American Mineralogist, Volume 84, pages 1577-1587, 1999

Hydrogen in diopside: Diffusion, kinetics of extraction-incorporation, and solubility

SARAH HERCULE AND JANNICK INGRIN*
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ABSTRACT

The kinetic of H extraction-incorporation in diopside single-crystals.{8& ,:Cro.0:MJo.07
Fe.036511.060s) deduced by monitoring OH infrared absorption bands for samples heated from 973 to
1273 Kat 0.1 atm and 1 atm of phs independent of crystallographic orientatiBg,, and pH. The
diffusion law isD = D, exp[ —(126+ 24) kJ/mol/R], with log D, (in m?/s) = —6.7+ 1.1. Hydrogen
self-diffusion obtained from H-D exchange in the same diopside samples over 873-1173 K, and
along directions [001] and [100]* at 1 atm total pressure is two orders of magnitude faster than H
uptake and follows the diffusion lady = D, exp[ —(149t 16) kJ/mol/R], with log D, (in m#/s) = —
3.4+ 0.8. Self-diffusion along [010] follows the diffusion laYy, = D, exp[ —(143t 33) kJ/mol/R],
with log D, (in m?/s) = =5.0t 1.7 and is one order of magnitude faster than H uptake. The kinetics of
extraction incorporation of H in this diopside follows the reactioh +&-+ 1/2H, (g) = Fé* + OH"
and are not rate limited by the mobility of protons but more probably by the mobility of electron
holes connected with the Fe oxidation-reduction process. The results suggest that the kinetics of H
uptake in clinopyroxenes will increase with increasing Fe content until it is rate controlled by the
kinetics of H self-diffusion. We predict a rate for H exchange in diopside appropriate to the upper
mantle almost as fast as H exchange in olivine. The insensitivity of H solubility on temperature and
Po, for samples recovered from low-temperature conditions (below 1273 K) and/or rapidly quenched
samples let us suggest the use of OH concentration measurements in diopside as a potential pH
sensor.

INTRODUCTION In contrast, Skogby and Rossman (1990) showed that H

Water, stored as H defects, is commonly found in natu,gpnpentrations ip pyroxenes correlate .V\{elllwith geological
pyroxenes with concentrations ranging from 5 to 1100 ppgfivironment; a signature of hydrous activity is thus preserved
Wt% H,0 (Skogby et al. 1990; Smyth et al. 1991; Bell ant] these minerals. A better understanding of the mechanisms
Rossman 1992). These values are large relative to the H c8Rd kinetics of dehydrogenation-hydrogenation in diopside is
tents of other upper mantle minerals like olivine or garnet. CoRecessary to constrain better the conditions of this preserva-
sequently, Bell and Rossman (1992) argue that pyroxenes rﬁ&ﬂ?- ) )
be the main host phases for water in the upper mantle. HOW_Seve.raI authors proposed H to be mamly accommodated in
ever, the amount of water measured in xenoliths at the Earth&bearing crystals by charge compensation through the fol-

surface only indicates the amount preserved. Hydrogen éqwing reaction (Clowe et al. 1988; Dyar et al. 1993 for am-

change with magma might occur during the ascent of xerfjtiboles; Mackwell and Kohlstedt 1990 for olivine; Ingrin et

liths. Mackwell and Kohlstedt (1990) measured a rate of & 1989; Skogby and Rossman 1989; Skogby 1994 for diop-
incorporation in olivine rapid enough to allow H outgassing'de):

during ascent from the upper mantle. They conclude that a low

H content of olivine from mantle nodules is an insufficient proof F&+ O+ 1/2H (9) = Fé" + OH . 1)

of low H content of olivine in the upper mantle. Following the o ) )
same line of reasoning, we have previously shown that the elS generally assumed that the kinetics of this reaction are

hydrogenation rate in diopside is also rapid and leads to figge limited by H diffusion but this has yet to be demonstrated

same conclusion for clinopyroxene (Ingrin et al. 1995).  clearly. _ _ _
To clarify these issues, we have performed incorporation

experiments by annealing diopside in H, at partial pressures of
0.1 and 1 atm, and performed deuteration experiments in the
same samples to measure H self diffusivities by kinetic studies

*E-mail: ingrin@cict.fr of isotope exchange.
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EXPERIMENTAL TECHNIQUES Annealing procedures
Starting material Heat treatments for both H incorporation and deuteration

The samples are thin slices of a Russian diopside sin&péperiments were cqrried out.in a horizontal .f.urnace. An alu-
crystal with X, = 0.036 [%. = Fe/(Fe + Mg) cation ratio] as Mina tupe .18 mm |n.|nterna| diameter and a silica glags tube of
described and enumerated by Ingrin et al. (1995). Some sam@@gnm in internal diameter were used for the experiments at
were repolished, reducing thickness by a few micrometers. Cfitd &tm pHand 1 atm pH respectively. Temperatures ranged
are parallel to the (100) and (010) crystallographic planes df@m 873 to 1273 K, and were controlled by a Pt/Pt-Rh10%
perpendicular to the [001] axis (labeled directions [100]*, [010{€rmocouple located less than 5 mm from the sample. We es-

and [001], respectively) (Table 1). timate the uncertainty in temperature to be less #afC
mainly due to furnace gradients and variations in room tem-
perature.
The reducing atmosphere around the samples was fixed by
TABLE 1. Experimental data for hydrogen uptake either a gas mixture of 90%Ar + 10%ftbwing through water

