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Characteristics of Twinning in Marble with Stable Faulting Process
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Abstract: Twinning is one the micromechanisms of plastic deformation of marble. To investigate the twinning performance during
faulting, shear ruptures with different deformations were induced in Hezhou marble. Microscopic observation and quantitative
analysis were performed on twinning characteristics in cross sections perpendicular to faulting plane. The results show that the
twinning in the faulting zone was obviously different from that outside of the zone, presenting the characteristics of localization,
kinking, thickening, bifurcation and spiking out, which is largely controlled by the relation between the shear direction and twin
plane dip. Twin density of the entire sample increased slightly after loading, while twin incidence fluctuated in high level. The
average twin width was not affected by loading, however, the maximum twin width increased steadily up to three times with
faulting deformation. The above results show that under low confining pressure, the twinning of Hezhou marble is unobvious
overall, but concentrated in the shear zone, mainly manifested by the increase of the width of the twin. The apparent characteristics
of twinning are controlled by the relative relationship between the shear direction and the inclination of the twin lamellae.
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Fig.10 Microphotographs of spiking out of twins
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I, Rowe and Rutter (1990) 2 X i 45 3 LT =& B 5L
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XASGE RV, BAR WL EE Ty AN T AR S A A R
A ERAEER .
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Fig.11 Microphotographs of twins out of the localized shear zone



% 6 BB O KB R 0 U B L 0 K 7 AT 9351
®2 VWREFENSHREBEAOGE
Table 2 Statistics of twinning density N, and estimation of deviatoric stress
P Bl W9 ¥ fii iz ) —(MPa)’ L) = (MPa) BRI S = (MPa)™
(mm ™) (mm ™) (mm ™) 0=—52.0+ 171.1igN; 6=21.86N, "7 6=(19.5+9.8)N,*°

3-S 3.13 5.59 4.36 / / /

3-T-8 9.86 7.18 8.52 159.2 74.1 56.9428.6
3-T-7 7.18 7.63 7.40 148.7 68.4 53.0426.7
3-T-6 5.23 5.02 5.13 121.5 55.5 44.2+22.2
3-T-5 5.23 6.34 5.79 130.5 59.5 46.9+23.6
3-T-4 8.57 6.63 7.60 150.7 69.5 53.8£27.0

¥ :"Rowe and Rutter (1990);" Sakaguchi ez al. (2011);"" Rybacki ez al. (2013).
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Fig. 12 Correlation between twin density and strain (refer to

Fig. 5b for the strain of each specimen)
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e K 9 BE A AR B3, 78 5.5 pm A2 A7 5 1K B 04 {H By
BrJa WA e K v BE Bl B AR AR E BE DAl R
3-T-719 5.9 pm F7 22 38 0 ) 3L FE 3-T-4 19 14.6 pm.
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Fig.13 Correlation between twin incidence and strain
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JE AL B W g, JFAE B IR IR ) IS B E TR
W /L 107 3 A 3 1R 3-T-6 (9 45 51 (100.2 pum) 2 35 5t
IXFE 3-S(31.9 pm) WY 3f5 A2 47 .

M4 T8 B ge b 45 L 25 A IR R AN AR
5 MPa [l i (9 &35 25 0 8 02806 A4 1 HUBE £ £ 57
1T 0 P 20 BORURE S 5 A 0K Hh Y B 2D B
fm A A IS EAT A L 3K 40 R AR R A XL
H AR /N, DSOS B K 98 B BE A WY b 3
T, TR - 35 B B AN B 4 A2 Ak
3.3.3 RIRHIR MM

s R P AR R B A N TR R I A B
77 (critical resolved shear stress) , Z 5t 57 &\ J ik
FE rp A [ A7 B 77 A X I 2 0 I 5 5 N ) 2
@ #) ( Christian and Mahaja, 1995 ; Covey-Crump
et al.,2017) , AU B by T AE I T3 7% AR v b
PR P BORE 1 5 RS BB A DRI 1Y B
JILR 25 AT B AROUR 45 A8 8 A B R A F AR 4 2R R
XL 5 38 I 2 R AR (%) 1 I T, T X R A
N 5k 4% T 5 (Beyerlein e al., 2011) ;1 %3 4 By
T 5 5 W) J B WL & & A 23 W o 0 R A28 09 3 i
B, T X R ) 5 R 42 S BN B i (Rowe and
Rutter, 1990). SR 5 , X ™ 4 2 8P ki i 5
RLAR 3 A5 I 52 ), R AR /N OO 2 B 7 LR LA
i (Covey-Crump ez al.,2017).

