the gas
evolved from the sample with invariability ablevel

of uncertainty.

Table 2gives the results dt°Ar /3°Ar thermochro-
nology analyses for seven biotite concentrates and
three K-feldspar concentrates, afis. 5—7 show
the age spectra (sddg. 4 for the locations of the
samples).

4.2. Biotite “OAr /3°Ar thermochronology results

Three biotite concentrates were selected from three
mylonitic samples collected from the Canyansi—
Yingfangtai (99JX-22), Podi-Haozhuang (99HXT-12)
and Yudi—Heishuihe (99JX-41) ductile shear zones,
respectively Fig. 4). In the thin sections, plastic defor-
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Fig. 5. The*%Ar /3°Ar apparent age antf Ar/3°Ar spectra of bi-
otite concentrates from mylonites in (a) the Cangyansi-Yingfangtai
shear zone (99JX-22); (b) the Podi-Haozhuang shear zone
(99HXT-12); and (c) the Yudi—Heishuihe shear zone (99JX-41).
Coarse lines give the apparent ages (the length of bars reflects 1
uncertainty), while fine lines show/Ar/3%Ar ratios. SeeFig. 4

for the locations of the samples.

up to 850°C recorded a systematic increase of appar-
ent ages with variablé’Ar /3°Ar ratios (except for
the first step; see more discussion below). The plateau
ages of 168®+2.4, 16327+2.0 and 16451+3.0 Ma

are defined by intermediate- and high-temperature

mation structures such as porphyroblasts, elongatedsteps (except for the last step) over 65% gas released,

quartz grains and preferably oriented biotite flakes
were observed. All three concentrates yielded vari-
able 9Ar /3%Ar spectra with similar characteristics

(Fig. 5. The low- and intermediate-temperature steps

which show little variations ir?’Ar /3%Ar ratios, re-
spectively. The inverse ordinate interce$\¢ /36Ar
ratios) yielded by the?®Ar /40Ar—3°Ar /40Ar isotope
are close to (99HXT-12 and 99JX-22) or slightly
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Table 2

40Ar /3%Ar isotopic analytical data for incremental heating experiments on biotite and K-feldspar concentrates form deformational and
metamorphic rocks through the Zanhuang domain

Temp.  (“%Ar/3%AnNm  (8Ar/3%AnNm  C7Ar/3%Anm  (B8Ar/3%An ., S9Ary (*Ar/2°Ark)  3%Arg (%) Apparent
(°C) (10 2mol) (£10) age (£ 1
oMa)
Biotite concentrates from mylonite (99JX-22), weight0.1120 g, plateau age: 1688.922.43 Ma
420 286.44 0.0372 1.8833 0.0644 1.367 275.9.04 351 2174.34: 54.28
550 119.17 0.0342 1.9788 0.0698 3.382 102.8.00 8.69 1182.99 12.69
650 137.38 0.0327 2.1462 0.0626 2.478 128.0.01 6.36 1325.62 14.79
750 159.24 0.0252 1.8052 0.0445 2.757 152.0.01 7.08 1493.73 17.93
850 189.77 0.0286 1.9872 0.0363 2.424 181.©.01 6.22 1680.54 23.76
940 186.71 0.0156 1.9838 0.0320 2.967 182.2.01 7.62 1684.68 23.25
1030 188.11 0.0139 2.1498 0.0671 6.625 184.0.01 17.00 1697.35 23.98
1100 184.67 0.0101 2.2005 0.0685 7.876 182.0.01 20.20 1683.5% 23.32
1200 187.84 0.0114 2.2767 0.0655 5.049 184.9.01 12.90 1700.3% 23.93
1300 192.43 0.0336 1.3072 0.0798 2.758 182.0.01 7.08 1687.65: 24.84
1420 296.22 0.0943 2.6556 0.1377 1.227 269.0.04 3.15 214294+ 58.29

Inverse isochron age: 1686.@0 1.92 Ma, “°Ar /36Ar ratios: 303.8, MSWD: 5.6
Biotites from mylonite (99HXT-12), weight: 0.1167 g, plateau age: 1632:66.99 Ma

432 217.89 0.2736 0.6096 0.1199 1.101 13%2.49€.002 3.32 1393.02Z 26.99
530 126.26 0.1777 0.8774 0.0585 1.147 744049.00 3.45 878.3% 10.32
650 139.08 0.1034 0.7904 0.0436 2.017 108.0.00 6.08 1177.9&: 13.50
750 158.06 0.0752 0.7005 0.0440 2.156 136.0.01 6.50 1382.78 16.91
850 175.37 0.0098 0.3838 0.0325 3.061 172.9.01 9.22 1625.05: 20.97
930 178.94 0.0150 0.3810 0.0296 6.169 174.9.01 18.50 1637.6& 21.59
1000 177.47 0.0118 0.4578 0.0371 2.933 174.0.01 8.84 1634.43 21.39
1080 179.71 0.0181 0.3672 0.0355 3.200 174.9.01 9.64 1636.78 21.74
1160 177.72 0.0131 0.4109 0.0323 5.311 173.9.01 16.0 1633.72 21.39
1240 185.48 0.0362 0.5254 0.0370 2.875 174.8.01 8.66 1639.6H1 22.69
1320 189.28 0.0595 0.6032 0.0392 1.947 174.8.01 5.87 1620.92 23.18
1430 320.37 0.1111 1.1395 0.0685 1.251 28%.9.05 3.77 2228.56: 67.68