Sample Orientation P, pH. t rcor. A AA (pH; = 0.1 atm) and pure H at 1 atm (pH 1 atm) for H up-
@m (am) () () (em?) (em™) take, or 90%Ar + 10%pPflowing through deuterated water
1273 K: 2 L = 0.932 mm; size: 4.6 « 4.1 mm? (99.8% DO; pD, = 0.1 atm) and 90%Ar + 10%Hlowing
v [001] 10 01 500 547 118 02  through water for H-D and D-H exchange experiments. The
15.00 1595 268 0.3 . . o I
2500 2639 339 o3  Oxygen partial pressure, through water dissociation equilibrium,
35.00 36.85 3.34 0.3 ranged from 18° to 10¢ atm, depending on the temperature
55.00 5731 477 04 for experiments performed with ptér pD, equal to 0.1 atm
8900 9223 448 03 (Tables 1 and 2). We checked the valueBgfwith a zirconia
95.00 98.69 4.50 0.3  sensor (with internal solid Pd/PdO reference) placed in an in-
dependent furnace working at 1073 K and connected to the
1273 K: 2 L = 0.945 mm; size: 6.0 « 3.0 mm? outlet of the experimental device. The measured values fall
\ [100]* 107 01 500 547 253 02  within one order of magnitude of those calculated from gas
2000 2141 392 05 proportions. The exa®,, of the experiments performed at 1

40.00 41.88 428 05  atm pH is unknown.
60.00 62.35 510 0.4
80.00 82.82 502 0.4
120.00 123.29 5.02 0.7

1173 K;2 L =0.548 mm; size: 8.5 « 3.8 mm? 10 L
i [001] 410" 01 10.00 10.48 147 05
20.00 20.96 2.05 0.3 WWW—M
30.00 31.44 2.03 03
40.00 41.92 296 02
50.00 5240 296 0.3 5h
~ 8F
1173 K; 2 L = 0.533 mm; size: 8.5 « 3.8 mm? £
i [001] 1 500 553 268 03 o 10h
10.00 11.06 358 03
15.00 1659 451 04 ¢
20.00 2212 515 04 @ 6
4000 4256 6.31 03 © 20h
60.00 63.18 658 03 &
123.25 126.96 6.76 0.2 8
1079 K; 2 L = 0.973 mm; size: 4.3 ~ 4.1 mm? © 4 40h
[001] 310 01 5000 51.35 154 0.4 g
90.00 91.80 278 04 5
130.00 132.25 361 0.3 o 60 h
190.00 192.70 4.82 0.3 o
250.00 253.15 5.09 0.3 0
330.00 333.60 515 03 2 2
< 80h
983 K; 2 L =0.606 mm; size: 4.0 ~ 5.0 mm?
IX [100]* 1 3000 3058 834 05 120k
60.00 61.16 10.79 0.5
94.00 95.74 1145 0.5 0 I
135.92 138.24 12.47 0.7 4000 3500 3000

190.00 192.90 13.21 0.6
243.89 247.37 13.87 0.5
309.14 313.20 14.25 0.6

373.47 37811 1471 0.6 . . . L
44242 44764 1499 04 FIGURE 1.Evolution of IR absorption spectra with increasing time

561.42 567.22 15.18 0.5 of heating. Sample VI, cut perpendicular to the [100]* direction was

Note: tis the nominal time of heating, tcor. the time of heating after correc- ~ annealed at 1273 K in a pldf 0.1 atm for up to 120 hours. Spectra

tion due to the durations of the heating ramps, A =the OH integral absor-  were taken with a circular aperture of 1.5 mm in diameter at a resolution
bance, AA =the uncertainty on A, and 2 L =the thickness of the sample. of 2 cnrtand smoothed afterward

Wavenumber (cm-1)
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TABLE 2. Experimental data for H- D and D - H exchange

1579

TABLE 2.—Continued

Exchange H-D

Exchange D-H

Exchange H- D Exchange D-H

t tcor. Ap AAy tcor. Ap AAy t tcor. Ap AAp t cor. Ap AAp

(h) (h) (cm?)  (em™) (h) (cm™) (ecm™) (h) (h) (ecm™)  (em™) (h) (cm™) (cm™)

XI[010] 1173 K and 2 L = 0.746 mm VI [100]* 873 K and 2 L = 0.945 mm

0.00  0.00 - - 0.00 124 0.08 0.00  0.00 - - 0.00 2.70 0.00

0.20  0.60 0.43 0.06 0.67 0.88 0.05 1.00 1.34 2.41 0.04

040  1.20 0.63 0.06 1.34 0.60 0.08 200 228 0.28 0.10 2.68 2.35 0.05

0.80  2.00 0.88 0.06 221 0.31  0.06 400 456 0.45 0.10 5.02 2.11 0.02

160 320 1.04 0.07 3.48 0.17 0.06 8.00 884 0.66 0.15 9.36 1.93 0.07
11.60  13.60 1.22 0.08  13.95 - - 20.00 21.12 1.23 0.09  21.70 1.53 0.08
23.60  26.00 1.24 0.08 40.00  41.40 1.79 0.09  42.04 1.13 0.10

60.00 61.68 2.09 0.12
VI [100]* 1133 K, 1139K and 2 L = 0.945 mm 80.00 81.96 2.34 0.13  82.38 0.55 0.10

