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Effects of Mg-Fe>+ substitution in calcite-structure carbonates. Thermoelastic properties
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ABSTRACT

In situ X-ray diffraction has been carried out on two siderite samples of different Fe
contents simultaneoudly at high pressure and high temperature in a DIA-type, large-volume
apparatus. Unit-cell volumes, measured up to 8.9 GPa and 1073 K have been analyzed
using a Birch-Murnaghan equation of state. With K’ fixed at 4, the derived equation of
state parameters are: K, = 117(1) GPa, (0K/oT), = —0.031(3) GPa/K, and a(K-1) =
1.76(35) x 105 + 3.46(62) x 10-8 T for end-member siderite, and K, = 112(1) GPa, (9K/
aT), = —0.026(2) GPa/K, and (K1) = 2.09(23) x 105 + 2.97(39) x 10-8 T for the
Mg-Fe>+ solid solution with 60 mol% FeCO,. These results, along with results obtained
previously on magnesite using the same experimental technique, indicate that Fe>+ substi-
tution for Mg in the R3c carbonates results in a linear increase of the room-temperature
bulk modulus and its temperature derivative with increasing Fe content. The bulk modulus
increases by more than 10% from MgCQO, to FeCO,. This bulk modulus-composition re-
lationship is mainly attributed to differences in the compressibility of the a axis with
increasing Fe content, even though the ¢ axis is more than twice as compressible as the a
axis for a given composition. The bulk modulus-volume relationship in the Mg-Fe>* car-
bonates studied is consistent with trends reported in other ferromagnesian minerals, such
as oxides, alivines, pyroxenes, silicate spinels, and garnets, in the sense that it deviates
from the empirical prediction that the product of K,and V, is constant. In addition, these
observations are consistent with previous suggestions that substitution of alkaline earth
elements by the 3-d transition metas may yield a different bulk modulus-volume

relationship.

| NTRODUCTION

The elastic properties of minerals depend on chemical
composition, crystal structure, pressure and temperature.
It is important to understand the role of each of these
variables when characterizing the elasticity of a mineral.
Among studies establishing the compositional effect on
elastic properties within different mineral groups, min-
erals with Mg-Fe2* solid solutions have been investigated
extensively because of their importance in understanding
the Earth’s interior. For most ferromagnesian oxides and
silicates that have been studied so far, the bulk modulus
appears to increase with increasing Fe content athough
the absolute difference is typically no more than a few
percent for complete substitution (see Hazen 1993, and
references therein).

The calcite-structure carbonates (R3c) represent a min-
eral group that is structuraly different from oxides and
silicates. The dlightly distorted octahedra are exclusively
corner-linked through shared O anions of the CO, groups,
which are rigid, structurally inert components. It is there-
fore of interest to examine how the elastic properties of
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ferromagnesian carbonates compare with oxides and sil-
icates. In this regard, severa studies have been carried
out recently, particularly for end-member MgCO, (e.g.,
Markgraf and Reeder 1985; Redfern et al. 1993; Fiquet
et a. 1994; Zhang et a. 1997; Ross 1997). However, no
measurements have been made simultaneously at high
pressure and high temperature for Fe-rich carbonates.
Elastic properties of siderite have been studied from ul-
trasonic measurements at room temperature by Christen-
sen (1972). He also investigated variationsin elastic prop-
erties with Mg-Fe2* substitution and showed that the
shear modulus of siderite is afew percent larger than that
of magnesite.

In this work, we have carried out in situ X-ray diffrac-
tion studies at pressures and temperatures up to 8.9 GPa
and 1073 K on end-member FeCO, and an Mg-Fe2+ solid
solution in the same experiment for direct comparison.
By combining the present results with those obtained pre-
viously on magnesite (Zhang et al. 1997), therma equa-
tion of state parameters and linear compressibilities of
crystallographic axes, derived from the pressure-volume-
temperature measurements, are examined with respect to

280



ZHANG ET AL.: THERMOELASTIC PROPERTIES OF Mg-Fe CARBONATES

TaBLE 1. Chemical compositions of the starting materials
Element Sid100* Sid60*
Fe 0.998 0.602
Mg 0.000 0.376
Ca 0.000 0.006
Mn 0.002 0.016

Note: Chemical compositions were obtained by electron microprobe
analysis.
* Formula proportions based on 1 cation.

