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Abstract. The dominant hydrogen impurity in synthetic
quartz is molecular H,0. H—OH groups also occur, but
there is no direct evidence for the hydrolysis of Si—O—Si
bonds to yield Si—OH HO —Si groups. Molecular H,0
concentrations in the synthetic quartz crystals studied range
from less than 10 to 3,300 ppm (H/Si), and decrease
smoothly by up to an order of magnitude with distance
away from the seed. OH™ concentrations range from 96
to 715 ppm, and rise smoothly with distance away from
the seed by up to a factor of three. The observed OH~
is probably all associated with cationic impurities, as in
natural quartz. Molecular H,O is the dominant initial hy-
drogen impurity in weak quartz. The hydrolytic weakening
of quartz may be caused by the transformation H,0 + Si—
O —Si—28i0OH, but this may be a transitory change with
the SIOH groups recombining to form H,O, and the aver-
age SIOH concentration remaining very low. Synthetic
quartz is strengthened when the H,O is accumulated into
fluid inclusions and cannot react with the quartz frame-
work.

Introduction

Synthetic quartz frequently contains hydrogen as a trace
impurity (Kats 1962; Dodd and Fraser 1965, 1967; Kirby
1984). It is known to affect the mechanical properties by
causing crystals with high hydrogen contents to deform
plastically at low stress, while anhydrous crystals are strong
and brittle (Griggs and Blacic 1965). The yield strength
of synthetic crystals decreases with increasing total hydro-
gen concentration (Kirby and McCormick 1979).

The way that hydrogen is incorporated into synthetic
quartz has been the subject of much discussion (e.g. Kirby
1984; Kekulawala et al. 1981). However, the appropriate
diagnostic measurements necessary to determine the specia-
tion have not been made. We have undertaken a study
of hydrogen speciation using near infrared spectroscopy.
By observing the spectrum of hydrogen species in this re-
gion we are able to quantitatively differentiate between hy-
drogen as OH™ groups and molecular H,O. This method
is described and reviewed by Aines and Rossman (1984a),
and has been used to determine the speciation of hydrogen
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Table 1. Indexing of synthetic quartz peaks in the near infrared
region

Peak location Species Vibration
nm cm ™!
1,420 7,000 Both H,0 and OH~ First overtone of

stretching motions,
(~3,500 cm ™ %)

Stretch (~ 3,500 cm ™)
+bend (1,650 cm 1)

1,920 5,200 H,0

2,250 4,500  XOH, (X+H) Stretch (~ 3,500 cm 1)
+bend
(e.g., Al—O—-H
at ~950 cm™ %)

2,500 4,000 Both H,0 and OH™ Stretch (~ 3,500 cm™?)

+an unspecified lattice
mode at ~500 cm ™!

in opal (Langer and Florke 1974), chalcedony (Florke et al.
1982), and in silicate glasses (e.g. Scholze 1960; Stone and
Walrafren 1982; Bartholomew et al. 1980). Details of peak
assignments are given in these papers. We have briefly sum-
marized them, as applied to quartz, in Table 1.

We have studied a suite of synthetic quartz crystals in
detail, looking at hydrogen speciation and its relationship
to hydrogen zonation. In addition, we have studied a
number of natural and synthetic SiO, phases in order to
obtain an understanding of the actual sites that hydrogen
occupies in synthetic quartz. Opal (Langer and Flérke 1974)
contains hydrogen in three forms: liquid water, isolated
water, and hydroxide. Chalcedony (Florke et al. 1982;
Frondel 1982) contains hydroxide and water interpreted
to occupy interstices at high angle grain boundaries and
on the surfaces of fibers. Milky quartz contains hydrogen
primarily as H,O in fluid inclusions (e.g. Aines and Ross-
man 1984a).

A silica glass containing 8 percent H,O was also studied.
This glass is of particular interest because of its high water
content, and the known hydrolysis of Si—O—Si bonds in
glasses by water. In pure SiO, glasses, OH~ groups can
be formed by hydrolysis of a Si—O —Si bond to make Si—
OH HO - Si (Stone and Walrafren 1982). Similar hydrolysis
mechanisms form the basis of most theories of hydrolytic
weakening of quartz, and simple hydrolysis was the original



205

Table 2. Growth histories and trace element analyses of Bell Laboratories synthetic quartz crystals

