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Abstract The natural gabbro samples were deformed at

temperature ranging from 700 to 1150 �C with strain rate

steps of 1 9 10-4, 2.5 9 10-5, 6.3 9 10-6 s-1. The me-

chanical data show that sample experiences gradual tran-

sition from semi-brittle flow to plastic flow, corresponding

to a systematically decreasing stress exponent n with the

increasing temperature ranging from 16.5 to 4.1 (He et al.

Sci China (D) 46(7):730–742, 2003). We investigate mi-

crostructures and deformation mechanisms of experimen-

tally deformed gabbro under transmission electron

microscope in this study. For low temperature of 700 �C to

950 �C, the deformation is mainly accommodated with

dislocation glide and mechanical twinning, corresponding

to stress exponent lager than 5, which means semi-brittle

deformation. Whereas with higher temperature up to 1000

�C–1150 �C, the deformation is accommodated mainly

with dislocation glide and climb corresponding to stress

exponent of 4.1, which means plastic deformation. Evi-

dence of dislocation climb has been found as dislocation

walls in plagioclase. The observed slip system in plagio-

clase is (001)1/2[110] and that in clinopyroxene are

(100)[001] and (010)[001]. The (010)[001] slip system in

clinopyroxene is newly found in this work. Melt was found

at temperature of 950 �C–1050 �C. The melt glass dis-

tributed both in melt thin film between two grain bound-

aries and melt tubules of triangular along three grain

boundaries at temperature of 950 �C–1000 �C. The melt

triangular interconnected to the melt film at temperature of

1050 �C–1150 �C, where the melt chemical composition

differentiated into iron-rich dark dots and silicate-rich

matrix.
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1 Introduction

In the lower continental crust, feldspars and pyroxenes are

the most abundant minerals. In order to understand the

deformation mechanisms and obtain the mechanical pa-

rameters, much attention has been paid to some multi-

phase and single-phase aggregates. In early researches,

single crystal of clinopyroxene was investigated for rela-

tions between mechanical data and specific slip systems or

mechanical twinning plane (Kollé and Blacic 1982, 1983;

Kirby and Kronenberg 1984; Boland and Tullis 1986;

Raterron and Jaoul 1991; Ingrin et al. 1991; Raterron et al.

1994; Jaoul and Raterron 1994). Some researchers have

focused on multi-phase diabase and gabbro, which is more

complicated, but believed to be similar to the composition

of continental lower crust (Kronenberg and Shelton 1980;

Caristan 1982; Mackwell et al. 1998; He et al. 2003). Wilks

and Carter (1990) as well as Ross and Wilks (1995, 1996)

reported flow laws for oven-dried granulite, Wang et al.

(2012) examined plastic deformation on wet mafic gran-

ulite, Zhou et al. (2012a, b) studied the creep of partially

molten fine-grained gabbro under dry conditions and Re-

action accommodated creep of wet gabbro.

More recent experimental studies on hot-pressed min-

eral aggregates with known water content focussed on

single- or two-phase samples of plagioclase and pyroxene.

They include investigations on diffusion and dislocation
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creep of synthetic anorthite aggregates (Dimanov et al.

1998, 1999, 2003; Rybacki and Dresen 2004; Rybacki and

Dresen 2000; Rybacki et al. 2006, 2008, 2010), diopside

(Dimanov et al. 2003, 2007), clinopyroxenite (Mauler et al.

2000; Bystricky and Mackwell 2001; Hier-Majumder et al.

2005; Chen et al. 2006), orthopyroxene (Ohuchi et al.

2011), and two-phase anorthite–diopside mixtures (Di-

manov and Dresen 2005; Dimanov et al. 2007, 2011). The

experiments using hot-pressed samples were mainly

dedicated to better understand the mechanical constituents

and flow laws of the lower crust in dependence on the

thermodynamic conditions. Compared to mostly synthetic,

hot-pressed single- and two-phase aggregates used in these

experiments, natural rocks of the lower crust have a more

complex mineralogy including different plagioclase and

pyroxene compositions and various amounts of opaque

minerals. Does this textural and minerals difference has

significant influence on the microstructures and deforma-

tion mechanism in experimentally deformed natural sam-

ples? With the question in mind, in this study, we

investigate microstructures and deformation mechanisms

of experimentally deformed gabbro under transmission

electron microscope (TEM) based on the mechanical data

of He et al. (2003).

