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Abstract—Granulites in the Datong-Huai’an area of North China are characterized by high P-T assemblages (14—
16 kbar, ~900°C) that underwent decompression cooling to ~7 kbar and ~800°C during a 2500-2400 Ma
tectonic event. Nearly all structures in the grantilites developed during the retrograde exhumation history, and can
be subdivided into: (1) the stratigraphically lower, ‘lower structural domain’ that is characterized by complex
folding with 55-10 km wide domes surrounded by concentric troughs, preserving concentric lineation patterns; and
(2) the stratigraphically higher ‘upper structural domain’ that is characterized by a planar gneissic foliation, upright
folds and a constant, shallowly SW-plunging, lineation pattern. During exhumation rocks probably passed from
the ‘Jower’ into the ‘upper structural domain’.

Domes, recumbent folds and transposition fabrics resulted from a dynamic interplay between vertical (advective)
flow and horizontal flattening. The ‘lower structural domain’ preserves structures reflecting the dominance of
vertical flow while the ‘upper structural domain’ preserves structures that resulted from flattening and lateral flow.
Horizontal flattening and lateral flow of domal structures led to total destruction of the domal geometries by
transposition in a younger, horizontal gneissic layering. The process of doming, flattening and transposition
repeated itself as advective exhumation of the high-pressure rocks progressed. Horizontal fabrics appear the more
stable geometry and domes progressively degenerated into horizontal lensoidal shapes, probably as a result of the
low viscosities of the granulites.

Exhumation of lower crustal material via solid-state advective flow implies that vertical crustal movements of at
least part of the crust occurred independently of isostatic readjustments. P—T paths, characterized by isothermal
decompression over a large pressure range, can therefore be interpreted to result from processes that are

independent of crustal thickening, erosion and tectonic denudation.© 1997 Elsevier Science Ltd.

INTRODUCTION

Regional granulite terrains form a major component of
shield areas in the world, and are of considerable interest
because they may provide a window into the lower crust.
However, it is not clear whether such granulite terrains
represent typical lower crust as steady-state geotherm
calculations suggest that granulites represent an anom-
alous situation (requiring very high heat flows of >90 W/
m?; Chapman, 1986; Mezger, 1992). Regional granulite
terrains probably develop in specific tectonic positions,
¢.g. along active orogenic zones and above mantle
plumes. The tectonic processes and especially the crustal
geometry and flow pattern involved in granulite forma-
tion and exhumation are not well known and form the
subject of this paper.

To a large degree our understanding of tectonic
processes in granulite belts is based on the interpretation
of P-T-t paths (e.g. Harley, 1989) by comparing
observed ‘field paths’ with computer-generated curves

(England and Thompson, 1984; Chapman and Furlong,
1992). On the basis of P-T paths, two types of granulite
terrains can be distinguished (e.g. Bohlen, 1987; Harley,
1989): those dominated by isobaric cooling (IBC) and
those dominated by isothermal decompression (ITD).
The ITD paths are generally related to crustal thickening
and tectonic denudation (e.g. Harley, 1989; Anovitz and
Chase, 1990). The IBC paths are thought to have resulted
from either underplating of hot magma, tectonic inter-
stacking of ‘hot’ and ‘cold’ crust (e.g. Spear et al., 1990),
or from the emplacement of large volumes of intrusive
rock {e.g. Mezger, 1992).

It is questionable whether a good tectonic distinction
can be made between granulite terrains based on the
shape of the recorded P-T path alone. Problems with
different retrograde re-equilibrations of geotherm-
ometers and geobarometers aside (e.g. Spear, 1993,
Fitzsimons and Harley, 1994), P-T paths in many
terrains may actually record several heating—cooling
pulses superimposed on an overall decompressional
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path (Mezger, 1992; Dirks and Hand, 1995; Vernon,
1996). Apart from this (and perhaps due to this) a
number of terrains record IBC and ITD paths side by
side (e.g. Prydz Bay, Dirks and Hand, 1995; North
Marginal Zone Limpopo Belt). This suggests that
processes involved in the formation and exhumation of
granulites may be more complicated (e.g. Audren and
Triboulet, 1993; Dirks, 1995, 1996).

Textures and geometries in granulites mostly preserve
evidence of their retrograde formation history. It is
generally assumed that exhumation to surface occurred
in response to isostatic re-equilibration, either during
one, but more commonly during two or more, unrelated
events (Ellis, 1987; Mezger, 1992). Where tectonic
denudation 1s required to allow the rapid rise of
granulites (core complexes, gneiss domes) and to explain
observed ITD paths, low-angle extensional detachment
zones are generally observed or inferred (Lister and
Davies, 1989; Sandiford, 1989; Malavieille ez al., 1990;
Kusky, 1993; Malavieille, 1993; Oliver, 1994; Zhang et
al., 1994). Especially when regionally persistent horizon-
tal foliations occur, extensional collapse models have
become very popular (e.g. Sandiford, 1989; Malavieille et
al., 1990; Zhang et al., 1994). Such foliations are common
in granulites, but unequivocal shear-sense indicators are
not, and to assume that horizontal fabrics in granutites
are related to extensional detachments is generally a large
step. Several other mechanisms could lead to the
development of such structures, including mechanisms
that are unknown or absent in the upper crust, such as
regional coaxial flow, repeated transposition and advec-
tive or convective flow (Dirks, 1996). In essence, little is
known about the exact relationship between lower
crustal geometries and observed P-T paths, or rather
little is known about the mechanical behaviour of lower
crustal material during granulite-facies metamorphism
(Rutter and Brodie, 1991, 1992). In this paper we will
describe the geometries that occur in a granulite terrain
dominated by ITD, the Datong-Huai’an area, and try to
interpret the tectonic regime that gave rise to the
observed structures.