EN TS R L NG e T o NI T N
A7 B KL I A 0 2 K B DAk T R g A KR
AL A B A O R AR T (3R 3) , DLIOCR WA 45
A3 B e JORE RS 9 AH X RN

BARIHE I AR TR B3 3 895 ©oR iz i
J7 245 B B ROF ¥R 42 (0.50 mm) 5 1.1 1 1

®3 BilESEIHEE
Table 3 Statistic data of each sample

- HIESSS paa— R .
(pm) (pm)

3 53108 80 664 226
3-T-8 47 280 49 965 404
3-T-7 47 541 104 457 352
3-T-6 47789 152 314 245
3-T-5 50 373 107 471 290
3-T-4 49 283 99 498 375
Air 29 5374 591 500 1892

0.48 mm R3S UE B T R AR 45 R ml fE L
H IR RE 3-T-8.3-T-6 45 - ¥ ki 42 3¢ 3L 1 8¢ K1) fi
F——HIE R ARG H M 3G LR LR T
LA KT BUARAT A 52 W 1) BIF 9 45 16, T LA 00 7 AH [7]
fr T AR 3-T -8 I i LA 35 ey 11 X0 i 88 32 i WL
i & AR AR 3-T-6 W0 I EL AT 1K Y 0L 2 B Bk
MU & R R AR 3.3.1 T Y 4538, (1 4
fife e T B 12 RN 13 H AN IE i Bl B CAE 3-T-8
F im0 R RS OB R R R R
3-T-6 1 & Bt B 0K A 0L &t 25 B 5 00 2 A %

4 HE

ABIF ST S B8 U172 T8 217 N AL AR OB A Y 2 2 B
AN T AR T A 22 A B DO, B A 3 SE L R AL
AT AR5 A T BT U1 L BT U0 A AR R AR
IX 3 W X A 1) 18 5 A2 B B AR PR A 3X — RCHT A
EHAL R A K AEWFRTPBE & kA
(Burkhard, 1993; Ferrill ez al., 2004 ; Gonzalez-Casa-
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do et al., 2006 ; Rybacki et al.,2013). #& i , /if A A9
GEH R G RLBE N g VAR R AR A5 PR R X R
FE AR br OB 8 R 2 45) 19 52 Wi (Rowe and
Rutter, 1990; Burkhard , 1993 ; Ferrill ez al., 2004 ; Ry~
backi ez al., 2013, 2021; 4§ , 2021) , fiu AT WL 143K
FE B AR AL T 10 A2 A5 Ak B B, GO0 28 B BIL il LA By
Sy A, 0 UL GOWL BB, A K 2 W B D Al 24 5 B
17 085 B WEIE, H I AW 58 4 88 0 008 & W0 45 iE 5
LB S Y U 5 1) B ARG R LR AR A R G
M ok

Mgk

KEAMWHAB S FE T RAOSH A ,A
[F) B 2 B R 3 2 1 2 W g 2 M ot O R BH 4%
2024) F 3z I3 i R 80K T GBOINF- 45 2012) A AR
KA 50 5 R il b, 1 = A R — AR &R
5 fit 41 WA 3 20 (Barber and Wenk, 1979) . < 3CAY %8
MRS NS i) 7 A RIS I, A= A
KB N R AERS B A SCM A B IR 5 5 4598 &
XA AT W 3 ARl R O il A B R B B AT 2 )
VBT A — 2 AT R A TE B IX 0, 491 40 Saillon K
HRATE 5 MPa [l & I 32 81 W) 0 e 1 | LA 07 )
$%31 200 MPa, i% W] & X %1 T Wombeyan , Cararra 5
BN 3 Fh K # # (Fredrich ez al. 1990; i} Jik 3 & ,
2024). J7 3 Fh K H 4 7E 5~10 MPa [ JE (9 % 14 T,
HB 5L AR SRR AR T | H R 26 N AR AR Ak
it I 0 {1 137 77 A T 100 MPa. X AN 1 B 1 &, AR
SCH B R A S R R RS 450 AR Al g id T
Wombeyan 5 Cararra K%, 7] G i H T Saillon K
A (AN R 0 KA 15 213200 42 19 [ A 72 ]

