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ABSTRACT kyanite- and sillimanite-bearing gneisses in-
The hanging wall of the South Tibetan detachment system in the central Nepal Himalayatruded by variably deformed Miocene leucogran-
is characterized by regional-scale, northeast-verging folds, classically interpreted as gravity-ites; and (3) the Tethyan sedimentary sequence, a
induced structures developed during down-to-the-north extensional shearing along the de-nearly continuous, 10-km-thick early Paleozoic
tachment system. New structural observations and balanced cross sections of the Tethyato early Tertiary sedimentary pile, representing
sedimentary sequence in the Kali Gandaki area and new U-Pb geochronology support an althe Indian continental margin of the Tethys ocean
ternative interpretation. The northeast-verging folds developed before ductile extensional (Bordet et al., 1971; Colchen et al., 1981; Grad-
shearing along the detachment system, thereby recording some of the earliest contraction o$tein et al., 1992).
this part of the orogen. We propose a new model in which the northeast-verging folds of the Previous workers have identified two main
Kali Gandaki area represent the northern part of a late Eocene to Oligocene contractional north-dipping tectonic boundaries in the Kali

fan structure. Gandaki area: (1) the Main Central thrust, which
is a Miocene crustal-scale plastic-brittle shear
INTRODUCTION Himalayan orogen have been classically intezone along which the Greater Himalayan meta-

This paper focuses on a regional-scale folgreted as the result of gravity-induced slidingnorphic sequence was emplaced southward over
system in the central Nepal Himalaya. The foldalong the South Tibetan detachment systethe Lesser Himalayan sedimentary sequence
have a northward vergence, opposite to the mafBurchfiel et al., 1992). More recently, Brown and/Colchen et al., 1981); and (2) the Annapurna de-
south-verging structures across most of the HNazarchuk (1993) questioned this interpretatiotachment, which is defined as a plastic-brittle
malaya, and are preserved in the hanging wall &r central Nepal. As an alternative, they specurzormal fault juxtaposing the Tethyan sedimen-
the South Tibetan detachment system, a majtated that the northeast-verging folds could resulary sequence in the hanging wall against the
Miocene extensional fault zone (Burchfiel et al.from an early period of compression and crust&reater Himalayan metamorphic sequence in the
1992). Segments of the detachment system wetéckening (see also Bordet et al., 1971, p. 266jootwall (Caby et al., 1983; Brown and
active at ca. 20 Ma, coeval with southeast-verg- Newly obtained field data are used in reNazarchuk, 1993). The Annapurna detachment
ing contractional structures associated with thevaluating both the extensional gravity-inducetias been correlated by Brown and Nazarchuk
Main Central thrust at deeper structural levelsliding model current in the literature and thg€1993) with the South Tibetan detachment sys-
(e.g., Hodges et al., 1996). At that time, theompressional alternative suggested by Browtem described by Burchfiel et al. (1992) and is
Greater Himalayan metamorphic sequence band Nazarchuk (1993). The geometric and kingsorrelative with the Deurali detachment de-
tween the South Tibetan detachment system anthtic constraints from cross sections constructextribed farther east in the Annapurna range,
the Main Central thrust was intruded bythrough the Kali Gandaki valley of central Nepalvhere multi-stage extensional faulting has been
leucogranitic rocks and subjected to high-temare briefly described, and the timing relationshipsbserved (Hodges et al., 1996).
perature metamorphism (Deniel et al., 1987hetween these northeast-verging folds and the ex-The Tethyan sedimentary sequence in the Kali
Pécher, 1989; Vannay and Hodges, 1996). Cotensional detachment fault system are present€&hndaki area has undergone five stages in its
siderable emphasis has been placed on the timi(gpe also Godin et al., 1999). New U-Pb data irstructural evolution (Godin et al., 1999) that are
of extension along the South Tibetan detachmedicate that regional metamorphism affected theepresented by the following: (1) southwest-verg-
system and contraction along the Main Centrdbreater Himalayan metamorphic sequence durg isoclinal folds (F1), (2) northeast-verging,
thrust (Hubbard and Harrison, 1988; Burchfiel eing the Oligocene. A new, testable compression&ight, megascopic folds (F2); (3) transposition of
al., 1992; Hodges et al., 1996). Despite recembodel for the generation of the northeast-vergingl and F2 into the extensional north-dipping An-

structural studies in the Ladakh-Zanskar Hifolds is proposed. napurna detachment (Brown and Nazarchuk,
malaya in northwest India (Searle et al., 1997 and 1993) and related high-strain zone (Dt; Godin et
references therein), few studies in the Nepal HGEOLOGIC SETTING al., 1999); (4) postmetamorphic, southwest-verg-

malaya have focused directly on the relationship From south to north, the Kali Gandaki valleying kink folds (F3) and related crenulation cleav-
between the South Tibetan detachment systeim central Nepal (Fig. 1) comprises three images produced by renewed contraction; and (5)
and the fold structures in its hanging wall. portant tectonostratigraphic units: (1) the Lessarast-west extension in the southern part of the Ti-

