American Mineralogist, Volume 84, pages 333-340, 1999

Compressibility mechanisms of alkali feldspars. New data from reedmergnerite
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ABSTRACT

Structural and volume compressibility data for reedmergnerite, NaBSi,O,, were obtained
by single-crystal X-ray diffraction at pressures up to 4.7 GPa. The bulk modulus was
determined to be 69.8(5) GPa with the pressure derivative constrained to 4. Unit-cell
compression is anisotropic, as indicated by unit strain tensors. Tetrahedral bond lengths
and angles remained relatively constant over the pressure interval, whereas Na-O bonds
decreased systematically. T-O-T angles underwent a variety of behaviors, remaining con-
stant or decreasing with pressure.

The compression for reedmergnerite is similar to that of low-albite, wherein bending of
the (Al,B)-Oco-Si angle compresses the Na-bearing zigzag channels. In contrast, micro-
cline compresses by shearing the four-membered rings, which in turn compresses the K-
bearing channels. At about 4 GPa, a new bond between K and Obm appears that alters
the compression mechanism and explains the discontinuity in the pressure variation of
crystallographic parameters observed by Allan and Angel (1997). Thus, the compression
mechanism of the akali feldspars is dominated by the compression of akali containing
channels. However, because of low symmetry, this can be accomplished in several ways.
The observed variety of compression pathways resulted from T-O-T angle bending ener-

getics that were coupled with the effects of alkali cation bonding.

INTRODUCTION

Feldspars are crustal materials and therefore not natu-
rally subjected to high pressure. However, considerable
interest exists in the response of the feldspar structure to
pressure. For example, such low-density structures exhib-
it both subtle and extreme structural changes when sub-
jected to only modest pressures and, furthermore, the low
symmetry of ordered feldspars maximizes the degrees of
freedom associated with compression mechanisms.

Compression mechanisms are structurally controlled.
Whereas highly symmetric closest-packed deep earth ma-
terials compress mainly by bond shortening, shallow
earth materials mainly compress by bond angle bending.
For example, Si-O-Si angle bending correlates with the
compressibility of the SiO, polymorphs (Hemley et al.
1994). They all seem to fall on the same AV — A(Si-O-
Si) trend (Downs and Palmer 1994). The compressibility
of an individua silica structure is simply related to the
displacements of the <Si-O-Si>, angles from their global
equilibrium value (~144°); the further from equilibrium,
the stiffer the structure. However, the feldspars are not as
simple. The T-O-T angle differs from being only Si-O-
Si, as in silica, to being a mix of, for instance, Si-O-Si
and Al-O-Si (or B-O-Si). These angles have significantly
different curvatures in their variations with energy. Al-O-
Si appears to be twice as soft as Si-O-Si, whereas B-O-
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Si is twice as tiff (Nicholas et al. 1992). If compress-
ibility of feldspars was dependent only upon these factors,
then albite, potassium feldspar, and anorthite should be
softer than the low-density silica polymorphs because the
Al-O-Si angle is weaker than the Si-O-Si angle. Instead,
the feldspars are generally stiffer; bulk moduli for quartz,
cristobalite, and the high-pressure polymorph, coesite, are
37, 11, and 100 GPa, respectively (Angel et a. 1997,
Hemley et a. 1994) but equal 55, 60, 80, and 69 GPa for
abite, microcline, anorthite, and reedmergnerite, respec-
tively (Angel 1994). Thus, the M-cation must effect com-
pressibility, even though compression proceeds through
T-O-T angle bending.

The M-cation affects the bending energy of the T-O-T
angle primarily through the charge of the M-cation and
the M-O bond length. Also, the energy required for the
bending of a T-O-T angle is significantly increased if the
bridging O is bonded to three or more atoms (Geisinger
et a. 1985). An atom with more electrons to contribute
to bonding will produce a stronger bond than another
atom with fewer electrons at the same bond length, and
as the bond lengthens, the electron density becomes more
diffuse and, therefore, the contribution to the bonding en-
ergy is lower. These effects are demonstrated by com-
paring the compressibility of anorthite (Angel 1994) con-
taining Ca with feldspars containing Na or K. If
compression were controlled only by the T-O-T angles,
then anorthite, with every bridging angle between Al and
Si, should be more compressible than sodium or potas-
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Ficure 1. The structure of abite and microcline viewed
down b* with 0.0 < y < 0.5. Differences in compression mech-
anism between the two structures are illustrated. The T-Oco-T
angle in abite bends in such a way that the chains effectively
slide over each other as demonstrated by the arrows in the bottom
of the figure. In microcline the major angle bending occurs at
Obo and Obm, effectively shearing the four-membered rings as
again demonstrated with the arrows at the bottom of the figure.

sium feldspars, where half the bridging angles are be-
tween Si atoms only. However, sodium and potassium
feldspars are more compressible than anorthite. This is
due to the effect of electrons from a closer, more highly
charged Ca atom on the bridging bond.

