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Magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy is an extremely sensitive
and reproducible probe of disorder in synthetic quartz powder samples that have been experimentally
shock loaded to peak pressures up to 22 GPa. Careful curve fitting and deconvolution of *’Si NMR spectra
of shocked quartz lcads to four primary observations: (1) the width of the resonance increases
systematically with shock pressure, indicating a greater distribution of local silicon environments causcd
by shock-induced disorder; (2) a much broader peak component appears, indicating the presence of
mmmmn,mmmmmmmum:ommammm
(3) the disordered material appears to have a signi shorter T, relaxation time than the crystalline
material; and (4) there is no evidence for the presence of high-pressure silica phases (coesite or
Mm)hmmmﬂwme&adﬂwckbﬂngmmc”ﬂm:pcmndm
is an increasc in peak width that strongly and consistently correlates with known shock Peak
width is therefore a useful “shock barometer” for quartz in this pressure range for the cxperimental
loading conditions. By contrast, 2*Na, *7Al, and *Si MAS NMR spectra of shocked and unshocked Ang
plagioclase feldspar powders do not change significantly with increasing shock pressure. There is no

evidence for either amorphous or high-pressure phases in the plagioclase spectra for shock pressures

up to 22 GPa
INTRODUCTION

Identification of shocked minerals and determination of their
degree of shock metamorphism has become an increasingly
important problem in earth and planetary science as the rel-
ative importance of impact processes has been recognized
Diagnostic methods for examining shock features in minerals
have traditionally relied on qualitative examination of micro-
structures by optical and electron microscopy. The object of
much research has been to describe and characterize shock
effects, thus providing criteria for recognizing and classifying
various levels of shock metamorphism. Because shock features
have been studied mainly with microscopic techniques, most
of the descriptions have been of microstructural changes.
These changes include twinning, recrystallization, glass forma-
tion, kink band formation, mosaic extinction, and formation of
a number of types of planar and subplanar features called
“planar deformation features,” including microfault zones, frac-
tures, glassy plates, and shock lamellae. Shock effects on min-
eral microstructures have been discussed extensively (for
example, Carter, 1965; French and Short, 1968; Kieffer, 1971;
Stoffler, 1972; Roddy et al, 1977; Grieve, 1987; Gratz, 1984;
Gratz et al., 1988; Alexopoulos et al, 1988; Carter et al, 1989,
Nicolaysen and Reimold, 1990).

An important use of these observations has been the iden-
tification of natural impacts on Earth. For example, recognition
of shocked minerals at the Cretaceous-Tertiary boundary has
been essential in linking the biological extinction that occurred
at that time with an impact event (Bobor et al, 1984; French,

1990). There has been some controversy in this interpretation,
and some workers have suggested that mineral “shock fea-
tures” may result from volcanic eruption processes (sce Carter
et al, 1986). However, these concerns appear to have largely
been laid to rest (French, 1990).

More quantitative methods including refractivity, density, X-
ray diffraction (XRD), infrared absorption spectroscopy, X-ray
photoelectron spectroscopy (XPS), and electron paramagnetic
resonance (EPR) have also been used to investigate the phys-
ical state of shocked minerals and glasses (sec Stoffler, 1984).
Most of the data from these techniques show some degree of
correlation with intensity of shock loading over some range
of shock pressure in certain minerals, and have been used to
identify shocked minerals and quantify their level of shock
metamorphism.

We have previously shown that solid-state NMR is an
extremely sensitive probe of disorder brought about by shock
loading of quartz, and have suggested that it could be used
as a “shock barometer” over a limited range of shock pressures
and loading conditions (Cygan et al, 1990). That work noted
a good correlation between the width of the Si resonance
and known shock pressure. This corrclation has a stronger
dependence on shock pressures between 7.5 and 22 GPa than
quantitative data determined by refractivity and XRD. That
study was preliminary and rather empirical in nature, and the
shock-induced structural changes responsible for the changes
in the NMR spectra were not significantly explored.