Since the pioneering work of French re-Himalayan sedimentary sequence, composed bétan Plateau (Molnar and Tapponnier, 1978),
searchers in the Dhaulagiri-Annapurna range ¢frecambrian to Mesozoic low-grade metasedihich initiated movement along north-striking
central Nepal (Bordet et al., 1971; Caby et almentary rocks; (2) the Greater Himalayan metazormal faults related to the Thakkhola graben sys-
1983), the northeast-verging folds elsewhere in thorphic sequence, composed of highly sheargem in the northern Kali Gandaki valley.

Data repository item 9914 contains additional material related to this article.
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Figure 1. A: Geologic map of central Nepal simplified and modified after Colchen et al. (1981). B:
Geologic map of upper Kali Gandaki valley, modified from Bordet et al. (1971), Colchen et al. 0 5 km
(1981), and Godin et al. (1999). AD—Annapurna detachment, GHMS—Greater Himalayan meta-
morphic sequence, LHSS—Lesser Himalayan sedimentary sequence, MCT—Main Central
thrust, STDS—South Tibetan detachment system, TSS—Tethyan sedimentary sequence; A-A',
B-B', and C—C' locate section lines of Figure 2.

@ Silurian

Figure 2. Three geologic cross sections of up-
per Kali Gandaki valley, showing northeast-
verging second-generation folds preserved in
hanging wall of Annapurna detachment. Visi-
ble on section A-A', Fang nappe is a first-gen-
eration southwest-verging fold, refolded by F2
In the Annapurna sector, the spectacular Feoming progressively more upright at higher levNilgiri anticline. Abbreviations as in Figure 1,