AR AR Bt &, AR U 36 B M R 3L Y O
T8 B AR A S A R R R R A i R R F A
B2 WA X — R AE1E Tennessee J5 fif 41 R B 5
(Olsson and Peng, 1976) 5 Carrara J5 fift £1 K # &
(Cheng et al. 2016; Rybacki ez al. 2021) H #i§ 47 W %2
B,y H A e R AE A B TE R 4 5 A
KA —B. 456 LR B W= By i, ol LA
Ll 85 15 A SO B4 e 4516 16 T Wombeyan
Cararra 5 Tennessee KB %74 ; 7] B3 FH T Saillon 45
oA 5 il A7 B, 33X e T 7R R — R R AR
T, 3 S A R A TR 7 AR 2 UL 5 1 240 [R] AT
DY =R E SN

5 4%t

A5 3 A R B B = B R A 1, 7R BN

KRB T e T [ R A JEE 1 5 U 3¢ . i) )
P CT F 8 2k 5 1 fe A ) 10 AT 2 GOV 8, =
e 1 B U7 e 2 Xk A KR R K BT AR IR Al
AR 2B, IR e T 00N B XU & 2R R X
Vi A E R AR 0 B R R A R . ST A
REYITES MPa AT

(1) S X0 11405 3 A 7 2 BN R B I 7 535
Jfe AR (58 B B PEF- 6 ) B SO BIL ) 5 HILAR XL 4
WA M AR T B AR R A, 2R W ALBOSL S B9
PR 32 B A2 0 U)o

(2) 39 ) A2 JE 17 79 X B X531 - 2R3 00
BATJR AL AT R 2 SR R KB R AR AE
HAA SR B A2 55 U1 J7 1] 55 008 10 1) 22 TH] 1) A X 56
F AR AR, IX L8 TE VAL AR JE i AN [ AR
B B I AT

(3) TR 2 A 18 UL gt 2 32 I o 26 ek A7 38, i
X A 248 D) A 55 s 2 I T AR A LA

(4) X ity F- 249 58 B AN 32 Jin 2852 0 T X i g K
i J3E DU I 0 7 T Tl A B AR S I 3R P 2 i
F8 0 2 1 PR FURE i 1 0 BOBU A, A 2R ] 4
AT N

References

Barber,D.J., Wenk,H.R.,1979.Deformation Twinning in Cal-
cite, Dolomite, and Other Rhombohedral Carbonates.
Physics and Chemistry of Minerals, 5(2):141— 165.https:
//doi.org/10.1007/bf00307550

Beyerlein,1.J.,McCabe,R.J., Tomé, C.N.,2011.Effect of Mi-
crostructure on the Nucleation of Deformation Twins in
Polycrystalline High-Purity Magnesium: A Multi-Scale
Modeling Study.Journal of the Mechanics and Physics of
Solids, 59(5): 988—1003. https://doi. org/10.1016/j.
jmps.2011.02.007

Burkhard, M., 1993.Calcite Twins, Their Geometry, Appear-
ance and Significance as Stress-Strain Markers and Indi-
cators of Tectonic Regime: A Review.Journal of Struc-
tural Geology, 15(3—5): 351—368. https://doi. org/
10.1016/0191-8141(93)90132-t

Carter,N.L.,Kirby,S.H.,1978. Transient Creep and Semibrit-
tle Behavior of Crystalline Rocks.Pure and Applied Geo-
physics, 116(4): 807—839. https://doi. org/10.1007/
bf00876540

Cheng, Y., Wong, L.N. Y., Maruvanchery, V., 2016. Trans-
granular Crack Nucleation in Carrara Marble of Brittle
Failure. Rock Mechanics and Rock Engineering, 49(8):
3069—3082. https://doi. org/10.1007/s00603 - 016 -



2354 HERBL2E  http://www.earth-science.net

5550 %

0976-2

Christian, J. W., Mahaja, S., 1995. Deformation Twinning.
Progress in Materials Science,39(1—2): 1—157.

Covey-Crump, S.J., Schofield, P.F., Oliver, E.C.,2017.Using
Neutron Diffraction to Examine the Onset of Mechanical
Twinning in Calcite Rocks.Journal of Structural Geolo-
gy, 100:  77—97. htps://doi.  org/10.1016/].
jsg.2017.05.009

Ferrill, D. A., 1991. Calcite Twin Widths and Intensities as
Metamorphic Indicators in Natural Low - Temperature
Deformation of Limestone.Journal of Structural Geolo-
gy, 13(6):667—675.https://doi.org/10.1016/0191-8141
(91)90029-1

Ferrill, D.A., Morris, A.P., Evans, M. A., et al., 2004.Calcite
Twin Morphology: A Low - Temperature Deformation
Geothermometer. Journal of Structural Geology, 26(8):
1521—1529.https://doi.org/10.1016/].jsg.2003.11.028

Fredrich, J.T., Evans, B., Wong, T.F., 1990. Effect of Grain
Size on Brittle and Semibrittle Strength: Implications for
Micromechanical Modelling of Failure in Compression.
Jouwrnal of Geophysical Research: Solid Earth, 95(B7):
10907 —10920.

