


et al. (1988) reported some single-crystal high-pressure
di raction data for end-member feldspars that again
con“rmed that anorthite was signi“cantly sti er than
albite. However, the precision of the data collected by
Angel et al. (1988) was insu cient for both K+¢ and K8
to be determined. In the intervening years the experi-
mental techniques for high-pressure diraction have
improved signi“cantly (Angel et al. 2000) and in this
paper newP-V data of higher precision are reported for
seven di erent intermediate plagioclase feldspars. As for
all other sub-solidus properties of feldspars, these data
reveal that the high-pressure behavior of plagioclase
feldspars is complex. A full description of this behavior
is not, however, the purpose of this contribution. In-
stead the aim here is to derive parameters for the EoS of
plagioclase feldspars that are su ciently reliable for use
in thermodynamic calculations at modest temperatures
and pressures.

Samples and experiments

Single crystals of natural anorthite-rich plagioclases were selected
from mineral separates prepared for previous studies by Dr. M.A.
Carpenter of the University of Cambridge. Samples designated
esHawk bee, seLake Coee, *#101377ac* and +87975ae+ are described in
full by Carpenter et al. (1985). All of these samples were heat-
treated at 800[Q for 12 hours in the preparation for the pre-
vious calorimetric measurements by Carpenter et al. (1985). Two
further crystals were selected from crushed portions of rocks of
specimens 67791 and 67783 of the Harker collection, University
of Cambridge. All of these plagioclase samples have low ortho-
clase contents (a maximum of 3 mol% in Hawk-b) and were
chosen because they are probably representative of the highest
state of Al/Si tetrahedral order possible at each composition. Full
single-crystal structure analyses of samples 87975a, 101377a and
Lake Co were reported by Angel et al. (1990). Sample101377a/l
was heat-treated at 13000 to induce partial Al/Si disorder
(Carpenter et al. 1985), which was then determined by subsequent
single-crystal structure determination (Angel et al. 1990). The
compositions of the individual crystals used in the high-pressure
measurements were not determined, but the compositional range
of each sample as determined by electron microprobe analyses is
reported in Table 1.

Each crystal was loaded in turn into a BGI diamond-anvil
pressure cell with a 4:1 mixture of methanol and ethanol as the
hydrostatic pressure medium and a second crystal of quartz or
"uorite for use as an internal pressure standard. Unit-cell param-
eters of each crystal at each pressure were obtained by vector least-
squares “t (Ralph and Finger 1982) to the di ractometer setting
angles of between 20 and 30 strong re”ections determined by the
SINGLE software (Angel et al. 2000) on a Huber four-circle dif-
fractometer (Angel et al. 1997). Pressures were determined from the
measured unit-cell volumes of the standard crystals via their known
equations of state (Angel 1993; Angel et al. 1997). Pressures and
unit-cell parameters are listed in Table 2.

These data were supplemented by the dataset for low albite
published by Downs et al. (1994). The parameters of the equations
of state for each sample were determined by a least-squares “t of
the pressure-volume data with v5.2 of the EoSFit software (Angel
2000). Weights derived from the experimental uncertainties in both
pressure and volume were assigned to each data point in every “t.
Birch-Murnaghan EoS (Birch 1947) based upon the Eulerian def-
inition of “nite strain were used to “t the data and to provide the
basis for discussion, but the parameters for the Murnaghan EoS
(Murnaghan 1937) are provided at the end for those thermody-
namic databases that use this formulism.

Table 1 Structural state and compositional data for plagioclase used in this study

Mean composition

Compositional range

Structural state

Source

Sample

C1 with some weak and di usee re”ections

C1 with e reections

Harker Collection, University of Cambridge
Harker Collection, University of Cambridge

Harvard University mineral collection 97608
USNM collection no. 115900

Hawk b
67791
67783

An20
An372
An462
An68
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101377a heat-treated by Carpenter et al (1985)
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Lake Co.
101377a
101377a/1
87975a

An780
An78d
An89

Data from Carpenter et al. (1985) excepfCarpenter (personal communication) and’O’Brien (personal communication).
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Table 2 Pressures and unit-cell parameters of the sample crystals Table 2 (Contd.)