2 The starting sample and experimental conditions

The fine-grained gabbro was collected from the bottom

brim of Panzhihua magnetite ore body, located in Panxi

rift, Sichuan Province, China. The sample is fine-grained,

with grains of different sizes, but no evident anisotropy.

Major constituents are plagioclase (50 %) and clinopy-

roxene (40 %), with hornblende (5 %), magnetite (4 %),

and chlorite (1 %). The plagioclase is rod-shaped, with an

average length of 0.192 mm, and average width of

0.064 mm; Clinopyroxene grain has an average length of

0.224 mm and average width of 0.096. The distributions of

long axis have no preferred orientation. The boundaries of

minerals are distinct, and interior of minerals is clean under

optical microscope (Fig. 1a). Few dislocations (Fig. 1b)

but natural twins (Fig. 1c) are found in plagioclase under

TEM. Samples are dried under 150 �C for 24–48 h before

experiments. Based on Fourier-transform infrared (FTIR)

measured, average water content of samples is between

0.015 wt% and 0.08 wt% with an average amount of

0.04 wt% H2O.

Natural gabbro samples were deformed using a triaxial

testing system with a Griggs type solid medium pressure

vessel (He et al. 2003). The experimental conditions are

confining pressure of 450–500 MPa, and temperature of

700 �C–1150 �C. To obtain the loading rate dependency,

rate steps were applied in most runs. When the sample ar-

rives at a macroscopically steady state corresponding to an

applied loading rate, the rate is switched to a new value,

getting another steady-state value of stress. Three strain rate

steps are 1 9 10-4, 2.5 9 10-5, and 6.3 9 10-6 s-1. For

the experimental procedure, see He et al. (2003).

3 Mechanical data

The mechanical data were reported by He et al. (2003). So,

to understand the microstructures and deformation

mechanism of the deformed samples, we generally intro-

duce the data in this work.

3.1 Stress–strain data

In total, we deformed 7 samples at temperature of 700 �C–

1150 �C and strain rate steps are 1 9 10-4, 2.5 9 10-5,

and 6.3 9 10-6 s-1 (Table 1). The strength of samples

Fig. 1 The microstructure of staring sample. a Optical micrography (Crossed polarizer); b Few dislocations in plagioclase (TEM); c Natural

twins of plagioclase (TEM)
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decrease with temperature increasing, but in the same

sample, the stress decrease with strain rates typically

decreasing from 1 9 10-4 to 2.5 9 10-5 and

6.3 9 10-6 s-1.

3.2 Steady-state flow law parameters

We use the following equation to describe the steady-state

flow:

e
� ¼ Arn expð�Q=RTÞ; ð1Þ

where e
�

is the axial strain rate, r is the differential stress,

A is a material constant, and Q is the activation energy, R is

the gas constant, and T is absolute temperature.

From the relation between differential stress and strain

rate, the stress exponent n is calculated by Eq. (1). The results

show that n decreases systematically with the increasing

temperature (Table 1) and levels off to 4–5 above 950 �C, a

value typical for dislocation creep. With temperature lower

than 950 �C, the deformation transits from power–law creep

to power–law–breakdown creep, in which regime the stress

exponent reaches a maximum value of 16.5 at the lowest

temperature 700 �C. We also employ Eq. (1) to describe the

power–law–breakdown creep.

In terms of strength, stress exponent, and deformation

mechanisms, the activation energy was calculated

separately in three temperature regions. In the calculation,

strain rates are first converted to values corresponding to a

constant stress of 500 MPa, then activation energy is cal-

culated for each temperature region. The results are as

follows: (1) for temperature of 700 �C–800 �C, n = 14.6,

Q = 612 ± 12 kJ/mol; (2) for 900 �C–950 �C, n = 6.4,

Q = 720 ± 12 kJ/mol; (3) 1000 �C–1150 �C, n = 4.1,

Q = 699 ± 55 kJ/mol.