Gonzalez-Casado,J.M., Gumiel,P., Giner-Robles,J.L. et al.,
2006.Calcite E-Twins as Markers of Recent Tectonics:
Insights from Quaternary Karstic Deposits from SE
Spain.Journal of Structural Geology, 28(6):1084—1092.
https://doi.org/10.1016/].jsg.2006.03.019

Handin, J., 1966. Section 10: STRENGTH and Ductility. In:
Clark, S.P., ed., Handbook of Physical Constants. Geo-
logical Society of America, U.S.A., 223—290. https://
doi.org/10.1130/mem97-p223

Hu, L., Liu,J.L., Ji, M., et al., 2009. Identification Manual of
Deformation  Microstructure. Geological — Publishing
House, Beijing(in Chinese).

Kirby, S.H., Kronenberg, A.K., 1984.Deformation of Clinopy-
roxenite: Evidence for a Transition in Flow Mechanisms
and Semibrittle Behavior. Journal of Geophysical Re-
search:Solid Earth,89(B5):3177—3192.https://doi.org/
10.1029/jb089ib05p03177

Liu,H.L.,Li,Z.Q., Yuan, S.H., et al., 2020. Microstructural
Characteristics of Shuipuzi-Lishugou Ductile Shear Zone
on the West Side of Miyun Reservoir in Beijing, China.
Journal of Chengdu University of Technology (Science
& Technology Edition), 47(4):395—410, 442(in Chinese
with English abstract).

Menéndez, B.,Zhu, W.L., Wong, T.F.,1996.Micromechanics
of Brittle Faulting and Cataclastic Flow in Berea Sand-

stone.Journal of Structural Geology, 18(1):1—16.https:

//doi.org/10.1016/0191-8141(95)00076-p

Niu, L., 2021. Experimental Study on Unsteady Rheology of
Marble and Granite (Dissertation). Institute of Geology,
China Earthquake Administration, Beijing(in Chinese
with English abstract).

Olsson, W. A., Peng, S.S., 1976. Microcrack Nucleation in
Marble. International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts, 13(2): 53—
59.https://doi.org/10.1016/0148-9062(76)90704-x

Paterson, M.S., Wong, T.F., 2005. Experimental Rock Defor-
mation— The Brittle Field.Springer, Netherlands.

Rowe,K.J., Rutter, E.H.,1990.Palaeostress Estimation Using
Calcite Twinning: Experimental Calibration and Applica-
tion to Nature.Journal of Structural Geology, 12(1):1—
17.https://doi.org/10.1016/0191-8141(90)90044-Y

Rybacki, E., Evans, B., Janssen, C., et al., 2013. Influence of
Stress, Temperature, and Strain on Calcite Twins Con-
strained by Deformation Experiments. Tectonophysics,
601:  20—36.  https://doi.  org/10.1016/j.  tec-
10.2013.04.021

Rybacki, E., Niu, L., Evans, B., 2021. Semi-Brittle Deforma-
tion of Carrara Marble:Hardening and Twinning Induced
Plasticity.Journal of Geophysical Research:Solid Earth,
126(12):  €2021JB022573. https://doi. org/10.1029/
2021jb022573

Sakaguchi, A., Sakaguchi, H., Nishiura, D., et al., 2011.Elas-
tic Stress Indication in Elastically Rebounded Rock.Geo-
physical Research Letters,38(9):1.09316.https://doi.org/
10.1029/2011gl047055

Sari, M., Sarout, J., Poulet, T., et al., 2022. The Brittle—
Ductile Transition and the Formation of Compaction
Bands in the Savonnieres Limestone: Impact of the
Stress and Pore Fluid. Rock Mechanics and Rock Engi-
neering, 55(11): 6541 —6553. https://doi. org/10.1007/
s00603-022-02963-z

