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Li: An important component in igneous alkali amphiboles
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ABSTRACT

The crystal structures of 13 alkali amphiboles have been refined to R values of 1-2%
using single-crystal MoKa X-ray data. Crystals used in the collection of the intensity data
were subsequently analyzed by electron and ion microprobe. Site occupancies were as-
signed by site-scattering refinement and stereochemical considerations, taking into account
the electron and ion microprobe analysis of each crystal. These alkali amphiboles are
primarily eckermannite-arfvedsonite from peralkaline granites. Their X-ray scattering be-
havior is very different from most other monoclinic amphiboles; they show anomalously
low scattering at the M3 site relative to that observed at the M1 and M2 sites. Ion micro-
probe analysis confirmed the presence of significant amounts of Li, up to 0.61 apfu (~1.0
wt% Li,O), that the scattering results show to be completely ordered at the M3 site. These
amphiboles contain significant amounts of Mn, up to 0.92 apfu (~6.9 wt% MnO), and
minor Zn; the Mn is dominantly divalent and is distributed over the M1, M2, and M3
sites. Fe3*/Fe?* ratios were assigned on the basis of mean bond length considerations.

Li enters the arfvedsonite structure primarily by means of the substitution ™3Li + Fe*+
— MIFe2+ + Fe2+[LiFe’+ (Fe2*)_,] giving rise to the ideal end-member NaNa,Fe}*LiFe3*-
Si,0,,(OH),. The dominant compositional variation among the alkali amphiboles examined
here is from manganoan arfvedsonite toward this Li-bearing end-member; an additional
minor nyboitic substitution occurs but decreases with increasing Li content. Examination of
the analytical data for these amphiboles, together with various formula renormalization
procedures, shows that apparent anomalies in alkali amphibole stoichiometry (Si contents
> 8 apfu; low C-group cation sums; A-site sums exceeding 1 apfu) are due to incomplete
chemical analyses (specifically, no determination of Li and H,O) and incorrect assumptions
in the renormalization procedures (e.g., OH + F = 2.0 apfu). In addition, the anomalously
high Fe3+/Fe?+ ratios reported in previous wet-chemical studies are probably the result of
(unrecognized) incorporation of Li into the structure by the substitution proposed above.
By using the standard compositional criteria, the identification of only two distinct com-
positional trends in alkali amphiboles from silica-saturated peralkaline igneous rocks (mag-
matic-subsolidus and oxidizing, with the inference that the magmatic-subsolidus trend must
be reducing) is invalid. The amphiboles examined here are classified as magmatic subsolidus
by the usual criteria but have as high or higher ratios of Fe**/(Fe**+ + Fe3**) than the
riebeckitic compositions designated as oxidized, the high Fe’* contents occurring in the
structure in concert with increasing Li content. It is essential that Fe**/Fe?* ratios be mea-
sured if amphibole compositions are to be used to derive information on redox conditions
of crystallization.

INTRODUCTION

Alkali amphiboles are common constituents of silica-
oversaturated peralkaline granitic rocks, and there have
been many studies of their chemical evolution with pro-
gressive crystallization (Borley, 1963; de Keyser, 1966;
Fabriés and Rocci, 1972; Neumann, 1976). A general
consensus has emerged that amphibole compositional
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trends are strongly related to host-rock chemistry in al-
kaline rocks. Most important is the silica activity of the
magma, as examined in detail by Giret et al. (1980); in
silica-undersaturated rocks, the amphiboles are silica-poor
(Si < 7.0 apfu), whereas in silica-oversaturated rocks, the
amphiboles are silica-rich (6.8 < Si < 8.0 apfu). How-
ever, even within the silica-oversaturated rocks, further
complexities are apparent. Comparing the behavior of
alkali amphiboles with that of biotite, Czamanske and
Wones (1973) recognized that, in the magmatic environ-
ment, progressive reducing and oxidizing processes pro-
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TasLe 1. Details of sample numbering and provenance for Li-bearing alkali amphiboles