Inverse isochron age: 1634.19 1.88 Ma, *CAr /36Ar ratio: 280.7, MSWD: 4.8
Biotite concentrates from mylonite (99JX-41), weight: 0.1220g, plateau age: 1645298 Ma

420 119.23 0.1794 1.8297 0.0974 0.903 6646D.00 3.10 807.33t 10.00
530 108.44 0.0519 1.6007 0.0727 1.784 93439.00 6.15 1051.22 11.26
650 127.77 0.0277 1.0811 0.0611 2.503 112.D.00 8.60 1263.45: 13.62
750 160.65 0.0327 1.1343 0.0666 2.121 15£.D.01 7.28 1487.45 18.35
850 180.07 0.0150 1.0242 0.0556 3.083 176.8.01 10.50 1645.42 22.08
930 177.04 0.0073 0.9039 0.0565 2.828 175.0.01 9.71 1640.52 21.59
1000 178.57 0.0082 0.9623 0.0532 4.219 176.8.01 14.40 1648.3& 21.84
1080 179.35 0.0090 0.9207 0.0483 3.593 176.8.01 12.30 1651.71# 21.93
1180 181.25 0.0130 0.9743 0.0432 4.452 17%.9.01 15.20 1655.6% 22.20
1280 186.23 0.0458 0.9522 0.0623 2.527 172.9.01 8.68 1627.38 22.99
1420 291.48 0.1382 1.7943 0.1425 1.089 251.D.04 3.74 2057.46- 55.52

Inverse isochron age: 1650.47 1.89 Ma, “°Ar /36Ar ratio: 329.6, MSWD: 11
Biotite concentrates from gneiss (99JX-78), weight: 0.1109 g, plateau age: 1826085 Ma

420 215.66 0.0710 1.1558 0.0951 0.962 194.9.02 3.73 1759.26- 30.25
530 108.86 0.0582 0.7005 0.0537 1.831 91480.00 7.12 1037.8'& 10.86
650 151.26 0.0527 2.0228 0.0730 2.282 136.0.01 8.87 1383.1@: 16.64
750 17211 0.0259 1.6674 0.0750 2.410 164.D0.01 9.36 1760.23 20.66
850 212.06 0.0172 1.0178 0.0655 2.689 20£.D.02 10.40 1828.3& 29.67
930 211.81 0.0196 1.0459 0.0531 2.944 206.2.02 11.40 1822.9% 29.42
1000 209.66 0.0096 1.0060 0.0381 4.800 206.9.02  18.60 1826.8& 28.87