Mg-Fe2+ substitution. The effect of such a substitution on
calcite-structure carbonates is also compared with that in
other mineral groups.

EXPERIMENTAL METHOD

Two natural single-crystal samples of siderite were
used as starting materials, and their chemical composi-
tions arelisted in Table 1. The end-member siderite (here-
after referred to as Sid100) was obtained from the United
States National Museum (no. R11313) and was originally
from Tsumeb, Namibia. The siderite sample with 60
mol% FeCO, (hereafter denoted as Sid60) was obtained
from the American Museum of Natural History (no.
40298) and was originally from Morro Velho, Brazil.
Both samples were ground in an agate mortar and pestle
for the diffraction work. The X-ray diffraction pattern of
Sid60 shows no additional phases present in the sample,
indicating that Mg, Fe, and minor Mn and Ca are in solid
solution.

The experiment was performed using a DIA-type, cu-
bic-anvil apparatus (SAM85) designed for in-situ X-ray
diffraction studies at high pressure and high temperature
simultaneously (Weidner et al. 1992). An energy-disper-
sive X-ray method was employed using white radiation
from the superconducting wiggler magnet at beamline
X17B of the National Synchrotron Light Source, Brook-
haven National Laboratory. The incident X-ray beam was
collimated to dimensions of 100 x 200 pum, and diffract-
ed X-rays were collected by a solid-state Ge detector at
a fixed angle of 20 = 7.5°. The counting time for each
diffraction pattern was usualy 3 min. Energy discrimi-
nation used a multichannel analyzer (MCA) with 2048
channels.

Peak positions were determined by Gaussian peak fit-
ting of the diffracted intensity. The unit-cell parameters
were calculated by least-squares fitting using nine to ten
diffraction lines based on an hexagonal unit cell. The rel-
ative standard deviations in determination of the unit-cell
volume are less than 0.1% as shown in Table 2.

The cell assembly used in this study has been described
elsewhere (e.g., Weidner et a. 1992; Wang et a. 1994).
A mixture of amorphous boron and epoxy resin was used
as the pressure-transmitting medium, and amorphous car-
bon was used as the furnace material. The two siderite
samples were studied simultaneously in a single experi-
ment; the powder samples were packed into a boron ni-
tride container (1 mm in diameter and 2 mm long) sep-
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arated by a layer of NaCl, which aso served as an
internal pressure standard.

Temperature was measured by a W/Re24%-W/Re6%
thermocouple that was positioned at the center of the fur-
nace. Temperature variations over the entire sample
length were on the order of 20 K at 1500 K and the radial
temperature gradient was less than 5 K at this condition
(Weidner et al. 1992). X-ray diffraction patterns were
usually obtained for both samples and the NaCl pressure
standard in close proximity to the thermocouple junction;
errors in temperature measurements were estimated to be
less than 10 K. No correction was applied for the effect
of pressure on the thermocouple emf.

Pressures were calculated from Decker’s equation of
state for NaCl (Decker 1971) using lattice parameters de-
termined from X-ray diffraction profiles at each experi-
mental condition. Five NaCl diffraction lines, 111, 200,
220, 222, and 420, were usually used for determination
of pressure. The uncertainty in pressure measurements is
mainly attributed to statistical variation in the positions
of diffraction lines and is less than 0.1 GPa in the pres-
sure range of the study. No evidence of avertical pressure
gradient was indicated at room and high temperatures, as
revealed by examination of lattice parameters of NaCl at
different locations of the sample container (Weidner et al.
1992).

All the data reported here were obtained by the follow-
ing procedures. First the samples were compressed at
room temperature to about 10 GPa, followed by heating
to the maximum temperature of 1073 K. Data were col-
lected at 1073 K and on cooling only, to minimize non-
hydrostatic stress built up during the room-temperature
compression. The same procedure was repeated several
times at lower pressures.