GEOLOGICAL SETTING

Granulites with Archaean ages ranging from 3800 to
2500 Ma (Liu et al., 1996) are intermittently exposed
along the northern margin of the North China Platform
(Ma and Wu, 1981) (Fig. 1). Around Datong the
granulites comprise a variety of pelitic, felsic and mafic
units that were collectively grouped as the Jining Group
(e.g. Shen ez al., 1989). This group was subdivided into a
lower and an upper unit. The lower unit consists of a
basement gneiss series (locally referred to as the TTG
(trondjemite, tonalite, granodiorite) gneiss) that com-
prises a basal section dominated by mafic to intermedi-
ate granulites (gabbros, diorites tonalites and
trondiemites), and a top section dominated by more
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felsic, biotite-rich enderbitic to charnockitic rocks, with
scattered metapelitic horizons that serve as useful
stratigraphic markers (Fig. 1). The upper unit consists
of a metasedimentary cover sequence (locally called the
Khondalite Series) that comprises Gnt—Sil-rich (mineral
abbreviations after Kretz, 1983) metapelitic gneiss
interbedded with garnetiferous felsic gneiss, granitic
gneiss and, locally, lenses of mafic (two-pyroxene)
gneiss (Condie et al., 1992) intruded by numerous post-
tectonic S-type granites.

Numerous dates, using a variety of isotope systems,
have been reported from the Datong-Huai’an area (e.g.
Shen et al., 1987; Chen et al., 1989; Zhai et al., 1992; Guo,
1993). They confirm a complex multi-staged tectono-
thermal history. Although incomplete data sets and a
general lack of a comprehensive deformation scheme
make it difficult to interpret many of the dates, a general
picture does arise (Zhang et al., 1994; Liu et al., 1996). To
summarize: an early crust-forming episode occurred
during the mid-Archaean (~ 3500 Ma) and was followed
by a further episode of crustal formation between 2700
and 2600 Ma. The metasedimentary cover rocks were
probably deposited around this time. A first high-grade
metamorphic event, associated with the formation of
high-pressure granulites, most of the structural goeome-
tries and numerous syn-tectonic charnockites, enderbites
and tonalites, occurred between 2500 and 2400 Ma (Shen
et al., 1987; Guo, 1993). This event affected both the
basement gneiss and metasedimentary cover units, A
thermal event associated with granite intrusion may have
occurred around 2200 Ma, although the exact nature of
this event is unclear and ages recording this event may be
mixing ages {(Guo, 1993). Around 1900 Ma the area
experienced a pervasive high-grade metamorphic over-
print, visible as a second generation of granulite-grade
assemblages and the intrusion of numerous granites. By
1800 Ma the area had stabilized and was exhumed to the
surface as it is unconformably overlain by Mesoproter-
ozoic sediments.

Granulites in Datong-Huar’an and surrounding areas,
such as Zhangjiakou and Henshan (Fig. 1), character-
istically preserve high-pressure assemblages in mafic
units that formed between 2500 and 2400 Ma (e.g. Cui,
1982; Sills et al., 1987; Shen et al., 1989; Jin et al., 1991,
Wang et al., 1991; Zhai et al., 1992; Lu and Jin, 1993; Liu
et al., 1993; Zhang et al., 1994). In felsic and pelitic units
the high-pressure assemblages are largely destroyed and
overprinted by lower P-T granulite-facies assemblages
that resulted from several temporally unrelated events
(e.g. Liu et al., 1993; Zhang et al., 1994). Various P-T
estimates for the Datong-Huai’an area are presented in
Table 1. In general, maximum pressure estimates from
the basement gneisses originate from Grt—Qtz-Px-bear-
ing mafic granulite lenses (Fig. 1) and record pressures
between 12 and 16 kbar at temperatures between 800 and
900°C (e.g. Zhai et al., 1992; Guo, 1993; Zhang et al,,
1994). Decompression coronas from these rocks yield
estimates between 7 and 9 kbar and at 750-820°C (Liu,
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Fig. 1. Location and lithological map of Precambrian rocks (granulites ptus cover) in the Datong-Huai’an area. The position
of some of the garnet-bearing mafic granulite lenses that yield high metamorphic pressures is indicated.

1989; Zhai et al., 1992; Zhang et al., 1994) and formed 1994) and formed as a result of thermal reactivation
during the dominant 2400-2500 Ma granulite event around 1900 Ma (Guo, 1993; Zhang ef al., 1994).

(Guo, 1993; Zhang et al., 1994). Later reaction rims In metasedimentary rocks recorded peak assemblages
yield estimates of 4-6 kbar and 650-700°C (Zhang et al., range from 7 to 10 kbar at 700-900°C (Liu, 1989; Liu et
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Table 1. Summary of published P-T results from the area around Datong (Fig. 1)

Basement (=TTG) gneiss

Metasediments

Inclusion Peak Corona Reaction Inclusion Peak Corona Reaction
assemblage assemblage assemblage rims assemblage assemblage assemblage rims
2500-2400 Ma 1900 Ma 2500-2400 Ma 1900 Ma
Liu (1989) 9-12 kbar, 8-10 kbar, 6.5-7 kbar,
880-940°C 700-750°C 700-750°C
Zhai et al. 14-15 kbar, 7-9 kbar,
(1992); Guo 800 +20°C 820420°C
(1993)
Lu and Jin >6-7 kbar, 8-10 kbar, 4-6 kbar,
(1993) 600-700°C 800+ 50°C 700-750°C
Liu et al. (1993) 9.5+ 1 kbar, 9.5+1 kbar, 8+0.5 kbar, 4.140.5 kbar,
845+ 20°C 8454+20°C 690-750°C 750-800°C
Zhang et al. 12-14 kbar, 10-14 kbar, 7-9 kbar, 4-6 Kbar, 7-9 kbar, 7-9 kbar, 4-6 kbar,
(1994) 800-900°C 800-900°C 750-800°C 650-700°C 800-900°C 750-800°C 650-700°C

al., 1993; Lu and Jin, 1993; Zhang et al., 1994). A
decompressional history of these rocks is suggested by
the retrograde replacement of peak kyanite by sillimanite
(Yan et al., 1991; Lu and Jin, 1993) and the presence of
plagioclase coronas on garnet in mafic lenses within the
metasediments (Zhang et al., 1994). Peak and corona
assemblages formed during the main granulite event and
affected the area at the end of the Archaean (Zhang et al.,
1994). Later reaction rims and high-grade shear zones
were formed during a 1900 Ma metamorphic overprint
(Zhang et al., 1994), and yield P-T estimates of 4-6 kbar
at 650-750°C (Liu et al., 1993; Lu and Jin, 1993; Zhang et
al., 1994).