1080 210.47 0.0133 0.9136 0.0552 2.434 206.10.02 9.46 1825.78 29.19
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Temp.  (*%Ar/®Anm  (BAr/3%Annm  C7Ar/2%Anm  (C8Ar/3%An ., 3%Ar (*%Ar/3%Ary)  3%Ar (%) Apparent
(°C) (10 2mol) (1 0) age (+ 1
oMa)
1180 213.69 0.0238 1.0981 0.0630 1.947 206.9.02 7.56 1826.75% 29.97
1300 216.66 0.0312 0.5765 0.0411 2.226 20%.5.02 8.65 1830.4% 30.44
1450 264.99 0.0773 0.8564 0.0657 1.198 242.0.03 4.65 2013.85: 45.30
Inverse isochron age: 1822.@9 2.01 Ma, “°Ar /38Ar ratio = 330.5, MSWD 1.8
Biotite concentrates within gneiss (99HXT-9), weight 0.1174 g, plateau age: 1792626 Ma
430 111.45 0.0610 4.0614 0.1389 3.030 944040.01 8.55 1057.03 13.21
540 117.39 0.0279 0.6425 0.0472 3.733 102.9.00 10.50 1181.88 12.23
650 149.55 0.0353 0.8501 0.0592 2.620 13¢.92.01 7.39 1405.72- 16.40
750 197.32 0.0491 0.7257 0.0428 2.597 182.9.01 7.32 1688.88& 25.22
850 204.40 0.0157 0.5527 0.0417 2.945 192.8.02 8.31 1787.2°& 27.46
930 205.23 0.0174 0.7303 0.0569 3.988 208.2.02 11.20 1789.34 27.79
1000 205.75 0.0132 0.8501 0.0632 5.240 202.0.02 14.70 1799.36 28.07
1080 206.38 0.0212 0.9957 0.0723 3.268 206.8.02 9.22 1789.7% 28.24
1160 207.39 0.0260 0.5783 0.0339 2.666 199.8.02 7.52 1786.96: 28.00
1240 211.17 0.0372 0.6682 0.0404 2.179 2068.8.02 6.15 1789.9& 28.86
1320 220.64 0.0580 0.7151 0.0464 1.797 208.6.02 5.07 1808.84- 31.15
1450 290.67 0.1016 0.8767 0.0576 1.367 260.9.04 3.86 2104.36: 54.74
Inverse isochron age: 1781.58 1.98 Ma, *%Ar /36Ar ratio: 364.4, MSWD: 3.3
Biotite concentrates from orthogneiss (99JX-91), weight: 0.1168 g, plateau age: 1219.06 Ma
420 284.84 0.1111 0.8932 0.0626 1.147 252.9.04 281 1762.96: 52.23
540 141.23 0.0876 0.8357 0.0381 2.249 115.9.01 5,51 1231.36: 14.05
650 141.88 0.0384 0.7558 0.0410 2.712 138.6.01 6.64 1344.3% 15.00
750 155.85 0.0273 0.5181 0.0367 2.968 142.8.01 7.27 1466.13- 17.24
830 174.28 0.0285 0.5614 0.0361 2434 165.9.01 6.96 1583.8& 20.51
900 191.13 0.0100 0.4658 0.0276 3.270 188.0.01 8.01 1718.94 24.27
980 191.34 0.0086 0.5314 0.0322 4.823 188.8.01 11.80 1723.83% 24.37
1060 190.24 0.0101 0.4793 0.0280 5.705 18%.8.01 13.90 1714.6% 24.08
1130 191.83 0.0148 0.4377 0.0287 4.684 182.5.01 11.40 1715.83% 24.87
1200 193.46 0.0196 0.5298 0.0307 3.548 18%.0.01 8.69 1717.32 24.69
1270 197.74 0.0300 0.5094 0.0338 3.084 188.9.01 7.55 1724.4% 25.55
1350 200.08 0.0409 0.5436 0.0319 2.829 188.0.02 6.93 1719.28 25.93
1450 320.68 0.0862 0.7623 0.0586 1.344 295.5.05 3.29 2261.78 26.84
Inverse isochron age: 17164 1.94 Ma, “°Ar/3Ar ratio: 315.4, MSWD: 2.3
Biotite concentrates from gneiss (99HXT-27), weight: 0.1207 g, plateau age: 17280389 Ma
420 106.78 0.0712 0.7484 0.0519 1.606 851468.00 5.35 984.02+ 10.34
540 126.53 0.0530 1.2853 0.0693 2271 11+.@.00 7.57 1196.53 13.18
650 139.37 0.0236 0.9335 0.0519 2.944 132.9.01 9.81 1358.03: 15.02
750 118.09 0.0238 0.9879 0.0061 2434 161.2.01 8.11 1553.63 19.63
830 194.69 0.0151 0.8420 0.0507 3.060 198.8.01 10.20 1732.66 25.21
900 192.57 0.0114 1.2279 0.0640 4.056 18¢.40.01 13.50 1727.0% 24.95
980 196.38 0.0240 1.0713 0.0620 3.848 18¢.90.01 12.80 1727.4% 25.61
1080 194.59 0.0202 1.0514 0.0655 3.431 188.8.01 11.40 1723.4& 25.30
1200 197.61 0.0277 1.1173 0.0547 2.920 189.6.01 9.73 1728.35% 25.75
1300 205.18 0.0518 1.0750 0.0652 2.237 196.0.02 7.45 1731.18 27.35
1420 285.43 0.1165 1.5827 0.1009 1.193 251.9.04 3.97 2058.94- 52.81
Inverse isochron age: 1724.26 1.94 Ma, “°Ar /36Ar ratio: 310.9, MSWD: 1.5
K-feldspar concentrates from mylonite (99HXT-12), weight: 0.1120g, plateau age: 14690492 Ma
400 383.05 0.1694 1.7343 0.0949 0.683 338.6.07 1.68 2421.0% 99.47
520 239.17 0.1134 1.3563 0.0804 1.124 206.@.02 3.07 1822.2H 36.08
650 88.72 0.0526 0.6045 0.0315 3.084 7328.00 8.53 871.23t 8.80
750 97.86 0.0294 0.4690 0.0288 4.337 89240.00 11.92 1015.75 10.09
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Table 2 Continued)

Temp.  (*Ar/%Anm  (BAr/%°An,  C7Ar/3 AN, (C8Ar/3%An ., 3%Ark (*°Ar/3%Ary)  FAry (%) Apparent

(°C) (102 mol) (1 0) age (£ 1

oMa)

830 120.85 0.0184 0.4259 0.0349 3.780 115.40.00 10.47 1230.7% 12.64
900 147.31 0.0268 0.3924 0.0348 3.455 13¢.90.01 9.57 1407.0#% 15.91
980 144.44 0.0146 0.4060 0.0269 7.932 146.0.01 21.93 1412.16 15.62
1060 144.69 0.0160 0.5170 0.0276 3.606 146.0.01 9.99 1411.05 15.64
1140 143.03 0.0122 0.3894 0.0274 5.659 139.9.01 15.63 1407.0% 15.46
1220 143.47 0.0108 0.4766 0.0318 3.200 140.8.01 8.87 1413.2% 15.57
1300 153.57 0.0491 0.7178 0.0375 2.597 139.2.01 7.18 1405.4% 16.54
1450 275.51 0.1326 1.9391 0.1163 1.135 236.9.03 2.79 1988.19 48.87