No. IMA name Sample Seq” Provenance
A(1) Magnesio-ferri-fluor-oxy-katophorite 82L42A-4 489 Amalia Tuff
A(2) Magnesio-ferri-fluor-katophorite 82L42A-2 487 Amalia Tuff
A(3) Ferro-fluor-leakeite 82QC49/4-2 456 Canada Pinabete pluton
A(4) Ferro-fluor-leakeite 82QC49/100-2 428 Canada Pinabete pluton
A(5) Ferro-fluor-leakeite 82QC49/1-2 454 Canada Pinabete pluton
A(6) Mangesio-ferri-fluor-katophorite 83QC30-5 442 Virgin Canyon pluton
A7) Mangesio-ferri-fluor-katophorite Q83J63-1 443 Virgin Canyon pluton
A(8) Fluor-arfvedsonite Q83J70-3 458 Virgin Canyon pluton
A(9) Fluor-arfvedsonite Q83J71-3 459 Virgin Canyon pluton
A(10) Fluor-arfvedsonite Q83J124-3 483 peralkaline rhyolite
A(11) Fluor-arfvedsonite Q83J124-1 482 peralkaline rhyolite
A(12) Arfvedsonite 84QC7-1 440 Canada Pinabete pluton
A(13) Arfvedsonite PV9745 134 Pavia Mineral Museum

* Sequence number in amphibole refinement data bank at Pavia.

duce different chemical trends in amphibole composi-
tions in granitic rocks. This aspect of amphibole behavior
was examined in more detail by Strong and Taylor (1984);
they identified two distinct trends of amphibole compo-
sition in these rocks, a magmatic-subsolidus trend (bar-
roisite — richterite — arfvedsonite) of the form SiNa —
MAICa and an oxidation trend of the form “AlFe3+ —
SiFe?* or A0Fe?* — ANaFe?* that terminates at riebeck-
ite. These relations are of considerable potential use in
evaluating the relative importance of primary magmatic
and secondary hydrothermal processes in the emplace-
ment and solidification of silica-oversaturated peralka-
line granites.

Czamanske and Dillet (1988) examined chemical vari-
ations in a series of alkali amphiboles from peralkaline
granites at Questa, New Mexico. They reviewed the pub-
lished analytical data on arfvedsonitic amphiboles and
emphasized the unsatisfactory nature of many alkali am-
phibole analyses. This point was also considered by Haw-
thorne (1976), who concluded either that Li is a signifi-
cant octahedral site component in many of these
amphiboles or that Na (or Ca?) may occur at the M1,
M2, and M3 sites. Czamanske and Dillet (1988) further
emphasized that the apparent trends of evolving amphi-
bole composition in peralkaline granites cannot be con-
sidered reliable or even established because of the unsat-
isfactory nature of the amphibole formulae as indicated
by the criteria of Leake (1968). In order to resolve these
compositional problems with the alkali amphiboles, we

have examined a well-documented series of alkali am-
phiboles by crystal-structure refinement and electron and
ion microprobe analyses.

EXPERIMENTAL METHODS
Sample descriptions and petrologic setting

The sample codes and names (IMA-approved nomen-
clature) of the amphibole crystals used in this work are
indicated in Table 1, sorted in order of increasing cell
volume. Crystals A(1-12) are from the Questa caldera,
New Mexico, and details of their occurrence and para-
genesis are given by Czamanske and Dillet (1988). The
broader petrogenetic context in which these amphiboles
occur was discussed by Johnson et al. (1989, 1990). At
Questa, alkali amphibole has been found in mildly per-
alkaline rocks making up the Amalia Tuff (>500 km? in
erupted volume), overlying rhyolitic lava, a ring dike, and
marginal facies of two small plutons intrusive into the
caldera floor. Commonly, alkali amphibole occurs in as-
sociation with tetrasilicic mica and sodic pyroxene in rocks
that contain 75-77 wt% SiO,. Petrogenetic, geochemical,
and stratigraphic evidence suggest that the peralkaline
rhyolite was a last erupted pulse of the Amalia Tuff and
that the peralkaline intrusive rocks (which seem to form
screens against metaluminous granite that are 30 m thick)
represent unerupted parts of the tuff-forming magma.
Czamanske and Dillet (1988, their Table 5) document
strong zoning of alkali amphibole grains as large as 0.2

