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Abstract

Quartz single crystals were deformed by brittle processes in a diamond anvil cell at high confining pressure (800–1200 MPa) and room

temperature in the presence of water.
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1. Introduction

We investigated if quartz can be deformed in a diamond

anvil cell (DAC) under an optical microscope with the aim

of making in situ observations of quartz deformation

processes at high pressure and temperature and in the

presence of water. Although the DAC is designed for

experiments under high hydrostatic pressure conditions, it is

possible—in principle—to stress samples non-hydrostati-

cally by ‘squeezing’ them between the diamond anvils

(conf. e.g. Chai and Brown, 1996; Merkel et al., 2003). In

this paper we show how to control the sample deformation

and confining pressure in a DAC in room temperature

experiments. First, observations of brittle deformation

processes of quartz at high confining (water) pressure are

presented. To enter the ductile deformation regime of

quartz, experiments need to be carried out in the

hydrothermal-DAC in which temperatures up to 1200 8C

can be reached (Bassett et al., 1993).
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2. Method

The DAC we used was made at ETH in Zürich (Miletich

et al., 2000) and consists of an upper and a lower module

that are brought together by manual tightening of four

screws (Fig. 1a). The anvils are aligned using a rotational

hemisphere in the upper module and a translation stage in

the lower module. The seats were made of hardened silver

steel in which a conical optical access-hole was drilled with

a numerical aperture of 0.35. Such an aperture has the

resolving power of a 20! long-working-distance objective.

We used cone-cut anvils made of gem grade moissanite SiC

(from Charles and Colvard, Ltd) instead of much more

expensive diamond (conf. Xu et al., 2002). Good in situ

optical quality images can be obtained in both natural and

polarized light as long as the crystallographic orientation of

the upper anvil is chosen correctly (the c-axis of moissanite

should be perpendicular to the anvil axis). The culet face of

the anvils we used was 1.2 mm in diameter, allowing for a

600 mm diameter pressure chamber.

The pressure chamber was created by placing a 200-mm-

thick gasket (with a 600 mm diameter central hole) between

the anvil culet faces. The gaskets were made of a soft type of

stainless steel (Aisi 304 steel, #4301). Distilled water was

used as the pressure medium. The samples were rectangular

fragments selected from crushed plates of natural Brazilian

quartz single-crystals. The plates were polished (finished

with 0.25 mm diamond paste) to a thickness in the range

115–130 mm with plane and parallel surfaces. The water

pressure was measured in situ with the ruby fluorescence
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Fig. 1. (a) Cross-section view of the ETH diamond anvil cell (Miletich et al., 2000) with rotational hemisphere (RH), translation stage (TS), and anvil seats

(AS). Lower image shows pressure chamber (to scale) with the quartz sample and ruby pressure calibrant (the upper anvil is drawn in a position where it does

not touch the sample). (b) Principle of sample deformation and control of confining pressure in the DAC. When sample bridges both anvils, hydrostatic

compression of the sample changes into non-hydrostatic deformation of the sample. Initial height difference between sample and chamber (X) will determine

the water pressure at bridging (Pb). The empirical relationship of water pressure and density (Grimer and Hewitt, 1972) was used to calculate X for a Pb of

1 GPa. (c) Water pressure versus external displacement in experiments I and II. Arrows indicate the moments of sample bridging. In experiment II a moissanite

anvil failed upon tightening the screws above 50 mm.
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method (Barnett et al., 1973), requiring a small ruby crystal

to be placed in the pressure chamber in each experiment.

On tightening the screws, the anvils intrude the gasket

and water pressure builds-up. In the beginning, the upper

anvil does not touch the sample (Fig. 1b); the stress state in

the sample is hydrostatic during this stage. The ‘bridging

pressure’ is the water pressure at the moment that the upper

anvil touches the sample—this is the confining pressure at

the moment when the deformation of the sample starts. The

initial chamber height and diameter required to arrive at a

specific bridging pressure (w1 GPa in our experiments) was

calculated in advance—taking into account the height and

volume of the sample and the volume of the ruby crystal—

using the empirical relationship between pressure and

density of water at high pressure (Fig. 1b). The initial

chamber height was controlled by pre-indenting the gasket.