Inverse isochron age: 1412.31 1.71 Ma, “°Ar /38Ar ratio: 271.9, MSWD: 1.4
K-feldspar concentrates from gneiss (99JX-78), weight: 0.2108 g, plateau age: 1422.83 Ma

420 501.75 0.3684 2.2242 0.3894 0.660 394.D.12 1.66 2647.63 179.91
530 223.02 0.0935 1.8107 0.0978 1.611 195.6.02 4.06 1763.2@ 31.92
640 91.75 0.0639 0.7987 0.0711 2.249 730D.00 5.66 868.76 9.30
750 124.80 0.0426 0.3275 0.0449 2.992 112.2.00 7.53 1205.94t 12.78
850 135.91 0.0316 0.3472 0.0345 3.293 126.©.00 8.29 1314.82 14.24
930 143.55 0.0122 0.2592 0.0288 3.780 132.9.01 9.52 1410.62t 15.54
1000 145.11 0.0093 0.3442 0.0413 6.169 142.8.01 15.50 1427.4% 15.91
1080 145.30 0.0100 0.3781 0.0412 6.911 142.8.01 17.40 1427.4% 15.73
1160 144.40 0.0098 0.2085 0.0322 3.525 141.9.01 8.88 1421.41% 15.72
1240 147.74 0.0193 0.3180 0.0296 3.595 142.0.01 9.05 1425.32t 16.05
1320 156.35 0.0466 0.3581 0.0364 2.736 142.6.01 6.89 1429.4% 17.02
1450 245.16 0.0698 0.6437 0.0419 2.156 224.1.03 5.48 1928.06t 38.38

Inverse isochron age: 1418.38 1.72 Ma, “CAr/36Ar ratio: 334.9, MSWD: 7.9
K-feldspar concentrates from gneiss (99JX-91), weight: 0.2070 g, plateau age: 143@2.89 Ma

420 332.55 0.1162 1.8929 0.0860 0.996 298.8.05 2.85 2276.32 73.58
550 222.38 0.0746 2.5402 0.1164 1.551 208.9.02 5.44 1793.45 32.50
650 91.056 0.0365 1.9853 0.0682 2.849 80458.00 8.15 938.29+ 9.80
715 116.79 0.0229 2.3159 0.0587 3.034 116.8.00 8.68 1190.95 12.43
850 143.18 0.0113 2.1862 0.0553 3.0557 146.0.01 8.75 1412.21% 15.80
930 148.00 0.0171 2.3679 0.0645 4.053 143.9.01 11.50 1434.12 16.56
1000 145.56 0.0080 1.9692 0.0512 5.745 143.9.01 16.40 1435.26 16.13
1080 147.46 0.0126 2.2948 0.0550 3.659 144.0.01 10.40 1439.4% 16.40
1160 150.33 0.0246 2.0092 0.0503 3.498 142.8.01 10.00 1430.7& 16.55
1240 148.81 0.0196 2.0975 0.0338 2.942 143.8.01 8.41 1434.2°# 16.25
1320 189.94 0.0317 2.9755 0.0497 2.187 18t.0.01 6.26 1677.9% 23.90
1450 283.05 0.0847 2.8846 0.1135 1.366 258.8.04 3.90 2094.22 52.71

Inverse isochron age: 1410.G6 1.71 Ma, “°Ar /36Ar ratio: 361.9, MSWD: 17

Notes: parametek = 5543 10/4 and J = 0.008471, {°Ar /3%Ar): measured values dAr/3%Ar, 3%Ary: measured values oPAry
which was produced by k decay.

higher than (99JX-41) thé%Ar/36Ar ratio in the (Fig. 4), respectively. The biotite concentrates de-
present-day atmosphere (295.5), an indication of no rived from the samples yielded internally discordant
significant?CAr excess or®Ar loss, and the inverse  40Ar/3°Ar age spectra. The segments for a gradual

isochron ages of the three biotites from 88ar /4°Ar increase of apparent ages are defined<80% of
versus 3%Ar /40Ar diagram are identical with their  3%Ar released from low- to intermediate-temperature
plateau ages, respectiveljaple 2. steps, which show variab®&Ar /3%Ar ratios (Fig. 6a

Two gneiss samples with cataphracted metacrystic and . The plateau ages of 17®+ 2.3 and
texture were collected at Jiangshui (99HXT-9) and 18268 + 0.8 Ma are well defined by >70% o°Ar
Hujia’an (99JX-78) from the axial zone of the domain released during intermediate- and high-temperature
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Fig. 6. The?0Ar /39Ar apparent age anef Ar /3°Ar spectra of bi-
otite concentrates from granitic mylonite and gneiss from the ax-
ial zone (a: 99HXT-9; b: 99JX-78), eastern flank (d: 99HXT-27)
and western flank (c: 99JX-91) of the Zanhuang domain. Coarse
lines give the apparent ages (the length of bars reflectarter-
tainty), while fine lines show?Ar /3%Ar ratios. SeeFig. 4 for the
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Fig. 7. The “0Ar/3%Ar apparent age and’Ar/3°Ar spectra

of K-feldspar concentrates from (a) mylonite (99HXT-12); (b)
granitic mylonite (99JX-78); and (c) gneisses (99JX-91). Coarse
lines give the apparent ages (the length of bars reflectanter-
tainty), while fine lines show’Ar /3%Ar ratios. SeeFig. 4 for the
locations of the samples.