TaBLE 2. Miscellaneous data collection and structure refinement information for Li-bearing alkali amphiboles

Al) AR A@) A4 AB) AB) A AB) A A1) AT A1) A1)
a(h) 9795 9808 9792 9796 9792 9835 9861 9816 9815 9858  9.859  9.840  9.986
b(A) 17.993 17.993 17934 17.934 17.935 17.944 18050 18004 18016 18046 18.049 18036 18.042
c(A) 5280 5284 5313 5312 5314 5297 5288 5325 5329 5316 5316 5365 5314
8€) 10453 10454 103.87 10389 10385 10397 10422 10372 10371 10369 103.69 104.05 103.92
V(AY) 900.88 90258 90581 906.07 906.11 907.11 91239 91426 91552 918.84 919.08 92367 929.33
B (°) 30 30 30 40 30 30 30 35 30 30 35 30 40
D, 319 318 334 333 335 329 324 339 338 335 337 338 342
F, 1371 1369 1376 1986 1377 1384 1382 2084 1389 1391 2097 1392 2121
F,> 50 755 880 1067 1719 1078 942 1120 1376 974 1129 1663 947 1923
Rom 2.4 2.9 15 37 16 2.7 1.8 16 18 13 1.2 2.8 13
R 18 1.7 1.3 1.9 1.3 1.6 14 15 1.7 1.3 14 16 13
R 53 3.8 23 23 23 3.0 24 33 3.1 2.0 22 3.2 17
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TasLe 4. Selected interatomic distances (A) in Li-bearing alkali amphiboles

A1) A@) A(3) A(4) A(5) A(6) A7) A(8) A9)  A(I0)  AdY)  A(12)  A(13)

