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ABSTRACT 

Schedl, A., Kronenberg, A.K. and Tullis, J., 1986. Deformation microstructures of Barre granite: an 

optical, SEM and TEM study. Tectonophysics, 122: 149-164. 

New scanning electron microscope techniques have been developed for characterizing ductile deforma- 

tion microstructures in felsic rocks. In addition, the thermomechanical history of the macroscopically 

undeformed Barre granite (Vermont, U.S.A.) has been reconstructed based on examination of deforma- 

tion microstructures using optical microscopy, scanning electron microscopy, and transmission electron 

microscopy. The microstructures reveal three distinct events: (1) a low-stress, high-temperature event that 

produced subgrains in feldspars, and subgrains and recrystallized grains in quartz; (2) a high-stress, 

low-temperature event that produced a high dislocation density in quartz and feldspars; and (3) a 

lowest-temperature event that produced cracks, oriented primarily along cleavage planes in feldspar% and 

parallel to the macroscopic rift in quartz. The first two events are believed to reflect various stages in the 

intrusion and cooling history of the pluton. and the last may be related to the last stages of cooling, or to 

later tectonism. 

INTRODUCTION 

Within the past decade there has been considerable interest in the possibility of 

utilizing dislocation densities, subgrain sizes, and recrystallized grain sizes in rocks 

as paleopiezometers to infer stress magnitudes (Ball, 1957; Lutton and Sellars, 1969; 

Twiss, 1977; Mercier et al., 1977; Weathers et al., 1979; Christie and Ord, 1980). The 

success of such studies depends in part on one’s ability to characterize these 

deformation microstructures. Dislocation substructures in naturally deformed rocks 

are usually studied with the transmission electron microscope (TEM) at magnifica- 

tions > 5000 X (e.g., Wenk et al., 1976); however, many geologists do not have 

access to such an instrument, and the scale of observation is so small that it is 

difficult to determine a meaningful average. Low dislocation densities can be 
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observed in etched samples using optical microscopy (e.g., Pate1 et al., 1965: Wegner 

and Christie, 1983) but its low resolution limits such studies to relatively unde- 

formed grains. The scanning electron microscope (SEM) bridges the gap in scale 

between the optical microscope and the TEM. Although the SEM has been used in 

the investigation of cracks (e.g., Kranz. 1979), it has only rarely been used to study 

ductile deformation microstructures (Ball and White, 1977). 

One purpose of this study was to develop easy-to-use SEM techniques for 

characterizing deformation microstructures of felsic rocks, and to test the technique 

by comparison with TEM and optical observations. Quartz, microcline, and plagioc- 

lase grains in samples of Barre granite (Vermont, U.S.A.) were examined, and a 

deformation history was constructed for this granite which is consistent with stress 

variations during cooling of an intrusion. 

GEOLOGIC SETTING 

The Barre granite is a post-deformational Acadian granite. It intrudes discor- 

dantly through the lower Devonian Giles and Waits River Formations, which were 

metamorphosed to biotite grade and intensely deformed during the Acadian orogeny 

(White and Jahns, 1950; Albee, 1968), between 385 and 410 Ma B.P. (Zartman et al., 

1970; Naylor, 1971; Pajari et al., 1974; Dafmeyer et al., 1982). The Barre granite is 

corundum-normative and has a high initial strontium ratio, 0.712, suggesting it is an 

S-type granite, generated by the partial melting of sediments (Naylor, 1971; Chappel 

and White, 1974). Rb/Sr dating yields an intrusion age of 350 Ma B.P., and K/AF 

on biotite yields a cooling age of 345 Ma B.P. (Faul et al., 1963; Zartman et al., 

1970; Naylor, 1971). The granite lacks a visible foliation, but possesses a well-de- 

veloped vertical rift (plane of easiest splitting) striking N30”E, sub-parallel to the 

regional foliation of N2O”E (Douglass and Voight, 1959; Engelder et al., 1977). 

SAMPLE PREPARATION 

All observations were made on a single 0.15 m block of Barre granite collected by 

T. Nichols from the Wetmore Quarry, Barre, Vermont. The composition of this rock 

is 25% quartz, 205% microcline, 35% plagioclase (An,,), 9% muscovite, 9% biotite, 

and 2% accessories (Chayes, 1952). The quartz and feldspar grains are roughly 

equant, with an average diameter of l-2 mm. 