0.00  0.00 - - 000 278 o010 13000 13224 261 006

0.17 13 o078 o010 18000 18252 270 007

0.33 2.72 0.30 0.06

050 092 243 0.08 1[001] 873K and2 L =0.973 mm

100 1.84 278 0.10 000  0.00 - -

1.00
200 228 0.59 0.04
VI [100]* 1073 Kand 2 L =0.945 mm 4.00 456 0.69 0.04

0.00  0.00 - - 0.00 2.78 0.10 8.00 884 0.93 0.06

1.00 1.31 2.05 0.06 1.36 0.78 0.10 20.00 21.12 1.18 0.06

2.00 2.62 2.50 0.09 2.72 0.30 0.06 40.00 41.40 1.69 0.04

3.00 393 2.63 0.08 60.00 61.68 1.91 0.03

5.00 6.24 2.66 0.10 80.00 81.96 1.99 0.02

7.00 855 2.78 0.10 120.00 122.24 2.18 0.05
22.00  23.86 2.78 0.10 200.00 202.52 2.25 0.10

Note: tis the nominal time of heating, t cor. the time of heating after cor-
1[001] 1073 Kand 2 L =0.973 mm rection due to the durations of the heating ramps, A = the OH integral

0.00 0.00 - - 0.00 2.21 0.05 absorbance, AA = the uncertainty on A, and 2 L = the thickness of the

0.50 0.86 0.83 0.04 sample.

1.00 131 1.88 0.05 1.72 0.38 0.07

200 262 2.08 0.04

8.00 893 2.16 0.04
16.00 17.24 2.21 0.05

The samples were held vertically on MgO plates to avoid
XI[010] 1073 Kand 2 L =0.746 mm any chemical reactions between alumina and diopside. The tube

(1)'83 0.00 - - g'gg é'g 8'3(7) was flushed with the gas mixture for 30 min before heating

2.00 2.30 0.55 2.72 0.63 0.10 started. A ramp was programmed to reach the final tempera-

400  4.60 0.70 0.04 5.02 0.50 010 ture within 60 to 100 minutes.

8.00 9.44 0.25 0.10 Bef . fi . t led th
2000  20.80 118 0.10 efore any incorporation experiments, we anneale e
40.00 41.12 1.17 0.10 samples in air to remove completely the H present inside the

crystal. For samples cut parallel to (100), we observed slight

000 0.00 VI[100]* 973 K and 2 Lgé’(-)945 mr2n72 0.10 residual absorption bands at 3645%tamd 3530 cni (Fig. 1),

100 128 0.94 0.07 134 174 0.09 which we took into account in our analytical treatment.

200 256 1.44 0.05 2.38 1.30 0.07 ]

3.00 384 1.87 0.04 Infrared analysis

400 512 2.07 0.10 5.02 0.86 0.13 . .

800 940 244 0.10 0.36 0.45 0.20 Infrared absorption spectra were obtained at room tempera-
16.00 17.68 2.72 0.10 ture by accumulating 64 scans with a resolution of 2, amith-

35.00  36.96 27 0.10 out a polarizer (FTIR Spectrometer Perkin Elmer 1600, which
was purged in B. Each spectrum was collected on the central
1[001] 973K and 2 L =0.973 mm . -

0.00 0.00 _ _ 0.00 236 0.10 part of the sample through an aluminum foil aperture of 1.5 or 2

1.00 1.28 0.92 0.04 1.34 1.40 0.06 mm in diameter, and then smoothed to a resolution of 22 cm

200 256 1.36 0.03 2.68 1.13 0.04 ; :

300 384 119 0.04 202 081 0.06 Wg measureq the mtegral of the apsorbaAcby subtracting

4.00 5.36 0.63 0.07 a linear baseline estimated visually, in the range of wavenumbers
28-88 21-‘112 ;-gg 8-28 7.70 0.44 0.06  3725-3440 cntand 3725-3256 crhfor [001] and [100]* di-
10.00 4168 236 0.10 rectlons,_respectlvely. Errors on m_eg_surements of absorbance

were estimated from the reproducibility of the spectral analy-
XI1[010] 973K and 2 L = 0.746 mm sis and the fluctuations #hdue to variations in the estimation

0.00  0.00 - - of the baseline (see Ingrin et al. 1995).

400  4.84 0.22 0.09

800  9.12 0.33 0.05 . .

1400 1540 051 0.04 Analytical solution

28.00 2868 079 010 Because the thickness of the sample is small compared to
48.00 49.96 1.05 0.10 . ) e . .

78.00 8024 1.25 0.07 its width, we assume that diffusion is essentially one dimen-

sional and can be described by equations for a solid bounded
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by two parallel planes. The general solution of Fick’s second 1.2
law, for an average H concentratid,,, integrated over the H
whole thickness (Carslaw and Jaeger 1959) in the case of H L
uptake is: L

1 -

c,t_. . 8C-C)a 1 O-D (2n+1°1ét0 -
av _1 S 8 2
R Wi & R TE R @

with the following boundary conditions: &t t,, for L <x < 0.8 -

+L, C(x) = C,, the initial concentration, and at anyorx=-L = L
and x =+, C(x) = C,, the H concentration at saturation; wheré\f L
to is the initial timeL is the half thickness of the sample dhd L
is the diffusion coefficient of the mobile species. In mostcases, ¢ g L 1/~/ 1173K [001], 1 atm
H was completely removed from the sample before the experi- ®

ment C, = 0) and we used the following solution:

L ® A/As
© 2 o _ -13 2
C)_,_8 1 i expé'_D (2n+21) nzt%_ 3) 0.4 D=310"m"s
Cs T &(2n+1) AL - D=4.510"3 m%s

. 132

In H-D exchange experiments, we followed the integral of L D=610""m7s
absorbance of the O-D bands that are located inalessnoisy g o Lt b v byl iy 1o
wavenumber range of the spectrum. Expression 3 is also valid 0 20 40 60 80 100 120 140
for the analysis of the D. H exchange experiments (D replaced
by H), while for the reverse boundary conditions {HD ex- tcor. (h)
periments, H replaced by 09,,/C, is equal to (1 — Equation 3).