4 Deformation microstructures

The microstructures of experimentally deformed samples

were observed using TEM.

Table 1 Experimental conditions and mechanical data of fine-grained gabbro

Sample

No.

Temperature

(�C)

Pressure

(MPa)

Diff.

stress (MPa)

Strain

(%)

Strain rate

(s–1)

n Q (kJ/mol) A (MPa-n s-1) Notes

20a-31 700 450 2530.50 15.4 1.0 9 10-4 16.5 ± 2.7 612 ± 12 (8.4 ± 7.2) 9 1021 With

microfracture2386.20 18.6 2.5 9 10-5

2148.60 21.3 6.3 9 10-6

20a-16 800 450 1351.64 10.1 1.0 9 10-4 12.6 ± 0.4 no melt

1218.83 12.8 2.5 9 10-5

1084.49 14.6 6.3 9 10-6

20a-32 900 450 1317.35 14.7 1.0 9 10-4 7.7 ± 0.3 720 ± 61 1.5 9 108 ± 2.4 9 106 No melt

1079.17 16.5 2.5 9 10-5

921.80 17.7 6.3 9 10-6

834.04 18.6 3.1 9 10-6

20a-19 900 450 896.32 18.1 2.5 9 10-5

20a-18 950 450 897.09 9.3 1.0 9 10-4 5.0 ± 0.4 Melt found

under TEM

703.92 12.3 2.5 9 10-5

516.90 15.6 6.3 9 10-6

20a-34 1000 500 731.00 10.6 1.0 9 10-4 4.0 ± 0.4 699 ± 55 (5.8 ± 2.8) 9 1012 melt \ 0.5 %

549.00 12.9 2.5 9 10-5

366.00 15.1 6.3 9 10-6

20a-37 1050 500 567.30 6.8 1.0 9 10-4 4.1 melt \ 1 %

410.50 8.6 2.5 9 10-5

20a-17 1150 500 141.60 2.6 1.0 9 10-4 4.1 ± 0.1

102.10 4.6 2.5 9 10-5 melt \ 5 %

71.50 5.5 6.3 9 10-6
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4.1 Microstructures of semi-brittle deformation

at 700 �C–850 �C

At 700 �C–850 �C, samples show homogeneous shortening

in macroscopic scale. Undulatory extinction, deformation

bands and mechanical twins are found in plagioclase under

optical microscope. Microfractures occurred within both

plagioclase and clinopyroxene. TEM observations show

mechanical twins (Fig. 2a, b) and tangled dislocations with

high density in most plagioclase grains (Fig. 2c). Dislo-

cations in clinopyroxene are not fully developed, and dis-

tributed in moderate density (Fig. 2d). Hence in this

temperature range, the microstructures imply that the de-

formation is accommodated by semi-brittle flow, which in

the microscopic scale corresponds to dislocation glide and

mechanical twinning accompanied with microfracturing.

4.2 Microstructures of low-temperature plastic

deformation at 900 �C–950 �C

At 900 �C–950 �C, samples are uniformly shortened in

macroscopic scale and show little evidence of microfracture

both in macroscopic and microscopic scales. Undulatory ex-

tinction, mechanical twins and macroscopic preferred orien-

tation of grains are major features for plagioclase under optical

microscope. In addition, the edges and corners of some pla-

gioclase are blurred by deformation. Another notable phe-

nomenon is the appearance of opaque substance on the

boundaries of some plagioclase grains. This implies redistri-

bution of opaque impurities during deformation. At 900 �C,

TEM observations show dislocation density is high in most

plagioclase grains (Fig. 3a), but very low in some grains

(Fig. 3d). Mechanical twins can also be seen in some

Fig. 2 TEM micrographs of dislocation at 700 �C–800 �C. a, b Mechanical twins in plagioclase; c High density of tangled dislocations of

plagioclase; d Straight dislocations of clinopyoxene
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plagioclase grains (Fig. 3c). The dislocation lines in most