RESULTS AND DISCUSSION

The X-ray data were obtained for two siderite samples
at pressures up to 8.9 GPa along isotherms of 300, 473,
673, 873, and 1073 K (Table 2). At ambient conditions,
the lattice parameters and unit-cell volume for Sid100
are a = 4.6907(2) A, ¢ = 15.3678(14) A, and V =
292.828(35) A3, which are in excellent agreement with
values from the JCPDS card. For Sid60, the values are
a = 467195 A, ¢ = 152517(53) A, and V =
288.314(133) A3 (Table 2). The unit-cell parameters
from the samples recovered after the experiment are es-
sentially identical to those at the beginning (Table 2),
indicating no changes in bulk composition or system
calibration over the entire experimental P-T range. We
note that the oxidation state of Fe in the siderite samples
was unknown because the oxygen fugacity (f.,) was not
controlled in the present experiment. The proportion of
Fe3+ in the siderite samples, however, is believed to be
minimal because of the requirement for charge balance.
In addition, from a previous study on metallic Fe using
the same technique (J. Zhang and F Guyot, unpublished
data), no wustite was detected at similar pressure and
temperature conditions. Thus it can be inferred that the
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TABLE 2. Unit-cell parameters at high pressure and temperature
Sid100 Sid60
Pressure . . . . o .
(GPa) a (A) c(A) V (A3) a (A) c(A) V (A3)
300 K
0.00* 4.6907(2) 15.3678(14) 292.828(35) 4.6719(5) 15.2517(53) 288.314(133)
0.00t 4.6912(6) 15.3644(42) 292.827(81) 4.6701(5) 15.2571(50) 288.168(88)
0.00% 4.6935(2) 15.3860(80) 293.530
1.33 4.6814(6) 15.2780(35) 289.966(79) 4.6582(8) 15.1668(44) 285.013(99)
1.63 4.6774(13) 15.2733(69) 289.379(143) 4.6554(9) 15.1518(50) 284.386(112)
2.73 4.6691(4) 15.1758(23) 286.514(53) 4.6432(14) 15.0833(76) 281.623(171)
4.66 4.6523(4) 15.0441(24) 281.990(54) 4.6289(5) 14.9479(25) 277.379(57)
6.58 4.6411(9) 14.9211(60) 278.340(120) 4.6139(8) 14.8319(51) 273.437(99)
7.41 4.6326(9) 14.8843(55) 276.630(124) 4.6050(6) 14.8012(34) 271.825(75)
473 K
2.99 4.6713(3) 15.1935(17) 287.120(35) 4.6467(8) 15.0972(51) 282.304(104)
4.92 4.6545(5) 15.0576(29) 282.514(58) 4.6306(5) 14.9704(30) 277.992(59)
6.84 4.6428(8) 14.9329(50) 278.763(99) 4.6160(9) 14.8485(58) 273.998(113)
7.68 4.6346(5) 14.8869(34) 276.918(67) 4.6074(8) 14.8040(52) 272.156(101)
673 K
3.34 4.6735(2) 15.2163(12) 287.818(25) 4.6467(8) 15.1234(55) 283.153(109)
5.27 4.6580(5) 15.0811(30) 283.379(60) 4.6359(10) 14.9871(64) 278.940(127)
7.16 4.6452(10) 14.9555(67) 279.479(133) 4.6185(6) 14.8681(40) 274.654(79)
8.04 4.6365(6) 14.8960(36) 277.320(70) 4.6084(8) 14.8256(54) 272.678(106)
873 K
3.69 4.6744(7) 15.2679(29) 288.909(71) 4.6543(4) 15.1616(37) 284.430(67)
5.62 4.6614(5) 15.1074(33) 284.279(65) 4.6384(6) 15.0209(35) 279.876(72)
7.53 4.6482(7) 14.9790(45) 280.274(89) 4.6209(5) 14.8998(30) 275.526(60)
8.43 4.6382(4) 14.9193(28) 277.958(54) 4.6118(6) 14.8404(35) 273.353(68)
1073 K
4.12 4.6791(21) 15.3082(131) 290.248(290) 4.6589(4) 15.1826(23) 285.392(46)
6.01 4.6649(5) 15.1400(31) 285.321(62) 4.6421(4) 15.0577(27) 281.009(53)
7.91 4.6512(7) 15.0128(45) 281.268(89) 4.6250(3) 14.9343(18) 276.661(35)
8.87 4.6384(3) 14.9489(17) 278.535(34) 4.6131(4) 14.8692(20) 274.036(41)

Notes: The values in parentheses are standard deviations. The measured temperatures for each isotherm are within =2 K of the indicated values.

* Cell parameters obtained at the beginning of the experiment.
T Recovered after the high pressure and temperature experiment.
¥ From the JCPDs card (No. 29-696).

oxygen fugacity in the experimental charge was below
the iron-wustite buffer.