We have now expanded on the earlier work by (1) repeat-
ing the experiments under the same conditions; (2) charac-
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terizing the *’Si MAS NMR spectra using better curve-fitting
and deconvolution techniques; (3) examining the effect of
postshockhydmﬂuodcaddetchingmddlcnmlmmlingof
quartz on the observed NMR spectra; (4) exploring the T,
NMR relaxation of the shocked quartz; and (5) determining
whether a more complex aluminosilicate mineral (Ang, pla-
gioclase feldspar) also exhibits a useful correlation between
shod(pmreandNMRq)ecu-alfcnanurpnmarypm
posc is to determine the degree of reproducibility of the
previous experimental results, to seek a physical basis for them,
and to begin to determine whether they are unique to quartz
By understanding the source of the spectral changes, we
expect to gain a stronger basis for using their correlation with
shock pressure as a “shock barometer.”

EXPERIMENTAL METHODS

“\esixshockreoovuycxpeﬂnmtsln'ngqmmpowdcr
samples were carried out in preciscly the same manner as
those for the study of Cygan et al. (1990). Well-characterized
shock states were achicved by using the Sandia “Momma Bear”
explosive loading fixtures, for which peak pressures and
temperatures have been numerically determined by Grabam
and Webb (1984, 1986). Two sets of three experiments were
performed, each to mean peak shock pressures of 7.5, 16.5,
and 22 GPa. The only difference between the two sets were
the initial packing densities of the powders, which lead to “low
shock temperature” and “high shock temperature” conditions
at the same shock pressures (Table 1). There are ranges of
pressures and temperatures for each sample because the exper-
imental shock loading is not uniform, and according to numer-
ical simulations has a radial dependence. The samples for
which the NMR spectra were obtained were taken from the
bulkmgioanthisdcpmdenceBwakmdmbeappmx-
imated by its mean value.

As with the previous study, the starting material was syn-
Ma-qnnrtzdcwd!oamcangnhduoﬁusﬂmss;nm
(325 mesh). The only substantive difference in preparation
procedure was that in the present study the quartz was
anncaled at 900°C for 20 hr to minimize the initial defect
densities that had previously broadened the (101) X-ray dif-
fraction peak.

One set of three shock-loading experiments was carried out
on an Ang, plagioclase feldspar (labradorite). The initial pack-
mgd:nshyledtorclzﬁvﬂymghshocktcmpaamm(l‘abkl).
The natural Ang, plagioclase is from a basalt flow from Pueblo
Park, New Mexico, and was pretreated by annealing at 900°C
for 20 hr before shock loading,

The NMR experiment detects the radio frequency emission
ftomactivenm:lcidmhzvcbemcxdtcdtohlgbmugyspln
states while the sample is located in a very strong magnetic
ficld. Wilson (1987) and Kirkpatrick (1988) discuss MAS NMR
spectroscopy and its application to minerals. Our 2Si MAS
NMR spectra were obtained at a frequency of 71.5 MHz with
an applied magnetic field of 845 T and the identical exper-
imental conditions as those used by Cygan et al. (1990). The
#Na and YAl MAS NMR spectra for the plagiociase samples
were obtained at 130.3 MHz and 132.3 MHz respectively using
a similar spectrometer and an applied magnetic field of 11.74 T,
lnallcasc,thespecmmcmkmundangic-mglespinning
(MAS) conditions to reduce the broadening associated with
quadrupolar interactions. The spinning rate was approximately
3.5 kHz. Pulse Fourier transform methods were used in which
signals are detected in the time domain and then transformed
to the frequency domain.

The NMR chemical shifts are referenced to tetramethylsilane
(T™S) (*Si), 1 molar NaCl solution (**Na), and 1 molar AICI,
solution (*’Al), with increased shielding for less positive or
more negative values. All the MAS NMR spectra were obtained
using a pulse recycle time of 30 s unless otherwise noted. The
effects of varying recycle times on the *Si resonance of SiO,
minerals arc briefly discussed by Yang et al. (1986).