steps with slightly variable’’Ar /3%Ar ratios. The
inverse isochron ages are consistent with the plateau
ages, and the inverse ordinate intercepts are close to
the 40Ar /3%Ar ratio in the present-day atmosphere
(Table 2.

Another two gneiss samples (99HXT-27, 99JX-91)
were collected at Longquansi and Yecaowan, re-
spectively Fig. 4). Similar to the results described
above, the biotite concentrates from the both sam-
ples recorded an increase of apparent ages with
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variable3’Ar /3%Ar ratios for low- and intermediate-
temperature steps. The plateau ages of 1328.0 Ma
and 17191+1.1 Ma were yielded for the intermediate-
to high-temperature steps, respectively for the two
samples, and are defined by over 70%3®r gas
released with a relatively constaAfAr/4CAr ratio
(Fig. 6¢c and §l. The corresponding inverse ordinate
intercepts {°Ar /38Ar ratios) are close to the value
for the present-day atmosphef&ble 2.

In general*%Ar /3%Ar spectra of these biotite con-
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fore, the plateau ages of these biotite concentrates are
reliable and can be interpreted to date the timing of
cooling through appropriate argon closure tempera-
tures (300C, Dodson, 1973; Harrison et al., 1985;
McDougall and Harrison, 1988

The temperatures of deformation have not been
precisely constrained, however, it is believed that
crystal-plastic deformation becomes dominant in
quartz and feldspar at the temperatures of 3080
and 4504 50°C, respectively Yoll, 1976; Sibson,

centrates show a systematic increase in apparent1983; Kligfield et al., 198p The lower temperature

ages with variable3’Ar/3%Ar ratios for low- and

limit where quartz can be plastically deformed at

intermediate-temperature increments and well-defined geological strain rates is ca. 300 (Sibson, 1977;

plateau ages with constart’Ar/3°Ar ratios for

Hiroshi, 1994; Wang and Lu, 20D0As described in

intermediate- and high-temperature increments. It is the preceding sections, quartz grains in the samples

generally accepted that tH€Ar in the Ca phase is

collected from the NNE-trending shear zones dis-

first released in low temperatures and the degassingplay the features of crystal—plastic deformation, while

of Ca-derived Ar at low temperatures closely follows
the radiogenic Ar Foland, 1974, 1983; Fossen and
Dunlap, 1998; Dallmeyer et al., 1992, 1999; Maluski
et al., 1993 The 4%Ar/3%Ar spectra for low tem-

peratures possibly result from: (1) a non-retentive
phase with a relatively low apparent K/Ca ratio; (2)
a more refractory phase with relatively low apparent
K/Ca ratios; or (3) the presence of microcracks and
crystalline defects induced by the development of
cleavage or fractures (e.laluski et al., 1993; Reddy

et al., 1999. In our samples, some microcracks and
the biotite crystals with minute chlorite and quartz

plagioclase grains exhibit the features of deformation
at the brittle—ductile transition. Taking into account
the dominant activation of basdh) slip system in
quartz during 0, reflected in quartzc-axis fabric
patterns for mylonites from the shear zones (see de-
scription and discussion iBection 3.4, it is likely
that the D deformation occurred at the temperatures
of ca. 300—400C. Therefore, the plateau ages of
16889 + 2.4 (99JX-22), 163Z + 2.0 (99HXT-12)
and 16451 & 3.0 Ma (99JX-41) are interpreted to ap-
proximately date the cooling event through argon clo-
sure temperatures following the synkinematic growth

inclusions were observed and this could lead to the of biotite during the mylonitic overprinting, and thus

degassing of Ca-derived Ar at low temperatures. Es-

to date the @ ductile deformation event in the region.

pecially, an anomalous older age are occasionally The plateau ages of 1826 (99JX-78) and 1793 Ma
observed at the lowest temperature step. This pos-(99HXT-9) from gneiss and mylonitic gneiss are inter-
sibly resulted from the degassing of absorbent gas preted to date the timing of post-metamorphic cooling
on mineral grain surface or of microcracks (Shuang, through appropriate argon closure temperatures (ca.
Institute of Geology and Geophysics, CAS, personal 300°C) within the axial zone of the domain. Similarly,
communication). Very similar pattern for the same the plateau ages of 1728.3 (99HXT27) and 1719.1 Ma
minerals were also reported and the plateau ages(99JX-91), derived from the gneisses at the two flanks
were used to constrain the timing of deformation (e.g. of the domain are interpreted to date the timing of
Wang and Lu, 2000; Maluski et al., 1993 he well cooling through argon closure temperatures in these
defined plateau ages of >65% Ar gas released at  flank areas.