DEFORMATION GEOMETRIES IN HIGH-GRADE
GRANULITE

Most of the geometries that are visible in outcrop in the
Datong-Huia’an granulite terrain resulted from the
events that occurred at the Archaean—Proterozoic
boundary (Zhang et al., 1994), which led to burial of
metasediments and to the subsequent exhumation of
deep crustal rocks from levels in excess of 50 km
(15 kbar) to mid-crustal positions at about 20-25 km
(7-8 kbar). Throughout the Datong-Huai’an area a
tectono-stratigraphic sequence can be recognized. The
term tectono-stratigraphy, as used here, refers to changes
in rock type across a strongly deformed structural—
metamorphic sequence dominated by a horizontal
tectonic layering. It does not necessarily refer to original
depositional divisions.

The tectono-stratigraphic sequence

In general, the granulites from Datong-Huai’an can be
subdivided into six lithostratigraphic units (Fig. 1), which
from old to young are: (1) the Lower TTG gneiss unit; (2)
the Lower Metasediment unit; (3) the Middle TTG gneiss

unit; (4) the Middle Metasediment unit; (5) the Upper
TTG gneiss unit; and (6) the Upper Metasediment unit.
All contacts between the metasedimentary and basement
TTG gneiss units are tectonic (Wu ez al., 1994; Zhang et
al., 1994).

The Lower TTG gneiss unit is dominated by tonalite,
enderbite, (quartz) diorite, and minor amounts of
charnockite, meta-gabbro, pyroxenite and hornblendite.
The main lithological units occur as sheets that parallel
the gneissic layering. The thickness of such sheets varies
from only a few centimetres, expressed as a felsic-mafic
compositional layering, to kilometres in the case of large
bodies of tonalite, granodiorite or charnockite. The mafic
gneisses mainly occur in thin layers or isolated lenses that
are up to 50 m wide, and may contain garnet. Opx- or
Cpx-bearing anorthositic melt veins commonly occur in
this unit, as do later granitic pegmatites. In general, the
lower parts of the Lower TTG gneiss unit appear
dominated by (>50%) tonalites and mafic lithologies
(diorites, gabbros), whilst structurally higher levels
contain more (>50%) trondhjemitic to charnockitic
rocks (Fig. 1). Throughout the eastern part of the area,
a laterally consistent Lower Metasediment unit separates
the Lower and Middle TTG gneiss units (Fig. 1). The
Lower Metasediment unit consists of Sil-Grt-rich meta-
pelitic gneiss that is interbedded on a m- to dm-scale with
Bt—Grt-Fs-rich metapsammitic gneiss and some mata-
basic gneiss. Around Wayaokou this unit occurs as a
single 40—-60 m thick layer, but northwest of Huai’an and
south of South Huai’an the unit comprises several (three
or more) 5-60 m thick layers that are interbedded or
infolded with basement gneiss. The Middle TTG gneiss
unit comprises the same rock types as the Lower TTG
gneiss unit, but in different ratios. The Middle TTG
gneiss is dominated by Bt-rich enderbitic and charnocki-
tic units (> 50%), whilst diorites and tonalites are less
abundant. A further characteristic is the presence of a
large number of variably foliated Kfs-rich granitic
gneisses (especially in the area southeast of Tianzhen,
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Fig. 1). These intruded the charnockitic to dioritic gneiss
units during the development of the main gneissic
layering, and occur either as dm- to m-thick felsic sheets
interbedded with the TTG gneiss, or as massive, probably
sheet-like bodies. Overlying the Middle TTG gneiss unit
occurs a laterally continuous, ~ 100 m wide, zone with
numerous Grt-Bi—Fs—gneiss layers and lenses of iron-
stone, which have been grouped as the Middle Metasedi-
ment unit. The Upper TTG gneiss unit is similar to the
Middle TTG gneiss unit, but overall it is more felsic (i.e.
in the Yangao area, Fig. 1), and contains more pre-
kinematic granitic and granodioritic units (<30%), as
well as more syn-kinematic Kfs-rich granites. The Upper
TTG gneiss is topped by the Upper Metasediment unit.
This unit is thick and, no doubt, structurally complex as it
extends several hundreds of kilometres westward into
Inner Mongolia. The Upper Metasediment unit consists
of identical rocks to the Lower Metasediment unit. For a
comprehensive description of the rock types see Condie et
al. (1992).

STRUCTURE

In the Daton-Huai’an area evidence exists for three
major high-grade structural events, overprinted by
several episodes of later faulting. Early NW—SE-trending
lineations associated with inclusion patterns of sillima-
nite in garnet may reflect prograde events and could be
associated with the interleaving of basement gneiss and
laterally continuous slivers of metasediment during an
episode of burial and/or crustal thickening. The second,
and by far the most prominent event in outcrop, is related
to a pervasive shallowly SW-plunging lineation and
exhumation of the high-pressure rocks. This exhumation
process may be genetically linked to the first event via a
process of crustal thickening and extensional collapse
(Zhang et al., 1994), but the exact processes involved are
not clear. The third episode of deformation occurred
later (1900 Ma) and was associated with discrete defor-
mation zones in the Upper Metasediment unit and a
static thermal overprint of the basement gneiss. Post-
granulite grade deformation is restricted to Mesozoic
(Yenshannian =140 Ma) and Cenozoic block faulting
and tilting, which partly reoriented the older structures.
The amount of tilting, as estimated from non-metamor-
phosed and generally weakly deformed Meso- to Neo-
proterozoic (1840-900 Ma) and Jurassic—Cretaceous
cover sequences, is generally less than 15°. Here we are
mainly concerned with the second event that allowed the
exhumation process to proceed.

Retrograde deformation: exhumation of high-pressure
granulites

Most of the structures and all the tectonic foliations
recognized in the area developed during the retrograde
exhumation history of the high-pressure granulites
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(Zhang et al., 1994; see below). On the basis of
foliation—lineation patterns, two structural domains can
be defined that developed at different structural/crustal
levels and will be referred to here as the ‘lower’ and “upper
structural domain’ (Fig. 2). Lineation patterns are the
most useful discrimination tool between structural
domains. Both domains are affected by multiple over-
printing fold episodes that have fold axes parallel to the
mineral and stretching lineation present in outcrop.
These overprinting fold generations result in type 3 fold
interference patterns and complicated foliation patterns.
Structural trend maps in such terrains can be simplified if
lineation (and colinear fold axes) directions are consid-
ered next to the foliation patterns (Dirks and Wilson,
1995). The lineation maps are more readily interpreted,
e.g. refolding of the lineations is immediately obvious on
a lineation map, but is not as clear on a corresponding
foliation map that is already dominated by type 3 fold
interference patterns.