Surprisingly, however, potassium feldspars are less
compressible than sodium feldspars. From Bridgman
(1923) type molar volume—compressibility arguments it
would be expected that sodium feldspars would be more
incompressible than potassium feldspars because the Na-
O bond is shorter than the K-O bond, and the molar vol-
ume of the sodium feldspars is smaller. This demonstrates
that it is not sufficient to consider only the average length
of the M-O bond. Electron density maps show that K is
sevenfold coordinated, whereas Nais fivefold (Downs et
al. 1996). The most compressible direction in low abite
is that which decreases the width of the channels con-
taining the akali cation (Downs et a. 1994). The varia
tion of the T-O-T angles defines the details of the com-
pression pathway. In particular, the Oco atom in albite
was not bonded to Na. This means that Oco in abite is
underbonded in an Al-Oco-Si linkage that would be quite
soft compared to any other angle in the structure. The
bending of this angle directly aids compression of the
alkali-containing channel by letting the chains of four-
membered rings slide over each other (Fig. 1). The struc-
ture work on albite shows that the Al-Oco-Si angle is
indeed the most compressible angle in the structure. Fur-
thermore, in line with the observation that Al-O-Si angles
are weaker than Si-O-Si angles, only Al-O-Si angles de-
creased with pressure. The Si-O-Si angles remain con-
stant or even show an increase.

Allan and Angel (1997) found that the compression
mechanism in microcline is quite different from that in
albite. The Al-Oco-Si angle undergoes the least change
with pressure in microcline, whereas in albite it changes
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the most. The electron density study showed that Oco was
bonded to K in microcline, so its bending force constant
should be effectively increased. In microcline, the Al-
Obo-Si and Si-Obm-Si angles display the greatest de-
creases with pressure. This corresponds to a shearing of
the four-membered rings (Fig. 1). The net effect still de-
creases the width of the channel.

Substitution of different tetrahedral cations also affects
the compressibility of the feldspar structure. Hackwell
and Angel (1992) undertook a powder XRD study of cell
parameters for albite, reedmergnerite, anorthite, and dan-
burite (CaB,Si,O,) and showed that the B analogue is
more incompressible than the Al containing structure. In
albite and reedmergnerite, the <T-O-T> angles are sim-
ilar and there is only 0.07 A difference in <R(Na-O)>
(Hackwell and Angel 1992). Therefore, the differencesin
compressibility must be due to the differences in bending
force constants of B-O-Si vs. Al-O-Si. This paper ex-
amines in detail the influences of the M cation on the T-
O-T linkages, along with the effect of the composition of
the T cation by studying and comparing the compression
mechanisms of reedmergnerite, NaBSi,O,, with that in
low-abite (NaAlSi,O,) and microcline (KAISI,Oy).

EXPERIMENTAL METHODS
Structure refinement at room pressure

Reedmergnerite (N.M.N.H. 140710) from the Joseph
Smith no. 1 mine, Duchesne County, Utah, was kindly
provided by Paul Powhat of the Smithsonian Institution.
This type locality is described by Milton et al. (1954,
1960). Samples from the same locality were studied by
Appleman and Clark (1965). Fleet (1992) and Hackwell
and Angel (1992) used a crystal from the same specimen
as ours. In natural samples it is found that the B atom is
highly ordered into the T1o site (Fleet 1992). However,
the tetrahedral site ordering sequences obtained from
high-temperature synthetic samples are very unusual
compared to abite, but they do seem to correlate with
stereochemical features. These previous studies indicate
that our sample is pure NaBSi,O, with B fully ordered
into the T1o site.

A (001) cleavage fragment measuring approximately
100 x 70 x 50 m was chosen. Room-pressure diffraction
data were collected in air on an automated Huber four-
circle diffractometer operated at 45 kV and 40 mA using
monochromatic MoKa radiation (\ = 0.7093 A). Each
reflection profile was examined to verify crystal perfec-
tion and that twinning was not present. The symmetry of
the crystal was confirmed to be C1, with cell dimensions
(Table 1) obtained from refining the positions of 31 re-
flections of high intensities between 10° and 32° 26.