clinopyroxene grains are well developed and the density is

moderate (Fig. 3b, e, f). Distribution of dislocations is uni-

form and the density is moderate in magnetite grains. At

950 �C, dislocations in clinopyroxene are tangled (Fig. 4a–c)

with moderate but higher density than that at 700 �C–800 �C

and 900 �C, while the dislocations in plagioclase are regularly

distributed in moderate density (Fig. 4d–g). Increased density

and tangled feature of dislocations in clinopyroxene suggest

increased partitioning of stress on clinopyroxene grains. In

addition, a very small amount of melt was found on grain

boundaries of plagioclase under TEM at 950 �C. These ob-

servations show that the predominant deformation mechan-

isms in this temperature range are dislocation glide

accompanied with mechanical twinning. The observed slip

system of plagioclase is (001)1/2[110] (Fig. 3d), and the

observed slip systems of clinopyroxene are (100) [001]

(Fig. 3e, f) and (010)[001] (Fig. 4a).

4.3 Microstructures of high-temperature plastic

deformation at 1000 �C–1150 �C

At temperature of 1000 �C–1150 �C, samples are uniformly

shortened and show no evidence of microfracture. Under

optical microscope, the edges and corners of most plagioclase

grains get blurred and rounded, and again, opaque substance

appeared on the boundaries of plagioclase grains. Partial

melting less than 5 vol% is widely distributed around grain

boundaries. TEM observations show that dislocation is com-

plicated and the density is heterogeneous in plagioclase

(Fig. 5a–c). In addition to a few types of dislocation distri-

bution (Fig. 5a–c), dislocation walls also appeared in pla-

gioclase (Fig. 5d, e), implying that both dislocation climb and

glide are active in this temperature range. In clinopyroxene

grains, dislocations are regularly distributed (Fig. 5f) with

moderate, but lower density than that at 900 �C–950 �C. All

these observations suggest that the major deformation

Fig. 3 TEM micrographs of dislocation at 900 �C. a Dislocation density is high in plagioclase; b Dislocation density is moderate in

clinopyoxene; c mechanical twins in plagioclase; d Dislocation density is low in plagioclase; e Dislocation density is moderate in clinopyoxene;

f Dislocation density is moderate in clinopyoxene
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mechanisms in this temperature range are dislocation glide

and climb, with minor processes of partial melting.

Theory of dislocation (Weertman 1957, 1968) shows that

the flow rate is usually controlled by dislocation climb when

the stress exponent is 2–5. The result of our experiments

should be the case when temperature is higher than 950 �C.

4.4 Partial melt morphology at temperature of 950 �C–

1150 �C

Melt was first found at 950 �C under optical microscope

and TEM. The melt morphology was observed under TEM.

At 950 �C–1000 �C, the melt glass distributed in two ways:

melt thin film between two grain boundaries of plagioclase

(Fig. 6a), and melt tubules of triangular cross section along

three grain boundaries of plagioclase, where the dihedral

angle of triple junctions approaches 60� when the amount

of melt is less than 0.5 % (Fig. 6b). With the amount of

melt increasing to 0.5 %–1 %, the melt triangular cross-

section with slightly curved boundaries become large and

interconnected to local network along triple junctions,

where the dihedral angle of triple junctions is less than 60�
(Fig. 6c). At 1050 �C, the melt increased to an amount

greater than 1 %, and was found not only between two

grain boundaries of plagioclase, but also among two or

three different mineral boundaries (Fig. 6d), such as in

boundaries between plagioclase and clinopyroxene, and

triple junctions of plagioclase, clinopyroxene, and mag-

netite. The boundaries of melt triangular cross section are

curved and regular, and melt local networks are common

(Fig. 6). The melt differentiated into two parts, one of

which consists of iron-rich dark dots and another is silicate-

rich matrix in TEM pictures (Fig. 6d, e), some iron-rich

melt (dark dots) crystallized into tree-shaped magnetite

during cooling process (Fig. 6e–g). At 1150 �C, the con-

tent of melt approaches 5 %, and melt is in regular thin

films between some grains or in thick and irregular strips

which wet most part of the grain boundary, and is inter-

connected to a network.