P \% esd(P) esd(V) P \% esd(P) esd(V)

GPa A3 GPa A3 GPa A3 GPa A3

An20 4.062 1276.700 0.010 0.124
0.000 667.893 0.000 0.076 4.489 1270.600 0.012 0.098
0.832 659.186 0.004 0.047 4.929 1264.776 0.012 0.086
1.364 653.925 0.005 0.061 5.748 1253.350 0.009 0.099
1.939 648.564 0.005 0.053 An89

2.843 640.524 0.005 0.039 0 1339.014 0.000 0.098
3.488 635.014 0.005 0.053 0.473 1331.229 0.005 0.057
4.737 624.891 0.006 0.037 1.071 1321.727 0.006 0.054
5.510 618.875 0.007 0.050 1.637 1312.883 0.005 0.064
6.448 611.789 0.007 0.059 2.254 1303.502 0.006 0.062
7.104 606.932 0.007 0.036 2.785 1295.805 0.006 0.065
7.746 602.068 0.008 0.053 3.411 1286.811 0.009 0.054
8.234 598.699 0.007 0.049 3.904 1279.488 0.007 0.077
An38 4.104 1276.493 0.007 0.065
0.000 667.893 0.000 0.076 4.560 1270.227 0.008 0.051
0.832 659.186 0.004 0.047 4.971 1264.357 0.009 0.067
1.364 653.925 0.005 0.061 5.238 1260.803 0.007 0.048
1.939 648.564 0.005 0.053 5.649 1255.450 0.009 0.085
2.843 640.524 0.005 0.039 6.594 1242.858 0.010 0.075
3.488 635.014 0.005 0.053 7.133 1235.746 0.009 0.080
4.737 624.891 0.006 0.037

5.510 618.875 0.007 0.050

6.448 611.789 0.007 0.059

7.104 606.932 0.007 0.036

7.746 602.068 0.008 0.053 Results

8.234 598.699 0.007 0.049 _

An46 The volumes of all of the samples studied evolve
0.000 668.463 0.000 0. 044 smoothly with increasing pressure (Fig. 1). However,
2';83 ggg'gzg 8'882 2 this apparently simple picture actually masks much
2014 650.774 0.006 0.049 more complex and subtle trends that are more apparent
2.808 644.589 0.005 0.109 if the volume-pressure data is transformed into arf-F or
3.424 639.483 0.007 0.059 normalised stress,“nite strain plot for the purposes of
4.059 634.523 0.007 0.115 diagnostics (e.g. Angel 2000). For a Birch-Murnaghan
4.638 630.195 0.005 0.089 ) L B3 .

5976 625 467 0.009 g EOS the “nite strain isfg ¥ o=V 1/=2, anorma-
6.290 618.240 0.010 0 060 lised stresss de“ned asFe ¥ P=3fzal p 2ft 52, and the
7.359 611.071 0.012 0.104 E0S can be re-written as a polynomial in the stram (e.0.
An68 Stacey et al. 1981):

0 1339.017 0.000 0.064

1.240 1317.696 0.009 0.072 3Ko

2.111 1303.213 0.035 0.124 Fe aKop — ( 4)fE

2.905 1291.452 0.011 0.074 3K 35

3.430 1283.456 0.009 0.076 0 0 0 0 ATy

3.897 1276.494 0.009 0.076 2 (K K% &° 41 3pp9)pr
4.425 1269.012 0.013 0.054

4.727 1264.816 0.013 0.088 dalp
5.277 1257.312 0.013 0.058 )

5.630 1252.383 0.012 0.119 If the P-V data are transformed into fz and Fg and
An78 ordered plotted with fz as the abscissa, a direct indication of the
0 1339.213 0 0.062 compressional behavior is obtained. If the data points all
2.149 1303.680 0.008 0.068 ; X ;

2592 1297165 0.009 0.052 lie on a horizontal line of constant Fg then K¢ = 4, and
3.214 1287.831 0.009 0.056 the data can be “tted with a 2nd-order truncation of the
3.429 1284.867 0.008 0.080 Birch-Murnaghan EoS. If the data lie on an inclined
i-ggg ggg-zgg 8-81(2’ g-ggg straight line, the slope is equal to 8o&° 4E2 and the
4929 1263.471 0.012 0116 data will be adequately described by a 3rd-order trun-
An78 disordered cation of the E0S. If the value of K di ers signi“cantly

0 1339.968 0.000 0.082 from the value implied by the 3rd-order truncation, then
0.939 1324.349 0.006 0.100 the coe cient of f2in Eq. 1 is not zero and the data fall
1.620 1313.109 0.011 0.093 on a parabolic curve in the F-f plot. In all cases, the
2.149 1304.477 0.008 0.127 . C

2592 1297.913 0.009 0.087 intercept on the F axis is the value ofKt.