folds are well exposed, especially on the wesdls. F2 folds have been observed by the authorsand asl = above sea level.
face of the Nilgiri peaks where Ordovician lime-reconnaissance studies as far north as Lo Moi-
stones are folded in a kilometer-scale overturngtiang, 75 km from the Annapurna detachmentvere produced during an early contractional
antiform (Bordet et al., 1971) (Fig. 2). The grav- Three northeast-trending balanced cross seevent, but were subsequently affected by ductile
ity-induced sliding model generally accepted fotions (Fig. 2), 22 to 27 km long, have been corstrain associated with the detachment.
these folds has also been applied to folds adjacesttucted, with the Annapurna detachment as the A geometric construction to restore folding
to extensional faults in the Austroalpine nappesouthern limit. The lack of geophysical data irassociated with extensional faulting in the Kohis-
of Switzerland (Froitzheim, 1992) and within thecentral Nepal precludes geologic extrapolation béan arc of northwest Pakistan was used by Burg et
Indus suture zone of northwest Pakistan (Burg &iw sea level. Although the total stratigraphial. (1996). Their method assumes a marker unit
al., 1996). In these two studies, folds were attrilthickness of the Cambrian(?) to Lower Cretaceoubat retains its original length and thickness and
uted to ductile horizontal extension of originallyTethyan sedimentary sequence in the Kali Gamttributes folding entirely to drag along the de-
steep layering or anisotropy during vertical shortdaki valley averages 11 km, the three sections origchment fault. The construction can be applied to
ening of a gravitationally unstable orogenic sysshow up to 6 km of stratigraphic thickness, fronthe Kali Gandaki sections by using the Silurian
tem, based on three principal assumptions: (Qambrian(?) to Carboniferous-Permian strata. horizon as a marker. Each section is pinned at the
folding is restricted to a ductile layer, (2) folds are In the prominent northeast-verging F2 foldnortheastern end, and it is assumed that the layer-
localized and associated with extensional strusystem, the southernmost and geometrically higing was initially parallel to the enveloping surface
tures, and (3) the layering or anisotropy wasst fold is the Nilgiri anticline, whose axis can bef the F2 folds. Furthermore, the bed-length
steeply dipping before initiation of normal fault-traced for more than 300 km, from the Gyirongestoration assumes that the layers were tilted
ing (Froitzheim, 1992). and Manang areas in the east (Fuchs et al., 1988wn to the north prior to sliding and folding
Burchfiel et al., 1992) to the Tarap Khola area imlong the Annapurna detachment. Simple geo-
FOLD GEOMETRY AND RESTORATION the Dolpo region to the west (Fuchs, 1977). Thmetrical unfolding of the F2 folds provides mini-
In the Annapurna area, F2 folds have interaxial-plane cleavages of these folds are cut amdum estimates for horizontal and vertical short-
limb angles of 20° to 55° (average 35°). The foldrogressively transposed by the high-strain zorening of the Silurian rocks by the F2 folds of 44%
hinge zones are typically subangular to sutassociated with the Annapurna detachmert8% and 37% * 3%, respectively, yielding a min-
rounded. Analysis of cross sections and field phgGodin et al., 1999). The amount of layer-paralleimum fault displacement of 10 km and a mini-
tographs indicates that the folds generally belorghortening by folding of the Silurian strata in-mum throw of 6.4 km (Fig. 3A). However, our
to class 1B to 1C of Ramsay (1967), intermediatereases westward from 36% to 50% as the Annfield evidence indicates that these geometrical
between ideal parallel and ideal similar folds. Fpurna detachment cuts up section (Fig. 2). constraints are not the appropriate boundary con-
folds are typically moderately inclined to over- To help quantify the amount of vertical andditions. The F2 folds are deflected and transposed
turned, with shallow southwest-dipping axial surhorizontal deformation that affected the rocks dby a high-strain zone associated with the Anna-
faces and gently (~12°) east-southeast—plungirgntral Nepal, two end-member restoration mogpurna detachment (Godin et al., 1999). Accord-
axes, with a penetrative axial-plane cleavage (S2)\s are presented (Fig. 3). Model 1 attributes thirgly, the F2 fold system may have been gener-
The general vergence of the fold train is towar&2 folding entirely to drag along the Annapurnaated prior to ductile normal faulting. Furthermore,
the northeast in the lower structural levels, bedetachment. Model 2 assumes that the F2 folds noted above, the F2 folds extend well to the
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Figure 3. Two end-member models for
restoration of second-generation north-

east-verging folds of central Nepal. A:
Drag folding related to extensional
faulting along Annapurna detachment
(from Burg et al., 1996). B: Contraction-
generated folding prior to movement
along Annapurna detachment. AD—An-
napurna detachment.

An obvious test of our hypothesis would be théFig. 5), wherein they developed as part of a com-
presence of a pre-Miocene thermal anomaly assgressional fan structure prior to ductile normal
ciated with crustal thickening induced by the confaulting on the Annapurna detachment. Such a
tractional event. Several early Oligocene magdan structure fits available data and is predicted
matic and metamorphic ages have been obtainkby numerical and mechanical orogenic models as
from the Greater Himalayan metamorphic sea response to lithospheric underthrusting
guence (36—30 Ma; Coleman, 1996; Hodges éWlalavieille, 1984; Willet et al., 1993).
al., 1996; Vannay and Hodges, 1996). However We envisage that the first stage of evolution of
there are no unequivocal constraints on potentitiie Tethyan sedimentary sequence in the Kali
pre-Miocene kyanite-grade metamorphism. W&andaki area corresponds to southward-directed
have obtained a new U-Pb lower-intercept age éblding during initial underthrusting of the Indian
35 + 3 Ma for monazite and zircon extracted fronplate under its continental shelf deposits, repre-
a kyanite-bearing leucosome from the immediateented by southwest-verging isoclinal folds such
footwall of the Annapurna detachment (Fig.. 4) as the Fang nappe (Bordet et al., 1971). Although
We interpret this age to be the time of magmatiiming of this stage is not well constrained in the
crystallization of the leucosome during kyaniteNepal Himalaya, it has been inferred that the ear-
grade metamorphism. We consider this age to bédiest deformation affecting the Tethyan sedimen-
first firm indication of Oligocene metamorphismtary sequence may be early to middle Eocene
affecting the Greater Himalayan metamorphic s€Hodges et al., 1996; Vannay and Hodges, 1996),
guence, consequently requiring crustal thickeningimilar to age constraints obtained for the earliest
at higher structural levels. The monazite and zideformation in the Ladakh-Zanskar area (Searle
con array is produced by a mixture of inheriteet al., 1988). Stage 2 corresponds to the growth of
monagzite and zircon with a ca. 35 Ma magmatia fan structure through continued underthrusting,
component produced during crystallization in thevith northeast-verging folds developed on the
kyanite + melt stability field of an anatectic meltnorthern side of the fan axis. Crustal thickening
The upper-intercept age of 460 + 11 Ma is intershould result in an Eohimalayan high-tempera-