For experiments of H-D exchange performed in sample XI| FIGURE 2. Fit of hydrogen incorporation data by Equation 2 for
along direction [010], a three-dimensional diffusion fitting funddifferent values oD. Sample IlI, 1173 K, [001], 1 atm pHError
tion was used to take account of possible lateral diffusion frdi@s onD were deduced from the range@fvalues that still fit the
other directions due to the lower diffusion rate along [010ata (dashed lines).

Data were fit to Equation 4, which is a function of the sample

dimensions, y, andz (0.746, 3.3, and 4.4 mm, respectively),

the diffusion coefficient®, andD, along [001] and [100]* di-
rections (deduced from experimental measurements) and
size of the IR aperture [assuming a square aperture ofdide
here 2l = 1.329 mm; see Ingrin et al. (1995) for more details

1 and, for samples oriented along [100]*, spectra exhibit a
cond weaker band around 3530'qFig. 1; incorporation at
?73 K and 0.1 atm pi similar to that observed in the un-
reated samples, but with a lower intensity (see Fig. 2 in Ingrin
et al. 1995).

We measured the uptake of H as a function of time through
Cull) _, 5Ly & & ()" P g

= > Z X : E the evolution of the OH integral absorbanseyith the cumu-
Cs Tl o e £ 0(2| +1)°(2m+1)°(2n+1) lative time of heating (Table 1). We assume the 1@jgt)/C,
0-D, (2 +1?mtd__O-D, (2m +1)212t 0 to be equivalent t(t)/A,, following Beer’s law A is the value
epo 412 EEXPE 4y H of the integral absorbance at saturation). Thickness of samples
is constant during the succession of runs. The fit of the values
x 0-D, (2n +1) rétd. (2m +1)T[dSin @n+1)m of absorbance by Equations 2 and 3 leads to the determination
p% ES 2y 2z Q) of the diffusion coefficienD (see Fig. 2 for an example of

fits), assuming thab is independent of the H concentration

within the crystal. The error bars @ are estimated by the
We apply the same correction to timgas described by Ingrin extreme values that still fit the data within the experimental
etal. (1995), to take account of the time to reach the final “plancertainty oA (Fig. 2).
teau” temperature and to quench the samples. The present results for H incorporation are close tdthe
values found for the kinetics of H extraction from Ingrin et al.
(1995) (Fig. 3) and can be considered identical within the error
) ] of the measurements. Thus, the results confirm the reversibility
Hydrogen incorporation of the kinetics of the reaction controlling the extraction-incor-

OH IR bands are restored after annealing dried samplegoration of H in diopside in the temperature range 973-1273

H at 1 atm pressure, with a peak height depending on H partfalThe kinetics of extraction-incorporation is not dependent
pressure. The IR spectra are dominated by the band at 3649 partial pressure as indicated by annealing at 1173 K but

RESULTS
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1273K  1173K 1073K 973K
-11.5 | I T T
[ O  Log Dextraction 1
® 1V [001]0.1 atm 1
A VI[100]* 0.1 atm i 8 r
v 111{001]0.1 atm ]
A 1I1{001] 1 atm
12 | & 1{001]0.1 atm
®  IX [100]* 1 atm 1 ,JWM] h
i £ 6L :
3 2h ‘
» = (P
~ - n [} |
NE 125 3 \
— b= 3h
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_ | o 4L
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= q 18 4b
=
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i 1 35h
| | 0 1 )
[ 4 3500 3000 2500
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FIGURE 4. IR absorption spectra, showing the progressive
FIGURE 3.Arrhenius diagram showing the comparison between Feplacement of OH absorption bands by OD absorption bands, with
incorporation data along [100]* and [001] directions (filled symbolsjuccessive time of heating. Sample VI was heated at 973 K angd a pD
and H extraction data from Ingrin et al. (1995) (open symbols). Tleé0.1 atmosphere. Spectra were taken with a circular aperture 1.5 mm
solid line represent a least squares fit to all of the data. in diameter at an initial resolution of 2 chand smoothed afterward.

different pH (0.1 and 1 atm), and extraction performed in all-D exchange

(Ingrin et al. 1995). No dependence is also observeehom After H saturation of diopside slices at pbf 0.1 atm, we

the range 10°to 10* atm or extraction performed in aRd,  annealed them in the deuterated gas mixture, at,apD.1

= 0.21 atm, Ingrin et al. 1995). Experiments at 1273 K pegym. OH absorption bands are progressively replaced by OD
formed in both directions [001] and [100]* confirm that thg)ands (Fig. 4). Absorbance due to the OD band occurs at 2689
kinetics of H incorporation is the same for both directions. Ngir+ The observed spectral wavenumber shif/fe) is equal
kinetic study of incorporation was performed for the [010] diy 1 35, near to the expected 1.36 value deduced from the re-
rection. However the similarity of the results with those frorg,,ced masses of O-D and O-H stretching dipoles. For samples
extraction experiments, where the [010] direction was testgfiented along [100]*, a shoulder at 2618-tis observed
confirms (as noted in Ingrin et al. 1995) that H extraction-iRgnich presumably corresponds to the shift of the 3536 cm
corporation in this diopside is isotropic. band (Fig. 4).