Crystal Solvent Tg,°C AT, °C* Fluid Growth Na® Ke Li¢ Al¢ Fed Spec-
No. pressure, rate® trum
MPa mm/day No.®
X-0 Conditions 300 8 21 56 33 1,2
not known (582) 10) (182  (125) (35
X-13 0.5 M NaOH 342 52 177 2.20 160 196 <2 60 76 1
0.75 M KOH (310) (251) <17 (134  (81)
+ Fe doping
X-41 1.0 M NaOH 350 56 - 2.16 100 <40 <2 54 <3
+BeO (194)  (<51)  (<17)  (120) (<3)
X-43 1.0 M NaOH 346 56 — 2.11
£ TiO,
X-116 Conditions
not known
X-246-23 1.0 M NaOH 358 38 172 0.99
0.1 M LiCO,
0.1 M NaNO,
X487 1.0 M NaOH 339 58 291 2.66
0.025 M LiCO,
0.1 M NaNO,
X488 1.0 M NaOH 377 22 152 1.57
X-507-15 1.0 M NaOH 338 33 138 1.60 126 24 <2 <30 <3 1,5
(near seed) (244) 27 (<17) (<67) (<3)
X-507-15 26 <5 <2 <30 <3 2,4
(near (50)  (<16) (<17) (<67 (<3)

outer surface)

* Temperature difference between hotter nutrient chamber and growth chamber (see Laudise, 1959, 1973 for details on growth technique)

interface

Expressed as increase in crystal thickness in direction normal to growth direction (5° from [0001]). Twice average velocity of growth

¢ Determined by flame photometry, units ppm weight oxide/weight SiO, (ppm cation/Si). Analyst: Paul Klock, U.S.G.S., Menlo Park

Determined by emission spectroscopy, units ppm weight element/weight SiO,. Analyst: Terry Fries, U.S.G.S., Menlo Park

¢ Chemical analysis corresponds to region irradiated in the spectrum numbers indicated in Table 3

mechanism of hydrolytic weakening proposed by Griggs
and Blacic (1965). They suggested that centers of hydrolysis
could be mobile and localized at dislocations. Freiman
(1984) summarizes work on crack growth in which similar
mechanisms participate. The spectra of hydrous silica glass
provides the best spectroscopic evidence for this type of
hydrolysis. We have used the evidence from these model
systems to infer the actual sites for hydrogen in synthetic
quartz.

Hydrogen concentrations in synthetic quartz have been
previously determined by bulk analytical techniques. We
have correlated these measurements with our spectroscopic
measurements to arrive at molar absorption coefficients
which enable us to determine absolute concentrations of
H,0 and OH™.

Experimental
Samples

Synthetic quartz samples used in this study were grown
at Bell Laboratories. Details of the growth history are given
in Table 2. The crystals were cut so that they could be
observed spectroscopically with the beam path parallel to
the seed plate. This was done so that zonation away from
the seed could be studied. Six of the crystals were cut as
ac sections so that dichroism could be studied; X-488-3
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Fig. 1. Near infrared (NIR) spectra of a typical synthetic quartz,
X-41. Shown are absorption features due to molecular H,O at
1,920 nm, multiple peaks centered at 2,250 nm due to X-OH-
groups, (X+H), and two bands due to both H,O and X-OH at
1,410 and 2,500 nm. These are superimposed upon a strong back-
ground absorption due to O—H stretch at 2,900 nm (3,400 cm ™ 1).
Spectra are taken with light polarized E|c¢ (w), solid trace, and
Elc (g), dotted trace, with the beam path parallel to the seed
plate. Sample thickness 2.44 cm, spectra taken with 2.0 mm aper-
ture placed 3.4 mm from the seed. Crystal contains ~ 900 ppm
H/Si, predominately as H,O. Also shown (long dashes) are base-
lines used to determine individual peak heights
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Table 3. Synthetic quartz absorbances and calculated hydrogen concentrations