Unit-cell parameters

The relative compressibilities, a/a, and c/c,, and the
volume compressibility, V/V,, a room temperature are
shown as a function of pressure in Figure 1. In the ex-
perimental pressure range, compressibility along the ¢
axis is more than twice as large as that aong the a axis.
Such anisotropic compression is typical of other rhom-
bohedral carbonates (e.g., Redfern et al. 1993; Fiquet et
al. 1994; Martinez et a. 1996; Zhang et al. 1997; Ross
1997). It is aso evident in Figure 1 that Sid60 is more
compressible than Sid100, even though V/V, values for
the two siderite samples are within 2 estimated standard
deviations (esd) of one another at some pressures.

At room temperature, the linear compressibilities along
the a axis (B,) and c axis (8.) and the volume compress-
ibility (g,) for Sid100 are 1.66(4) x 10-3 GPat, 4.35(6)
x 102 GPa?, and 7.58(8) x 103 GPa?, respectively.
For Sid60, these values are 1.87(5) x 10-3 GPa1, 4.10(5)
%X 103 GPa* and 7.89(10) x 10-3 GPa . The expected
relation B, = 28, + B. is observed for the two siderite
samples within errors of fitting the experimental data. At

higher temperatures, similar patterns of linear compress-
ibilities are found. For example at 1073 K, 8, and B, are
1.75(6) x 10-3 GPa* and 4.81(11) x 10-3 GPa for
Sid100, and 2.02(3) x 103 GPa* and 4.26(4) x 103
GPa* for Side0.

Room-temperature bulk modulus

The Birch-Murnaghan equation of state (EOS) has
been often used to fit isothermal compression data for
compounds of different structures, even though this equa-
tion was developed, strictly speaking, for cubic materials.
For materials that are highly anisotropic, such as siderite
in this study, it is obvious that structural response to com-
pression aong crystallographic axes can be understood
better in terms of linear compressibilities. However, to
facilitate direct comparison with published EOS param-
eters, the Birch-Murnaghan EOS was adopted here for
fitting the room-temperature volume data shown in Figure
1 and listed in Table 2 for Sid100 and SI60. It is given by

P = 312K [(Vy/V)7™® — (V)] {1 + 3/4(K, — 4)
(Ve V)2 — 1]} 1)

where V, is the molar volume at ambient conditions, and
K, and K; are the isothermal bulk modulus and its pres-
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Ficure 1. Variations of a/a,, c/c,, and V/V, as a function of
pressure at room temperature. Closed symbols = Sid100; open
symbols = Sid60. Straight lines represent results of linear least-
squares fitting for B,, B., and B,. Errorsin the unit-cell parameters
are smaller than the symbol sizes (see Table 2), which is also
true in Figure 2.

sure derivative at 300 K. Due to the limited pressure
range of the current experiment, K could not be defined
well from the finite strain method and was therefore as-
sumed to be 4 and independent of temperature in the sub-
sequent data analysis. The V, values for the two siderite
samples were also fixed for reasons discussed below. For
Sid100, we obtained K, = 117(1) GPa and for Sid60, K,
= 112(1) GPa. Our room-temperature bulk modulus for
Sid100 is close to the adiabatic value of Christensen
(1972) obtained from ultrasonic measurements (see Table
3).

It is well known that the K, values are dependent on
the K{ values. To gain some sense of the variation of K,
for different K; values, we calculated additional fits using
K¢ values of three and five. The results, listed in Table 3,
show that even though K, is sensitive to the choice of
Ks, the difference among K, values essentially remains
constant. Further experiments would, of course, be need-
ed to constrain the K, value more precisely.

Another source of uncertainty comes from the fact that
dightly different K, values are obtained if V, is treated
as afitting parameter. For Sid100, for example, we obtain
V, = 293.14(16) A3 and K, = 114(2) GPa for K, = 4.
For this approach, however, the fitted V, value, even with-
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TaBLE 3. Comparison of thermoelastic parameters for
different fitting constraints
Ky =3 Ky =4 Ky =5

Sid100
K, GPa 120(1) 117(1) 114(1)
(0K /aT),, GPalK —0.026(3) —0.031(3) —0.036(4)
a, (X 10%) 1.66(33) 1.76(35) 1.81 (39)
o, (X 10°) 3.19(56) 3.46(62) 3.79 (70)

Sid60
K,, GPa 115(1) 112(2) 109(1)
(0KaT),, GPalK —0.020(2) —0.026(2) —0.031(3)
o, (X 10%) 1.98(22) 2.09(23) 2.17(27)
o, (X 10°) 2.71(36) 2.97(39) 3.29(47)

in error, is different from the measured V, (see Table 2),
which is obviously the best-constrained data point among
the measured P-V data for Sid100.