A least-squares fit to all data (extraction and incorporation Figure 5 shows the evolution of the concentration o€k
data), using the York’s method (1966) leads to the followings that of deuteriur@, normalized to the concentration at satu-
Arrhenius law: ration for a sample cut perpendicular to directions [001] and an-

nealed at 973 KG = Al/Aus Co = AolPos; Au, Ao, andAus, Aos
D=D, expD_(lz‘Si 24)kI/moly - i are the integral absorbance of OH and OD bands and their value
o €XP5 RT pwith log D (in né/s) - -
- 67+1.1 ) at saturation, respectively). The constant slope of near —1 con-
e firms that there is a 1:1 exchange and no decrease of H + D
The uncertainties on the activation enthalpy andDggére concentration within the sample. The value of the integral absor-
equal to 3 with o the standard deviation deduced from thbance due to the band related to deuterium at satufaticcom-
linear least squares regression. pared to that of HA,, allowed us to estimate the ratio of the
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1 & s — [
L e H-D
| o D-H |
0.8 973K-[001] -
w 0.6 I
ol L
< )
S—
I B 4
- slope: -0.98 £ 0.09 1
0.2 m
0 L I S P S T TR S Y S WH
0 0.2 0.4 0.6 0.8 1
AD/ADs

FIGURE 5. Normalized OH integral absorbanc&,/Ays VS.
normalized OD integral absorbanc#y/Aps, during successive

annealings at 973 K (sample ).

As for the treatment of the incorporation data, uncertainties
on the activation energy and Bgare the & values deter-
mined from the fitting procedure. With a mass two times higher
than that of H, D should be the slower species in the H-D ex-
change. However, the correction due to the mass effect is gen
erally assumed to be of the order of 1.4J/fm,)*?, Le Claire
1966], below the average experimental uncertainty of the dif-
fusion measurements. Thus, we will assume in the following
that the above diffusion laws represent the self-diffusion of H
or D in diopside.

The kinetics of H-D exchange is very rapid, compared to
the kinetics of H extraction-incorporation measured in the same
samples (at least two orders of magnitude faster for directions
[100]* and [001]; Fig. 7).

Solubility

Incorporation experiments give the opportunity to study the
dependence of H solubility in diopside on temperature and pH
Table 4 shows the results of integral absorption measurements
after successive annealing up to saturation, from 973 to 1273 K.
We checked that saturation in the sense of Equation 1 is reached,
at each temperature, when the integral absorbance is no longer
varying with time of heating. The absorbanc&$ formalized
to 1 cm thickness (Table 4) show that there is no effect of tem-

molar absorptivity of OH vs. O/, according to Beer’s law perature on H solubility at a ptéf 1 atm in the range of tem-

peratures 973-1273 K (see samples |, V, VI, Table 4). However,

A _ gy X path length x Cg, _ Eu
(AD €, x pathlength x Cy €p )-

The value oty/e; seems to be higher for measurements along
direction [010] (1.7 0.3 and 1.& 0.3 are the average values
for samples [100]* and [001] vs. 22 0.4 for the direction

for the same gas mixture (in this case, 90%Ar-1Q%dving
through water), and for a constant pRo, is a function of

TaeLE 3. Diffusion coefficients for H-D exchange and hydrogen
uptake

[010]). As these values are very similar we calculated an aver

age value of,/s, from all experiments of 1.9 0.3. SampleOrientation (|Z) Exf:fl‘gge Dio ?ﬁz‘;‘s

The integral absorbance of OD is presented in Table 2, when
deuterium replaces H in the sample ¢HD exchange) and for ' {ég‘ﬂ* s gzgigzii igjz
the reverse case (D H exchange). In the same manner as for
the determination of the kinetics of H uptake, we fit the data i [001] 1173 (5+2) 103
for directions [001] and [100]* using Equation 3 to determine X!~ [010] 1173 H-D (3+1.8)10%
the deuterium diffusion coefficient. The rates of-HD and D Vi [100] 1133 H_-D (5+1) 101
- H exchange are very similar (solid circles for AD/ADs in Vi [t00* 1139 D-H (4+1)10™1
H - D experiments; empty circles for reversed-DH experi- Vi [100F 1073 H-D (2£1) 104
ments, Fig. 6). The experiments performed in both [001] and,,, [100}* 1073 D_H (2+0.5) 101
[100]* directions exhibit essentially the same diffusion coeffi- | [001] 1073 H-D (3x1)101 (2+3)10®
cients. The diffusion along the [010] direction is about one or- ! [001] 1073 D-H  (25+0.5) 10"
der of magnitude slower than for the two other directions. Thus,xI (0101 1073 HD (1.4£05) 107
for this direction, a fit by the three-dimensional diffusion law |x [100]* 983 (8.5+2.5) 101
(Eq. 4) is required (see examples of fits in Fig. 6). Diffusion VI [100]* 973  H-D (6£1)10*
data are listed in Table 3 and the plot of those data on an\fI {égﬂ* g;g a“g Egi; 181
Arrhenius diagram leads to the following diffusion laws: I [001] 973 D:H 6 + 1) 1012
5-0 ~(149+16)k3/ mol . XI [010] 973 H-D  (1.8+0.8)10°®

= OGXDDTD for [100]* and [001] with i (100} 873 H-D (5+1) 10
log Do (in m#/s) = —3.4+ 0.8. (6) \ [100]* 873 D-H (4£1)10™

I [001] 873 H-D (8 +£1) 10"

Note: H - D correspond to exchange of hydrogen by deuterium and D - H

(143 33)kJ/ mol O
D =D, exp ( RT) - for [010] with log D, =

5.0+ 1.7. @)

for the opposite exchange deducted from fitting of a one dimension law.
H-D corresponds to fits realized considering both exchanges. For sample
XI (orientation [010]), a three dimensional fit was used.