Sample Spectra?, ppm Dis- Peak intensities Abs/cm? Hydrogen concentration by species
polariza- H/Si®  tance® (ppm H/Si)®
tion from
seed 1,420 nm 1,920 nm 2,250 nom 2,500 nm H,O OH™ Total
(mm) (Total H) (H,0) (OH™) (Total H) (1,920 nm) (2,250 nm) H
e=0.5 ¢=0.6" ¢=0.4 £=0.8¢ upper lower®
X-0 #1E|c 3,310 13 0.00534 0.04209 0.00276 0.02100 3,817 3,181 313 156 4,130 3,337
#2 E|c 2,912 11 0.00406 0.03329 0.00295 0.01752 3,020 2516 334 167 3,354 2,683
X-13 #1 Ej|c(basal) 1,770 13 0.00316 0.02461 0.00631 0.01974 2,232 1860 715 358 2,950 2,218
#2 Efc(fast a)’ 0.00309 0.02316 0.00382 0.01684 2,100 1,750 388 194 2,488 1,944
X-41 #1Ejc 846 3.42 0.00109 0.01018 0.00144 0.00675 1,000 832 163 81 1,163 913
#2 Elc 1.48 0.00123  0.01008 0.00079 0.00520 914 762 90 45 1,004 807
#3 Ejc 6.98 0.00118 0.01005 0.00115 0.00682 912 760 130 65 1,042 825
X-43 #1E|c 860 17.5 0.00105 0.1024  0.00315 0.00737 929 774 357 179 1,286 953
X-116  #1E|c 1,112 6,54 0.00184 0.01414 0.00250 0.00895 1,282 1,069 283 142 1,565 1,211
#2 Eljc 2.20 0.00221  0.02005 0.00174 0.01579 1,818 1,515 197 98 2,015 1,693
#3 E|c 11.08 0.00112  0.00618 0.00484 0.00655 560 467 549 274 1,109 741
#4 (no data)
#5 Ellc 8.72 0.00112 0.01125 0.00335 0.00734 1,020 850 380 190 1,400 1,040
#6 E|c 9.06 0.00138  0.01016 0.00312 0.00766 921 768 354 176 1,275 935
X-487-2 #1E|c 1.98 0.00221 0.01697 0.00138 0.01247 1,540 1,282 156 78 1,696 1,360
#2 E|lc 531 8.34 0.00079  0.00455 0.00198 0.00411 413 344 225 112 638 456
X-488-3 #1Elc 42 3.58 - i 0.00085 0.00145 - - 96 48 96 48
Rhomb. #2Elc 1.28 - 0.00015 0.00067 0.00134 14 11 76 38 90 49
growth
X-507- #1E|c 5.00 0.00095 0.00732 0.00163 0.00568 664 553 185 92 849 645
15(2) #2Ejc 305 12.62 0.00043 0.00364 0.00184 0.00306 330 275 208 104 538 379
#£3 E|lc 156 20.90 0.00030  0.00053 0.00391  0.00570 48 40 443 221 491 261
#4 E|c 16.64 0.00042  0.00229 0.00283 0.00384 208 173 321 160 529 333
#5Ejc 396 1.84 0.00134  0.00809 0.00137 0.00762 734 611 155 78 889 689

® All are E| ¢ except X-488-3, which did not have that polarization available

Estimates obtained from integrated intensity in the 3,400 cm ™! region (Kirby 1984)

Distance to center of 2.0 mm round aperture along perpendicular line from seed. All spectra measured with the beam path parallel

to the seed

4 Measured, using estimated baseline. Baseline was constrained to be the same as the spectra at 1,350, 1,700, and 2,600 nm. Baseline

for 2,250 peaks takes into consideration significant contribution from the 1,920 peak. Estimated measurement errors: 1,420 nm +15

percent, 1,920 nm 4 percent, 2,250 nm + 10 percent, 2,500 nm 415 percent

ppm H/Si=[4(cm™Y)/e(mol-171 cm™1)]-2- 10%/[SiO, mol-17 ] =(4/e)-45,350. A=absorbance, ¢=molar extinction coefficient from

Beer’s Law in terms of H,O, factor of 2 converts to OH, 10 converts to ppm, and concentration of SiO, per liter converts the

H concentration from moles/liter to moles/mole of SiO,

f H,0 ¢ values constrained to reproduce the known range for X-0, ~4,000—3,000 ppm. Since H,O dominates most of the samples,
this should accurately measure total H. The indicated ¢ values bracket the total H concentrations well except for samples X-43
(too low) and X-487-2 (too high)

¢ OH~ ¢ values constrained to bracket X-488-3 total H concentrations. This crystal was measured with EL¢, unlike the others. Ef¢

vields less intense OH ™~ spectra, so the ¢ values for E.Lc may in fact be higher

Calculated by adding the H,O and OH~ contents from NIR measurements. Some of the differences between this measurement

and the IR measurements (note 2) may be attributed to slightly differing paths in the thick NIR samples. This is particularly noticeable

very close to the seed, e.g., X-507 point # 5

No absorption bands detected

This sector is light blue with growth in fast a direction. Fe doped 80 ppm

o

o
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and X-43 were not. For near infrared work all samples
were 2 to 5 cm thick, which is required to obtain suitably
intense spectra. For infrared work (used for calibrating the
concentrations) samples were 0.1 to 0.3 cm thick.

Natural samples used in this study were chosen as typi-
cal examples of the major silica minerals that can serve
as model systems for synthetic quartz. They are: 1) opal,
from Opal Mt., San Bernardino County, California, CIT
# 13027, 2) chalcedony from a geode wall lining, Chihua-
hua, Mexico (Finkelman et al. 1974), CIT # 10100, and 3)

milky quartz, Dillsburg, Pennsylvania, CIT # 3032. In addi-
tion to these natural samples, a SiO, synthetic glass was
used which contains approximately 8 percent H,O, pre-
pared in a piston cylinder apparatus at 12 Kbar, 1400° C
by A. Boettcher, UCLA, his # 2568.