Three mutually perpendicular thin sections were made for optical examination; 

these are parallel to the rift (nearly vertical), the lift or .grain (nearly horizontal), and 

the hardway. From these thin sections, 3 mm circular samples were removed for 

TEM study. These samples were ion-n&ed (using procedures drtscribed in Kronen- 

berg and Shelton, 1980), and examined in bright field using a JEM-7 instrument 

operating at 100 KV. 

The SEM method utilized is not a standard technique, and is described in detail 



151 

in the Appendix. Briefly, it involves careful polishing and sequential etching, using 

techniques modified from Wegner et al. (1978) and Wegner and Christie (1983). 

Observations on feldspar grains were made after an initial etching step, and then 

samples were re-etched before making observations on quartz grains. 

RESULTS 

Optical observations 

Although the Barre granite appears completely undeformed in hand sample, 

optical observations show evidence of both ductile and brittle deformation. Some 

quartz grains show sub-basal deformation lamellae, and most show moderate to 

extreme undulatory extinction; grain boundaries are sutured, and subgrains and 

recrystallized grains (50-70 pm diameter) are developed on the concave side of 

curved grain boundaries (Fig. 1A). Douglass and Voight (1969) measured 60 quartz 

c-axes in a sample of Barre granite, and found a maximum density parallel to the 

hardway pole, and a subsidiary maximum parallel to the rift pole. We have 

measured 130 c-axes from three perpendicular sections and find them to be 

concentrated in a rough great circle girdle within the hardway plane, with the 

greatest maximum sub-parallel to the pole of the plane of the lift. There is no 

detectable grain (or phase shape) flattening or mica alignment, so the total strain 

responsible for all these deformation microstructures is probably small, < 10%. 

The quartz grains also show evidence of brittle deformation. Open microcracks 

and planes of fluid inclusions, probably indicative of healed cracks, are common in 

orientations sub-parallel to the rift, and less common in orientations subparallel to 

the lift, as noted previously by Douglass and Voight (1969). These cracks cut across 

subgrains and recrystallized grains (Fig. 1B). 

The feldspars show much less optical evidence for ductile deformation. A slight 

undulatory extinction is present in the plagioclase grains, but none is present in the 

microcline. Both feldspars show grain-scale microcracking, but unlike quartz, the 

orientations of the cracks are related to the crystallography of the grains (twin and 

cleavage planes) rather than a regional pattern. Cracks in plagioclase grains are 

sometimes filled with mica, while cracks in microcline grains tend to be filled with 

quartz or calcite. 

TEM observations 

TEM observations of quartz grains show a uniform distribution of dislocations 

(Fig. 2A), having a density of (7.6 + 3.4) X lO”/m’. TEM also shows subgrains and 

subgrain walls; an average subgrain diameter could not be determined, however, due 

to the small field of view. Recrystallized grains were observed, but again could not 

be measured because of the field of view. There is a higher density of subgrains close 



Fig. 1. a. Microfractures (fr) parallel to rift cutting across subgrains in quartz (Qz). Note the lack of 

microcracks in feldspar (F). Magnification 35X. b. Recrystallization of quartz (rq) and subgrain 

formation in plagioclase (sf) adjacent to a grain boundary. (Quartz- Qz and plagioclase-- F.) Magnifi- 

cation 130 X 
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to grain boundaries, voids and inclusions. The cracks observed in TEM are straight 

and sharp, and show no association with dislocation microstructures. 

Plagioclase grains (Fig. 3A) show high densities of tangled dislocations along twin 

and subgrains boundaries, but in between these boundaries the density is much 

lower, (1.9 f 1.1) X lO’*/m*. Subgrains were noted in some areas, and extremely fine 

peristerite lamellae were observed to be best developed in these regions. Microcracks 

Fig. 2a. A TEM bright field image of dislocations (D) in quartz. Note the uniform distribution of 

dislocations. 
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2s seen in SEM. 

are more numerous than in quartz, but most of them are paralfei to chxrvage or twin 
planes. 

Microchne grains show dense tangles of dislocations along and adjacent to the 
albite and periciine twin boundaries (Fig. 4A); away from these boundaCes &he 
density is much lower, about 4.7 x IO’“/m *. Occasional subgrains are present. 
Mj~rocra~ks are moderately abundant, and most are aligned parallel to cleavage. 