A hemisphere (I > 0) of intensity data was collected
to sing/n = 0.7 At (or 20 = 60°) from a total of 1655
symmetrically distinct reflections. No absorption correc-
tion was applied to the intensities because of the suffi-
ciently small value of the linear-absorption coefficient (.,
= 8.66 cm1). Neutral atomic scattering factors (Doyle
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TaBLE 1. Reedmergnerite unit-cell data as a function of pressure
P (GPa) a(A) b (A) c(A) o () B v () V(A
0.00% 7.8386(3) 12.3733(5) 6.8074(3) 93.319(3) 116.368(3) 92.040(3) 589.18(4)
0.00t 7.8383(6) 12.3720(4) 6.8073(7) 93.317(6) 116.357(6) 92.039(5) 589.14(7)
0.00(5)* 7.8389(7) 12.3715(6) 6.8065(12) 93.311(9) 116.363(8) 92.043(6) 589.06(11)
0.58(5) 7.8022(13) 12.3517(10) 6.7969(16) 93.325(15) 116.358(14) 92.080(11) 584.53(16)
0.88(5)* 7.7852(10) 12.3419(5) 6.7917(9) 93.332(7) 116.347(10) 92.094(6) 582.37(9)
1.89(5)* 7.7231(9) 12.3038(5) 6.7719(12) 93.364(9) 116.316(10) 92.145(6) 574.36(12)
2.47(5) 7.6862(10) 12.2833(8) 6.7600(7) 93.372(13) 116.284(10) 92.187(9) 569.78(9)
3.00(7)* 7.6589(10) 12.2675(6) 6.7512(7) 93.374(10) 116.256(10) 92.222(8) 566.40(9)
3.36(6) 7.6366(10) 12.2561(5) 6.7445(8) 93.380(8) 116.231(10) 92.249(6) 563.75(9)
3.64(7)* 7.6194(9) 12.2465(6) 6.7389(18) 93.392(10) 116.222(11) 92.263(7) 561.60(16)
4.21(5) 7.5923(9) 12.2306(6) 6.7294(8) 93.374(10) 116.191(9) 92.300(8) 558.22(9)
4.68(9)* 7.5790(7) 12.2200(6) 6.7141(7) 93.373(10) 116.303(8) 92.345(7) 554.92(8)

Notes: Space group symmetry is C1.
* Intensity data collected at these pressures.

1 Sample in the diamond anvil cell with no pressure medium and no applied pressure to check that the orientation of the crystal provided sufficient

access to reciprocal space.
} Obtained under pressure that was sufficient to remove the air bubble.

and Turner 1968), as well as real and imaginary anoma-
lous dispersion corrections, were used to model the elec-
tron distribution. We refined the structure with anisotropic
displacement factors and type 2 isotropic extinction
(Becker and Coppens 1975) to R = 0.024 and R, = 0.027
using a revised version of RFINE4 (Finger and Prince
1975). The structure factors were weighted by [02 +
(pF)?2] -, where o was obtained from counting statistics
and p = 0.021 was chosen to ensure that the errors were
normally distributed through probability plot analysis (I1b-
ers and Hamilton 1974). The goodness of fit is 1.12. The
refined values of the positional and displacement param-
eters (Table 2) are in excellent agreement with the data
of Fleet (1992), justifying the assumption of a pure sam-
ple with complete order.

High-pressure lattice parameters

The crystal was mounted into a miniature 3-pin dia-
mond anvil cell (modified after Merrill and Bassett 1974)
with a 4:1 methanol to ethanol mixture as a pressure me-
dium. The pressure calibration was facilitated by fitting
Lorentzian functions to the fluorescence spectra of several
small ruby chips that were included in the cell. We de-

termined the pressure from least-squares estimates of the
positions of the R, and R, lines using the relationship
established by Mao et a. (1978) with an error of approx-
imately 0.05 GPa. The positions of 16 reflections between
17° and 30° 26 were determined with the eight-reflection
centering technique (King and Finger 1979) at 11 differ-
ent pressures up to 4.68(9) GPa. L east-squares refinement
of the diffraction data gave the cell dimensions reported
in Table 1.

Structure refinements at high pressures

Intensity data for the reedmergnerite crystal were re-
corded up to sine/x = 0.7 A for refinements of the struc-
ture at 0.00, 0.88, 1.89, 3.00, 3.64, and 4.68 GPa on the
Huber diffractometer. We used o scans of 1° widths in
steps of 0.025° and counting times of 10 s per step. At
each pressure we examined peaks that violate C1 sym-
metry but none were found that had significant intensity.
The intensity data were corrected for the effects of dia-
mond cell absorption, as well as other standard proce-
dures, and structural parameters were refined with RFI-
NE4 as described in the room pressure section of this
paper. A summary of the refinement statistics as well as