intermediate- and high-temperature should represent

the mean ages obtained from the degassing of pure4.3. K-feldspar 4°Ar /3°Ar thermochronology result
biotite phases (e.g-oland, 1974 The inverse ordi-

nate intercepts of these biotites are close to or slightly  Three K-feldspar concentrates were obtained from
higher than the*®Ar /36Ar ratio in the present-day  mylonites in the Podi-Haozhuang ductile shear zone
atmosphere and their inverse isochron ages are also(99HXT-12), gneiss in the axial zone of the do-
identical with their plateau ages, respectively. There- main (99JX-78) and mylonitic gneiss in the western
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flank (99JX-91), respectively. The K-feldspar concen- grains or overgrowth rims around older magmatic zir-
trates yielded complex ages spectra but well-defined cons in both the high-grade Fuping—Hengshan gneiss
intermediate- to high-temperature plateatsy( 7). complexes and the low-grade Wutai granite—greenstone
The 37Ar/3°Ar ratios fluctuate at low-temperature terrain. These metamorphic zircons yielded consistent
steps in 99HXT-12 and 99JX-78, reflecting inho- 207Pb/2%pPb ages in the range of 1870-1800 Ma (e.g.
mogeneous phase degassing. They become moréNilde et al., 1997, 1998; Wang and Hao, 1997; Yu
stable at intermediate- and high-temperature stepsetal., 1997; Wu et al., 1997; Guan, 1998; Guan et al.,
and correspond to the less affected sites during later 2002 Zhao et al., 1998, 1999a,b, 2000, 20@hao,
events Fig. 7). For the low—intermediate tempera- 2001J). This is also supported by the zircon U-Pb age
ture steps, apparent ages decrease from 2647-2276 t@f 1833+ 6 Ma for garnet-bearing granites generated
868-938 Ma and then increase to 1409-1430 Ma at ca.through the partial melting of khondalite, the Sm—Nd
900°C, appearing as a depressed shape representedsochron age of 1824 Ma and the garfi@ar /3%Ar

by ca. 25% of thé®Ar gas released. Optical zonation age of 1852Ma for high-pressure granulite in the
of the K-feldspar, microcracks parallel or oblique to Central Block of the North China Craton (e.Guo
cleavage planes and minute chlorite inclusions are et al., 1999; Zhai and Bian, 2000; Hu et al., 1999
observed in thin sections. These patterns, therefore, These data provide important support for the sugges-
probably result from the presence of inhomogeneous tion that the Central Block in the North China Craton
mineral phases and microcrackgaluski et al., 1993; resulted from collision between the Western and East-

Dallmeyer et al., 1992, 1999; Harrison, 1990 ern Blocks at ca. 1870 Ma and that there should be
The plateau ages defined by over 70% of th&r no major tectonic event before 1870 Ma&h@o et al.,
released at intermediate- to high-temperature steps1999a,b, 2000, 20QZhao, 200). Therefore, the ear-
are 14091 £+ 0.92 (99HXT-12), 14237 + 2.03 liest deformation () likely occurred at ca. 1870 Ma.
(99JX-78), and 14380 4+ 2.99Ma (99JX-91), re- The D; deformation is very likely to be penetrative
spectively. 36Ar/40Ar versus 3°Ar/4CAr isotopic in the Zanhuang metamorphic basement, although its

correlations from the plateau data produced inverse structural signatures were mostly obliterated by in-
ordinate intercepts*fAr /36Ar ratios) slightly smaller tensive deformation during later events. Rootless and
or higher than thé@%Ar /3%Ar ratio in the present-day  hook-like folds are the only remnant structures distin-
atmosphereTable 2. This suggests that there is no guishable in the Zanhuang domain. There are no direct
major intracrystalline contamination with extraneous geochronological constraints on the absolute timing
argon componentsD@llmeyer et al., 1999 These of D, deformation. However, inferences can be made
plateau ages are reliable and are interpreted to date thebased on the absolute timing ogdiscussed below.
timing of cooling through the closure temperatures of ~ Argon closure temperatures in biotite are inferred
K-feldspar (ca. 160C, Zeitler, 1987. to be in the range of 350-30C for most cooling
rates and chemical compositions (earrison et al.,
1985; Harrison, 1990; McDougall and Harrison,
5. Tectonothermal implications 1988. The biotite*°Ar /3°Ar age of 1826-1793 Ma
for metamorphic rocks, therefore, defines the tim-
The current structural analyses and mineral ther- ing of cooling through 350-300C, subsequent to
mochronology study have generated new data con-the metamorphid—T conditions ¢ = 6.0-7.0kbar,
cerning the multi-event deformation and uplift-cooling 7 = 600-650C; e.g. HBGMR, 1989; Zhai, 1997
history of the Zanhuang domain during Paleo- and Zhao et al., 1999a,b, 200@hao, 200). This age

Meso-proterozoic. also suggests that overprinting of younger thermal
event at temperatures over 350-3@0 should be