RESULTS AND DISCUSSION
Thermal Annealing of Quartz

Because we were concerned that the initial defect structure
cwldhmaﬁgﬂﬂamcﬂ’cctontbeNMqucmandXﬂy
diffraction patterns, we explored the effect of thermal anneal-
ing of the quartz without shock loading. We heated the syn-
thetic quartz to various temperatures for times of 1 hr and
about 20 hr and measured the effects on the 2%Si resonance
and the (101) X-ray diffraction peak (see Table 2). The widths

TABLE 1. Schedule of shock recovery experiments.

Initial Sample Initial Sample Estimated Mean
Compact Density Compact Density  Peak Pressure  Bulk Te

Shot Fixture Explosive (Mg/m*) (%) (GPa) (°C)
Quartz
8B906 Momma Bear Baratol 1.60 60 5-10 150-175
5B906 Momma Bear Comp B 1.60 60 13-20 325-475
2B906 Momma Bear-A Comp B 1.60 60 18-26 325-575
9B906 Momma Bear Baratol 1.36 51 5-10 300-325
6B90G Momma Bear Comp B 1.36 51 13-20 475-600
38906 Momma Bear-A Comp B 1.36 51 18-26 450-700
Ang, Plagioclase Feldspar

Momma Bear Baratol 1.30 48 5-10 325-350
4B906 Momma Bear Comp B 1.30 48 13-20 500-625
1B906 Momma Bear-A Comp B 1.30 48 18-26 500-725




TABLE 2. Narrowing of measured peaks for annealed quartz powders.

Anncal Conditions Peak Width Relative to Initial (%)
Temperature (°C)  Time (hr) Xeray (101)  NMR (-107 ppm)
700 1 93 93
700 16 90 91
900 1 79 85
900 17 81 92
900 20 81 89
1100 1 86 89
1100 17 80 90

of both NMR and XRD peaks decrease with heat treatment,
but the decrease in NMR peak width is insignificant relative
to the broadening caused by the shock loading. The change
in width of the XRD peak, however, is of the same order as
the shock-induced broadening (Cygan et al, 1990). The peak
widths were determined by fitting a split Pearson VII function
to the observed data (see appendix). The peak width values
reported in Table 2 have a relative error (one estimated
standard deviation) of approximately 5% to 12% based upon
the curvefitting procedure. Because of these results, we used
annealed quartz as our starting material for the shock studies,
but there is no effect on the comparison of the present NMR
results with those of Cygan et al. (1990).

Shock-Induced Broadening of Quartz Si
NMR Resonance

The #Si MAS NMR spectra for the six shocked quartz sam-
ples of the present study show systematic increases in peak
width with increasing shock pressure for both the low and
high shock temperature experiments (Figs. 1 and 2). To better
compare NMR peak widths we now make use of a systematic
approach to spectral fitting that eliminates measurement error
and bias. In this method the spectra are fit by a split Pearson
VII function. This function has six adjustable parameters, from
which one that represents the full width at half maximum
height (peak width) can be defined. This function was used
because it is asymmetrical (like the observed NMR data) and
because it represents a combination of Lorentzian and Gaussian
functions. The appendix contains a description of the split
Pearson VII function and provides details of the fitting
parameters.

Similar broadening of the **Si resonance in shocked quartz
was observed by Cygan et al. (1990), who attributed it to
cither extensive disordering and residual strain or formation
of an amorphous phase, or some combination of these con-
tributions. They concluded that the broadening correlates to
an increase in the range of mean Si-O-Si bond angles per
tetrahedron in the shocked samples. The key finding of that
work, however, was the strong correlation between peak
breadth and shock pressure,

The #Si MAS NMR peaks of the annealed unshocked and
shocked quartz samples are well fit by the split Pearson VII
function (Fig. 3). The peak widths of the shocked samples
normalized to that of the starting material increase systemat-
ically with increasing shock pressure for both the high and low
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Fig. 1. Silicon-29 MAS NMR spectra for unshocked starting material
and shocked quartz powders obtained for the low shock temperature
set of recovery experiments.
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Fig. 2. Silicon-29 MAS NMR spectra for unshocked starting material
and shocked quartz powders obtained for the high shock temperature
set of recovery experiments.
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(b) 22-GPa high shock temperature quartz sample.

shock temperature datasets (Fig. 4). These peak widths are in
excellent agreement with the widths of the spectra of Cygan
et al. (1990) recalculated using the systematic split Pearson
VII routine. All six measurements lie within the previously
reported error bars.