TaBLE 2. Reedmergnerite structural data at room conditions

Atom X y z Beq Bll [322 [333 [312 813 823

Na 0.25820(9) 0.00757(5) 0.1330(1) 1.63(1)  0.0050(1)  0.00324(5) 0.0110(2) 0.00034(5)  0.0024(1)  —0.00228(7)
B 0.0121(2)  0.1617(1) 0.2216(2) 0.53(2)  0.0027(2)  0.00076(7) 0.0039(3) —0.0001(1) 0.0013(2) 0.0000(1)
Siim 0.00585(5) 0.80964(3) 0.20972(6) 0.473(8) 0.00250(7) 0.00072(2) 0.0033(1) 0.00027(3)  0.00120(6) 0.00017(3)
Si2o 0.70279(5) 0.10181(3) 0.32049(6) 0.496(8) 0.00237(7) 0.00060(2) 0.0041(1) 0.00000(3)  0.00114(6) 0.00002(3)
Si2m 0.68488(5) 0.86453(3) 0.35447(6) 0.479(8) 0.00240(7) 0.00064(2) 0.0037(1) 0.00018(3)  0.00119(6) 0.00018(3)
Oal 0.0078(1)  0.13652(8) 0.0041(2) 0.79(2)  0.0052(2)  0.00113(5) 0.0046(2) 0.00021(7)  0.0023(2) 0.00020(9)
Oa2 0.5933(1)  0.98123(7) 0.2758(2) 0.66(2) 0.0028(2)  0.00066(5) 0.0060(3) 0.00009(7)  0.0011(2) 0.00037(8)
Obo 0.8449(1)  0.09894(8) 0.2112(2) 0.93(2)  0.0049(2)  0.00121(5) 0.0087(3) —0.00073(8) 0.0043(2)  —0.00054(9)
Obm 0.8163(1)  0.83485(8) 0.2335(2) 0.95(2)  0.0043(2)  0.00168(6) 0.0080(3) 0.00056(8)  0.0036(2) 0.0003(1)
Oco 0.0066(1)  0.27645(8) 0.2736(2) 0.80(2)  0.0038(2)  0.00086(5) 0.0080(3) 0.00016(7)  0.0030(2)  —0.00019(9)
Ocm 0.0287(1)  0.67957(8) 0.2062(2) 0.82(2) 0.0040(2)  0.00092(5) 0.0063(3) 0.00063(7)  0.0012(2) 0.00021(9)
Odo 0.1903(1)  0.11840(8) 0.3828(2) 0.88(2)  0.0044(2)  0.00167(6) 0.0041(2) 0.00099(8)  0.0010(2) 0.00016(9)
Odm 0.1922(1)  0.86780(8) 0.4172(2) 0.89(2)  0.0042(2)  0.00148(6) 0.0045(2) —0.00022(8) 0.0007(2)  —0.00012(9)
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TaBLE 3. Intensity collection and refinement results for reedmergnerite as a function of pressure