* Dypake @re the diffusion coefficients obtained for hydrogen uptake.
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FIGURE 6. Fit of deuteration data by Equation 3 with different values of D, for sample VI cut perpendicular to [100]* (a, b, c), dioth EqQua
4 for sample XI cut perpendicular to [010] (d, e, f). Solid circles represent the results &f ékchange (D entering into the crystal) and empty
circles the results of D, H exchange (H entering into the crystal).
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TaBLE 4. OH integral absorption at saturation 1273K1173K  1073K 973K 873K
Sample P, T pH, A, AA, Lo ‘ ‘ ! ‘
(atm) (K) (atm) (cm2) (cm2) L oD extinc
H
IV [001] 1016 1273 0.1 48.3 3.2 -10 -
IV[001] 108 1273 01 49.4 33 i ® D, [001] [100]*
1V [001] ? 1273 1.0 107.3 5.4 | aD 1
111 [001] 41078 1173 0.1 54.0 55 H [0 0]
111 [001] ? 1173 1.0 115.6 3.7 r
1 [001] 3102 1079 0.1 52.9 3.1 11 L
1 [001] ? 1073 1.0 99.5 4.1 —_
1 [001] 10 873 0.1 52.0 4.2 ) r
1 [001] 1022 973 0.1 53.8 4.2 P -
1 [001] 3102 1073 0.1 55.5 4.2 E L
1 [001] 10 1273 0.1 51.3 4.2 ~
a L
V [001] 1022 973 0.1 75.8 10.0 o 12
V [001] ? 973 1.0 149.0 17.0 (o] +
vV [001] ? 973 1.0 149.5 75 - |
V [001] ? 1073 1.0 140.7 7.5
V [001] ? 1173 1.0 145.2 7.5 [
V [001] ? 1273 1.0 149.0 10.0 r
13 L
VI [100]* 10 873 0.1 53.8 4.1 L
VI [100]* 1022 973 0.1 55.5 3.1
VI [100]* 3102 1073 0.1 51.3 4.1 r
VI [100]* 10 1273 0.1 53.1 7.4 L
Note: T is the annealing temperature, pH, the hydrogen partial pres- L
sure, A the integral absorption of the OH bands at saturation normal- IR/ B D B D S B N N

ized to 1 cm thickness and AA the uncertainty on A..

0.75 0.8 0.85 0.9 095 1 1.05 1.1 1.15
1 03T (K1)

temperature (Table 4). To check if the observed independenceFIGURE 7. Summary of Arrhenius plots showing diffusion

of the solubility on temperature is unaffected by a correlatégefficients of hydrogemos oo @nd Duorq deduced from

change ofP,,, we performed an experiment at 1273 K on geutere_ltior_l data compared to diffusior_1 cqeﬁigients calculated for the

same sample (sample 1V, Table 4) at 0.1 atmwith two dif- extraction-incorporation process of H in diopside.

ferent gas mixtures (90%Ar-10%HHowing into water and di-

rect 90%Ar-10%Hwithout water) leading respectively to two

different values oP,,: 10*® and 10'® atm (measured by the

Po, cell). No variation of the solubility was observed for this 2

orders of magnitude variation of tfg,. Considering the un-

certainty of IR measurement this observation suggests that no

dependence of solubility dP,, occurs in this range &, or

the dependence is very wealk, if described by a poweida ( c\T\

Po,™ corresponds to a value of m lower than 1/20. e 21
The integral absorbandg at saturation of slices cut along ©,

(001) from 973 to 1273 K, at both 0.1 and 1 atmaipidy change ¢y

up to a factor 2 from one slice to another (Table 4), but the ras&

of absorbance at a plaf 1 atm over absorbance for ajpbd © 1.9

0.1 atm is quite constant and show no strong dependence&

temperature (Fig. 8). The data (Table 4) can be fit to a power 1.8

law relation:

Cs O As D(sz)m, (8)

where m is the H partial pressure exponent. The average value 1.6
of the solubility ratio for different samples yields m = 0431

0.03 (Fig. 8). log pH2

DiscussioN FIGURE 8.Logarithm of the OH integral absorption at saturation,
The kinetics data from incorporation experiments confirms for samples I, Ill, 1V, V, oriented along [001], as a function of log
the analysis of data collected on the same samples from H @#¥,). Symbols in the shaded area correspond to integral absorption
traction experiments (Ingrin et al. 1995), whereas H-D exchangdues measured in as-grown crystals (Ingrin et al. 1995). The range
performed also on the same samples show faster kinetics fo?fHH. predicted for these samples during formation is 2 to 6 atm.
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mobility in diopside. These results imply a revision of the pre- T (K)
vious interpretations of the rate limiting mechanism operating 1573 1373 1173 973
in H incorporation-extraction in diopside (Ingrin et al. 1995). t ‘ ‘ ! ’

H [001], [100]* this study

Incorporation experiments performed at low temperature (be--10’ ]
low 1273 K) give some constraints on the evolution of H solu- \
bility with imposed external piFew equilibration experiments ‘t
performed in a natural sample at different,p$l enough to ] H [010] this study ]
calibrate this sample as an independent gghsor. L
-14
Kinetics of hydrogen incorporation R I
As in Ingrin et al. (1995), we have only investigated the relag 1)
tive change of H concentration with time of heating and we s |
sume that Beer’s law is valid for diopside over the range used f@r
the integration of the absorbance spectra (3725 to 325%. cm
We observed no significant difference in the rate of increase |
(or decrease) of OH bands at 3645 and 3355. dthe size and -20
thickness of the samples are almost the same as the original | g
samples used in Ingrin et al. (1995); thus, as shown in this pre- 512:;:._ Ca nat (7)
vious paper, the assumption of one-dimensional diffusion is . —Casny
valid as long as diffusion is isotropic. The kinetics of the H g4 0.7 0.8 0.9 P 11
extraction-incorporation process in diopside in the tempera- 10%T (K
ture range 973-1273 K is thus reversible, isotropic, and inde-
pendent 0Py, and pH.