Spectroscopy

Near infrared (NIR) spectra were obtained using a Cary
171 spectrophotometer, and infrared (IR) spectra were ob-



tained using a Perkin Elmer 180 spectrophotometer, with
techniques described by Goldman et al. (1977). Measure-
ments used for concentration determinations were made
at room temperature. Additional measurements were made
at —196° C. NIR spectra were then digitally encoded and
corrected for the spectrometer baseline. Peak height data
were obtained by applying a smooth baseline, constrained
to coincide with the spectrum at 1,350, 1,700, and 2,600 nm,
where there are no hydrogen-related absorptions. A typical
baseline is shown in Figure 1. In H,O-rich samples, a cor-
rection was made for the overlap of the 1,900 nm H,O
band and the 2,250 nm OH™ (also shown in Fig. 1). It was
not possible to apply a nonarbitrary baseline to these spec-
tra because the broad features that underlie the peaks of
interest are themselves functions of the hydrogen content
of the crystal. The principal contribution to these broad
underlying absorptions comes from O—H stretch funda-
mentals in the 3,000 nm (3,500 cm ') region which are very
intense at the thicknesses for NIR studies. Therefore, an
a priori baseline cannot be applied. The inherent inaccuracy
of applying an arbitrary baseline is the primary error in
the measurement, discussed in Table 3. Integral absorption
in the near-infrared region was not measured because of
overlapping peaks. However, data from Kirby (1984) indi-
cate that peak and integral absorption may be used inter-
changeably for the IR region of quartz, and Stolper (1982)
has shown that for H,O and OH ™ in silicate glasses, peak
and integral absorption are interchangeable in the NIR re-
gion.

Infrared spectra were obtained at the identical locations
used for NIR spectra. After the NIR spectra were run,
the samples were cut to appropriate thicknesses for IR
work. The IR spectra were corrected for intrinsic SiO, ab-
sorption modes using the spectrum of a very dry synthetic
quartz, X-246-3 which contains ~40 ppm H/Si. Spectra
were polarized, with E.L C. These spectra were used to cal-
culate the total H,O content of the crystals at the locations
measured (Kirby 1984). The reference sample of X-0 used
by Kirby was also measured, and a six-point zoning profile
was measured in order to obtain an accurate average value
for this slab. This yielded a calibration factor (for these
techniques and instruments) of

Concentration H/Si (ppm)=1.05x 4(cm ™~ ?)

where A=integral absorbance from 3,750cm™! to

2,400 cm ™, suitably corrected for background Si—O ab-
sorptions.

Results

Hydrogen Speciation

Synthetic quartz contains trace hydrogen both as molecular
H,O and OH™ groups. As the hydrogen content of the
crystal increases, so does the H,O content. Samples that
are weak and ductile, such as X-0 (Griggs and Blacic 1965),
contain molecular water as the dominant hydrogen-con-
taining species.

Figure 1 shows a typical spectrum of synthetic quartz
in the near infrared region. This crystal contains approxi-
mately 900 ppm H/Si. The individual absorptions due to
both molecular H,O and OH™ groups in this crystal are
identified. The broad, sloping shoulder (rising at long wave-
lengths) upon which these peaks are superimposed is due
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Fig. 2. NIR spectra of synthetic quartz X-116 showing changes
in the absorption features as a function of distance away from
the seed plate: H,O (1,920 nm) decreases and OH™ (2,250 nm)
increases. Spectra have had the strong background absorption seen
in Fig. 1 removed. Sample thickness 3.79 cm, light polarized E]¢

to the intense O — H stretching fundamental at 3,400 cm ~ L.

Some spectral features are slightly anisotropic. The underly-
ing absorption changes depending on the polarization of
the spectrum. There are also changes in the OH™ band
at 2,250 nm. In the E|¢ spectrum the band is dominated
by a peak at 2,250 nm, and in the ELlc¢ spectrum there
are three approximately equal peaks. The overall intensities
are similar in both polarizations. This polarization of the
OH ™ band is typical of the synthetic quartzes studied. Con-
trasting with this is the lack of polarization of the band
due to molecular H,O at 1,920 nm. The apparent differ-
ences in shape seen in Fig. 1 for this band are attributable
to polarized contributions from sharp band absorptions in
the 3,500 cm~* region. When the H,O band is present, it
is always essentially isotropic.

The crystals we studied are strongly zoned in H,O,
OH ™, and total hydrogen content. Figure 2 shows the spec-
tra of crystal X-116 at various distances from the seed.
(These spectra have had the broad background absorption
due to intense bands in the 3,500-3,000 cm ™! region re-
moved by subtraction of a scaled, computer fitted baseline
similar to that seen in Fig. 1. The same baseline was used
for all the spectra with the scaling factor varied to bring
the absorbance at 2,650 nm to the same level as at 1,650 nm.
This apparently results in too great an intensity in the
2,200 nm region for low hydrogen samples.) Near the seed,
the crystal is dominated by H,O, which decreases away
from the seed while OH ™~ rises in concentration.