T1-01 1621 1617 1609 1610 1608 1610 1615 1613 1615 1610 1610 1615 1.602
-05 1636 1.635 1630 1631 1.631 1.627 1633 1631 1630 1.630 1631 1.641  1.629
-06 1635 1637 1629 1629 1630 1634 1631 1630 1628 1626 1.625 1636 1.627
-07 1624 1624 1631 1.631 1631 1627 1637 1629 1629 1634 1635 1632 1636
(T1-0) 1.629 1.628 1625 1626 1625 1.625 1629 1626 1626 1.625 1625 1.631 1624
T2-02 1625 1624 1621 1622 1621 1615 1618 1624 1624 1621 1621 1621 1615
-04 1591 1593 1596 1597 1595 1583 1590 1595 1598 1594 1596 1594 1586
-05 1642 1645 1653 1.652 1.652 1.653 1651 1651 1650 1655 1654 1656  1.665
-06 1660 1658 1659 1659 1658 1658 1.666 1.657 1659 1.668 1.667 1.669  1.669
(T2-0) 1630 1630 1632 1633 1631 1627 1631 1632 1633 1635 1634 1635 1.634
M1-01 x 2 2061 2062 2092 2089 2092 2074 2074 2105 2105 2102 2104 2117  2.108
02 x 2 2.093 2092 2111 2107 2115 2067 2065 2102 2108 2080 2082 2100 2.106
.03 x 2 1996 2004 2094 2091 2097 2084 2087 2124 2127 2124 2125 2128 2123
(M1-0) 2050 2053 2099 2096 2101 2075 2075 2110 2413 2102 2104 2115 2112
M2-01 x 2 21473 2167 2113 2115 2113 2174 2188 2142 2139 2187 2184 2152  2.152
02 x 2 2079 2076 2037 2039 2036 2075 2084 2044 2041 2071 2070 2068 2.076
04 x 2 1976 1973 1931 1932 1831 1972 1985 1932 1929 1960 1956 1938 1953
(M2-0) 2076 2072 2027 2.029 2026 2073 2086 2039 203 2073 2070 2053 2.061
M3-01 x 4 2075 2.083 2114 2113 2116 2085 2080 2120 2126 2104 2106 2122 2135
03 x 2 2023 2038 2115 2113 2413 2063 2052 2103 2106 2088 2091 2119 2093
(M3-0) 2057 2068 2114 2113 2115 2077 2071 2115 2119 2098 2101 2121 2121
M4-02 x 2 2423 2435 2423 2422 2421 2408 2416 2426 2435 2421 2419 2419 2421
04 x 2 2348 2359 2357 2358 2355 2336 2338 2352 2352 2341 2340 2363 2370
05 x 2 2792 2794 2.884 2887 2.888 2.873 2862 2909 2905 2938 2941 2930 2945
06 x 2 2514 2515 2503 2503 2503 2548 2564 2511 2508 2549 2550 2531 2582
(M4-0) x 2 2519 2526 2542 2542 2542 2541 2545 2550 2550 2562 2563 2561  2.580
12 A-O) 2928 2925 2919 2918 2920 2915 2920 2934 2939 2919 2921 2943 2951
(Am-0) 2841 2841 25828 2828 2828 2835 2843 2836 2.841 2.830 2830 2842 2.866
(A2-0) 2710 2.682 2616 2595 2644 2676 2683 2583 2526 2600 2613 2596  2.663

x 2.0 mm. Early-formed amphibole is enriched in Mg
and Ca, and late amphibole is enriched in Fe and Na;
alkali amphibole compositions range from katophorite to
arfvedsonite. The crystals examined here were selected
from samples in which amphibole zoning was minimal
but the amphibole compositions span the entire observed

range.

X-ray data collection and structure refinement

Experimental details are as described by Oberti et al.
(1992). Unit-cell, R-value, and other data are in Table 2.
Final atomic coordinates and equivalent isotropic dis-
placement parameters are given in Table 3,' selected in-
teratomic distances are given in Table 4, and the refined

' A copy of Table 3 may be ordered as Document AM-93-529
from the Business Office, Mineralogical Society of America, 1130
Seventeenth Street NW, Suite 330, Washington, DC 20036,
U.S.A. Please remit $5.00 in advance for the microfiche.

site-scattering powers are listed in Table 5. Anisotropic
displacement parameters and observed and calculated
structure factors may be obtained from Pavia on request.

Microprobe analysis

Subsequent to the experimental crystallographic work,
the crystals used in the collection of the intensity data
were mounted, polished, and analyzed by electron and
ion microprobe techniques, following the procedures de-
scribed by Oberti et al. (1992) and Ottolini et al. (1992).

Calculation of the formula unit

Oberti et al. (1992) showed that I Ti enters the richter-
ite structure by means of the substitution MITi + 210302~
- Mi(Mg Fe) + 2©3(OH)~. When this substitution oc-
curs, assumption of two monovalent anions occupying
the O3 site is not valid, and renormalization of the for-
mula unit on the basis of 23 O atoms will give low C-group
sums. In this case, the formula unit should be calculated

TasLE 5. Refined site-scattering values in Li-bearing alkali amphiboles

Site  A(1) A@) A3) Ad) A(5) A(6) A7) A®) A(9) A(0) AT A(12)  A(13)
M1 x2 169 15.6 22.3 217 22.8 16.8 15.7 24.4 245 22.1 227 242 257
M2 x2 175 19.8 26.0 26.0 26.0 24.0 23.1 25.9 26.1 257 25.8 26.0 25.6
M3 13.8 12.9 10.4 105 10.6 145 14.0 17.6 18.0 16.5 17.2 20.6 20.8
M4 x 2 1656 15.3 11.0 1.2 11.0 14.2 14.5 1.0 10.9 11.2 1.5 117 1.2
Ma' x2 — — == — = = 0.3 i = 0.7 0.5 = =