3.214 1288.772 0.009 0.085 The f-F plot (Fig. 2) of the plagioclase data clearly
3.429 1285.685 0.008 0.119

indicates that the pressure derivatives of the bulk moduli

di er signi“cantly across the plagioclase join. For albite-
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Fig. 1 Variation of the volume of plagioclase feldspars with
pressure.Symbolsare measured data as listed in Table Zyumbers
are the sample compositions inXa, The lines are “tted Birch- 000 001 002 003 004
Murnaghan EoS with the parameters listed in Table 3. Data for the
An78d sample are omitted, as they are indistinguishable on this
scale from the data for An780. Data for plagioclases with X%, >50
have been plotted as one-half of the tru¢l unit-cell volume so as to
appear on the same plot. Data for low albite are taken from Downs
et al. (1994)

Eulerian Strain f

Fig. 2 The volume-pressure data of the plagioclase feldspars
displayed as a plot of the normalized pressurd- against the
Eulerian strain f. Numbersare the sample compositions inXapn.
Data for the An78d sample are omitted, as they are indistinguish-
able on this scale from the data for An780. Data for low albite are
taken from Downs et al. (1994). The lines are “tted Birch-

rich samples (albite itself and An20) the positive slopes Murnaghan EoS with the parameters listed in Table 3
indicate that the room-pressure values oK§ are signif-
icantly greater than 4. By contrast, all of the samples
with An contents of 38% or higher exhibit negative Table 3 Parameters for Birch-Murnaghan EoS
slopes in thef-F plot and hence valugs 0K8 less than 4, Comp Nyas P V Ko K Kee 2 DPra
mostly around a value of 3.2. In this sense, the An20 GPa A3 GPa Gpat GPa
sample appears to be intermediate in its behavior, in that
the low-pressure value 01K8is certainly greater than 4. An0 13* 4.05 664.04(9) 53.8(9)6.0(6)[-0.186] 0.48 0.054
However the plot shows thatk%is negative, so thatk An20 12 823 667.88(7) 61.2(5)5.6(4) -0.94(14) 0.49 0.017
decreases with increasing pressure until it is 4 at aroundA”SE i(l) ?'gg ggg'gém 69.7(7) 3.2(3) [-.054] * 2.210.037
. . 46(4) 72.8(4)2.7(2) [-.059] 0.820.030

3.5 GPa and less than 4 at hlgher p_ressure_s. The data forAr‘I68 5.63 1339.02(7) 75.4(5)3.4(2) [.049] 0.290.026
An20 can therefore only be “t satisfactorily by a 4th- An7808 4.93 1339.21(7) 76.9(6) 3.4(3)[-.047] 1.290.015
order EoS whereas the remainder are “t with a 3rd-order An78d 11 575 1339.98(10) 77.5(5) 3.2(2) [.048]  1.470.023
EoS. Lastly, thef-F plot of the data for the An89 sample An89 7~ 3.41 1339.02(9) 80.4(7) 3.2(4) [.046] 0.18 0.004
shows an abrupt change in slope at a pressure Ofnote: Numbers in parentheses represent esdin the last digit.
3.6 GPa as a result of the smeared transition fronP1 Numbers in square brackets are the implied values of the param-
symmetry to |1 symmetry (Angel et al. 1989). Parame- eters.DPmais the largest absolute mis*t to aP-V data point.*Data
ters for the Birch-Murnaghan EoS of all the samples are from Downs et al. (1994). The data point at 0.4 GPa was omitted

. because it clearly lies o the trend de“ned by all of the other data
reported in Table 3. points.

Leaving aside these other complications, the room

pressure bulk moduli of the plagioclase feldspars in-
crease with increasing anorthite content (Fig. 3) in monoclinic symmetry in the ultrasonic measurements
agreement with the ultrasonic data of Rhyzova (1964). (Rhyzova 1964). The new data suggest that, in addition,
However, the values of Ks derived from the ultrasonic there appears to be a break in the dependence of the
data are between 2 and 5 GPa lower than the valuesbulk modulus with composition around An50 that
obtained from the new P-V datasets. This may be a re- coincides with the phase transition from theC1 struc-
sult of the use of twinned crystals and the assumption of tures of the albite-rich compositions to thel 1 structures

[any
o
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Fig. 3 The variation of the bulk 1 T | ! | ! |

moduli of plagioclase feldspars i m  Full BM3 EoS fits

with composition. The “lled 80 N ___ 0 Restricted BM3 EoS Fits
squareswith error barsare the N Murngahan K'=4
isothermal bulk moduli of the 75 U o ’Rhyzova K