P (GPa) 0.00(5) 0.88(5) 1.89(5) 3.00(7) 3.64(7) 4.68(9)
No.obs I > 2 ¢ 475 457 468 436 445 413
P 0.045 0.043 0.050 0.045 0.043 0.032
R, 0.054 0.049 0.060 0.051 0.051 0.042
Unweighted R 0.044 0.040 0.050 0.041 0.043 0.041
GOF 1.17 1.13 1.19 1.13 1.16 1.16
Na X 0.2587(5) 0.2572(4) 0.2560(5) 0.2544(5) 0.2541(5) 0.2534(5)
y 0.0076(2) 0.0080(2) 0.0082(2) 0.0088(2) 0.0090(2) 0.0096(2)
z 0.134(1) 0.132(1) 0.131(1) 0.129(1) 0.130(1) 0.128(1)
B, 1.4(3) 1.7(3) 1.7(3) 1.8(3) 1.8(3) 1.6(3)
B 0.005(1) 0.006(1) 0.006(1) 0.007(1) 0.007(1) 0.006(1)
Bos 0.0034(1) 0.0031(1) 0.0029(2) 0.0028(1) 0.0030(1) 0.0025(1)
Baa 0.007(6) 0.013(6) 0.015(7) 0.017(6) 0.016(6) 0.015(6)
[ 0.0007(3) 0.0007(2) 0.0005(3) 0.0010(3) 0.0009(3) 0.0001(3)
Bis 0.002(2) 0.004(2) 0.005(3) 0.006(3) 0.005(3) 0.005(3)
[ ~0.0010(5) ~0.0016(5) ~0.0021(7) -0.0012(6) ~0.0013(5) ~0.0026(6)
B X 0.013(1) 0.014(1) 0.012(1) 0.013(1) 0.012(1) 0.013(1)
y 0.1611(4) 0.1606(3) 0.1596(4) 0.1589(4) 0.1581(4) 0.1566(4)
z 0.222(3) 0.222(3) 0.219(3) 0.222(3) 0.220(3) 0.220(3)
B(iso) 0.53(8) 0.65(8) 0.6(1) 0.58(8) 0.56(8) 0.55(9)
Siim X 0.0062(3) 0.0054(3) 0.0052(3) 0.0052(3) 0.0046(3) 0.0055(3)
y 0.80987(9) 0.80987(9) 0.8100(1) 0.8101(1) 0.8101(1) 0.8098(1)
z 0.2098(6) 0.2085(6) 0.2089(7) 0.2085(7) 0.2071(6) 0.2092(7)
B(iso) 0.53(3) 0.60(3) 0.56(3) 0.56(3) 0.61(3) 0.57(3)
Si2o X 0.7029(3) 0.7023(3) 0.7010(4) 0.6992(3) 0.6992(3) 0.6986(4)
y 0.1020(1) 0.1011(1) 0.1002(1) 0.0990(1) 0.0986(1) 0.0979(1)
z 0.3205(7) 0.3216(7) 0.3211(9) 0.3192(8) 0.3207(7) 0.3199(8)
B(iso) 0.50(3) 0.55(3) 0.52(3) 0.53(3) 0.61(3) 0.51(3)
si2m X 0.6857(4) 0.6828(4) 0.6798(4) 0.6760(4) 0.6738(4) 0.6715(4)
y 0.8646(1) 0.86399(9) 0.8633(1) 0.8624(1) 0.8618(1) 0.8611(1)
z 0.3566(8) 0.3551(8) 0.355(1) 0.3539(8) 0.3529(8) 0.3517(9)
B(iso) 0.49(3) 0.49(3) 0.49(3) 0.54(3) 0.61(3) 0.52(3)
Oal X 0.0070(7) 0.0060(7) 0.0075(9) 0.0080(8) 0.0053(7) 0.0063(8)
y 0.1370(3) 0.1362(2) 0.1350(3) 0.1350(3) 0.1340(3) 0.1333(3)
z 0.002(2) 0.001(2) 0.003(2) 0.004(2) 1.000(2) 0.003(2)
B(iso) 0.84(6) 0.87(6) 0.79(7) 0.87(6) 0.83(6) 0.83(7)
0a2 X 0.5927(7) 0.5894(6) 0.5833(7) 0.5816(7) 0.5785(7) 0.5748(7)
y 0.9811(2) 0.9806(2) 0.9794(3) 0.9800(2) 0.9788(3) 0.9783(3)
z 0.275(1) 0.276(1) 0.270(2) 0.275(1) 0.272(2) 0.269(2)
B(iso) 0.60(6) 0.65(5) 0.51(6) 0.51(6) 0.71(6) 0.62(6)
Obo X 0.8448(7) 0.8456(7) 0.8458(8) 0.8482(8) 0.8486(7) 0.8484(8)
y 0.0991(3) 0.0960(2) 0.0926(3) 0.0898(3) 0.0877(3) 0.0855(3)
z 0.212(2) 0.213(2) 0.212(2) 0.216(2) 0.217(2) 0.216(2)
B(iso) 0.85(6) 0.81(5) 0.77(7) 0.78(6) 0.87(6) 0.78(6)
Obm X 0.8159(8) 0.8148(7) 0.8117(8) 0.8103(8) 0.8111(7) 0.8093(8)
y 0.8346(3) 0.8351(2) 0.8345(3) 0.8335(3) 0.8334(3) 0.8325(3)
z 0.232(2) 0.234(1) 0.231(2) 0.229(2) 0.233(2) 0.230(2)
B(iso) 0.96(6) 1.01(6) 0.92(7) 0.95(6) 0.92(6) 0.91(7)
Oco X 0.0062(7) 0.0033(7) -0.0010(8) ~0.0056(7) ~0.0075(7) ~0.0116(7)
y 0.2769(2) 0.2756(2) 0.2741(3) 0.2728(2) 0.2722(2) 0.2714(3)
z 0.273(1) 0.272(1) 0.271(2) 0.270(2) 0.272(2) 0.270(2)
B(iso) 0.64(6) 0.68(5) 0.73(7) 0.65(6) 0.70(6) 0.69(7)
Ocm X 0.0295(7) 0.0288(7) 0.0275(8) 0.0268(8) 0.0269(8) 0.0265(8)
y 0.6798(3) 0.6797(2) 0.6793(3) 0.6790(3) 0.6788(3) 0.6786(3)
z 0.207(2) 0.204(2) 0.201(2) 0.200(2) 0.199(2) 0.194(2)
B(iso) 0.76(6) 0.85(5) 0.81(7) 0.91(6) 0.97(6) 0.80(6)
Odo X 0.190(1) 0.193(1) 0.195(1) 0.198(1) 0.2002(9) 0.202(1)
y 0.1187(3) 0.1195(3) 0.1202(3) 0.1211(3) 0.1216(3) 0.1223(3)
z 0.383(2) 0.383(2) 0.383(2) 0.383(2) 0.384(2) 0.383(2)
B(iso) 0.98(7) 1.06(7) 0.97(8) 1.02(7) 1.05(7) 0.92(8)
Odm X 0.1907(9) 0.1904(8) 0.193(1) 0.195(1) 0.1950(9) 0.195(1)
y 0.8676(3) 0.8677(3) 0.8686(4) 0.8689(3) 0.8690(3) 0.8691(3)
z 0.415(2) 0.412(2) 0.415(2) 0.418(2) 0.415(2) 0.414(2)
B(iso) 1.03(6) 1.12(6) 1.14(8) 1.12(7) 1.09(7) 1.04(7)
the parameters is provided in Table 3. The restricted ac- REsuLTs