Table 3 summarizes the results of our near infrared stu-
dies of synthetic quartz. Using hydrogen contents deter-
mined from the integral absorbance in the 3,500 cm ™! re-
gion (Kirby 1984), we have calculated peak height molar
absorption coefficients (g) for hydrogen (as H,O). It is con-
ventional (Bartholomew et al. 1980) to report both OH~
and H,0 ¢ values as H,O since that is the species measured
by other techniques such as weight loss measurements. For
hydroxide, there are actually twice as many moles (OH ™)/
liter than would be calculated from the & value. In Table 3
we show two ¢ values for each species, representing the
range of values which fit the previously determined total
hydrogen concentrations. The ¢(OH ™) values are not as
well constrained because of the low OH~ content of all
the crystals. The best fit appears to be with & values for
both H,0 and OH™ of ~0.5 (/ mole;; 5, cm™1).
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Fig. 3. Concentration of OH™ and H,O as a function of distance
from the seed plate. Ranges shown are from the ¢ values calculated
to bracket the known total hydrogen content of the samples (Ta-
ble 3). Also shown are OH~ and H,O concentrations for three
samples for which the seed location is not known; numbers refer
to the spectra numbers in Table 3

The range of molecular H,O contents is from 0 ppm
(X-488-3) to 3,300 ppm H/Si (X-0). The range of OH™ con-
centrations is from 96 (X-488-3) to 715 ppm H/Si (X-13,
basal growth). Figure 3 summarizes the zoning profiles in
terms of concentration and distance from the seed (all for
basal (0001) growth samples). The seed was not contained
in our samples of X-0, X-43, and X-13, but we were able
to determine the approximate distance from the seed from
records kept during cutting of the original samples. Two
common trends emerge from Fig. 3: the H,O concentration
decreases dramatically and the OH™ concentration rises
gradually with greater distance from the seed. The ranges
shown here are calculated from the two ¢ values for each
species shown in Table 3. Even if these values were known
to greater accuracy, the concentration slopes would remain
sub-parallel to the trends shown. The H,O/OH ratios are
independent of the absolute hydrogen concentration. The
estimated error in measurement of individual absorbance
values is about 10%. This error is random, unlike the sys-
tematic error introduced by uncertainty in the & values.
Within error, then, we can confidently say that H,O de-
creases and OH ™ increases in all samples but X-41, in which
both remain constant within error.

H,0 and OH™ Sites; Comparison with Other SiO, Systems

H,0. The major hydrogen impurity in synthetic quartz is
H,O0. In order to determine whether the H,O molecules
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Fig. 4. Temperature dependence of the NIR absorption features.
No new band forms at 2,000 nm, showing that there is no liquid
water that can convert to ice when cooled. Quartz X-13, basal
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Fig. 5a and b. Comparison of the NIR absorptions due to H,O
(~1,920nm) and OH™ (~2,250nm) in SiO,. a)25°C, b)
—196° C. All spectra taken with unpolarized light. SiO, glass,
Boettcher # 2568 0.045 cm thick; chalcedony, Chihuahua, Mexico
0.46 cm; milky quartz, Dillsburg, Pennsylvania 0.033 cm; opal, San
Bernardino County, California 0.039 cm; and synthetic quartz X-
13 basal growth zone (seen in Fig. 5) plotted here as 19 cm thick.
The offsets of the baselines from 25° C to —196° C are arbitrary.
Spectra have had background absorption removed as in Fig. 2

occur individually, in groups, or as fluid inclusions, we have
studied the spectra at —196° C. This method allows us to
distinguish fluid inclusions containing enough water mole-
cules to freeze to ice, as evidenced by an ice band in the
spectrum at 2,000 nm (Dodd and Fraser 1967; Aines and
Rossman 1984a). X-0 and X-13 were studied by this meth-
od. Ice bands were not observed. Figure 4 shows that there
is very little difference between the 25° C and —196° C spec-
trum, the major difference being a broadening of the
1,920 nm peak toward long wavelengths.

Figure 5a and b show the freezing behavior of the other
Si0, compounds as well as that of X-13 for comparison.
They have been stacked to compare peak locations and
shapes. The H,O region in silica glass contains two compo-
nents, the sharper one peaking at 1,905 nm. It does not
change when the sample is frozen. Chalcedony and milky
quartz have broad H,O peaks that shift substantially when
frozen, as is expected for liquid water. In opal an ice band
forms at 1,980 nm, but the original 25° C peak at 1,910 nm
remains as well, indicating two water types as suggested
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Fig. 7. IR spectra as three of the samples measured in the NIR.
Spectra recorded at —196° C, plotted normalized to 1 mm thick-
ness, and offset vertically for clarity

by Langer and Florke (1974). However, none of these sys-
tem’s behavior is identical to synthetic quartz.

OH~. Comparison of the temperature effect on the hy-
droxide regions in Fig. 5 shows that there are no major
changes. In SiO, glass the hydroxide peaks are located at
2,220 and 2,250 nm. The pattern is markedly different from
synthetic quartz. Chalcedony has a broad band in the 2,250
region that is similar to synthetic quartz, but has less spec-
tral structure apparent. The opal pattern is similar when
expanded vertically (not illustrated).

