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ABSTRACT: To examine the deformation history of deformed rocks coexisting boudin and fold structures, we
analyzed an outcrop and two loose rocks showing both boudin and fold along the same layers. The boudin structures
are commonly folded at fold hinge zones, but are stacked like roof tiles along fold limbs. The stacked or rotated
directions of boudin structures, showing a symmetric pattern about the axial plane, could give some information
on shear sense along fold limbs. These results imply that the layers were firstly boudinaged, and then folded later
associated with shearing at fold limbs. In the steady-state progressive deformation, material lines rotate only from
shortening into extensional field. This means that folded boudin structures can only be developed by polyphase
deformation. Boudin trains showing characteristic geometries at hinge zones (folded) and limbs (symmetrically
stacked or sheared) could be obvious evidences for folded boudin structures associated with polyphase deformation.
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Fig.1. (a) Geometry and descriptive terminology of pinch-and-swell and tapered boudin structures (modified from
Fossen, 2010). (b) Various secondary or higher-order structures of folds. Z-, M-, and S-folds, local extensional and
contractional structures could be developed along limbs or at hinge zones (modified from Fossen, 2010). (c)

Progressively boudinaged folds along fold limbs.
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Fig.2. Geological map around the study site in Hwasun,
southwest Korea (modified from Lee, 1992).
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Fig. 3. (a) Folded boudin trains on road-cut section. (b, ¢) Minor structures indicating shear sense along fold limbs.

(d) Sketch of the folded boudin trains. Boudins at hinge zones commonly show folded pattern, while boudin blocks

along limbs show stacked (or roof tile) patten.
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Fig. 4. (a) Folded boudin trains on a loose rock fragment, Jeongseon, northeast Korea. (b) Sketch of the folded boudin
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trains. Boudins are commonly stacked along the limbs of asymmetric (S-)folds. (c) Stacked patterns indicate left-lateral
shear sense along the longer limbs. (d) Shorter limbs show right-lateral shear sense and boudins are commonly folded
at hinge zones. (¢) Anticlockwise rotation of a boudin block associated with left-lateral shear accompanied by folding.



558 Z[EE -

oA AL ZAH Ao Tk

3% 5a WAL B HEE £ wist
3 BelgAL Hold EAL B3 AHTE WA
SRt oheh Sa el Mtk &3o] e
2 5 Ik ORI HETEE F2 AR
A B4 Holn, B3 H2 sEkiols Avu
Se5o] N2 EAH JeiS Rtk 5b). Hl)
&30 Aol B2 ZAZ FehE B
F2 M40 AULEULE AT 5 Uk B,
HA Y 7P 9120) AL A ASL A &
TS Holu, FHY WARAA BETES
© N2 e e A gow, o8 B3 £
F3 AVLFLAS FTHVL V202 A
o[t 5b). ol B3] = PHRE BE A=

2 eEaze) AReEe F28 4 gon, o
ehi] olelgt BA 2T oln] YA BE 727} ol
Foll ST Ul ofo] 2ubE AULEL AUSL
A1

33 BE U 38 AMo| HEo|
dEE @ AN BEEE R &30

WS Aol e Flskeby B4 A9, AR 38

A WA, HFA TEAAE 2 5 Aole]
o & THEEIX) AT, N3 WS chrEe
BUEo] BR B HHH AR A Ut Fu

£ Hoth & 559 iRl 2R Fol

Fig. 5. (a) General view and (b) sketch of the folded pinch-and-swell (or boudin) structures on a loose rock fragment,
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Jeongseon, northeast Korea. Pinch-and-swells at hinge zones are characterized by folded patterns, while stacked
patterns of boudin are dominant along the fold limbs (particularly, rooftile pattern in lower left corner).
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Fig. 6. Various deformation histories during non-steady state progressive deformation (modified from Twiss and
Moores, 2007). (a) Combination of the two sets of sectors; pre-existing homogeneous and instantaneous strain
ellipses. Radial material lines have been lengthened [L] or shortened [S] by the deformation, and are being lengthened
[L] or shortened [s]. (b) Histories of progressive deformation for competent layers oriented within the different

sectors.
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Fig. 7. Various deformation histories during progressive pure (a~b) and simple (c~d) shear (modified from Twiss
and Moores, 2007). Note that both cases are end-members of steady-state deformation, which means no rotation
of instantaneous strain axes. (a, ¢) Various sectors indicating different deformation histories. (b, d) Structures devel-
oped in competent layers within each sectors. There is no [LS] sector in both cases, and this indicates that any layers
can NOT be folded boudin during the steady-state progressive deformation.



o] FHAEE e H3H Fdo|tk(Ramberg,
1952; Sengupta, 1983; Goscombe et al., 2004; 13
8c). L} FAKSE 715k8H Fej7F R E S5l
M= 2 4= glon g ¥Fgo|g 4o glo] A+
e F7F atEth ®3 7 Hdso] £eE 1k
Zo] §& A, gutdor HdH o] AAH
L8 FIH7| Hrh= 7| oA 51 o] FdEo] A
2 ZIA e EFHE Hol= A= dHA
SltH(Sengupta, 1983; Passchier et al., 1990; Price
and Cosgrove, 1990; 713 8d). T}qt v] A el o
A9 FRA R A (S, AFF oA =599
o] 5)3) i ofu] ZAf5}3L 9 Flo] o]
£ 3k golu HEREE % oHE X120 el
7heolRlol| s = fAkeH 7L e = gl s

StA gl _i_%él-x-l HICEEA 561

=

o thit Bt FEHe| T EAA YSEHS 3
SIATHH 3, 4, 5). 53] £ Aot @A
ol ZpE A MEEH o] BelEglon, o] 2of
sho] 1% Seol VRN AR el A Rl %}
A7} Fo1A vk Wl Rl Hlo] 24 e
£ Bojn], ZAz Yakolh YR S B 5L
DARE 2 AGLES AN E5t ol
He5o £t $REUL 7120 gY
Hoz tehdt), ojgg 4uE HHel BgHal
E4e HUE 42 EE o2 WYl o3 ¢
Hga F3ish] FREE kel SHo= B
et webd ARl ot 43E Reo
5oty B4 EF Wgolge] 220 glo],
oA AF o159 7)3kebe B Ao vl S8

o

S 4% 4 9 A0 BeE
o, HRbgAlEe) AN BelE aa,

Fo] BYHOR 44T 4

2, Wgo}2e] 20| 9lo]A Folsjof Firk(Passchier
et al., 1990; Swanson, 1999; Lee and Phillips, 2008).
ol¥l AL ChtAMF o] gt STE FY e,

2
Lt}j il

HN

(a) Undeformed (b) Stage 1: Boudinage

L& & 2 & B L R J =»
-5 e e @& @

—_—

4

(e) Hinge-folded & limb-stacked structures

(c~e) Stage 2: Folding

(¢) Folded boudin trains

= /‘\ ,’\ -
w

- ->\§§

(d) Rooftile or ramp-folded structures & .
9 & 7N
> f s /// / -

N SOTLSoS @&

Fig. 8. Geometric and kinematic model for the folded boudin structures by polyphase deformation. (a) Undeformed
two competent layers. (b) Boudin structures developed by layer-parallel extension during the first deformation phase.
(c~e) Folded boudin structures developed by folding in second deformation phase, and their various patterns. Note
that folded boudin trains (c) and rooftile or ramp-folded structures (d), reported by Goscombe ef al., 2004, can also
be formed by non-steady-state progressive deformation or by different deformation mechanisms. Thus, hinge-folded
& limb-stacked structures () can be the most obvious way to identify folded boudin structures associated with poly-
phase deformation.
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