0 //[001] (1)

O 1 [001] (1)

22| Sin[001]@6)

FIGURE 9. Compilation of diffusion laws for various species in
diopside. (1) Farver (1989); (2) Connolly and Muehlenbachs (1988);
(3) Ryerson and McKeegan (1994); (4) Sneeringer et al. (1984); (5)

The diffusion coefficients obtained from H-D exchange exBrady and McCallister (1983); (6) Béjina and Jaoul (1996); (7)
periments (Egs. 6 and 7) are assumed to represent the H $gifianov et al. (1995); (8) Dimanov and Ingrin (1995); (9) Jaoul et al.
diffusion coefficient in diopside. From the compilation 0f1991).
diffusion data (Fig. 9), H has the fastest diffusion coefficient of
any species measured in diopside. Diffusion of Ca and Sr in di-
opside show isotropic behavior at least within the experimental

Hydrogen diffusion in diopside

T(K)

uncertainties of measurements (Sneeringgr et gl. 1984; Dimanov 1273 1173 1073 973 873
et al. 1995). The anisotropy of Si and Al diffusion has not been -9 \ \ ]
tested, but oxygen diffusion data collected on natural samples L (1) [100]

by Farver (1989) through hydrothermal experimental conditions
show that diffusion perpendicular to the [001] direction of diop- 10 |
side is fifty times slower than diffusion along the [001] direction
(Fig. 9). Unfortunately, the exact direction of diffusion perpen-
dicular to [001] is not reported in Farver’s paper. We found a -
diffusion coefficient for H around thirty to forty times slower 4
along the [010] direction than along [001] and [100]* directionsE
We should notice that the same type of anisotropy of diffusiofr
(m)
was observed by Farver (1989) for oxygen. o
The great difference of diffusion rate between H and O i
diopside (around ten orders of magnitude) precludes any trans-
port of H through molecular @ or OH. Previous work on
quartz and olivine have suggested that the diffusivity of H is
related to the mobility of interstitial protons (e.g., Kronenberg
and Kirby 1986; Mackwell and Kohlstedt 1990). Olivine ex-
hibits also a strong dependence on crystallographic orientation -5

\_.(4)

PRI

(7) L[010] ]

(7) [010]

(two orders of magnitude difference between [100] and [010] N
directions, Mackwell and Kohlstedt 1990). 10°7T
Mechanism of hydrogen exchange FIGURE 10.Compilation of H diffusion data in different minerals.

. . . . 1) H in olivine (Mackwell and Kohlstedt 1990); (2) H in pyrope (Wang
A charge compensation reaction 1 involving the change @)al. 1996): (3) H-D iff-quartz (Kats et al. 1962); (4) H frquartz

valence of Fe has been proposed for H exchange in mica, onenberg and Kirby 1986); (5) H-D in sanidine and adularia

phiboles, olivine and diopside. The change of valence of {#uhrens 1994); (6) H in adularia (Kronenberg et al. 1996); (7) H-D in
during dehydroxylation has been confirmed by Mossbauer spagpside (this study).
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troscopy performed on amphibole and diopside (Dyar et &ronenberg et al. 1996) H-deuteration and uptake experiments
1992; Skogby and Rossman 1989; Skogby 1994). have been performed and both experimental conditions lead to
Our results show that the H diffusion coefficient measurexttivation enthalpies in the range 160—-200 kJ/mol.
from H-D exchange is significantly faster than diffusion coeffi- The comparable activation enthalpies found for H diffusion
cients measured from H incorporation and extraction experimemdaliopside and olivine suggests that for these two ferromagne-
(Fig. 7). This indicates that H mobility is not the rate limitingian minerals diffusion mechanisms are probably the same. By
phenomenon of H incorporation or extraction in diopside, as wesntrast, for non-ferromagnesian minerals Ikguartz and
suggested by earlier deuteration experiments performed feldspar, but also for garnet (with higher activation enthalp-
Skogby and Rossman (1989). Mackwell and Kohlstedt (199@)), H diffusion seems to proceed through a different mecha-
proposed, from H incorporation experiments performed on olimism.
ine, that H moves as interstitial protons compensated by a o
counterflux of electron holes. Thus the kinetic limitation observédydrogen solubility in diopside
in our H incorporation-extraction experiments may come from Laboratory measurements at H partial pressure of 0.1 and 1
the lower mobility of electron holes involved in reaction 1. Reatm show that the H solubility in diopside following Equation
cent kinetic data, obtained from H extraction experiments pdris almost independent &, and temperature in the range
formed on diopside single crystals with higher Fe content th873-1273 K. We know that the present results on H solubility
the present diopside specimens, lead to faster H exchange clobéaiined at low temperature are still too preliminary to deter-
to the kinetics of H-D experiments (Carpenter 1996; Hercufeine the exact solubility law. The fit of these results to the
1996; Hercule and Ingrin 1996; Carpenter et al. unpublishstinple power law given by Equation 8 does not allow a reli-
manuscript). This increase of the kinetics of reaction 1 with Bble prediction for the H saturation of the crystal at high pH
content (i.e., with parallel increases in the electron hole concéifre aim of this determination is to show the potential use of H
tration) is in accord with the hypothesis of a rate limiting effesblubilities in diopside as an independent, geinsor. For in-
of electron hole mobility. Huebner and Voigt (1988) observestance, the initial value of the integral absorption As of the natu-
also an increase of the diopside conductivity with Fe contemal diopside samples used for this study, as they were measured
suggesting that conduction may be related to a similar mechaingrin et al. (1995), are close to 160-185%mAssuming
nism. In our diopside, the mobility of protons would be fastehat the power law (Eg. 8) used for the fit of solubility aj pH
and anisotropic, while the mobility of electron holes would bg.1 and 1 atm is valid for some range of,piigjher than 1 atm,
slower and isotropic. For diopside with higher Fe contents, e last pH recorded by the samples in their natural environ-
the mobility of electron holes becomes faster, the kinetics ofrhient can be predicted to be around 2 to 6 atm, values that are
extraction-incorporation (reaction 1) might be expected to inempatible with the skarn origin of the samples.
crease up to that defined by the mobility of protons. The most S
recent kinetic data (Carpenter 1996; Hercule 1996; Hercule dAgological implications
Ingrin 1996; Carpenter et al., unpublished manuscript; H. The present results suggest that the kinetics of H exchange
Skogby, personal communication) suggest that above a critizatiopside of mantle origin (with higher Fe content than our
content of about 6 to 8 at% Fe(Fe + Mg), the kinetics of H ediopside; see Carpenter et al., unpublished manuscript), is faster