The only unknown parameter in the calculation was the

chamber diameter at the moment of sample bridging, but

this parameter was estimated from observations made in

previous experiments. In our experiments the actual,

measured bridging pressure was within 200 MPa of the

calculated bridging pressure.

We were not able to measure the anvil displacement

accurately during the experiments. Instead, the displace-

ment of the upper and lower modules were measured,

externally, with a micrometer on the four sides of the DAC.

The average of these four measurements is what we refer to
as ‘external displacement’ in this paper. The modules were

advanced in steps of 5–10 mm by manual tightening of the

four screws. In order to make the anvils advance without

loss of anvil alignment, screws (with opposite threads) in

opposite corners were tightened simultaneously in tiny

steps. Immediately (approximately 1 min) after reaching the

required external displacement, in situ images of the sample

were taken with a digital camera (Nikon DN 100) on a

transmitted-light microscope (Nikon Eclipse E 600) with a

20! super-long-working-distance objective (LU Plan WD

24). The water pressure was measured immediately after

(time-dependent) cracking in the sample appeared to have

stopped. With the ruby fluorescence method, water

pressures could be measured with a precision of 50 MPa

(Barnett et al., 1973). In our experiments the average value

of nine measurements per loading step had a standard

deviation of generally less than 10 MPa.

We present the results of three successful experiments

carried out at room temperature: experiments I and II were

carried out ‘undrained’, i.e. under high water pressure, and

experiment III was carried out ‘drained’, i.e. under low,

atmospheric water pressure. To make sure that water

pressure remained atmospheric in experiment III, a thin

scratch was made on the upper side of the gasket so that the

chamber would leak. An air bubble was present in the

chamber during the entire experiment III, indicating that

water pressure had indeed been atmospheric.
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3. Results

The water pressure as a function of external displacement

of the DAC in experiments I and II is shown in Fig. 1c. The

moment the anvils touch the sample can be observed in situ

by the appearance of interference ‘Newton’ fringes caused

by the extremely thin water wedge present between the

sample and the anvil just before they touch. As soon as the

anvils make full contact with the sample (as in Fig. 2a) these

fringes disappear. Moreover, small dirt particles on the

sample surface are visibly squeezed when the upper anvil

touches the sample. In experiment I the water pressure

dropped by 150 MPa soon after bridging, possibly due to

water leakage.

Fig. 2 shows in situ images of brittle fragmentation of the

samples in experiment I and II during progressive loading.

In both experiments, small flakes broke off from the sample

sides and fine branching cracks gradually propagated into

the sample. In experiment II, a fine network of cracks

developed in one corner of the sample only. In both

experiments cracks grew instantaneously after having

increased the stress. At higher degrees of external displace-

ment, time-dependent crack-growth was observed. Some
Fig. 2. In situ optical micrographs of quartz samples deformed at high water pressu

the time at which the images were taken after renewed tightening of the screws (

initial chamber diameter 570 mm; sample thickness 124 mm; quartz c-axis oriente

sample deformed in experiment II: sample thickness is 118 mm; quartz c-axis orien

paper not known). Parts (b) and (c) from experiment I and (h) and (i) from experime

screws. Parts (d)–(f) from experiment I and (j) and (k) from experiment II show ti

was taken at the same external displacement as (e) but water pressure increased fo

shortening in experiment I measured ex situ after the experiment from the intrud
cracks and crack-branches in experiment II seem to show a

preferred propagation direction (arrow in Fig. 2k).