Deconvolutions of Quartz *°Si NMR Resonance

Although the split Pearson VII function provides good fits
to the observed NMR spectra, it is entirely empirical and does
not provide a basis for interpreting the asymmetry of the peaks
for the shocked quartz. We have found that linear combina-
tions of two Lorentzian functions (two-peak fits) also provide
good fits to the NMR spectra (Fig S). Because each Lorentzian
has three paramecters, this combination also has six free
parameters.

The best two-peak fits to the spectra for the shocked sam-
ples consist of a relatively narrow peak (peak width of 1 to
2 ppm) at the quartz position of about -107.3 ppm and a
broader peak (peak width of about 8 to 13 ppm) at about
-108 ppm. The narrow peak can be taken to represent silicon
on sites that are not greatly distorted from the original quartz
structure, and the broad peak to represent silicon on more

5+ OA Cygon et ol (1990)
® A Present study
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Fig. 4. Silicon-29 MAS NMR peak widths of the shocked quartz
powdasmﬁzedtotlmofﬂ;eundmdwdmﬂlngmeﬁzlvaﬂr
mean peak shock pressure. Open symbols represent data from the
initial study of Cygan et al. (1990) and the filled symbols are the data
the data from the present study.
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Fig. 5. Silicon-29 MAS NMR spectrum for the 22-GPa high shock
temperature quartz sample and the deconvolution of the spectrum
with two Lorentzian peaks,

distorted sites. The two-peak fit, however, is only a useful
formalism, and the observation that the split Pearson VII func-
tion fits the peaks as well probably indicates that there is a
continuum of silicon environments in the shocked samples.
The chemical shift of about -108 ppm for the broad peak
indicates an increase of average mean Si-O-Si bond angle per
tetrahedron from about 144° for unshocked quartz to about
146° for the sites represented by the peak Pettifer et al
(1988) provides a discussion of this correlation of bond angle
with NMR chemical shift for silica materials.

The broad peak is significantly different from that for typical
amorphous silica. Silica glasses, for instance, have peak maxima
at about -111 to -112 ppm and peak widths of 10 ppm or
more (Dupree and Pettifer, 1984; Oestrike et al, 1987, Pettifer
et al, 1988). Thus, the sites represented by the broad peak
in our two-peak fits have a smaller average mean Si-O-Si bond
angle per tetrahedron and a narrower range of mean Si-O-Si
bond angles than most amorphous silica This result is con-
sistent with the lack of evidence for an amorphous phase in
X-ray diffraction and optical microscopic observations.

There is no evidence of additional crystalline silica phases
in any of the measured *Si NMR spectra for the shocked
quartz powders. In particular, there are no peaks for coesite
(-108.1 ppm and -113.9 ppm) or for the sixfold silicon in
stishovite (-191.1 ppm) (sce Smith and Blackwell, 1983;
Yang et al,, 1986).

Effects of Postshock Treatment on 2’$i NMR Resonance

Further evidence for the association of the broad spectral
component with highly distorted sites comes from the reduc-
tion in 2S5i NMR peak width of shocked quartz after partial
dissolution in hydrofluoric acid (Fig. 6). A split Pearson VII
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curve fitted to the spectrum of the 22-GPa high shock temper-
ature sample etched for 30 s in a 1:1 diluted hydrofluoric acid
solution indicates a 32% reduction in peak width after reaction.
The two-peak fit indicates that the narrowing can be attributed
primarily to a decrease in the intensity of the broad peak
(Fig. 6). Similar effects are observed for the 16-GPa high shock
temperature sample. These results are consistent with the
expected selective dissolution of highly deformed material

Similar changes in the *%Si resonance are caused by post-
shock thermal annealing of the powders. Annealing of the 22-
GPa and 16.5-GPa high shock temperature powders at 900°C
for 20 hr causes the split Pearson VII peak widths to decrease
by 8% and 18% respectively. Two-peak fits of the spectra
indicate decreascs in the breadths of both resonance compo-
nents. The relative intensity of the broad peak is also reduced
by 24% and 14% for the 22-GPa and 16.5-GPa high shock
temperature samples respectively. These observations are con-
sistent with thermal annealing of defects in the deformed
material.