5 Discussion: deformation mechanisms

Optical and TEM observations show that deformation

mode of the fine-grained gabbro is semi-brittle flow at low

temperature and plastic flow at higher temperature. The

deformation mechanisms of clinopyroxene observed by

Kolle and Blacic (1982, 1983), Kirby and Kronenberg

Fig. 4 TEM micrographs of dislocation at 950 �C. a–c Dislocations in clinopyoxene are tangled, with moderate density; d–g Dislocations in

plagioclase are regularly distributed, with moderate density
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(1984), Boland and Tullis (1986), and Mauler et al. (2000),

and that of diabase observed by Kronenberg and Shelton

(1980) and Caristan (1982) are mechanical twinning, dis-

location glide and microfracture at low temperature, and

dislocation glide and climb at high temperature, consistent

with the deformation mode for fine-grained gabbro in our

results.

The slip system (001)1/2[110] in plagioclase determined

in our results is consistent with one of the two slip systems

((001)1/2[110] and (010)[001]) in deformed plagioclase in

natural gabbro (Ague and Wenk 1990). However, in the

samples of plagioclase single crystals of An60 ex-

perimentally deformed at 900 �C and 1 GPa confining

pressure, dislocations of the [001](010) and \110[(001)

system are about equally abundant, whereas \110[{111}

is less common (Stunitz et al. 2003). The reason for dif-

ference with our results is the single crystals of plagioclase

oriented with the (010)-plane normal to the compression

direction, as well as oriented with the (010) plane at 45�
and the [001]-direction down dip in (010) (Stunitz et al.

2003).

In deformed clinopyroxene, we determined two slip

systems: (100)[001] and (010)[001]. In previous studies on

clinopyroxene aggregate, only one of the two systems

((100)[001]) was determined (Kronenberg and Shel-

ton1980; Kolle and Blacic 1982, 1983; Kirby and Kro-

nenberg 1984). On the other hand, in clinopyroxene single

crystal deformed under high temperature and uniaxial

compression (Raterron and Jaoul 1991), many slip systems

have been determined, namely, (100)[001], {110}1/2

\a±b[, {110}[001], (010)[100] and (100)[010]. Evident-

ly, the slip system (010)[001] found in our experiments is

new to the slip system family of clinopyroxene.

In previous experimental studies, twinning planes have

also been determined. Kronenberg and Shelton (1980)

showed that (010) and (001) are mechanical twinning

planes for plagioclase in experimentally deformed Mary-

land diabase. Mechanical twinning planes (100)[001] and

(001)[100] have been found in experimentally deformed

clinopyroxene aggregates (Kronenberg and Shelton 1980;

Kolle and Blacic 1982, 1983; Kirby and Kronenberg 1984;

Boland and Tullis 1986).

Fig. 5 TEM micrographs of dislocation at 1050 �C. a–c Dislocations in plagioclase with moderate to high density; d, e dislocation walls

(labeled by arrows) in plagioclase; f Regularly distributed dislocations in clinopyroxene with moderate density
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6 Conclusions

We investigate microstructures and deformation mechan-

isms of experimentally deformed gabbro under TEM in this

study. For low temperature of 700 �C to 950 �C, the de-

formation is mainly accommodated with dislocation glide

and mechanical twinning, corresponding to stress exponent

lager than 5, which means semi-brittle deformation.

Whereas with higher temperature up to 1000 �C–1150 �C,

the deformation is accommodated mainly with dislocation

glide and climb corresponding to stress exponent of 4.1,

which means plastic deformation. Evidence of dislocation

climb has been found as dislocation walls in plagioclase.

The observed slip system in plagioclase is (001)1/2[110]

and the observed slip systems in clinopyroxene are

(100)[001] and (010)[001]. The (010)[001] slip system in

clinopyroxene is newly found in this work.

Melt was found at temperature of 950 �C–1050 �C. The

melt glass distributed both in melt thin film between two

grain boundaries and melt tubules of triangular along three

grain boundaries at temperature of 950 �C–1000 �C. The

melt triangular interconnected to the melt film at tem-

perature of 1050 �C–1150 �C, where the melt chemical

composition differentiated into iron-rich dark dots and

silicate-rich matrix.
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