A 3.1 3.2 3.2 3.2 3.0 35 35 38 4.1 3.0 3.0 38 9.4
Amx2 13 1.8 4.1 40 4.0 2.8 238 3.0 2.6 4.4 43 3.2 2.8
A2x2 05 0.5 0.2 0.2 0.3 0.9 07 0.1 — 0.3 0.3 0.1 0.6
03x2 87 8.7 8.9 8.8 8.9 8.7 8.8 8.6 8.7 8.9 8.8 85 8.1

Note: Values are in electrons; estimated standard deviations are <0.1 e.
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TasLE 6. Chemical analyses of crystals used in the structure refinement
A(2) A(5) A(6) A(7) A(8) A(9) A(10) A(11) A(12) A(13)

SiO, 51.91 51.12 51.86 51.26 49.03 49.46 49.58 49.67 48.56 49.31
ALO, 1.86 1.13 1.50 1.96 0.87 0.97 0.76 0.76 1.41 0.73
TiO, 0.41 0.68 0.38 0.40 0.73 0.66 0.98 0.98 0.67 0.49
Fe,0, 6.77 16.73 13.98 6.79 14.51 14.12 1017 10.56 12.58 11.13
FeO 6.45 8.87 5.1 8.64 13.70 14.40 15.47 14.32 18.43 24.43
MgO 13.36 2.02 8.85 11.50 0.61 0.87 2.75 3.23 1.23 0.02
MnO 3.82 4.51 4.35 4.30 5.46 5.30 6.66 6.92 3.38 1.09
ZnO 0.00 0.57 0.14 0.37 0.90 0.84 0.02 0.03 0.28 0.14
CaOo 6.64 0.15 3.07 4.75 0.05 0.06 0.34 0.39 0.45 0.38
Na,0 4.60 9.22 7.13 6.67 8.95 9.02 8.38 8.44 8.26 7.43
K0 0.82 1.19 1.10 0.92 1.29 137 1.01 0.91 1.15 2.90
Li,O 0.11 0.99 0.27 0.09 0.60 0.54 0.38 0.39 0.21 0.29
F 2.91 2.87 2.43 2.89 2.85 2.66 3.15 3.28 1.90 0.37
H,O (0.65) (0.55) (0.85) (0.65) (0.52) (0.63) (0.39) (0.33) (1.00) (1.68)
O=F -1.23 -1.21 -1.02 -1.22 -1.20 —1.12 -1.33 —-1.38 -0.80 -0.16