cess imposed by the diamond cell, as well as the orien-
tation of the crystal, prevented refinement of anisotropic
displacement factors for all atoms but Na. The data and
refinement is similar in quality to those in the studies on
low albite (Downs et al. 1994) and microcline (Allan and

Angel 1997).

Equation of state and unit-cell strain

The weighted volume and pressure data (Table 1) were
fit to a nonlinear third-order Birch-Murnahan equation of
State that gave a zero pressure volume, V, = 589.17(3)
A3, a zero pressure bulk modulus, K, = 71(2) GPa, and
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Ficure 2. Unit-cell volumes of reedmergnerite, low albite,
and microcline as a function of pressure. The symbols represent
experimental data from Table 1 of this study (filled circles),
Downs et al. (1994) (asterisks) and Allan and Angel (1997) (open
circles) respectively. The lines represent weighted non-linear
best-fit curves for third-order Birch-Murnahan equations of state.

its pressure derivative, K, = 3.3(12). Inasmuch as the
pressure derivative is poorly defined, the fitting was re-
peated with K; = 4.0, resulting in the same V, and a zero
pressure bulk modulus, K, = 69.8(5) GPa. This value
agrees well with the value of 68.7(7) GPa reported by
Hackwell and Angel (1992). The volume compressibility
curve obtained in the constrained fit (Fig. 2) along with
the data recorded for our crystal are compared to the data
and curves for microcline and low abite. Albite is the
most compressible of these minerals, followed by micro-
cline and then reedmergnerite.

The principal coefficients for unit strain ellipsoids were
computed between the cell parameters obtained at room
pressure and those obtained at pressure using the Strain
computer program of Ohashi (Hazen and Finger 1982)
and are plotted in Figure 3 for all three structures. Each
structure is quite compressible along one direction, but
less than half as compressible in the orthogona direc-
tions. The strain ellipsoids (Fig. 4) demonstrate that the
most compressible direction for each mineral is that
which narrows the channels containing the alkali cations.
Each mineral compresses by different mechanisms as dis-
cussed below.

T-O bond and T-O-T angle compression

Selected bond lengths and angles computed for reed-
mergnerite are listed in Table 4. As with the other alkali
feldspars, the T-O bond lengths do not seem to compress
much, if at all, upon application of modest pressure, con-
sistent with a model of rigid tetrahedra.

All Na-O bond lengths decrease smoothly with the ap-
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Ficure 3. Principal strain coefficients as a function of pres-
sure for reedmergnerite (filled circles), low abite (asterisks), and
microcline (open circles). See Figure 2 for references. Thisfigure
demonstrates that each structure has a direction that is quite com-
pressible in comparison to the orthogonal directions.

plication of pressure (Fig. 5). The compressihility of each
bond is simply a function of the orientation of the bond
with respect to the strain ellipsoid. The Na-Oa2 bond de-
creases the most with pressure because it is oriented
more-or-less along the longest axis of the ellipsoid, which
is perpendicular to the orientation of the chains. The Na-
Obo and Na-Odo bhond lengths decrease the least with

microcline low-albite reedmergnerite

Ficure 4. A dlice (0.2 <y < 0.8) of the crysta structure of
reedmergnerite viewed down b*. The bottom layer of this slice
is the top layer in Figure 1. Imposed above the crystal structure
drawing are the strain ellipsoids for reedmergnerite, low-abite
and microcline in the same orientation as the crystal structure.
This figure illustrates the crystallographic controls on the direc-
tions of compression.
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TaBLE 4. Selected bond lengths and angles for reedmergnerite as a function of pressure