Relaxation Effects

The relative intensities of the broad peaks in the two-peak
fits are greater than those of the narrow peaks in the MAS NMR
spectra obtained with a pulse recycle of 30 s. For fully relaxed
resonances, these areas should be proportional to the relative
atomic abundances of the corresponding sites. If one type of
site relaxes much faster than the other and if one or both of
the resonances are not fully relaxed, the relative intensity of
the fast-relaxing site would be enhanced. To examine the effect
of recycle time on the shapes and relative areas of the fitted
peaks, ’Si MAS NMR spectra were also obtained for the 22-
GPa high shock temperature sample using recycle times of 5s
and 300 s
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Fig. 6. Silicon-29 MAS NMR spectrum for the 22-GPa high shock

temperature quartz sample after treatment with hydrofluoric acid and
the deconvolution of the spectrum with two Lorentzian peaks.
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For our samples the relative intensity (area) of the broad
peak in the two-peak fit decreases with increasing recycle time
(Fig. 7), indicating that the silicons on the site represented
by this broad peak have a shorter T, average relaxation time
than the silicons represented by the narrow peak. This differ-
ence can be explained by postulating a higher concentration
of paramagnetic centers associated with defects near the more
distorted sites. Such paramagnetic centers could be due to
unpaired electrons associated with unsatisfied bonds or dislo-
cations or point defects. ;

Recent cvidence indicates that the time dependence of
magnetization recovery for isotopically dilute spins such as 2%i
follows a power law rather than exponential decay, and that
for spins that are relaxed by interaction wi paramagnetic
impuritics, the exponent of the power-law decay is related to
the fractal dimension of the associated phase (Devrenx et al,
1990). To explore this possibility, we have obtained prelimi-
nary data indicating that both the narrow and broad compo-
nents indeed have power-law dependences, with saturation
times of the order of 10* and 10° s for the broad and narrow
components respectively (R Assink, unpublished data, 1991).
The observed power-law exponents are consistent with fractal
dimensions of about 3 for the narrow component and of 1.5
to 2 for the broad component.

Using the power-law functions to fit the relaxation behavior
indicates that the actual relative intensity of the broad peak
may be in the range of 0.3% to 1.0%, rather than the 50% to
80% estimated from the fit to the short recycle-time spectra.
Thus, the opportunity to characterize the extensive distorted
silicon environments represented by the broad component is
a fortuitous result of the T, relaxation behavior of these sam-
ples.
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Fig. 7. Rabddnhxmdﬁudﬁxbnndaﬂmmwcaqu
of the two-peak fits vs. reciprocal recycle time for the 2%Si MAS NMR
spectra of the 22-GPa high shock temperature quartz sample.

TEM Examination of Shocked Quartz

Preliminary transmission electron microscopic (TEM) exam-
ination of the shocked quartz powders suggests the formation
of nonuniform and complex deformation features. The dom-
inant deformation-induced microstructure is quartz with a
relatively high dislocation density heterogeneously distributed
among the bulk and relatively dislocationfree phase. The mate-
rial with a high dislocation density probably corresponds to
dmbtoadcomponcmoflhetvm-pezkﬁtstochMRspeam
We also obscrved a tendency for the highly deformed phase
to transform to an amorphous material whilc being subjected
to electron bombardment. Vitrification of shocked quartz in
response to the electron beam is enhanced by the high density
of defects created by the shock loading ( Gratz et al, 1988).