north of the Annapurna detachment. We therefogaeted as inheritance from immediately adjacemtire, high-pressure metamorphic event, such as
suggest that the F2 folds formed during a pre-dend structurally lower Formation Il augen gneisghat recorded in the Greater Himalayan metamor-
tachment compressional event and that beddimg early Ordovician age (Le Fort et al., 1986).  phic sequence (Vannay and Hodges, 1996). Stage
was nearly horizontal prior to folding (Fig. 3B). 3 marks the activation of the Miocene southwest-
Restoring these folds to a prefaulting orientatioALTERNATIVE DYNAMIC MODEL verging Main Central thrust system, with coeval
undoes the rotational effect that the Annapurna We propose a testable alternative model tdevelopment of the extensional South Tibetan de-
detachment had on the axial surfaces. Applyingxplain the presence of northeast-verging folds in

the above restoration method yields minimum eshe hanging wall of the Annapurna detachme Ne swW
timates of 43% + 7% horizontal shortening and Stage 1: Eocene ?
~150% vertical thickening. This deformation——— 1?

Fang nappe

T

incipient detachment initial
netp! plane e underthrusting

would increase the original 10-km stratigraphi(meltﬁosd'f“s ;égzartngsg\gﬁ’agggngztﬁe gt-ffobmaggclﬂf{ 0
thlckne§s of the Tethyan sedlmentqry sequencesecretary, GSA, PO. Box 91. 40, Boulder, CO 803C .15
25 km, in agreement with the erosion and/or editing@geosociety.org, or www.geosociety.org/puk km as!
humation calculated for the footwall rocks of theftpyrs.htm.
detachment (Vannay and Hodges, 1996).

Stage 2: Late Eocene to Oligocene ?
incipient GHMS

TIMING Ilzggazitﬂt?earing leucosome 169 /"VI'1
Detailed structural mapping has demonstrate | Kalopani P 15 N ]
that the stratigraphy and the D1 and D2 struc = 120 / M-2 . SRS
tures affecting the Tethyan sedimentary se ®%[ & P TIAN :Kcﬁ P
. - 0~
guence are cut and completely transposed in £ /2 s incipient AD -~ 2% continued
o . ; . | < - derthrust
the ductile high-strain zone associated with th Q go /7 Z1 460 %11 Ma underiirusing

Annapurna detachment (Godin et al., 1999) an U]

as noted, that the northeast-verging F2 folds m [ Stage 3: Miocene

predate the main ductile extensional shearing & 207 235 \//GHMS extruding”
sociated with the Annapurna detachment. In th 35 * 3Ma Per Y 15y oy vedes s
light, it is significant that emplacement of the ca 01 02 % S

22 Ma Manaslu granite to the east postdateFigure 4. U-Pb concordia diagram for kyanite- )

northeast-verging folds (Guillot et al., 1993 pearing leucosome (L96-221b) sampled in im- fom 2

1994). Given that the earliest movement on thTediate footwall of Annapurna detachment,
near Kalopani (see Fig. 1 for location). All mon-

Main Central thrust in the central Nepal Hi-yjte (M) and zircon (2) fractions are multigrain
malaya occurred at ca. 22.5 Ma (Hodges et aanalyses. Inset shows detail of upper inter-
1996), the northeast-verging folds appear to prcept, which we interpret as representing in-
date both extensional deformation associateN€ritance from country rock. We interpret

. . . lower intercept as age of leucosome produc-
with the high-strain Zon.e of the Annapurna detion and kyanite growth. York linear regression
tachment and contractional deformation alonat MSWD = 8.76 (MSWD—mean squared
the Main Central thrust. weighted deviation).

Figure 5. Proposed alternative dynamic model
for formation of northeast-verging folds of cen-
tral Nepal. Stages 1 to 3 correspond to first
three stages of structural evolution of Tethyan
sedimentary sequence as presented in Godin
et al. (1999). See text for details. AD—Anna-
purna detachment, GHMS—Greater Himalayan
metamorphic sequence, MCT—Main Central
thrust, asl—above sea level.
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