Deformation sequences in the ‘lower structural domain’

This domain comprises the rocks that occur near the
base of the litho-stratigraphy. The contact with the
‘upper structural domain’ is more or less parallel to the
base of the Lower Metasedimentary unit (Figs 1 & 2). Itis
characterized by: (1) highly variable foliation and
lineation orientations, that are locally very steep; (2) the
occurrence of more than one generation of gneissic
layering, and hence truncation surfaces due to progres-
sive transposition of different gneiss foliations; (3) the
occurrence of numerous (at least six overprinting folia-
tion-forming and folding events can be recognized in
some outcrops) interfering fold episodes, many of which
have parallel fold axes (colinear) in outcrop, even though
fold axes orientations are highly variable in orientation
on a regional scale; and (4) strong static recrystallization,
which weakened the foliation and stretching lineations,
and generally obliterated mineral lineations.

Structural characteristics of the ‘lower structural
domain’ are best preserved in outcrops north of Huai’an
(Fig. 2), where the gneiss has a coarse-grained grano-
blastic texture, and layering and lineations are strongly
statically recrystallized. As a consequence, mineral
lineations are limited to rare coarse-grained (> 5 mm)
Hbl-rich dioritic lenses or Opx-rich felsic gneiss. Else-
where, lineations are stretching lineations that consist of
mm- to cm-wide streaks or ‘cigars’ of felsic material in
mafic gneiss, or vice versa. Coarsely banded felsic
granulites generally do not contain a visible lineation.

North of Huai’an, the dominant gneissic layering
defines domes with an approximate radius of 5-10 km
(Figs 3 & 4b). As expected, foliations vary from near-
horizontal in the centres of the dome to near-vertical
along the margins. The domes comprise a broad
antiformal central region that is bordered by a marginal
zone with km-scale upright folds which appear to be
more or less concentric around the dome (Fig. 3). The
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Fig. 2. The distribution pattern of the dominant lineation (mineral or stretching) in the Datong-Huai’an area. The position of
the ‘lower structural domain’ is indicated. All other granulite-grade rocks constitute the ‘upper structural domain’. The
boundary between the Middle and Upper TTG gneiss units is indicated (bold black line).

lineations associated with the domed foliations plunge
generally at less than 25° even where foliations steepen
(Fig. 4). This means that the lineations do not define
radial distribution patterns in which lineations plunge
away from the centre of the culmination, as observed in
mid-crustal gneiss domes and granite—greenstone terrains
(e.g. Bateman, 1984; Jelsma er al., 1993). Instead,
lineation distribution patterns are concentric around the
domes and occur within a more or less horizontal
position along curving lines similar to the lines that
represent great circles on a stereogram (Fig. 4).

Locally, where the gneissic layering is steep, more than
one lineation is present. Here a generally steeply plunging
lineation occurs next to a shallowly plunging lineation
which is part of the regionally developed (or visible)
lineation pattern. Both lineations are strongly recrystal-

lized stretching lineations parallel to colinear crenula-
tions and corrugations. The steeper lineations are
commonly folded by open recumbent folds with fold
axes that parallel the horizontal lineations. This observa-
tion, the regional continuity of the horizontal lineations
and the only sporadical occurrence of the steeper
lineation makes it likely that the steeper lineations are
remnants of earlier transposed lineation patterns.

Not only lineation patterns are complicated, fold
patterns are likewise extremely complex, although this is
not immediately obvious in single outcrops (Fig. 3). In
single outcrops (ignoring regional correlations and
variations in orientation) a similar sequence of over-
printing folds of different style can be observed every-
where. A typical sequence of overprinting fold styles is as
follows (Fig. 5).
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Fig. 3. Form surface map and cross-sections of typical domal fold geometries in the ‘lower structural domain® north of
Huai’an (see Fig. 2 for location). Insets show characteristic outcrop-scale fold/foliation patterns around the domes: near total
transposition of tight recumbent folds occurs near and at the domal crests (I, II and V). Colinear upright and recumbent folds
interfere in domal limbs (III and IV), while upright folds are most common in the synclinal zones between two domes (IV),
where they locally fold an earlier lineation. Charnockitic melt veins are locally axial planar to the recumbent folds (VI).

Type 1—the earliest folds visible are isolated fold
hinges and isoclinal intrafolial folds, usually defined by
mafic layers in a more felsic matrix. It is not uncommon
to find a clearly defined axial-planar gneissic layering
defined by alternating Pl, Bt, Hbl or Px domains. If the

compositional contrast between the folded layer and the
matrix is small, these folds obtain a ‘flame-like’ smeared
appearance. Fold axes to these folds parallel the
stretching lineation (Fig. 5a).

Type 2—second generation folds consist of one or
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hemisphere equal-area net the lineation directions show a small-circle distribution around a vertical axis with a conical angle of
~80°.

several generations of disharmonic open to isoclinal
intrafolial folds, with weak axial-planar foliations and
fold axes that parallel the stretching lineation. These
folds may attain sheath-like geometries (Fig. 5b).

Type 3—open to closed recumbent folds, usually
lacking an axial-planar foliation (except in the presence
of Bt-rich lithologies), and fold axes that parallel the
stretching lineation (Fig. 5c).

Type 4—late open to tight upright folds with weak or
no axial-planar foliation and highly variable fold axes
that do not parallel the stretching lineation (Fig. 5d).

Type 3 and 4 folds may also occur in reverse order.
Apart from these, every outcrop is part of two types of
regional-scale fold geometries (Fig. 5).

Type 5—changes in orientation of gneissic layering

occurring on a 500-1000 m scale, whilst the orientation
of the mineral elongation lineation remains unchanged.
These folds include large-scale upright folds on either side
of the dome.

Type 6—changes in both gneissic layering and the
orientation of the mineral elongation lineation occurring
on a 3-10km scale to define the domal structures
described above.