5.1. Tectonothermal events during the unlikely. Furthermore, the granitic pegmatite veins

Pal eoproterozoic offsetting $ foliation in gneiss yielded a SHRIMP

zircon U-Pb age of 1794 8 Ma (Guan, 1998; Wang
Recent SHRIMP U-Pb dating suggests that only and Hao, 199y and the unmetamorphosed mafic
one phase of metamorphic zircons occurred as singledykes in metamorphic rocks yielded a single-grain
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zircon U-Pb age of 1769 Md.{ et al., 2000 and a
K—Ar age of 1790-1750 Md. { et al., 2000; Qian and
Chen, 198Y. Therefore, we speculate that the age of
1826-1793 Ma approximately confines the timing of
the D3 event in the region, and that of 1790-1780 Ma
as the lower bound of theevent. This is also sup-
ported by: (1) the Miaoxiangshan—Chengde-Miyun
and Zhongtiaoshan—Xiong'er rifting-type magmatism
in the North China Craton (ca. 1750 M&jlder et al.,
1991; Zhai and Bian, 2000(2) the development of
north Qilianshan embryo-ocean (ca. 1840-1780 Ma;
Mao et al., 1998 (3) mafic dyke swarms within the
Central Block (ca. 1700-1800 M4d;i et al., 2000;
Qian and Chen, 1987and (4) biotite*®Ar /3°Ar ther-
mal overprinting reported for Archaean mafic gran-

ulites in Western Block and gneisses in the eastern

Block of the North China Craton (ca. 1790 M&fang
et al., 1995; Lu and Jin, 1933The “unconformity”
between the Archaean Zanhuang “Group” and the
Paleoproterozoic Gantaohe “Group”, which was tra-
ditionally termed “Fuping movement” (e.§iBGMR,
1989, thus, is not only a primary discontinuous
litholigical contact but also a tectonically reworked
zone (B3 deformation) at ca. 1800 Mazfiao et al.,
2001)). Zhang et al. (1994andZhang (1997plso re-
ported the presence of a 500-1000 m thick low-angle
high-strain zone on the top of the crystalline base-
ment or along the “unconformity” in the Wutai and
Hengshan domains (also skeleand Qian, 1991

The relative timing of [ deformation, charac-
terized by WNW-ESE shortening and top-to-ESE
thrusting, can only be logically and approximately
constrained between the ages of the(Ba. 1870 Ma)
and D3 (ca. 1826-1793Ma) events.;Ddeforma-
tion probably occurred immediately following the
D1 event. It is likely that B is the simple contin-
uation of the @ event, driven by the crustal thick-
ening associated with the jDcontinent—continent
collision (e.g. Zhao et al., 1999a,b, 2000, 2Q01
Zhao, 200} and high-grade metamorphism. This
was then followed by the P deformation, as a
result of post-collision extensional collapse (e.g.
Zhao et al., 2000, 2001; Zhao, 2001; Zhang et al.,
1994; Zhang, 1997 The D—-D,-Ds sequence in
this region Fig. 8a and b seems to represent a full
collision-thrusting/thickening-extensional collapse cy-
cle (e.g.England and Thompson, 1984; Thompson
and England, 1984
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The Dy deformation occurred at 1689-1633 Ma
according to the biotité¢®Ar /3%Ar plateau ages for
the mylonites within the three NNE trending shear
zones. This event was dominated by localized ductile
shearing within these shear zones and is also clearly
reflected by quartz-axis fabric patterns. The dif-
ference of about 50Ma between biotit€Ar /3°Ar
plateau ages for the Cangyansi-Yingfangtai and for
Haozhuang—Podi and Yudi—Heishuihe shear zones
appears to suggest that the activation of shearing
developed from west to easti). 80).

5.2. Tectonothermal uplift-cooling history since
the Paleoproterozoic

Variations in the biotite®®Ar /3%Ar cooling ages
in the Zanhuang domain provide information about
the uplift-cooling history of the region. It is noted
that there is a large biotité%Ar /3%Ar cooling age
difference of 70-100Ma between the axial zone
(1826-1793 Ma) and flank zones (1728-1719 Ma)
of the domain. This seems to suggest a differential
uplift-cooling situation for the domain. When the
eastern and western flank zones cooled through the
biotite “°Ar /3°Ar closure temperatures (300-35D)
at 1728-1719Ma, the axial area where the closure
temperature was reached at 1826-1793Ma had al-
ready cooled below 30TC. Similar to other domains
in the Central Block of the North China Craton
(e.g. Wutai and Fuping domains), the Zanhuang
domain also encountered amphibolite-facies meta-
morphism described as above. Therefore, assuming
that the metamorphi®-T conditions (5.0-7.0 kbar,
550-650'C) for the Zanhuang domain is similar to
that for other domains in the Central Block during
the Paleoproterozoic overprinting (e.g. HBGMR), the
cooling rates of 4.5-6.0C/Ma for the axial areas of
the domain and 2.0-2%%/Ma for the flank areas can
be estimated using relevant biott®Ar /3°Ar closure
temperature. These can be approximately translated
into uplifting rates of ca. 150-200 and 60—80 m/Ma
for the axial and flank areas, respectivelyig. 9,
using a steady-state geothermal gradient 6fGBim
(e.g.Hanes et al., 1988; West et al., 199%he do-
main was probably finally domed by 1728-1719 Ma.