Based on the combined NMR, XRD, TEM, and optical micro-
scopic data, we conclude that the shocked quartz samples
retain the basic quartz structure and that a high density of
dislocations causes the wide observed range of local silicon
environments and the slight increase in the mean $i-O-Si bond
angle.

Quartz NMR Shock Barometer

The results presented above indicate that the shock barome-
ter suggested by Cygan ef al. (1990) can be a useful empirical
tool, albeit with a number of important qualifications, and that
the peak width as determined by the split Pearson VII function
is more reproducible than relative peak intensities in the two-
pakﬁts(sccﬁgs.émdS).Thcconelaﬂondmhﬂwpak
intensities with shock pressure is still strong, but there is
significant scatter and the reproducibility is not as good as for
dwspﬂtPczrsonVﬂpeakwﬁideebdicvcdmd\chrgcr
scatter in the two-peak fits is a result of the difficulty of doing
the fits and that the split Pearson VII peak widths provide a
beucrcorrdmionwithpcakslnckpmrebecmmmeym
less subject to statistical fitting errors.

The interpretations discussed above also provide a funda-
mental basis for understanding the origin of the correlation.
Increasing shock loading causes increased structural distortions
and an increased amount of deformed material.

It must be emphasized that this shock barometer has only
been calibrated for specific loading conditions. There has
always been a tendency to relate the results of shock recovery
experiments only to peak pressure. Such an interpretation
ncglcctsmhcrmpectsonbcmod:pmccsﬂmnnyhzvcas
much or more influence on the result (Kieffer, 1971; Stoffier,
1972). In practice the shock wave is a short stress pulse, with
the shock front followed by a faster rarefaction wave that
decreases the peak pressure and increases the duration of the
pulscasmewavcpmpaguamcpulscmrmoninhlxxmory
experiments is typically about a microsecond, whereas large
mturalhmactscanhmpmmdumtionsduptoasecond
Comparisonbctwmhbomorydmckcdzndmnmﬂysbockcd
samples of cffects that require more than a microsecond to
develop are clearly questionable. A clear difference is the
formation of coesite, which is present at meteorite craters but
is not produced in laboratory recovery experiments with short
pressure durations (DeCarli and Milton, 1965; this study) or
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is only produced in minute quantities (Deribas et al, 1965).
In future rescarch we intend to carry out a systematic study
of naturally shocked quartz to determine under what circum-
stances, if any, the experimental NMR shock barometer can be

Another complication in applying the NMR shock barometer
to natural samples is that the approach to peak pressure is in
practice not an instantaneous event. For a single shock wave
the true risc time depends on such material properties as yield
strength, the existence of phase transitions, viscosity, and ther-
mal transport. The geometry of our laboratory experiments
leads to shock reverberations, whereby the sample is brought
to the peak pressure in steps. Shock reverberations also occur
in nature, because most rocks are polycrystalline and have
some porosity. Stress waves can reflect off grain boundaries and
free surfaces, giving rise to wide variations in local conditions.
The high strain rates associated with rapid pressure release and
tensile pulses following the shock wave can also generate
effects that might be attributed to the shock wave.

Finally the postshock temperature history of the material can
have an effect on the observed propertics. This temperature
depends on the initial porosity and loading path, as well as
on the peak shock pressure. The cooling time depends on
details of the experimental geometry for laboratory shocked
samples and on depth of burial and thermal transport prop-
erties for a natural event. Of all these potentially complicating
factors, the only ones we have significantly addressed have to
do with temperature. The relative peak widths depend on
shock temperature (or initial packing density) as well as on
shock pressure (Fig. 4). However, the initial densities of quartz
powders used in this study are quite low compared to thosc
likely to be naturally shocked, and a more complete study
would require denser initial states. Because postshock anneal-
ing of our samples at 900°C for 20 hr has some effect on the
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resulting NMR spectra (10% to 20% peak width decrease), we
express some concern in applying the shock barometer to
material of unknown thermal history.