One consequence of this sequence of mostly colinear
folds is that some outcrops viewed normal to the mineral
elongation lineation, preserve complicated fold inter-
ference patterns. More commonly outcrops consist of a
straight gneissic foliation with only a few type | and 2
fold hinges visible in outcrop. Correlations of folds from
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Type 3:
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Type 4

Type 5:

Type 6:

« Intrafolial folds in gneissic layering
« Strong axial planar fabric which parallels gneissic layering

- Several generations of tight to isoclinal folds
« Folds fold the gneissic layering
» Weak axial planar fabric

« Recumbent open to closed foids
» Restricted to areas were the {envelope to the folded) gneissic layering is steep
- Weak, horizontal axial planar fabric

+ Upright, open to isoclinal, non-cylindrical folds

« Restricted to areas were the gneissic layering is steep

« Weak, horizontal axia! planar fabric

+ Type 4 folds fold Loyt and other fold geometries, but may alternate with Type 3

« Large-scale open to tight upright folds
* peripheral to domes
« Fold axes parallels Loyt

« Large-scale domal structures
« Controls the distribution pattern of other fold types

Fig. 5. The most important types of fold geometries encountered in the ‘lower structural domain’. These fold geometries do

not necessarily develop in sequence, although they do in outcrops where more complete fold histories are preserved. Type 5

and 6 folds constitute the large-scale fold geometries. Type 1 and 2 folds are common throughout the area, but constitute the

sole fold type around the hinge region of type 6 domal folds. Type 3 folds are most common on the flanks of type 6 folds, where

they overprint type 1 and 2 folds. Type 4 folds are most common as vergence structures in type 5 folds and may alternate with
type 3 folds.

one outcrop to the next are hard to make. Instead it is
more convenient to correlate groups of folds in outcrop
‘A’ to groups of folds in outcrop ‘B’. Each of these fold
groupings consist of all overprinting fold structures in an
outcrop with fold axes directions that are identical and
parallel to the mineral lineation. Comparisons of groups
of folds are thus based on their identical relationship to
this (regionally consistent) lineation direction, rather
than relying on similarities in fold style.

To understand the development of type 14 fold
geometries better, their distribution pattern in the
larger-scale domal structures needs to be considered
(Figs 3 & 6). In the near-horizontal culminations of the
dome, only type 1 and 2 folds can be found, within a
planar gneissic layering. Along the sides of the dome, the
gneissic layering, including type 1 and 2 folds, steepen to
near-vertical positions. Here, type 3 open to closed
recumbent folds on a cm- to m-scale occur. Such
recumbent folds vary in tightness; in places they are
open corrugations that fold the dominant gneissic
layering, elsewhere they are tight and consist of isolated
fold hinge domains separated by domains with a new
horizontal gneissic layering that is axial planar to the

recumbent folds. Locally, the second flat-lying foliation
becomes the dominant foliation in outcrop, in which the
earlier foliation plus all its type 1-3 intrafolial folds are
apparently completely transposed. The principle of this
progressive transposition process is shown in Fig. 6. This
new foliation is itself affected by further generations of
type 3 recumbent folds. A characteristic of the marginal
zones of the large-scale type 6 domes is the local
dominance of numerous type 4 folds and the occurrence
of remnants of an earlier second steep lineation. Type 4
folds either fold, or are folded by, type 3 recumbent folds,
but domains exist, especially in synformal keels between
two domes (Fig. 3), where type 4 folds are the sole
geometrical feature. Type 5 and 6 folds define the large-
scale geometries on which type 1-4 folds occur. The
distribution pattern of fold types also suggests that type
1-3 folds represent different stages in a continuous
transposition process, which started with a gneissic
layering that was steepened along the sides of large-scale
domes (Fig. 6). These steepened domains were progres-
sively transposed in sets of recumbent folds to result
ultimately in a new horizontal gneissic layering with type
1 folds (Fig. 6). The principal geometrical features in the
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Flattening Flattening

Lateral compression

y

rotation of foliations
occurs due to doming

. original horizontal
foliation with
intrafolial folds

recumbent folding and transposition
occurs in foliation domains that
rotated away from horizontal

total transposition
leads toa "new”
horizontal fabric with
intra folial folds

Fig. 6. (a) Idealized section through a domal fold and its peripheral synform (type 5 and 6 folds) as encountered in the ‘lower
structural domain’. The preferential occurrence of outcrop-scale fold geometries, such as intrafolial and recumbent folds
(types 14 folds: Fig. 5), is indicated. (b) The gneissic foliation in the lower structural domain resulted from a process involving
doming of an earlier horizontal layering followed by recumbent folding of the steepened limb regions of the domal structure.
Progressive tightening of these recumbent folds ultimately leads to transposition of the earlier gneissic layering in a new
gneissic layering with type 1 and 2 intrafolial folds (Fig. 5). This new layering may be domed again and the cycle repeats itself.
As aresult, any gneissic layering with several generations of type 1 and 2 intrafolial folds may have experienced several stages
of transposition.

‘lower structural domain’ are, thus, domal structures
separated by peripheral upright synforms, a radial
lineation pattern within a horizontal plane and various
stages of transposition leading to complicated fold and
foliation interferences.

Deformation sequences in the ‘upper structural domain’

This domain comprises most of the rocks that occur
stratigraphically above the Lower TTG gneiss unit (Figs
1 & 2), and is characterized by: (1) a relatively constant
lineation orientation plunging shallowly to the SW; (2)
the occurrence of only one gneissic layering, with
localized isoclinal intrafolial folds; (3) a few occurrences
of interference folding on outcrop scale; and (4) clearly
developed mineral lineations that are well preserved,
probably because static recrystallization of the dominant
fabric elements is not pervasive.

Although folding is less prominent in outcrop, fold
sequences as described for the ‘lower structural domain’
occur in rocks belonging to the “‘upper structural domain’
as well. Type 1, 2 and 4 folds are the dominant fold types,
type 3 open recumbent fold are rare and type 6 domal
structures are not obvious, although slight variations in
lineation orientation do occur and could be attributed to
doming effects as described above (Fig. 2). The boundary
between the ‘lower’ and ‘upper structural domains’ is not

sharp, and domal structures from the lower domain do
affect the upper domain.

Intrafolial folds in the ‘upper structural domain’ are
locally seen on a km-scale. Ten kilometres southwest of
Wulidong (Figs 1 & 2) lenses of the Upper Metasedimen-
tary unit are infolded with the basement gneiss to define
flattened sheath folds with maximum diameters of the
order of 2-3 km and fold axes that paraliel the regional
SW-plunging lineation (Wu et al., 1994). The sheath folds
are refolded on a km-scale in open to closed upright folds
around a common lineation direction. These upright
folds are the most dominant in the area and pervasive
throughout the ‘upper structural domain’. In a few
locations, such as south of Xiaobazhl (Fig. 1), steep
limbs of large-scale (type 4) upright folds preserve (type
3) recumbent folds (Fig. 7).