The thermal overprinting recorded by the biotite
40Ar /39Ar ages of 1689-1633Ma only occurred
within the three NNE-trending ductile shearing zones,
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(a) 1870-1826 Ma (D1-D2)
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Fig. 8. Cartoons illustrating the tectonothermal development of the Zanhuang domain during the Paleo- and Meso-proterozoic. (a)
1870-1826 Ma: synmetamorphic crustal thickening and subsequent thrusting, driven by colligicioli(®ved by D, events). (b)
1826-1793 Ma: B divergent ductile shearing deformation driven by post-collision extensional collapse. (c) 1689-1633 Mfobnation
dominated by the development of three NEE-trending ductile shear zones. (d) 1432-1410 Ma: near-horizontal isotherms cooling through
160°C in the Zanhuang domain.

indicating that the @ deformation did not result in  “9Ar/3%Ar closure temperatures) by this time with
any major thermal reconstruction of the metamorphic near-horizontal isotherms having formed in the do-
basement on a regional scale. This also suggests thamain (Fig. 8d. The cooling rates of ca. 0.3&/Ma for

the metamorphic basement of the domain had cooled the axial zones and ca. 0.4C/Ma for the flank zones
through the biotite*®Ar /3%Ar closure temperature of ~ can then be estimated for this perideid. 9). These
300°C before the @ event of 1689-1633 Md~g. 9). correspond to uplifting rates of ca. 12 and 16 m/Ma
Therefore, the thermal development since 1728-1719 for the axial and flank zones, respectively, assuming
(the flank areas) and 1826-1793 Ma (the axial zone) a steady-state geothermal gradient ofGtkm (e.g.
can be inferred from the K-feldspdPAr/3°Ar ages  Hanes et al., 1988; West et al., 1993

from several different tectonic locations in the do- Assuming a geothermal gradient less thafiGkm
main. The similar K-feldspar*®Ar/3°Ar plateau  would lead to greater uplift rates and hence greater
ages of 1430.8-1409.4 Ma suggest that the metamor-maximum uplift. However, it seems very unlikely that
phic basement rocks cooled to 18D (K-feldspar the maximum uplift in the region since ca. 1410 Ma
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Fig. 9. Tectonothermal uplift-cooling paths of the Zanhuang do-
main during the Paleo- and Meso-proterozoic. Zircon SHRIMP
U—Pb data are fronZhao et al. (1999a, 2001%Buan (1998)and
Guan et al. (2002)and Sm-Nd isochron age and garffér /3°Ar
data are fromGuo et al. (1999)Zhai and Bian (2000)
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and top-to-ESE thrusting in a collisional environment.
D3 was a divergent extensional and ductile shearing
event, driven by the post-collisional extensional col-
lapse and exhumation of the thickened crust in the
domain. Oy was characterized by localized ductile

shearing with the development of three NNE-trending
ductile shear zones.

The %%Ar /3°Ar plateau ages derived from the ther-
mochronology analyses of biotite concentrates from
the metamorphic rocks are interpreted as cooling
ages through biotitd%Ar /3%Ar closure temperature
(300°C) and this allows us to approximately con-
strain the timing of deformation events. In conjunc-
tion with the evidence from structural analyses and
previous geochronological data, we conclude that
1870 and 1870-1826 Ma define the timing of &nd
D, events, respectively, while 1826-1793 Ma repre-
sents the age of P The last event (k) occurred
at 1689-1633 Ma, as defined BYAr/3°Ar plateau
ages of biotite concentrates from the mylonites within
the ductile shear zones. These data, together with
the K-feldspar*®Ar /3%Ar geochronology, also allow

can be more than 8km, even assuming a geothermalus to depict the cooling history of the region since

gradient of 20C/km.
Collectively, the results from this study do not sup-

post-collision extension. The estimated cooling rates
are 4.5-6.0C/Ma in the axial areas of the domain

port the previous suggestion that the Zanhuang domainand 2.0-2.5C/Ma in the flank areas during the por-
represents a Mesozoic metamorphic core complex tion of the cooling history from the peak temperature

and that it experienced rapid uplifting (>10 km) since
the Mesozoic Niu et al., 1994a,p All the structural
evidence and Mineraf®Ar /3°Ar thermochronology

to 300°C. Subsequent cooling through 18D (at
1430-1410 Ma) occurred at much slower rates. The
estimated rates are ca. 0 3%Ma in the axial areas

results presented in this paper indicate that the Zan- and ca. 0.47C/Ma in the flank areas. The maximum
huang metamorphic domain experienced a complex, uplift since 1430-1410 Ma in the region is less than

multi-event deformation and thermal overprinting
history which began during the Paleoproterozoic.

6. Conclusions

The current structural analyses arfflAr/3°Ar

8 km.
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