Thermal equation of state

The volume data in the experimental P-T space are
shown in Figure 2. These data were analyzed using the
high-temperature Birch-Murnaghan (HTBM) EOS (Sax-
ena and Zhang 1990). In the HTBM EOS, Equation 1 is
modified in the following two aspects:. (1) the temperature
dependence of the bulk modulus is included, given by:

K, = K, + (9K,/aT)o(T — 300) )

and (2) V,/V is replaced by V./V, where V; is the molar
volume at high temperature and ambient pressure and is
calculated from

Vi = Veexp[fe(T)dT]. (©)
In our analysis, «(T) is expressed as
a(T) = a + o, T. 4

The tradeoff between K; and other thermoelastic param-
eters has also been explored (Table 3), and the results of
the analysis using K; = 4 are summarized in Table 4,
along with results of previous studies aong the join
FeCO,-MgCQO,. It can be seen in Table 3 that the (9K,/
aT), values are also sensitive to the values of K;. Here-
after the discussion is based on analyses using K; = 4.

The pressure derivative of thermal expansion is anim-
portant parameter for defining the thermal equation of
state of solids and is directly related to the change of bulk
modulus with temperature by the thermodynamic
identity:

(00/3P); = K:2(KJaT)p. (5)

Using thermoel astic parameters obtained from the HTBM
EOS (Table 4), cell volumes at a given (constant) pressure
were calculated at steps of 200 K in the temperature range
300-1073 K; average thermal expansivities were calcu-
lated for the two siderite samples and plotted in Figure 3
as a function of pressure. These calculations reveal that
the pressure dependence of thermal expansion for Sid100
is dightly larger than that for Sid60. Linear regression of
the data in Figure 3 yields (9a/0P), = —2.22 x 10-¢
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Ficure 2. P-V-T diagrams showing the entire data set used to calculate the HTBM EOS for Sid100 (a) and Sid60 (b) (see text
for discussion). The solid curves between 300 and 1073 K represent polynominal fits to the data points, at intervals of 200 K above

300 K.

K:GPa* for Sid100 and —1.95 x 10¢ K-GPa* for
Sid60. From Equation 5, values of (9K./oT), are calcu-
lated to be —0.030 and —0.025 GPa/K, respectively, for
Sid100 and Sid60. As expected, these values are consis-
tent with those obtained directly from the HTBM EOS
(Table 3).

Effects of Fez*-Mg substitution

Room-temperature bulk modulus. The room-temper-
ature bulk moduli of the two siderite samples are com-
pared with that of magnesite (Zhang et a. 1997) in Figure
4a and 4b as functions of composition and cell volume
at ambient conditions. Fe?* substitution for Mg results in
anearly linear increase of the bulk modulus with increas-
ing Fe content (Figure 4d). The bulk modulus increases
by more than 10% from MgCQO, to FeCQ,. This relative
increase is about twice as large as that reported for adi-
abatic bulk moduli in the work of Christensen (1972)
from ultrasonic measurements. Because it is unlikely that
such large differences should exist between adiabatic and
isothermal bulk moduli at 300 K, one possible explana-
tion for this discrepancy is the difference in composition
between the samples investigated; in the study of Chris-
tensen (1972), magnesite contained 7 mol% CaCO, and
siderite contained up to 13 mol% other carbonate
components.

The effect of Mg-Fe2+ subsgtitution in calcite-structure

carbonates is similar in magnitude to that in silicate spi-
nels, which show a 13% increase in the room-temperature
bulk modulus from Mg,SIO, to Fe,SiO, (Hazen 1993).
The same trend has also been observed in other ferro-
magnesian silicates and oxides, athough the differencein
bulk modulus is typically less than afew percent for com-

TaBLE 4. Equation of state parameters of ferromagnesian

carbonates
K1) =+ a,T
KD =0t ol Gom),
K, (0K 0T, o o (X 108K/
Source (GPa) (GPa/K) (X 10%) (X 1098) GPa)
FeCO,
This study 117 (1) -0.031(3) 1.76(35) 3.46(62) —2.22
Christensen
(1972) 116 — — — —
(FeO.GMgo.SEMnDOZ)COS
This study 112(1) —0.026(2) 2.09(23) 2.97(39) —1.95
MgCO,*
Zhang et al.
(1997) 103(1) —0.022(2) 3.15(17) 2.32(28) —1.76

Note: Except for (da/dP), all the parameters in this table are the results
of fitting from the HTBM EOS (see text) at K, = 4. K, of Christensen
(1972) is adiabatic whereas all others are isothermal.