The dislocation density in quartz grains as determined from etch pits on multiple 
plates measured with SEM is (5.5 i 1.2) x Br2jm2 (Fig. 2B), in good agreement 
with the TEM d~te~~atio~s_ The larger field of view in the SEM shows that there 
is no association between the dislocation arrays and the microeracks in the quartz 
grains. It also allows us to make measurements of subgrain sizes (using the intercept 
method of Pickering, 1976) on multiple plates; average subgrain size is 160 pm, 
however, near grain bo~zx#a.ries subgrains are smaller, 50-70 pm. 

in plagioclase grains (Fig. 3B), dislocation etch pits are not as easily recoSniz.ed as 
in quartz, because they are obscured by other microstructures. Nevertheless, the 
mean free dislocation density measured with SEM (1.6 rt: 0.5) X lO’“/m”. is in good 
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agreement with TEM values. Dislocation arrays in subgrain boundaries are more 

difficult to observe than in TEM, because they are obscured by other microstruc- 

tures. For this reason subgrain size could not be estimated from SEM plates. Fine 

peristerite lamellae are visible, because the compositional variations cause differen- 

tial etching (Fig. 3C). 

In microcline grains, it is difficult to distinguish albite and pericline twins, and 

the dense dislocation tangles along the twin boundaries are only suggested by the 

overlapping etch pits (Fig. 4B). However, the measured free dislocation density of 

3.3 x lO”/m’ is in good agreement with that determined from TEM. 

Fig. 3. a. TEM bright field image of dislocations (D) in plagioclase. The lines runnmg across the image at 

a 75” angle are peristerite exsolution lamellae (P). b. SEM image of dislocation (D) etch pits intersecting 

the surface of the plagioclase grains at an oblique angle. c. SEM image of peristerite exsolution lamellae 

(P) in plagioclase. 
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Fig. 3h. c. For legend see p. 155. 
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DISCUSSION 

Comparison of optical, SEM and TEM observations 

This study shows that it is possible to use the SEM to characterize accurately 

dislocation densities higher than previously achieved, up to lO”/m’ in quartz. This 

is a great improvement over the maximum of lO”‘/m’ using optical methods 

(Wegner and Christie, 1983). Since dislocation densities in naturally deformed rocks 

rarely exceed 10’3/m2, the SEM can be applied to tectonites deformed under most 

geologic conditions (Christie and Ord, 1980; Kohlstedt and Weathers, 1980). 

Compared to TEM, SEM observations have both disadvantages and advantages. 

The three-dimensional geometries of dislocation structures cannot be determined 

using SEM, because observations are restricted to etched surfaces. In addition, SEM 

does not provide crystallographic information except for crystal faces with low 

Miller-Bravais indices and well-developed etch pits (Wegner and Christie, 1983). For 

high dislocation densities, overlapping etch pits cause SEM estimates to be lower 

than TEM estimates; however, the standard deviation for SEM estimates is smaller, 

because of the larger areas examined. The chief advantages of SEM are its greater 

ease of use, and the large areas that can be examined. This latter factor is especially 

important given the inhomogeneities in deformation microstructures between differ- 

ently oriented grains and grains of different phases in a deformed polyphase 

aggregate (e.g., Tullis and Yund, 1977). 

Interpretation of Barre granite deformation history 

The cross-cutting relationships of the optical deformation microstructures pre- 

served in the quartz and feldspar grains of the Barre granite indicate an early ductile 

deformation and a later brittle deformation (evidence for the reverse sequence would 

not be preserved). Our SEM and TEM observations of these microstructures indicate 

further details about the thermomechanical history of this rock. 

We have utilized published paleopiezometer relations for quartz to make paleo- 

stress estimates from our measurements of dislocation density, subgrain size. and 

recrystallized grain size; there are no published relations for feldspar. The results for 

quartz are shown in Table 1; the stresses inferred from the dislocation density are 

much higher (110-170 MPa) than those based on the subgrain and recrystallized 

grain size (lo-40 MPa). Based on a comparison with experimentally deformed 

anorthosite and diabase, the high free dislocation densities in Barre plagioclase are 

consistent with stresses in the range of 100-200 MPa (Kronenberg and Shelton. 

1980). Clearly there are a number of uncertainties associated with the absolute 

magnitudes of the inferred stresses (e.g., White, 1979); although we cannot evaluate 

some of these, others we can. We cannot tell what errors there might be in the 

theoretical and experimental stress-microstructure relations. Errors in the extrapo- 



lation of these relations to the (commonly) lower stresses of naturally deformed 

rocks may be significant for the low stresses inferred from the suhgrain ‘lnd 

recrystallized grain sizes. However, the high dislocation densities in quartz are in the 

same range as experimentally deformed samples (McCormick, 1977). 