Another important problem is that the dependence of rel-
ative peak intensity on shock pressure (Fig. 8) is only valid
for NMR experiments with recycle times of 30 s and for
samples with similar T, relaxation time. Figure 7 illustrates the
strong dependence of this parameter on recycle time for our
material. If relaxation to paramagnetic defects controls the T,
values, relative intensities of the fitted peaks and the overall
peak width must also depend on the concentration of para-
magnetic sites in the quartz.

Perhaps the most important result of this study is not a
method of determining the shock pressure for an unknown
sample, but a method of identification of shocked quartz. Even
in our most highly shocked quartz sample, we found very few
grains with the diagnostic optical features normally used to
identify shocked quartz, and no high-pressure phases are
detected by XRD or MAS NMR. However, the **Si NMR reso-
nances are significantly broadened, with the broadening
strongly correlated with shock pressure. We suggest that this
broadening can be effectively used as a convenient, new diag:
nostic technique for identifying naturally shocked quartz.

NMR Spectra of Shocked Ang, Plagioclase

The ®Na, ¥7Al, and *Si MAS NMR spectra of the shocked
Ang, plagioclase feldspar arc not significantly different from
those of the unshocked sample. This sample probably has the
incommensurate, modulated structure characteristic of such
feldspar (sce Ribbe, 1983 ). The *Si MAS NMR spectra of inter-
mediate plagioclase feldspars are complex due to the large
number of silicon sites and the incommensurate structure (sec
Kirkpatrick et al, 1986, 1987, and Kirkpatrick, 1988 for a
summary of the NMR results for plagioclase feldspar). The *Si
MAS NMR spectra of the unshocked and shocked samples
(Fig. 9) consist of multiple overlapping resonance in the range
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Fig. 9. Silicon-29 MAS NMR spectra of the annealed (900°C for
20 hr) Ang plagioclase starting matcrial and the 16.5-GPa shocked
plagioclase feldspar.
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of -80 to -111 ppm and arc similar to those previously
observed (Kinkpatrick et al, 1987). Deconvolutions of these
spectra require either six or seven peaks that represent the
wide distribution of silicon environments in the incommensu-
rate structure, and there is no significant correlation of any
fitted parameter with shock pressure.

The *Al peaks have maxima at about +54 ppm and widths
of 28 ppm. The **Na peaks have maxima at about -18 ppm
and widths of about 18 ppm. These NMR spectra are also simi-
lar to previously published spectra ( Kirkpatrick et al,, 1985).

CONCLUSIONS

Silicon-29 MAS NMR spectroscopy of quartz powders is
exceptionally sensitive to disorder produced by shock loading
to pressures between 7.5 and 22 GPa. The level of disorder
MCrascswithshockpmminmchamyaswmwngty
broaden the **Si resonance. The chemical shifts and widths of
the peaks for the shocked quartz, in combination with the lack
ofopﬂcalandXRDevldmceforznamorphmxsphasc.mggm
dmﬂwobscrvcdp&kbnndcningisdu:todnthivO-
Si bond angles caused by large dislocation densities. For con-
trolled shock loading on well-characterized quartz powders,
mlsbroadcningcznbcusedasanindicatorofpakshock
pressure (“shock barometer”). Its use as a shock barometer
formnn-allyshockcdqmnzhzsno(yctbcmaq)lodeo
extrapolate this method to natural samples, more research is
required to characterize the relaxation behavior of %%Si in
qmnzandd\einﬂucnccofpamnngncticddeasmeexpcr-
imental conditions under which the NMR spectra are obtained
(cqxdaﬂypulscrchethn:)hmastnmgcﬂ‘mombcpc:k
width. Therefore, to make use of **Si NMR spectral broadening
as a quantitative measure of shock loading, it is imperative that
these conditions be carefully controlled.

Broadening of the ’Si NMR peak seems to be a general
fatureofshockedqmnz,andwcbdieveth‘swdumuemy
bcmo:euseﬁxlasamethodﬁ)ridmdiyingmmmnysbockcd
qnnzﬂnnbrqmﬁyingsbod&pm.mepﬁmaryoon-
tributor to the spectral broadening appears to be material with
high shock-induced dislocation density. Preliminary data on the
relaxation behavior of our samples indicate that the abundance
of this extensively distorted material may be less than 1%,
although the effect on the peak widths of the spectra obtained
at a recycle time of 30 s is disproportionately large. Its T,
relaxation time appears to be much shorter than that of the
lmdistoncdmuuhl,pcdnpsductoah@crcmmmion
of paramagnetic centers associated with defects.