Brittle sample deformation at atmospheric confining

pressure was distinctively different from that observed at

high confining pressure. The entire sample was crushed

instantaneously at a critical load. Before this macroscopic

yielding, two or three long cracks developed gradually upon

tightening the screws (Fig. 3). At the start of deformation, a

number of short cracks appeared in the sample centre that

did not develop any further in time or upon tightening of the

screws.
4. Discussion

Water pressure could have affected sample fragmenta-

tion in the DAC in two ways: first, the room temperature

failure strength of quartz (compressed parallel to the c-axis)

is w3 GPa at atmospheric pressure and 5.3 at 0.5 GPa

confining pressure (Griggs et al., 1960). Thus, in exper-

iments I and II, the water-confined samples were able to

sustain larger stresses than the sample in experiment III.

Second, water pressure might affect sample–anvil friction
re in the DAC in experiments I ((a)–(f)) and II ((g)–(l)). Water pressure and

i.e. increasing the load) are indicated in each image. (a)–(f) Experiment I:

d parallel to the compression direction. (g)–(l) Detail of a corner of quartz

ted perpendicular to the compression direction (c-axis direction in plane of

nt II show the instantaneous crack-growth that occurred upon tightening the

me-dependent cracking at constant external displacement. A micrograph (f)

r unclear reasons from 1120 to 1250 MPa in 250 h. The finite axial sample

ed gasket was 12G1 mm (Z10% strain).



Fig. 3. In situ optical micrograph of cracks in the quartz sample deformed at

atmospheric water pressure in the DAC in experiment III. Sample thickness

is 126 mm; quartz c-axis oriented parallel to compression direction. Further

screw-tightening by 5 mm after this image was taken resulted in complete

crushing of the sample. Arrows show short cracks in the core of the sample

and an air bubble. The image was taken with strongly reduced condenser

diaphragm to increase the depth of focus.
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and thus affect the stress distribution in the sample. Possibly

the presence of (trapped) thin water films at the sample–

anvil contacts in the high water pressure experiments I and

II reduced the friction. At atmospheric pressure (experiment

III) water may be squeezed out more easily between the

anvil and the sample.

Chai and Brown (1996) showed that the stress distri-

bution in samples differentially stressed in a DAC depends

on the amount of friction. If friction is low (as possibly in

experiments I and II) stresses are uniformly distributed

through the sample; if friction is high (as possibly in
Fig. 4. In situ optical micrograph of groove-like surface structures that developed

quartz c-axis was parallel to the compression direction. The image was taken at

condenser diaphragm was reduced and the contrast of the digital image enhanced

diagram gives the reciprocal value of the number of intersections of the traced groo

(see Underwood, 1970).
experiment III) stresses are heterogeneously distributed and

the highest pressure is attained in the sample centre. For this

reason, crack initiation may have been easier at sample

edges in experiments I and II, and in the sample centre in

experiment III. In experiments I and II, the high confining

pressure did not suppress crack-propagation since the

sample was not jacketed and the confining medium

penetrated the cracks.

Undulating groove-like features developed on the upper

surface of the sample in experiment I (Fig. 4). They had a

depth of less than a few mm. A rose diagram (inset in Fig. 4)

shows that the grooves comprise a partially oriented system

with a preferred NE–SW direction. The grooves developed

from the moment of sample bridging and remained where

they were, i.e. did not move like the grooves observed on

stressed mineral faces by den Brok et al. (2002). It is not

known how these grooves formed. Possibly, they are due to

crystal-plastic deformation induced by (trapped) water

squeezed out from the sample–anvil interface in a

channel-like fashion at high stress and water pressure.

Plastic deformation of quartz at room temperature is known

from Vickers indentation tests (e.g. Masuda et al., 2000).

Further experiments are required to elucidate the mechan-

ical and possibly chemical explanation for these grooves.
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on the upper surface of the sample in experiment I. In this experiment the

950 MPa water pressure. To highlight the surface features, the microscope

. Inset shows a rose diagram of the overall orientation of the grooves. The

ve pattern with a test grid of parallel lines (DZ8 mm) rotated in steps of 5 8
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