The change in the OH™ spectrum with distance from
the seed is shown in Fig. 6 for crystal X-507. Despite a
change in OH™ concentration from 90 to 200 ppm, there
appears to be no change in the shape of the band. This
1s true for other samples as well, although from sample
to sample there are minor differences. Most importantly,
none of the peaks in this region have any correlation with
the H,O content of the crystal.
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Fig. 8. Plot of absorbance of 1,900 nm (due to molecular H,0)
vs. broad band absorption, measured from the peak intensity at
3,100 cm ™ !. Measurements made at 23° C. Specira were also used
to obtain total H,O from the total integral absorbance in the
3,700-2,800 cm " ! region (Table 3)

Comparison of NIR and IR Spectra

Figure 7 shows IR spectra recorded at —196° C for three
of the samples used in the NIR study. They range from
very low H,O (X-507) to high H,O(X-0) contents. The
broad band in the IR correlates with the 1,900 nm H,O
band in the NIR. Figure 8 shows the quantitative relation-
ship between these two, where the IR broad band was mea-
sured by the absorption intensity at 3,100 cm ™~ *, where no
sharp band absorption occurs. This was measured at 23° C
from the runs used to measure water content from total
integral IR absorption (Table 3). The general relationship
between H,O and broad band absorption is very good.
The scatter in the graph (particularly noticeable for the
X-507 points) appears to be due to inhomogeneity in the
large crystals used for NIR measurements for the case of
X-507. IR measurements were made on a 0.35 cm wafer
cut from the original NIR sample which was more than
5 cm long. A more extensive study of the relationships be-
tween the NIR and IR absorptions will be required in order
to obtain a more accurate graph than Fig. 8.

Discussion

The major hydrogen impurity in synthetic quartz is molecu-
lar H,0O. Hydroxide is always present but to a much smaller
extent. The concentration of H,O decreases away from the
seed, and by inference decreases with growth rate (Kirby
1984). Hydroxide increases away from the seed. The major
species responsible for initiating hydrolytic weakening in
quartz appears to be H,O, since it dominates the hydrogen
speciation of weak quartz crystals and correlates with the
broad band absorption previously identified in the IR re-
gion.

H,0 Site

Our NIR data show that the molecular H,O in synthetic
quartz is not in the form of fluid inclusions. Dodd and
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Fraser (1965), Kirby and McCormick (1975), and Kekula-
wala et al. (1981) arrived at this conclusion based on the
absence of an ice band in infrared studies at liquid nitrogen
temperatures. In addition, Kirby and McCormick also
made a TEM study of many of the same samples studied
here which revealed no fluid inclusions, a result confirmed
by Kekulawala et al. They did, however, find what they
termed ““features with the characteristics of sources of hy-
drostatic pressure.” Even if these were very small fluid in-
clusions, though, careful counting of them reveals that they
could only account for a small amount of the hydrogen
in the crystal.

Our low temperature studies in the NIR region confirm
that the H,O in synthetic quartz is not in fluid inclusions.
No ice band forms at 2,000 nm when the samples are frozen,
and the room temperature peak shape is very different from
that of liquid water such as that in the spectrum of milky
quartz (Fig. 5a and b). The use of freezing to distinguish
fluid inclusions is probably limited to groups of water mole-
cules of a size resolvable by optical microscopy or TEM
methods (Kekulawala et al. 1981). Groups approximately
less than several hundred molecules cannot be distinguished
in this way (Aines and Rossman 1984a). In order to under-
stand the sites and groupings of very small groups or indi-
vidual water molecules, it is instructive to look at the behav-
ior of water in other silicas.

Individual water molecules trapped in voids in crystals
or bonded into the structure tend to give sharp peaks and
anisotropic behavior in the IR and NIR region (Aines and
Rossman 1984a). This behavior is in sharp contrast to that
of water in synthetic quartz. The water in synthetic quartz
is not bonded into the structure in any coherent way be-
cause its spectrum is isotropic, in contrast to the behavior
of trace water in cordierite (Goldman et al. 1977). This is
in accord with the suggestion that the incorporation of
water into quartz is not an equilibrium process (Kirby
1984). The water appears to be trapped by the rapidly grow-
ing quartz.