P (GPa) 0.00 0.00(5) 0.88(5) 1.89(5) 3.00(7) 3.64(7) 4.68(9) aJaP*
(T10-0) 1.471(1) 1.475(6) 1.474(6) 1.468(7) 1.463(7) 1.470(7) 1.462(7) —0.002(1)
(T1m-0) 1.6116(5) 1.603(4) 1.599(3) 1.604(4) 1.605(4) 1.598(4) 1.596(4) —0.002(1)
(T20-0) 1.6158(5) 1.618(3) 1.620(3) 1.620(4) 1.608(4) 1.612(4) 1.614(4) —0.001(1)
(T2m-0) 1.6200(5) 1.622(3) 1.617(3) 1.618(4) 1.620(3) 1.613(3) 1.619(4) —0.001(1)
Na-Oal 2.454(1) 2.466(5) 2.442(5) 2.403(6) 2.375(5) 2.372(6) 2.341(6) ~0.026(2)
Na-Oal 2.492(1) 2.495(5) 2.468(5) 2.445(6) 2.428(5) 2.399(5) 2.388(5) ~0.023(1)
Na-Oa2 2.404(1) 2.399(6) 2.370(5) 2.324(6) 2.302(5) 2.277(6) 2.248(6) —0.033(1)
Na-Obo 2.401(1) 2.413(9) 2.384(9) 2.348(13) 2.340(12) 2.338(11) 2.307(12) -0.021(2)
Na-Odo 2.375(1) 2.371(8) 2.366(8) 2.350(9) 2.336(9) 2.319(8) 2.309(9) —0.014(1)
(Na-O) 2.4253(5) 2.428(3) 2.406(3) 2.374(4) 2.357(4) 2.341(3) 2.318(4) ~0.023(1)
T1l0-Oal-Tlm 143.00(8) 143.7(3) 143.3(3) 142.6(4) 143.2(3) 142.4(3) 142.6(4) ~0.18(8)
T20-0a2-T2m 128.89(6) 128.4(4) 127.9(3) 126.2(4) 127.0(4) 126.3(4) 125.5(4) ~0.63(12)
T10-Obo-T20 139.57(9) 140.0(6) 138.6(6) 137.1(7) 136.2(7) 135.4(6) 134.6(6) ~1.13(6)
T1m-Obm-T2m 158.11(8) 157.0(7) 158.3(6) 157.0(7) 156.9(7) 159.2(7) 157.6(7) 0.07(21)
T10-Oco-T2m 124.98(8) 124.5(3) 123.8(3) 123.1(4) 121.8(3) 121.3(3) 119.9(4) —1.00(5)
T1m-Ocm-T20 135.58(7) 135.8(4) 135.9(4) 135.6(5) 136.0(5) 136.2(5) 135.4(5) 0.01(7)
T10-Odo-T2m 134.73(9) 135.1(6) 135.2(6) 135.9(7) 135.4(7) 135.6(7) 135.8(8) 0.17(6)
T1m-Odm-T20 146.38(7) 146.4(4) 146.2(3) 146.1(4) 146.6(4) 146.1(4) 145.7(4) —0.09(6)
(T-O-T) 138.90 138.86 138.65 137.95 137.89 137.81 137.14 —0.35(4)

* x refers to the particular bond length or the bond angle considered.

pressure because they are oriented more-or-less along the
least compressible directions. It is unlikely that the M-O
bonds directly influence compressibilities in the alkali
feldspars because the bonds are so weak as to be rather
incidental when compared to the other bonding con-
straints imposed by the T-O-T angles. The average M-O
bond length varies with pressure as —0.023(1),
—0.031(2), and —0.021(1) A /GPa for reedmergnerite,
low-albite, and microcline, respectively.

There are various compression trends for the T-O-T
angles, with the angles associated with Obo and Oco de-
creasing significantly compared to the other angles (Fig.
6). In this respect reedmergnerite is similar to low-albite
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/OO\ Oal
< 23 9o
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0 1 2 3 4 5
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Ficure 5. Na-O bond length as a function of pressure for
reedmergnerite. The average Na-O bond length is symbolized
with open circles. Errors are roughly the size of the symbols.

and quite different from microcline wherein the Al-Obo-
Si and Si-Obm-Si angles undergo significant compression
compared to the others. The variety of trends is essen-
tialy consistent with Baur's (1995) conclusion and Allan
and Angel’s (1997) observation that the feldspars are ef-
fectively non-collapsible framework structures, where
changes in volume can be associated with changesin in-
dividual T-O-T angles, but the overall average angle does
not vary. We find that <T-O-T> changes with pressure
as —0.35(4), —0.23(6), and —0.39(4) °/GPa for reed-
mergnerite, low-albite, and microcline, respectively. In
comparison, the Si-O-Si angle in quartz varies as —1.4(1)
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Ficure 6. Variation of T-O-T angles with pressure for reed-
mergnerite. Regressed fits to the B-O-Si data are indicated with
dashed lines whereas those associated with Si-O-Si are indicated
with solid lines.
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°/GPa (Glinnemann et a. 1992), —5.7(2) °/GPa in cris-
tobalite (Downs and Palmer 1994) and —0.58(2) °/GPain
coesite (Levien and Prewitt 1981). The comparison with
coesite is especially enlightening because its bulk mod-
ulus is about 100 GPa, quite large compared to the alkali
feldspars, and yet the overall angle bending is signifi-
cantly greater for coesite than for the alkali feldspars.