Even if we cannot be sure of the absolute magnitudes of the inferred stresses. It 

seems clear that the microstructures record two distinct events. If there has been a 

single deformation event, there should be evidence for the dislocations organizing to 

form incipient subgrain walls in quartz. Instead, there is a relatively uniform 

distribution of dislocations with a high density. Since the quartz subgrains and 

Fig. 4. a. TEM bright field image of dislocation tangles formed along twin boundarles m mlcrocline. h. 

SEM image of albite and pericline twins in microcline and dislocation pits (D). 



Fig. 4. (continued) 

TABLE 1 

Paleostresses inferred from quartz microstructures 

Microstructural Mean 

parameters determination 

Inferred 

deviatoric 

stress * 

(MPa) 

References ** 

Subgrain size 160 pm 12 (6) 

Recrystallized grain size 50-70 pm 14-19 (2) 

32-42 (3) 

8.5-15.5 (5) 

Dislocation Density 6.5 x lO’*/m’ 113 (1) 

168 (4) 

* Using cited paleopiezometer. 

** (l)-McCormick (1977); (2)-Mercier et al. (1977); (3)-Twiss (1977): (4)-Weathers et al. (1979): 

(5)-Christie et al. (1980); (6)-Kohlstedt and Weathers (1980). 



recrystallized grains are “overprinted” by the high dislocation density, it is most 

likely that they formed during a lower stress (and presumably higher temperature) 

event. and that the refatively high disfocation density resulted from a later. higher 

stress (and presumably lower temperature) event. if the subgrains and recrystallized 

grains never grew to a steady state size, then they overestimate the actual stress. On 

the other hand, if the recrystallized grains were annealed after deformation. they 

underestimate it. The presence of high dislocation densities indicates that deforma- 

tion continued as temperature fell, su~~st~ng that static annealing was not signifi- 

cant; therefore lo-40 MPa represents a maximum for the earlier event. Similar 

arguments suggest that the stresses inferred from the dislocation density yield a 

lower bound on the stresses for the later, lower temperature event. 

The early low-stress event which produced subgrains in the feldspar (and possibly 

peristerite; see Marshall and Wilson, 1976), and subgrains and recrystailized grains 

in the quartz probably involved temperatures of at least 300°C (Wilson, 1973: Voll. 

1976; Tullis and Yund, 1977). The Barre granite was presumably intruded after thr 

Acadian deformation and before the Alleghenian orogeny. It therefore seems most 

likely that the low-stress and hjgher-temperatureevent was associated with intrusion. 

Modeling studies suggest that there are a number of ways in which differential 

stresses may be generated during the crystallization of an intrusion by (e.g.. Savage. 

1978; Knapp and Norton, 1981; Marsh, 1982): (1) buoyancy differences between the 

solidified and the partiaily molten granite: (2) volume changes during melt solidifica- 

tion; and (3) exsolution of a fluid phase from the melt. We believe that the subgrains 

in the feldspars and quartz, and recrystallized grains in the quartz. reflect ;t 

high-temperature. low-stress def~~rn~at~~~n in the latter stages of intrusion when the 

granite was partially solidified. The differences in the response of quart/. and 

feldspars to deformation is consistent with previous observations on experimentally 

and naturally deformed samples (Tullis and Yund, 1977: Carter et al.. 1981: Tullis 

and Yund, 1985). 

After solidification of an intrusion, temperature gradients and differential thermal 

contraction can also generate differential stresses. Numerical modeling suggests that 

the latter process could produce stresses as high as 100-200 MPa (Savage. 197X: 

Knapp and Norton, 1981). We believe that the high dislocation densities in the 

quartz and feldspars of the Barre granite probably reflect a later. I~~~~-t~mpcraturc 

and high-stress deformation, due to thermal contraction in the fully crystallized and 

colder, stronger rock. It should be emphasized that the finite strain accomplished bv 

this stress is small, < 1%. 

The high dislocation densities could alternatively be associated with stresses 

generated during uplift (White, 1979). However, the presence of andalusite and 

sillimanite in the contact aureole indicates pressures less than 400 MPa at the time of 

intrusion (Holdaway, 1971). In addition, temperature was < 450°C‘ because the 

country rock only reached biotite grade. Given these observations and the lower 

temperature limit over which dislocations are mobile in quartz ( - 250-3OO’C) and 
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plagioclase ( - 4OO”C), we feel that the Barre granite was on the low T-low P side of 

the brittle-ductile transition during most of its uplift history (Tullis and Yund, 

1977; White and White, 1983, Schedl, 1984). Thus. any stress relaxation during 

uplift probably occurred by brittle processes. In fact, healed and open microcracks 

are abundant and overprint the other microstructures. The cracks in the quartz 

grains are parallel to the macroscopic rift, as noted in other granites (e.g., Peng and 