Langer and Florke (1974) showed that opal contains
water in two forms; type A, liquid water, and type B, water
not strongly hydrogen bonded which they interpret as indi-
vidual water molecules trapped in cages in the structure.
At room temperature (Fig. 5a) the 1,900 nm region of opal
is very similar to that of synthetic quartz. At low tempera-
ture type B water forms an ice band, in contrast to quartz.
Figure 5b shows that the two opal water types are distinct
at —196° C, with the liquid (type A) forming an ice band
at about 1,980 n, and the non-hydrogen bonded water mol-
ecules (type B) remaining very similar to the room tempera-
ture spectrum. Thus, it appears that the water in synthetic
quartz, which behaves very similarly upon freezing, may
be related to the individual water molecules (type B) in opal.
In chalcedony Florke et al. (1982) conclude that the molecu-
lar water present is all of type B, in analogy to opal. This
is in accord with Frondel’s (1982) IR study of chalcedony
which showed a consistent broad band at 3,400 cm™!. This
is the characteristic signature in the IR region of liguid
water. Our freezing study of chalcedony showed that the
typical ice band forms (Fig. 5b) but in contrast to liquid
water in fluid inclusions, chalcedony maintains a distinct
shoulder at 1,930 nm when frozen. This is similar to opal
and suggests that there are two water types in chalcedony
as well. Chalcedony is completely dominated by liquid
water, however, in contrast to synthetic quartz.
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Fig. 9. Correlation between H,O in molecular form and Na con-
tent, both expressed as atomic ratio to silicon. There are approxi-
mately five H,O molecules for every Na atom

Of all the systems studied, the 1,905 nm band of SiO,
glass occurs at the shortest wavelength. Like opal (type A)
and quartz, this band does not shift when frozen. An addi-
tional smaller band is seen at 1,970 nm, which also does
not shift. These may be due to individual water molecules
(1,905 nm) and some form of hydrogen bonded water mole-
cules, possibly in small clusters (1,970 nm). The difference
in the H,O absorption wavelength between SiO, glass and
H,O0 in crystalline SiO, is significant. The water in quartz
is probably in larger groups than in the glass, or it is hydro-
gen bonded to hydroxyl groups. In either situation, hydro-
gen bonds would shift the absorption to longer wave-
lengths.

There is a definite correlation between H,O and Na~™
content of the synthetic quartz studied here. Figure 9 shows
that there are about five water molecules for every Na*
atom. There is no correlation between Na* and OH™~ (com-
pare Figs. 3 and 7), which appears to severely limit the
possible concentration of species such as NaOH, because
Na and OH exist at similar concentrations in these samples.
It is possible that water and Na™ actually exist in units
of this stoichiometry within the crystals, perhaps as a result
of the occlusion of hydrated Na* ions. However, H,0 and
Na* may simply have effective kinetic fractionation coeffi-
cients (during occlusion by rapid crystal growth) that differ
by 5:1, resulting in this ratio within the crystal but with
no genetic relationship between the two impurities.

The hydrogarnet substitution, H,0F 2SiO;~, has
been proposed as the hydrogen speciation in mechanically
weak quartz (McLaren et al. 1983; Nuttal and Weil 1980;
Hobbs 1984). The presence of H,O as the dominant hydro-
gen species rules out the possibility that the initial hydrogen
defect is similar in form to the hydrogarnet substitution.
Tetrahedral (H,0,)*~ groups have only one hydrogen per
oxygen, and would not give an absorption at 1,900 nm
(Aines and Rossman 1984a). Adjacent “corner sharing”
H,0, tetrahedra could be “joined” by a water molecule,



but hydrogen speciation could still be dominantly hydrox-
ide. There is no evidence of this in our NIR spectra, since
H,O0 is the predominant hydrogen species. Aines and Ross-
man (1984b) showed that garnets with up to four times
more total H,O (as H,O,) than quartz X-0 show no absorp-
tions at 1,900 nm.

Water in quartz is not present as individual water mole-
cules in distinct voids in the crystal structure, because it
would give a sharper and anisotropic peak in the 1,900 nm
region such as is found in the spectra of gypsum and cor-
dierite (Aines and Rossman 1984a). It is also not present
as liquid water (fluid inclusions) because an ice band does
not form at low temperature. There are small changes in
the 1,900 nm region of the low temperature spectrum, how-
ever; a definite increase in intensity around 1,950 nm occurs
(Fig. 4). However, structure in the spectrum does not devel-
op at low temperature and furthermore the peak position
does not shift. The shape of the 1,920 nm band is distinctly
different from that of individual water molecules, or liquid
water; it is intermediate to these. We suggest that the water
in synthetic quartz exists as small groups of water molecules
which range in size. The lower limit of one molecule cannot
be the dominant form because of the lack of anisotropy
discussed above. An upper limit of approximately 200 mole-
cules results from the lack of ice bands at low temperature
(Kekulawala et al. 1981; Aines and Rossman 1984a). The
size distribution appears to be skewed toward small clusters
because of considerations relating peak wavelength so size
of polymeric units of water.-(Van Thiel et al. 1957). The
minor shifts in the 1900 nm region are due to incipient
formation of ice in the larger groups, but the smaller groups
undergo no change and the peak remains at 1,920 nm.