Tullis,J., Yund, R.,1992.Chapter 4 The Brittle-Ductile Tran-
sition in Feldspar Aggregates: An Experimental Study.
Fault Mechanics and Transport Properties of Rocks: A
Festschrift in Honor of W. F. Brace. Elsevier, Amster-
dam, 89— 117.https://doi.org/10.1016/s0074-6142(08)
62816-8

Turner, F.J., 1953. Nature and Dynamic Interpretation of De-
formation Lamellae in Calcite of Three Marbles. Ameri-
can Journal of Science, 251(4): 276 —298. https://doi.
org/10.2475/ajs.251.4.276

Wang,Z.C., Wang, S.Z., 1990. Experimental Study on Semi-
Brittle Behavior of Rocks at Temperature and Pressure

Corresponding to Middle-Lower Crust. Seismology and



% 6 M

BB N KL R 0 U S O 0 % 7 RRAT b355

Geology, 12(4): 335— 342, 390(in Chinese with English
abstract).

Weiss, L.E.,1954.A Study of Tectonic Style Structural Inves-
tigation of a Marble Quartzite Complex in Southern Cali~
fornia. University of California Publications in Geologi-
cal Science,30(1):79—80.

Wong, T.F.,David, C.,Zhu, W.L.,1997.The Transition from
Brittle Faulting to Cataclastic Flow in Porous Sand-
stones: Mechanical Deformation. Journal of Geophysical
Research:Solid Earth,102(B2):3009—3025.https://doi.
org/10.1029/96jb03281

Xie,X.Y.,Cheng,Y.,Li,S.L. et al.,2024.Influence of Miner-
al Composition and Grain Size on Mechanical Properties
of Marble.Chinese Journal of Rock Mechanics and Engi-
neering, 43(Suppl. 1): 3280—3295(in Chinese with Eng-
lish abstract).

Zhang, C.S., Chen, X.R., Hou, J., et al., 2010. Study of Me-
chanical Behavior of Deep -Buried Marble at Jinping II
Hydropower Station. Chinese Journal of Rock Mechanics
and Engineering, 29(10): 1999—2009(in Chinese with
English abstract).

Zhang,G.N.,Song,M.S.,Li,J.F., et al., 2018.Microstructur-
al Characteristics and Deformation Mechanism of Carra-
ra Marble in Axial Compression Experiments.Geotecton-
ica et Metallogenia, 42(5): 786—797(in Chinese with
English abstract).

Zhang, X.Y., Sun, W.Y., Fan, J.P., et al., 2021. Geological
Characteristics and Genesis of the Shuijingshan Marble
Deposit in the Pinggui District, Hezhou City, Guangxi.
Geology and Exploration, 57(5):1087—1098(in Chinese

with English abstract).

Zhao, X.P., Zuo, J. P., Pei, J. L., 2012. Meso - Experimental
Study of Fracture Mechanism of Bedded Marble in Jin-
ping. Chinese Journal of Rock Mechanics and Engineer-
ing,31(3):534—542(in Chinese with English abstract).

XX 5% Tk

THE KRk, 20 UR 45, 2009. A8 T 8 AR0H 3 ) 0 b
b T HE R AL

XV B, 2 S0 RL, 3 DUAL 45 2020. 6 T T % = K R P K 2R
T — B4R 1 ) 1 B DDA G GOR BRI AT T K A
FAR(E SRR AR, 47(4):395— 410, 442.

A5, 2021 K FR A FIUAE B 2 10 3B B A48 U AR S92 36 BF o (1 - 2
B3 30). Jb 5T Hp [ 1 7% SR Hb 5 A 5 T

W, EARAHL, 1990, T Hl e R R e ) AR AR A R ek
U A 1Y) S B F Y . M b BT, 12(4):335— 342, 390.

BRI TR R 2R L 45 2024, KL T84 Kok A2 % )
EPERWEW . A A S5 DB IR, 4303 7 1)
3280—3295.

TR BRAESE GRS 5 2010, 55 B T G K HL i IR R B
TR RS A A 2 S IR A AR, 29(10):1999 —
2009.

TREER R, 22l | 45 2018. Carrara K B 45 78 5 7] 1K 45
S 06 g B R A SRR s R B AR I ML 5T . K M A
5 A2, 42(5):786 — 797.

T S FNSCHE B 4 2021, 7 P B M SRR X K I LT
X R HE A BR b 5 AR R IR L R S B 4R 57(5):
1087—1098.

BN R SR R, 2012, 50 5 J2 R R T T 2L AL R 1Y
IR IGF 5T . A0 12F 5 TR 24, 31(3):534 — 542,