*The EOS parameters obtained from other studies (e.g., Christensen
1972; Redfern et al. 1993; Fiquet et al. 1994; Ross 1997) are not used
for comparison because systematic errors may exist in some or all of the
experiments on magnesite.
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Ficure 3. Thermal expansion coefficient plotted as a func-
tion of pressure. The term oy, 407, denotes average thermal ex-
pansivity in the temperature range 300-1073 K. Closed symbols
= Sid100; open symbols = Sid60. Uncertainties represent errors
of least-sgquares fitting of the volume-temperature data obtained
using the method described in the text. Straight lines represent
results of fitting for (9a/oP).
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plete substitution (e.g., Sumino 1980; Hazen 1993, and
references therein). In the dolomite-structure carbonates,
where two metal atoms are ordered between alternating
layers with the CO, groups, the polyhedral bulk moduli
of MgQO, in dolomite and (Mg, ;Fe,,)O, in ankerite are 98
and 101 GPa, respectively, even though the bulk modulus
of dolomite is slightly larger than that of ankerite (Ross
and Reeder 1992).

It is obvious that the trend shown in Figure 4b does
not follow the commonly accepted bulk modulus-volume
systematics: For many oxides and silicates of the same
crystal structure, the product of the room-temperature
bulk modulus and the molar volume has been observed
to be a constant and independent of the mean atomic mass
(Anderson and Anderson 1970; Chung 1972). However,
it appears to be a common feature of ferromagnesian min-
erals, such as olivines (Sumino 1977, 1979), pyroxenes
(Zhang et a. 1997), silicate spinels (Hazen 1993), and
garnets (Babuska et a. 1978; Zhang et a. 1996), that the
bulk moduli deviate from the “K,V, = constant” rela
tionship. For oxides, direct comparison is complicated by
the fact that wistite is non-stoichiometric and generally
contains some Fe3+.

The bulk compressibility of many compounds is con-
trolled primarily by the compressibilities of their constit-
uent polyhedra, which are largely determined by the
mean cation-oxygen bond length in the polyhedra (Hazen
and Prewitt 1977; Hazen and Finger 1982). In the calcite-
structure carbonates, the CO, groups are essentialy in-
compressible, rigid units; in magnesite, for example, the
C-O distance (d.,) does not vary by more than 2 esd
between room pressure [d., = 1.288(2) A] and 7 GPa
[deo = 1.283(3) A], and the polyhedral bulk modulus of
MgO, was found to be nearly identical to the bulk mod-
ulus of MgCO, (Ross 1997). These observations are con-
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Ficure 4. Room-temperature bulk modulus as functions of composition (a) and cell volume (b). Error bars are from the least-
squares fit using the HTBM EOS. For magnesite, the bulk modulus is from Zhang et a. (1997).
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axis. The data for magnesite are from Zhang et a. (1997). Cal-
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plete Mg-Fez+ substitution.

sistent with previously suggested compression mecha
nisms. However, the M2+-O distances in magnesite and
siderite at ambient conditions are 2.1018(4) and 2.1445(5)
A, respectively (Reeder 1983). The fact that siderite has
a larger M2+-O distance than magnesite but is less com-
pressible is inconsistent with the genera relation sug-
gested by Hazen and Prewitt (1977) and Hazen and Fin-
ger (1982). It is also important to note here that our
observations on the FeCO,-MgCO, join differ from those
reported by Martens et al. (1982), in which a linear cor-
relation between the bulk compressibility and M-O bond
length was found for carbonates of both the calcite and
aragonite structure types. The conclusions of Martens et
al. (1982), however, should be viewed with caution be-
cause some of the compressibility data they used were
taken from other studies, systematic errors in the mea-
surements of compressibilities may exist in some or all
of the experiments referenced. For example, the bulk
modulus of siderite used in their systematics differs from
that of Christensen (1972) and that of this study.