change should be determined by H self-diffusion. than the kinetics deduced from extraction experiments per-
o ) ) formed by Ingrin et al. (1995). Thus, the conclusions drawn by
Kinetics of hydrogen exchange in other minerals Ingrin et al. (1995) concerning the lack of direct correlation

In comparison with H diffusion laws for other minerals (Figbetween H content of mantle xenoliths of the source concen-
10), H self-diffusion in diopside occurs very quickly. Kinetidration in H still stands. As these authors mentioned, the H con-
laws for olivine were measured from incorporation experimentgntration in the nodules probably contains much more
(Mackwell and Kohlstedt 1990); the anisotropy of the diffunformation on thermodynamic equilibrium with the magma
sion as well as the high Fe contain of the olivine samples [RBat carried the nodules, especially with magma chamber con-
(Fe + Mg)= 9%; San Carlos olivine] suggest that this H exditions prior to eruption, than with the source region. More-
change is probably controlled by H self diffusion. The samedser, the comparable kinetics of H diffusion within diopside
true for the kinetic laws of H extraction measured by Wang &hd olivine point out that the difference of H contents of natu-
al. (1996) on pyrope garnets with high Fe content (14 to 208 samples between these two minerals is not relevant to a
of almandine component); the diffusion laws obtained can prafore rapid loss of H in olivine as was argued earlier (Bai and
ably be assumed to represent H self-diffusion in garnet. TKehlstedt 1992, 1993). It is more probably a consequence of
activation enthalpy found by Mackwell and Kohlstedt for Hhe much higher solubility of H in diopside than olivine.
self-diffusion in olivine is equal to 13030 kJ/mol, in the same At temperatures up to 1273 K or for short times of heating
range than our data for H self-diffusion in diopside (arourttie H solubility in diopside depends only on H partial pres-
145 kJ/mol). The activation enthalpy for garnet found by Wargyire. Subject to previous calibrations, IR measurement of H
et al. (1996), in the range 240-250 kJ/mol, is much higher themntent in clinopyroxenes could thus be used as an indepen-
the above enthalpies (but these authors assume a dependdent pH meter. For example, it could be used for volcanic
of the kinetic law with H concentration). samples that are rapidly quenched by eruption, in low tempera-

For minerals without Fe, lik@-quartz (Kats et al. 1962; ture hydrothermal systems or even in piston cylinder experi-
Kronenberg and Kirby 1986) or feldspars (Behrens 199ents.
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However, information on H environments in deeper or/ar{Ualzy M-Dt-;t McGh/l;iff, ﬁ.-V-'.ag.d ';/'ack\/fve", ?l-J- (1992)faﬂ‘ld*,?nd lE3>/H|in 20
hotter geological conditions (mantle source of xenoliths) could sae ggg 0 oo Of MAMTE SOUree Tgacties. Healogy, <

be more difficult to collect. Bai and Kohlstedt (1993) havearver, J.R. (1989) Oxygen self-diffusion in diopside with application to cooling

shown for olivine, at higher temperature, the solubility of H rate determinations. Earth and Planetary Science Letters, 92, 386—396.
’ S ' . .~ Hercule, S. (1996) Cinétique et solubilité de I'nydrogéne dans le diopside
become also dependent BBZ, as kinetics of formation of in- monocristallin, 131 p., PhD dissertation, Université Paris-Sud Orsay, France.

trinsic host defects related to H storage (cation vacanciesHercule, S. and Ingrin, J. (1996) Hydrogen mobility in diopside. Vith International
oxygen interstitial) become fast enough. Knowledge of the :%’gt‘g‘g's“rg %%EXper'me”ta' Mineralogy, Petrology and Geochemistry, Terra
mobility of such defects in diopside is however necessary grebner, J.S. and Voigt, D.E. (1988) Electrical conductivity of diopside: Evidence

fore determination of the range of temperature or rate of exhu- for oxygen vacancies. American Mineralogist, 73, 1235-1254.

. . . . Ingrin, J., Hercule, S., and Charton, T. (1995) Hydrogen diffusion in diopside: re-
mation for which the information would be preserved. sults of dehydration experiments. Journal of Geophysical Research, 95, 15489—

15499.
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