The planar foliations with constant near-horizontal
lineation directions, as well as the colinear fold episodes,
are characteristic of the ‘upper structural domain’ and
probably resulted from shear (non-coaxial, constrictional
flow) in a horizontal localization zone, which has been
variably interpreted as an extensional shear (e.g. Zhang et
al., 1994) or a thrust (Wu et al., 1994). To explain the
decompression affecting the area, Zhang et al. (1994)
suggested that the horizontal fabric formed in a low-
angle detachment and was due to extensional collapse,
with the top block moving to the southwest. In contrast,
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Fig. 7. (a) Structural cross-section showing the relationship between the ‘lower structural domain’ dominated by domal
structures (domal geometries are exaggerated in this section) and the ‘upper structural domain’ dominated by an openly
folded, planar fabric in which earlier sheath fold-like geometries are largely transposed. The position of the section line is given
in Fig. 1. (b) Detail of the above section. This section occurs just above the transition zone between both domains and is
presumably underlain by domal geometries as shown in Fig. 3 (schemetically shown as ‘mushroom’ structures in a). The
upright folds in this part of the upper domain preserve recumbent folds along their limb regions (inset I and IIT) and intrafolial
folds around the antiformal hinge region. In contrast to the ‘lower structural domain’, the apparent degree of transposition in
new horizontal fabrics and scatter of lineation directions is limited.

Wu et al. (1994) concluded that the fabric with km-scale
sheath folds formed due to NE-directed thrusting. An
assessment of the attitude of flow is difficult as shear-
sense indicators are rare and mostly of doubtful relia-
bility as outlined below. In the “‘upper structural domain’
the following shear-sense indicators occur.

(1) Locally, PI-Opx pseudomorphs after garnet are
elongated in the extension lineation, and flattened to
define a second foliation that makes a small angle with
the dominant gneissic layering. The gneiss layering and
flattened pseudomorph layering can be interpreted as C
and S foliations, respectively. Where observed (e.g. west
of Yangao) this texture is indicative of a top-to-the-south
sense of shear.

(2) Large-scale, as well as small-scale, extensional
shear bands with granitic vein fillings are common. In
most places these seem to be associated with SW-directed
displacement, but in a number of localities they indicate a
top-to-the-NE shear sense. Both sets could be conjugates.

(3) Locally, felsic granulites contain isolated garnets
and orthopyroxenes 1-5 cm in size. These have tails of
retrograde biotite and hornblende that are asymmetric to
define a geometry similar to that of delta-type mantled
porphyroblasts (Passchier and Simpson, 1986). Delta
clasts of this geometry would indicate a top-to-the-north

sense of shear. Despite their resemblance to mantled
delta-clasts, the porphyroblasts have a different internal
structure and may have formed by a different mechanism
(Passchier, 1994). It is therefore questionable as to
whether they are reliable shear-sense indicators.

(4) All through the area asymmetric boudins occur.
These generally consist of mafic lenses within a more
felsic matrix and preserve an internal foliation that makes
a slight angle with the external foliation, presumably due
to rotation of the boudin (e.g. Hanmer and Passchier,
1991). In this way, both top-to-the-SW and top-to-the-
NE displacements are indicated.

(5) Wu et al. (1994) defined a large-scale sheath fold
10 km southwest of Wulidong (Fig. 1) outlined by
metapelites of the Upper Metasediment unit. The long
axis of this structure plunges gently to the SW parallel to
the mineral elongation lineation, and presumably the fold
will close at depth. This geometry suggests an overall top-
to-the-NE sense of shear.

All of the shear-sense indicators given above are
difficult to interpret with certainty, and too few indicators
occur to derive a general picture (Fig. 2). It appears that,
in general, normal top-to-the-south or SW-directed flow
is dominant, at least if the most commonly occurring
shear bands and rotated boudins are considered. How-
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ever, it is quite possible that the area represents mostly
coaxial flattening, or a more complicated flow pattern in
which NE- and SW-directed flow alternate.

The most pronounced fabric asymmetries do not occur
in sections parallel to the lineations, but in sections
normal to the foliation and lineation. Many recumbent
folds that are colinear with the extension lineation are
asymmetric when viewed normal to the fold axes. In
general they verge away from antiformal hinge regions
(Figs 6 & 7). This could be interpreted as flattening of the
foliation in areas of domino, or upright, folding as
transposition progresses (Figs 6 & 7). Isolated boudins
commonly show rotations around the extensional linea-
tion direction that are consistent with the asymmetries of
the recumbent folds.

Relationships  between structure and decompression
textures in the structural domains

Peak metamorphic conditions as reported by Liu
(1989), Zhai et al. (1992), and Zhang et al. (1994) were
calculated from Grt-bearing mafic granulites. Some
larger garnets in these rocks contain inclusions of Cpx—
P1-Qtz, which represent the assemblage that yields the
highest P—T conditions (Zhang et al., 1994). Such garnets
are wrapped in the macroscopically visible gneissic
foliation. Thus, peak metamorphic assemblages formed
before the development of the gneissic foliations. The
granoblastic matrix assemblages that define the principal
foliation in the same gneisses yield pressures between 12
and 14 kbar (Table 1) indicating that the earliest gneissic
foliations now visible in outcrop formed at high
pressures.

Garnet in mafic, intermediate and felsic granulite is
commonly replaced by coronas of Pl1+Opx+Hbl+
Mag + Spl (Zhang et al., 1994). In places these coronas
are completely undeformed preserving delicate symplec-
tic intergrowths unaffected by subsequent deformation.
More commonly the replacement textures are recrystal-
lized and locally elongated parallel to the stretching
lineation or flattened in the axial planes of all fold types
described above (Fig. 5). Depending on bulk composi-
tion, some general trends have been observed.

(1) Garnet pseudomorphs in two-pyroxene gneiss
with subordinate amounts of Hbl-Qtz are mostly
strongly recrystallized and deformed. Little garnet is
preserved in these lithologies.

(2) Hbl-rich, two-pyroxene mafic rock with garnet and
spinel, but no gquartz, commonly contain significant
amounts of garnet, that is generally only partly replaced
by PI-Opx—Hbl symplectites, which are mostly weakly
deformed.