Linear compressibilities at room temperature. It
was noted earlier (Fig. 1) that over the entire pressure
range studied the a axis of Sid100 is less compressible
than the a axis of Sid60. This result is consistent with a
previous study on magnesite (Zhang et a. 1997), as
shown in Figure 5. Inspection of Figure 5 demonstrates
that the compressibility of the a axis decreases almost
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Ficure 6. Relationship between the room-temperature bulk
modulus and its temperature derivative. For MgCO, (magnesite),
the value of (0K,/aT), is from Zhang et al. (1997).

linearly with increasing Fe content whereas that of the c
axis behaves in an opposite manner.

Complete subgtitution of Fe2+ for Mg yields a 28%
decrease in the compressibility along the a axis. In con-
trast, the compressibility of the ¢ axis increases by only
8%. As a result, the change in compressibility of the a
axis relative to the c axis is greater by more than a factor
of three. Considering that the a axis is expected to con-
tribute approximately twice as much as the ¢ axis to the
volume compressibility (i.e., By = 28, + B.), these results
indicate that the observed bulk modulus-composition re-
lationship shown in Figure 4a is primarily attributed to
the decreasing compressibility of the a axis with increas-
ing Fe content.

Temperature derivative of the bulk modulus. The
effects of Mg-Fe2+ substitution on (0K,/oT), are shown in
Figure 6 including the previously obtained results on
magnesite (Zhang et al. 1997). The trend in Figure 6 in-
dicates that the absolute value of (6K,/aT), increases with
increasing Fe content in the MgCO,- FeCO, binary sys-
tem. In addition, a linear correlation between (9K./oT),
and the room-temperature bulk modulus appears to be
robust. We note that the (9K./aT),-K, relationships have
not been studied systematically for isostructural minerals
or compounds of different compositions and deserve fu-
ture investigation. Because (0K./oT), is related directly to
(9a/0P), according to Equation 5, it is not surprising that
a similar compositional effect on (da/dP), is aso ob-
served, as shown in Table 4.

CONCLUDING REMARKS

It is generally believed that variations in elastic prop-
erties are controlled primarily by gross features of the
crystal structure. The present observations in ferromag-
nesian carbonates are, however, consistent with sugges-
tions that elastic properties are particularly sensitive to
the replacement of Mg by 3-d transition elements (e.g.,
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Weidner et al. 1982). In addition, the observed compo-
sitional effect on the room-temperature bulk modulus in
this study has been seen in other ferromagnesian minerals
such as oxides, olivines, pyroxene, silicate spinels, and
garnets.

At least two explanations have been proposed for the
observed bulk modulus-volume relationship in ferromag-
nesian compounds. Hazen (1993) suggested that the rel-
ative incompressibility of Fez‘-rich silicate spinels may
be partially attributed to the d electron repulsion across
the shared edges of (Mg,Fe2) octahedra. Hazen (1993)
also noted that the shortest Fe?*-Fe?* distance in Fe,SIO,
silicate spinel is 2.9 A, whereas in fayalite the distance
is 3.2 A. This difference may explain why fayalite is only
afew percent less compressible than forsterite (see Table
1in Hazen 1993). In siderite, the shortest Fe*-Fe?* dis-
tance is 3.729 A, which is even greater than that in fay-
dite. However, the Fe>*-C* distance is considerably
shorter at 2.996 A. Thus it is possible that Fe2+-C** re-
pulsive interactions may be responsible for the relative
incompressibility of Fe2r-rich carbonates, but presently
they are not understood.

A second possible explanation relates to the effect of
the crystal field of the 3-d transition elements on the bulk
modulus. This effect was investigated by Ohnishi and Mi-
zutani (1978) for MgO-type oxides. They proposed that
the deviation of the bulk modulus in rock-salt oxides from
the “K,V, = constant” prediction can be explained by
considering the crystal field stabilization energy (CFSE).
On the other hand, Sumino (1979) pointed out that the
deviation of the bulk modulus of olivine (i.e., Mg,SiO,)
as transition metal cations for Mg was too large to be
accounted for by the CFSE. To examine the effects of the
CFSE on the bulk modulus of Fe-rich carbonates, a sys-
tematic study of the compressibilities of the calcite-struc-
ture carbonates with other 3-d transition elements is
needed.
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