Unlike the results for quartz, the NMR spectra for the
shocked Ang, plagioclase feldspar have no features that obvi-
wslycorrclacwithshodtloadingmndiﬁmmismmmy
bcduewthcahmdyhxgcpakbrmdthcmsedbytbclﬂge
number of silicon sites in its complex structure, There is no
evidence to support the use of NMR spectroscopy of interme-
diate plagioclase as a shock barometer.

APPENDIX

Profile-fitting techniques are often used to accurately deter-
nﬂmmcdmctcrhticsofpaksmodzmdwithvaﬂousm»
troscopic methods. X-ray diffraction analysis often relies on an

assortment of analytical functions for fitting to the observed
diffraction pattern. Howard and Snyder (1983) and Howard
and Preston (1989) provide details of the functions and
discuss the benefits of cach for the curve fitting of diffraction
and other spectral peaks. These methods will usually provide
a statistically accurate determination of peak position and
intensity and a measure of the peak shape. The most commonly
used fitting techniques are those that use Lorentzian and
Gaussian functions. Equations (A1) and (A2) provide the
analytical expressions used respectively for the Gaussian and
Lorentzian curve fits to the observed spectral intensitics

=1, exp(-X%/k)
I=1,(1+k%x%)"!

(A1)

(A2)

Xrepracmsdncdcvlauon(x.-x()inmcindepmdcm
wdd)kx‘frommepakccmcrposldonxploismeimmsity
of the peak at x.. The k values are related to the peak width
attnlftmximum(peaknﬁddn)mdmmﬁqueforadl
equation. In practice, the Lorentzian function is used to de-
scribe peaks that are characterized by broad tails, whereas the
Gaussian function provides a description of narrow peaks.
Lorentzian peaks provided the optimum peak shape for the
deconvolution of our *Si NMR spectra into contributing
Components,

An additional function that combines the Lorentzian and
Gaussian attributes for the empirical fitting of spectral data is
the Pearson VII expression ( Brown and Edmonds, 1980)

I=L[1+4/g2 V™. 1) x2|™ (A3)

The g term represents the full width of the peak at half maxi-
mum and the m exponent value refers to the curvature of the
p&chpcthuponthcwh)eofm.misequatimcznm
vide an analytical function that is a lincar combination of the
Lorentzian and Gaussian expressions. The Pearson VII function
(equation (A3)) reduces to the Lorenztian function (equation
(M))whmmmcqtmtoumw.mprxﬁalpuxpommc
Pearson VII function approximates the Gaussian function
(equation (A1)) when m has a value greater than 10,

The Pearson VII function is symmetrical about x. and is
limiledinitsabilltytodcscrﬂ)edlcobscwedx-nypanm
and NMR spectra for the quartz powders of this study. How-
ever, the asymmetry of the observed peaks can be evaluated
by using a combination of two halfprofiles of Pearson VII
ﬁmﬁionssuchthatuwyshzrccommonloandxcvﬂuesﬂbc
so-called split Pearson VII function provides this flexibility.
Figure Al presents a schematic of the split Pearson VII curve
for describing the spectral characteristics of a single broadened
NMRpcakSixparamctcxsareallowcdtomydmingﬂw
computerized least-squares fitting process in order to obtain
the best fit of the split Pearson VII expression to the observed
data. The peak width g will be the sum of the separate g, and
82 values. This fitting technique was used here to derive the
peak widths for the NMR and X-ray diffraction peaks.
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Schematic of a split Pearson VII function applied to a
broadened NMR peak. The resonance is described by six fitting
pamnctemnnximmimcnﬁ!yl,pakcuucrx‘.lnlfpakwidtm
g) and g, (peak width = g, + g;), and curvature m, and m;.
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