OH™ Site

The NIR spectroscopic properties of hydroxide in synthetic
quartz are very similar to those of natural SiO, polymorphs.
Hydroxide features occur in the 2,250 nm region in the NIR
(Fig. 5) but are really best studied in the IR. The IR data
have been discussed by Aines and Rossman (1984a) who
concluded that many of the sharp peaks in synthetic quartz
were identical to those resulting from hydrogen-alkali and
hydrogen-aluminum defects in natural quartz. This associa-
tion has not been made in the past because of the apparent
lack of correlation between hydrogen content and the inten-
sity of sharp bands in the IR region. This lack of correlation
between total hydrogen and the sharp peaks is understand-
able, since in most synthetic quartz, molecular water is the
major hydrogen species, and it yields the observed broad
band spectrum in the IR 3,400 cm ! region.

An important question is whether or not all of the hy-
droxide present in synthetic quartz is associated with ca-
tionic impurities or is in the form SiOH. The most plausible
mechanisms of hydrolytic weakening involve the hydrolysis
of Si—O~—Si bonds, and formation of hydroxide in the
form SiOH. The spectroscopic behavior of this species is
known from SiO, glass (Stone and Walrafren 1982). Fig-
ure 5 shows that while SiO, glass and synthetic quartz both
have absorptions in the 2,250 nm region, the glass is domi-
nated by a peak at 2,210 nm and the overall patterns are
different. The lack of similarity does not prove that some
SiOH is not present. Figure 6 shows the hydroxide pattern
of crystal X-507 obtained in regions of different H,O con-
tents. If H,O were hydrolysing bonds to form SiOH, the
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concentration of SiOH should increase with the concentra-
tion of H,O. If this happened, the bottom trace of Fig. 6
should have a more distinct SIOH pattern than the top
in the 2,210 nm region. This does no happen; the hydroxide
pattern in X-507 seems to remain constant in shape and
only increases in concentration with distance away from
the seed. The same OH ™ defects occur throughout the crys-
tal and are independent of H,O concentration. There is
no direct spectroscopic evidence for SiOH groups. Using
the data for SiOH in glass, we estimate our limit of detec-
tion to be 5 ppm H/Si in the 2,210 nm region.

Conclusions

Hydrolytic Weakening

Kekulawala et al. (1981) have shown that quartz crystals
that are intrinsically weak display a broad isotropic absorp-
tion band centered at about 3,400 cm ™. Our spectroscopic
work in the near infrared has proven that molecular water
causes this characteristic “broad band” absorption. Griggs
and Blacic (1965) and Griggs (1967) originally discovered
the hydrolytic weakening phenomenon in dry natural
quartz crystals that were annealed at high pressure in the
presence of water and put forward the hypothesis that the
following hydrolysis reaction is localized at crystal disloca-
tions in quartz:

=Si—0—-Si= + H,0 € =S8i—-OH:0H-Si= (1)

where each dashed line represents a strong Si—O bond
and the colon symbol represents the weak hydrogen bonds
between silanol groups. If the reaction occurs at sites adja-
cent to dislocation cores, the activation barrier to disloca-
tion motion would be reduced and dislocations as they
move could shear the two silanol groups at low shear
stresses. The silanol groups would therefore be short-lived
transitional states and Si—OH groups at the ““dangling”
bonds at dislocation cores would exist metastably. Griggs
(1974) showed that for typical dislocations densities that
exist in quartz crystals, both as received and experimentally
deformed, less than 1 ppm Si—OH/Si would saturate the
dangling bonds at dislocations. Our isolation of molecular
water as the mechanically-effective hydrogen species in syn-
thetic quartz is completely consistent with the Griggs-Blacic
hypothesis and lack of correlation of hydroxyl concentra-
tion with H,O concentration (Table 3) indicates either that
the equilibrium constant for Equation (1) is very low such
that the expected hydroxyl concentration is below our level
of detection or that the synthetic quartz is not in equilibri-
um according to the hydrolysis reaction. Stolper (1982) has
shown that the reaction of Equation (1) applies to silicate
glasses and that the equilibrium constant for the reaction
K =0.2. This is not surprising since glasses are not equilibri-
um phases and are thought to have many “dangling”
bonds.

Speciation of Water in Low Temperature SiQ, Polymorphs

Molecular water is an important constituent of quartz, opal,
and chalcedony grown at low temperature. Synthetic and
natural low temperature quartzes are identical spectroscopi-
cally (Aines and Rossman 1983) and the other polymorphs
are similar. It seems likely that in all of these cases, molecu-
lar water is occluded during the growth of the crystals.
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In chalcedony, the variety of fiber and grain sizes probably
allows a continuous variation from individual water mole-
cules to large fluid inclusions.

Opal contains two portions of the continuum of water
environments found in chalcedony, one representing large
aggregates of H,O between the silica units, and another
representing much smaller aggregates within the silica units
themselves. The spectra of the internal water in opal, chalce-
dony, and low temperature crystalline quartz are very simi-
lar to the spectra of water in synthetic quartz. This suggests
that all of these phases contain very small groups of water
molecules which have a distribution in size. The major spec-
troscopic differences among these SiO, systems seem to
arise from processes on the exterior and surface of grains,
fibers, or crystallites.
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