“tted Birch-Murnaghan EoS S

with the parameters listed in
Table 3, open squaresre from
the constrained Birch-
Murnaghan EoS (Table 4) and
the triangles are the bulk
moduli for the Murnaghan EoS
with K$ %44 (Table 5). The
values of Kgo from Rhyzova
(1964) are plotted as open
circles

Bulk modulus: GPa

Composition: Mol% Anorthite

of the anorthite-rich plagioclases. This transition is also —_ ]
accompanied by a change in the behavior of the lattice PISCussion
parameters of the ordered (so-called sslowes) plagioclases . . .
with composition (Bambauer et al. 1967) and re”ects the FOr the purposes of the incorporation of these data into
change in the pattern of ordering of the Al and Si within theérmodynamic databases aimed at predicting the ther-
the tetrahedral framework. modynamic properties of minerals at pressures and
There is no reason to suppose that the bulk modulus t€mperatures of relevance to rocks, some reasonable
should vary linearly with composition, even over part of Simpli“‘cations can be made. First, we note that most of
the plagioclase join. In fact, the demonstrated existence the @nomalous behavior in the EoS of plagioclases that
of the ssplateauee e ect in alkali feldspars (Hayward and has been described above occurs at pressures in excess of
Salje 1996; Hayward et al. 1998) would suggest that the3 GPa, well beyond the pressure range at which pla-
relationship should be non-linear, especially near the 9ioclase is thermodynamically stable. There are two

end-members and near phase transitions. NonethelessCaveats to this. Presumably, for compositions between
the bulk moduli can be approximated by two linear An20 and An37 there may be complex EoS behavior at

segments (Fig. 3) with equations: lower pressures. The boundary of the P to I1 phase
transition in anorthite-rich feldspars has also yet to be

Ko ¥4 53:187 P p0:4352XanXan 50 mapped out in P-T-X space although the work of Angel
et al. (1989) and Hackwell and Angel (1995) suggest that

Kro ¥4 59:588:1 P p0:2334KanXan > 50 it is restricted to very low temperatures and is therefore

Extrapolation of the second segment to An100 would not a factor in determining the elastic properties of
suggest that the bulk modulus of IL anorthite would be anorthites even at th% Iowe§t metamorphic gradesf. Sec-
around 82.5 GPa, well within the range of 78...86 GPa2Ndly, the values ofK; obtained from the data fall into
reported for P1 anorthites by Hackwell and Angel two groups, arou_nd 5.8 for the albite-rich samples,_and
(1992). 3.2 for the remainder. Parameters for 3rd-order Birch-

The other important observation is that the bulk Murmnaghan EoS were therefore obtained by re-“ting

: : the data with these constraints and are reported in Ta-
moduli of the natural and disordered samples of An78 ; .
composition are indistinguishable (Table 3). So, for ble 4. The bulk moduli of the feldspars withXa, >50 do

: S : — not dier signi“cantly from the values obtained in the
gggg ;ﬂﬂgtagild;?ilﬁgahn; srﬁggseizn?‘]:: aAr:/tSé g ('j%rr? ?rr] eltbﬁlpk unconstrained “ts reported in Table 3 and the trend with

elastic properties of |1 plagioclases. Since disordering ;gg'\f’eosg'onco'rs]trg;?'stt&gLé'ggsat?;nef:jor‘qs t:]easfulieiﬂoggg-
in plagioclase is accompanied by a small increase in the - BY '

room-pressure unit-cell volume (Bambauer et al. 1967; siderably more scatter in the values of the bulk moduli

. . f the albite-rich plagioclases (Fig. 3), with the result
Carpenter et al. 1985) this means that the disordered®' "¢ :
material will remain less dense than the ordered that it is not clear whether the trend of these data with

material at all pressures. Therefore, the driving force Ko ¥2 54133 p0:3981:Xan represents a signicant dif

for ordering will increase as thePDV term increases fereUnc%ngmrégerrg%?rtgecéggot\éeé. lagioclase structures
with increasing pressure. The same conclusion was P P plag

: undergo about 5% compression. This is su ciently
?{g\évdrf]).from a structural study of albite by Downs et al. small for the Murnaghan EoS to provide an adequate
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Table 4 Parameters for 3%-order Birch-Murnaghan EoS with K increases at higher pressures but, as noted above, this is

xed not of practical concern.
> 2
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