Johnson, 1972). Quartz has an anomalously high and anisotropic coefficient of 

thermal contraction, so cooling accompanying uplift would be expected to cause 

cracking (Savage, 1978). Presumably these extension cracks would align normal to 

the least compressive stress if the quartz were randomly oriented (Peng and Johnson, 

1972; Solberg, 1975). J-Iowever, the quartz in the Barre granite has a preferred 

orientation, with the maximum concentration of c axes subparallet to the pole to the 

grain or lift. The thermal contraction of quartz is significantly greater I c than II c, 

so the orientation of the rift cracks is roughly consistent with the c-axis preferred 

orientation. On the other hand, the orientation of the cracks may have resulted from 

A~leghenian and/or Triassic deformation. 

CONCLUSIONS 

Polishing and etching techniques have been developed for the SEM which allow 

accurate characterization of deformation microstructures generated in quartz and 

feldspar over most of the range of natural deformation. The SEM permits more 

detailed observations than is possible with the optical microscope, and much larger 

areas of observation than is possible with the TEM. 

A combination of optical, SEM and TEM observations of deformation micro- 

structures in the Barre granite reveals details of its thermomechanical history. This 

granite was intruded after the Acadian orogeny; regional, hand sample and thin 

section observations indicate that finite strain was at most a few percent. However, 

microstructures in the feldspars and especially the quartz indicate the following: 

(a) An early high-temperature, low-stress event which produced subgrains in the 

feldspars and subgrains and recrystallized grains in the quartz due to deformation 

accompanying the last stages of intrusion. 

(b) A later, low-temperature, high-stress event produced a uniform high disloca- 

tion density in quartz and high free dislocation densities in plagioclase, probably the 

result of thermal contraction in a fully crystallized intrusion. 

(c) A still later, lower-temperature, low {?) stress event produced aligned micro- 

cracks in the quartz due to either thermal contraction and unloading. or later 

tectonism. 
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Appendix: SEM SAMPLE PREPARATION AND OBSERVATION 

Oriented SEM samples were prepared by encapsulating rock chips in 3 cm epoxy molds, followed by a 
sequence of surface grinding and polishing using 600 grit silicon carbide (for 30 minutes on a wheel), 600 

grit paper (for 20 min) and 1 pm oil-based diamond paste (for 8-12 hrs on an automatic polishing lap). 

Samples were cleaned in ethanol using an ultrasonic cleaner and then polished using 0.05 pm aluminum 

oxide for 8-12 hours, again using an automatic polishing lap. This final polishing step removed all visible 

surface irregularities. including polishing, induced cracks, which would be enhanced during the later 

etching procedure. 

The polished surfaces of Barre granite were etched using techniques similar to those of Wegner and 

Christie (1974, 1983) and Wegner et al. (1978): the technique for etching quartz. however, needed to be 

modified due to the presence of the feldspars. A serial etching procedure was used, first studying 

microstructures in the feldspars and then in quartz. Samples were initially etched for 2 min in etchant #6 

(Wegner et al., 1978). boiled for 5 min in a complexing solution of citric acid to remove reaction products, 

rinsed in distilled water and blown dry. The surfaces were then gold-coated and examined using DSI-100 

SEM with a LaB% filament at IS-25 kV. In order to maximize topographic contrast, samples were tilted 

to 45”. After SEM study of etched feldspar grains, samples were soaked for 2 min in aqua regia to remove 

the gold-coating. Feldspar surfaces were unaffected by the aqua regia bath (even in tests up to 6 hrs). 

Because (001) faces of feldspars are more readily etched than (010) faces (Wegner et al., 1978). the etching 

procedure described above was repeated two more times. first using etchant #6 for 3 min, and then for 5 

additional min, and the feldspars re-examined each time. 

After SEM study of the feldspars was completed, samples were etched for quartz microstructures. 

Samples were placed in a concentrated ammonium bifluoride solution for 4 hrs, rinsed in distilled water 

and boiled in a complexing citric acid solution for 5 min. Because sub-basal surfaces were not etched by 

ammonium bifluoride. samples were placed in a bath of etchant #6 for 1 hr. This etching step took 

significantly more time than that suggested by Wegner and Christie (1983). perhaps because the 

dissolution of feldspars produced alumino~uro complexes which inhibited etching. Samples were again 

boiled and rinsed in distilled water, gold-coated, and then examined with the SEM. 
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