Comparison with albite

In spite of the differences between the B-O-Si and Al-
O-Si angle bending energetics, the individual T-O-T an-
gles associated with common O atoms in both albite and
reedmergnerite follow very similar responses to com-
pression. By this we mean that the angles associated with
Oco and Obo decrease significantly in both structures, the
angle associated with Obm remains relatively unchanged,
and so on. The initial values of the angles differ, as ex-
pected because B-O-Si and Al-O-Si have different equi-
librium values, but al the trends are similar. Thus, the
two structures compress with similar mechanisms, and
the differences in bulk moduli can be accounted for by
the differences in T-O-T angle energetics. As in abite
(Fig. 1), reedmergnerite also compresses by a mechanism
that slides the chains of four-membered rings over each
other. Analysis of pro-crystal electron density maps gen-
erated for reedmergnerite, computed as in the Downs et
al. (1996) study, show that Na is bonded to the same 5
O atoms as occurs in albite. Thus, the similarity in com-
pression mechanism for both structures results from sim-
ilarities in Na-O bonding.

Comparison with microcline

The electron density study by Downs et al. (1996)
demonstrated that the K atom in microcline is sevenfold
coordinated. In particular, the K atom is bonded to al
bridging O atoms involved with Al-O-Si linkages, in-
cluding Oco, the atom that is not bonded to Na in abite
or reedmergnerite. Interestingly, the Al-Oco-Si angle in
microcline bends less than any of the other angles, where-
as it bends the most in abite and reedmergnerite. Instead,
Obo and Obm bend the most (Allan and Angel 1997).
The net effect is to shear the four-membered rings (Fig.
1). The K-Obo distance is the longest for any of the O
atoms that are bonded to Al, so the Al-Obo-Si angle
should have the smallest bending force constant in the
structure. Downs et al. (1996) also showed that Obm was
not bonded to K, which would make it one of the weakest
Si-O-Si angles. Thus, compression mechanisms in feld-
spars can be correlated with bending force constants of
T-O-T linkages, which in turn are constrained by M-O
bonding.

We now consider the apparent change in compression
mechanism observed at ~4 GPa in microcline by Allan
and Angel (1997). Such a change could occur if the bond-
ing around the K atom were also to change upon appli-
cation of pressure. Therefore, the pro-crystal electron
density was computed for the reported microcline struc-
tures at pressure in the same manner as Downs et al.
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Ficure 7. Pro-crystal electron density maps for microcline
constructed at ambient conditions (top) and at P = 7.1 GPa (bot-
tom) using the structures reported by Allan and Angel (1997).
The maps are from a section of the structure constrained to the
plane that include K, Obm, and Oal. At ambient conditions (top)
there is no critica point in the electron density between K and
Obm, but at 7.1 GPa (bottom) such a critical point exists. This
signifies that a bond exists between K and Obm at high but not
low pressure. The bonding changes can account for observed
changes in compression mechanism.

(1996). Below 4 GPa there is no (3,—1) critical point in
the electron density that can be associated with K and
Obm, but above 4 GPa such a critical point appears (Fig.
7). According to Bader (1990), a (3,—1) critical point
located on the bond path between a pair of atoms means
that the pair of atoms are bonded. It would seem that
changing the bonding of the K atom would change the
bending energetics of all associated T-O-T linkages,
which would then change the compression mechanism of
the structure. An examination of the bending of the Si-
Obm-Si angle shows that it has a distinct change in slope
with pressure. Below 4.4 GPa the angle changes —1.8 /
GPa, whereas above 4.4 GPa it changes —3.5 /GPa. This
change can be interpreted as follows. With application of
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pressure the four-membered rings shear in such a way
that Obm is thrust out into the channels and consequently
into the bonding region of the K atom. A bond is sub-
sequently formed and upon further application of pressure
both the Obm and K atoms are drawn even closer to-
gether. This explains the reported displacement of the K
atom and the change in Si-Obm-Si slope. It is unclear as
to how suddenly the bond appears. Bader (1990) believes
that bond formation is practically instantaneous. How-
ever, in this case the data available for microcline are not
sufficiently close spaced to make a judgement.

In summary, T-O-T angle bending appears to control
the compression of these structures, but the constraints
imposed on the energetics of angle bending are strongly
dependent upon chemistry of the tetrahedral cations and
upon the bonding of extra-framework cations. The tetra-
hedral cations can effect significant changes in bulk mod-
ulus, whereas the extra-framework cations also affect
compression mechanism.
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