(3) Grt-bearing charnockitic to enderbitic units
commonly preserve garnet with only narrow rims of
plagioclase. These rims are locally extended along the
mineral elongation lineation.

(4) In felsic units, garnets and their PI-Opx coronas
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are commonly surrounded by a reaction rim of Hbl
crystals and Bt, which are elongated in the mineral
lineation.

The garnet replacement textures are all indicative of
decompression cooling (Ringwood, 1975; Zhang et al.,
1994). Garnet stabilizes at lower pressures in silica-
deficient mafic rocks (the Hbl-rich lithologies) and felsic
rocks (like charnockites) compared to silica-saturated
mafic rocks (Ringwood, 1975; Spear, 1993). Highly
deformed and recrystallized replacement textures in
silica-saturated mafic rocks yield P-T conditions as high
as 12kbar and 850-900°C, whereas little deformed
replacement textures in charnockites or Hbl-Pl-rich
lithologies yield pressures of 7-8 kbar at temperatures
of ~800°C (Zhai et al., 1992; Zhang et al., 1994) (Table
1). The former presumably formed earlier than the latter,
but all formed during the progressive deformation that
gave rise to the penetrative lineation. Thus, the geome-
tries in the two structural domains described above were
associated with exhumation from 14 to 7 kbar at elevated
temperatures between 750 and 1000°C.

DISCUSSION

The salient features of the granulates at Datong-
Huai’an are the occurrence of decompression textures in
association with two structural domains that occur at
different stratigraphic position, each characterized by
specific foliation—lineation patterns (Figs 2-4). The
vertically stratified, granulite-grade geometries poten-
tially allow the formulation of a mechanism that
accommodated exhumation of high-pressure granulites
over vertical distances of 25-35 km. As both structural
domains preserve identical assemblages and textures, and
the contact between both domains is gradual, rocks may
have passed from the ‘lower’ into the ‘upper structural
domain’ during exhumation. To understand the
dynamics of this process a careful interpretation of the
geometries is required.

The ‘lower structural domain’ is defined as the
stratigraphically lowest rocks and therefore represents
the deepest portion of the 2400-2500 Ma crust. This
crustal section is characterized by domes, highly variable
horizontal lineation patterns, recumbent folds and
transposition (Figs 3-5). The domal structures may be
explained by comparing them with similar geometries
that have been described in relation to regional inter-
ference folding magmatic and solid-state diapirism
(mantled gneiss domes) or in the formation of extensional
core complexes.

The structures in the ‘lower structural domain’ do not
reflect a dome-and-basin fold interference pattern,
because: (a) there appears to be no regular pattern in the
occurrence of domes and basins; (b) there is no indication
in the area that two independent folding events occurred
with shortening directions at right angles; (c) no small-
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scale dome-and-basin-type fold interference structures
occur in outcrop; and (d) ‘vergence’ folds along the limbs
of the domes are recumbent and concentric around the
domes.

The domal structures and surrounding concentric
upright folds (Fig. 3) bear a resemblance to geometries
associated with (ballooning) diapirs and mantled gneiss
domes (e.g. Ramberg, 1981; Bateman, 1984; Van den
Eeckhout et al., 1986; Jackson and Talbot, 1989; Jelsma
et al., 1993). Also, the recumbent folds and horizontal
fabrics can be equated with similar, although less
intensely developed, features described around the
flattened top of some gneiss domes (Van den Eeckhout
et al., 1986). When viewed in detail, however, idealized
diapiric models differ from the domal structures in the
Datong-Huai’an area because: (a) in the lower structural
domain no intrusive diapirs or plutons occur in the centre
of the domes and no (intrusive) margin or envelope to the
domal structures can be defined. Instead lithologies in the
centre of the domal structures are identical to those in the
surrounding ‘mantle’ (this point is consistent with solid-
state diapirs); (b) related to the above, strain intensities
due to diapirism commonly increase towards the margin
of a (diapiric) dome. Highest strains are expected along
the contact of the diapir and its wall rock, which is
characterized by a concentric (marginal), shear foliation.
At Datong-Huai’an diapiric contacts cannot be identified
and, as a result, concentric shear foliations and strain
gradients towards the domal margins seem to be absent;
and (c) the observed horizontal lineation patterns are
significantly different to radial/tangential patterns pre-
dicted for model diapirs (Dixon and Summers, 1983;
Jelsma et al., 1993), even though some experimental
results of complex diapirs do show similar concentric
lineation patterns around domes (Ramberg, 1981).

Mantled gneiss domes or core complexes that rise from
below a low-angle detachment and penetrate lower-grade
rocks (Lister and Davies, 1989) also differ from the
domes in the ‘lower structural domain’, which are not
associated with an enveloping, marginal mylonite zone
that accommodated unroofing, and allowed the rise of
the domes in significantly lower-grade crust. Zhang er al.
(1994) argued that the planar fabrics and the constant
near-horizontal lineation of the ‘upper structural
domain’ reflect the deep-crustal expression of a low-
angle detachment zone. This model was put forward to
explain the observed decompression textures in the
basement gneisses, but is not unequivocally supported
by the available shear-sense data. Besides, the ‘upper
structural domain’ has a thickness of many kilometres
and is not a discrete mylonite zone mantling the lower
structural domain.

Vertical, solid-state diapiric or advective motion
probably occurred to form the domal structures in the
lower structural domain, but their geometries do not
correspond to those described for typical (ballooning)
diapirs, mantled gneiss domes or core complexes, which
all involve clear lithological (viscosity) and metamorphic
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gradients between rising diapirs and their mantles (e.g.
Dixon and Summers, 1983; Bateman, 1984; Lister and
Davies, 1989; Audren and Triboulet, 1993). Most notable
differences involve the lineation pattern and the extent
and intensity at which recumbent folding and progressive
transposition in horizontal foliations has taken place.

The presence of recumbent folds along the limb regions
of the domes, the local progression of these recumbent
folds in new transposition fabrics and the renewed
doming of such transposition fabrics (e.g. south of
Waulidong, Fig. 2) indicate that doming and flattening
were dynamic and interacting processes during exhuma-
tion (Fig. 6). Domes may have developed from vertical
and lateral expansion of a gneissic layering which
originally had a constant lineation direction. Subsequent
(or simultaneous) uniaxial flattening of such an expand-
ing dome and transposition in new horizontal foliations
would result in the more or less concentric stretching
patterns reflected in the mineral lineations (Figs 4 & 6)
(Dixon, 1975). Older lineations are readily recrystallized
and eradicated during the process because of the very
high metamorphic grades. The different truncating
foliation domains with similar fold sequences, which
can be observed in the lower structural domain, may
reflect several ‘frozen’ stages of an alternating process
involving  doming—flattening—transposition—doming—
flattening—transposition, etc. In this way, only the latest
domes are preserved while much of the exhumation of
high-pressure granulites actually took place via this
doming—transposition mechanism.

Progressing from the ‘lower’ into the ‘upper structural
domain’, the domal structures are gradually transposed
within a planar gneissic layering with a relatively
constant SW-plunging lineation direction (Fig. 7). The
gneiss layering in the ‘upper structural domain’ is folded
with fold axes parallel the mineral lineation, and a near-
horizontal envelope. The presence of several sets of
intrafolial folds and high-pressure assemblages with
decompression textures suggests that vertical motion
and transposition were important processes in the
‘upper structural domain’ as well, although flattening
and lateral flow dominate the geometry. Large-scale,
flattened, circular fold structures in this domain (Figs 1,7
& 8) may represent sheath folds (Hanmer and Passchier,
1991; Wu et al., 1994), but could also be cross-sections
through portions of strongly flattened domal or basinal
structures. Too few reliable shear-sense indicators occur
to interpret confidently the kinematic attitude of the
foliation in the upper structural domain. The colinearity
of lineations and fold axes, and the overall fabric
symmetry, suggests that horizontal flattening occurred
in a constrictional environment. A top-to-the-SW normal
sense of movement appears the most common (Fig. 2)
and a degree of non-coaxiality could have occurred
making it possible to equate the horizontal fabric with
extensional flow (Sandiford, 1989; Zhang et al., 1994),
but such an interpretation is speculative.

During exhumation of the high-pressure granulites,
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Fig. 8. Crustal model showing the possible larger scale positions of the ‘lower” and ‘upper structural domains’. The ‘lower

structural domain’ is dominated by the solid-state diapiric rise of lower crustal granulite, which spreads sideways in the ‘upper

structural domain’ as an inevitable consequence of transposition. This sideways flow may be largely coaxial (a) or non-coaxial

(b), but either way it results in flattened, sheath-like fold geometries. Constrictional plate boundaries on either side of the

granulite terrain may cause the uniform lineation distribution in the ‘upper structural domain’. The lineation would parallel

such boundaries, which can either be active (i.e. plates move inward) or passive (vertical flow of deep-crustal material in a
restricted zone). For discussion, see text.

doming occurred simultaneously with transposition and
flattening in a horizontal foliation. These processes
dominated the finite strain fields at different crustal
levels. If current outcrop patterns are representative,
doming was the dominant process at crustal levels below
~30km (9 kbar: calculated from weakly deformed
coronas in the lower structural domain; Zhang et al.,
1994), whereas flattening and lateral flow dominated the
strain field in the upper domain (Fig. 8). Owing to the
intensity of flattening and horizontal transposition most
domal structures have not preserved a domal outline, but
have flattened to a pancake or surfboard-like shape. The
lensoidal distribution pattern of lithological units may
reflect this process (Fig. 8). Regional granulite terrains
characterized by horizontal fabrics and decompression
textures (e.g. Sandiford, 1989) may therefore ‘hide’
within the horizontal transposition fabric domal geome-
tries reflecting vertical movements. The passage of rock
from the ‘lower structural domain’ into the ‘upper
structural domain’ can be explained in different ways. If
vertical motion is considered as the overall dominant
mechanism, the geometries may reflect a process of solid-
state diapiric rise of material in the lower crust. This
movement is arrested by a mechanical transition zone (a
brittle—ductile transition) below which the diapirs spread
out laterally in a mid-crustal zone dominated by coaxial
flattening (Fig. 8a). Alternatively, horizontal crustal
movements dominate and the ‘upper structural domain’

represents a mid-crustal zone characterized by non-
coaxial deformation (e.g. a low-angle detachment zone)
in which solid-state diapirs derived from lower levels can
rise and become transposed (Fig. 8b).

The geometrical differences between domes described
here and typical diapiric structures described for higher
crustal levels (e.g. Brun and Pons, 1981) is probably a
reflection of the rheology of the deep-crustal granulites.
In situ rheological parameters for granulites in the
presence of grain-boundary melt are largely unknown
(e.g. Rutter and Brodie, 1991, 1992), but the viscosity of
the rocks was probably sufficiently low to allow vertical
movements driven by small variations in viscosity or
density, possibly as a result of temperature gradients
(Dirks, 1996). It raises the interesting question of whether
convective flow is possible in such rocks.

The described, high-grade geometries of the Datong-
Huai’an area carry some important metamorphic and
tectonic implications. Exhumation of lower crustal
material appears to have been accommodated, in part,
by solid-state advective flow. Such flow would have been
a very effective agent for heat transfer through the crust
(Chapman, 1986; Mezger, 1992); a process enhanced by
possible decompression melting (fluid absent bi-break-
down melting due to the near-adiabatic advective rise of
lower crust) and granite emplacement to higher crustal
levels (the volume of felsic material increases in the
structurally higher domains). The thermal gradient
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associated with the granulites at Datong-Huia’an was
therefore probably steep at shallow crustal levels, but
very shallow at depth, and advective motion may have
occurred through a large thickness of crust. Conse-
quently, exhumation of parts of the crust occurred
independently of isostatic processes (see also Audren
and Triboulet, 1993).

If exhumation of deep crust is not necessarily the result
of isostatic rebound, exposure of 16 kbar assemblages in
the granulites at Datong-Huai’an did not automatically
result from crustal thickening and the removal of
16 kbars of overburden (~ 50-55 km) by way of erosion
or extensional collapse. It may be very wrong to assume
that 55km of overburden together with the present
crustal thickness of ~ 35 km presents a reliable minimum
estimate of peak metamorphic crustal thicknesses during
the 2500-2400 Ma collisional events. Such estimates of
minimum crustal thickness during metamorphic peak
conditions are commonly made in granulite terrains and
are used in combination with decompression textures to
explain clockwise P-T paths in terms of crustal thicken-
ing and extensional collapse.
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