Total 99.08 98.82 100.36 99.60 97.97 98.94 98.68 98.80 98.43 100.09

Chemical formulae

Si 7.657 7.831 7.652 7.628 7.780 7.777 7.848 7.825 7.741 7.855
Al 0.323 0.169 0.261 0.344 0.163 0.180 0.140 0.141 0.259 0.137
Sum T 7.980 8.000 7.913 7.972 7.943 7.957 7.988 7.966 8.000 7.992
Al 0.000 0.035 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000
Ti 0.045 0.078 0.042 0.045 0.087 0.078 0.117 0.116 0.080 0.059
Fes+ 0.751 1.931 1.552 0.760 1.733 1.671 1.211 1.252 1.509 1.334
Fe?+ 0.796 1.137 0.631 1.075 1.818 1.894 2.048 1.887 2.457 3.255
Mg 2.938 0.461 2.057 2.551 0.144 0.204 0.649 0.759 0.292 0.005
Mn 0.477 0.585 0.544 0.542 0.734 0.706 0.893 0.923 0.456 0.147
Zn 0.000 0.064 0.015 0.041 0.105 0.098 0.002 0.003 0.033 0.016
Li 0.065 0.610 0.160 0.054 0.383 0.341 0.242 0.247 0.135 0.186
Sum C 5.072 4.901 5.001 5.068 5.004 4.992 5.162 5.187 4.968 5.002
C-5 0.072 0.000 0.001 0.068 0.004 0.000 0.162 0.187 0.000 0.002
Ca 1.049 0.025 0.485 0.757 0.009 0.010 0.058 0.066 0.077 0.065
Na 0.879 1.975 1514 1.175 1.987 1.990 1.780 1.747 1.923 1.933
Sum B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.437 0.763 0.526 0.749 0.767 0.760 0.792 0.833 0.630 0.362
K 0.154 0.233 0.207 0.175 0.261 0.276 0.204 0.183 0.234 0.589
Sum A 0.591 0.996 0.733 0.924 1.028 1.036 0.996 1.016 0.864 0.951
F 1.352 1.408 1.143 1.360 1.448 1.338 1.559 1.616 0.963 0.187
OH 0.648 0.592 0.857 0.640 0.552 0.662 0.441 0.384 1.037 1.813

on the basis of (23 + ©ITi) O atoms (allowing of course
for analyzed F content). Here, we decided on the presence
or absence of this particular substitution by examining
the lengths of the M1-O and M3-O bonds to O3 relative
to O1 and O2. Fe’+/Fe?* ratios were calculated from the
structural results and put back into the normalization
process; this calculation was repeated until all values were
self-consistent, and the Fe3*/Fe** ratios assigned (Table
6) reflected the final structural results.

DISCUSSION

The general features of the arfvedsonite structure were
characterized by Kawahara (1963) and Hawthorne (1978),
and the current results are broadly compatible with pre-
vious findings. However, there are some significant dif-
ferences that distinguish the general chemical composi-
tion and site populations of the amphiboles examined in
this work. In particular, crystals A(1-13) were selected
on the basis of their scattering at the M3 site, which is
anomalously lower than that observed at the M1 and M2
sites in the same crystal. Analysis of Li content by ICP
for two bulk alkali-amphibole separates from Questa gave
1320 and 1400 ppm Li, respectively. These two features
suggest that Li is playing an important role in these alkali
amphiboles.

The tetrahedral sites

Stereochemical details of the “T1 and “T2 sites are
given in Table 4. The T-group occupancies assigned from
the microprobe analyses are given in Table 6; Si + Al,,
~ 8.0 apfu, and the grand mean value of this sum is 7.975
+ 0.034. The fact that this value is statistically equal to
the total number of T sites in the formula unit, combined
with the fact that the variation in (T1-O) with Al (Fig.
1) agrees with the analogous curve of Hawthorne and
Grundy (1977), suggests that all Al is tetrahedrally co-
ordinated in these amphiboles.

The octahedral sites: Scattering considerations

There are three sites with octahedral coordination, M1,
M2, and M3. Because there are more than two scattering
species per site, the total site scattering cannot give a
unique solution for the site populations (Hawthorne,
1983b). For most chemically simple amphiboles, how-
ever, the microprobe analyses and the detailed stereo-
chemical variations that accompany the changes in site
chemistry can be used in conjunction with the scattering
results to give reliable site populations (Ungaretti et al.,
1983). The microprobe analyses (Table 6) indicate sig-
nificant amounts of Fe, Mn, Mg, Al, Li, Zn, and Ti at the
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Fig. 1. Variation in (T1-O) as a function of Al content of
the amphibole.

octahedral sites; in addition, Fe and Mn can occur both
in divalent and trivalent states. For scattering purposes,
it is often convenient to group species of similar scatter-
ing power together; thus Fe' = (Fe2* + Fe’* + Mn?* +
Mn?*+ + Zn) and Mg’ = (Mg + Al).

The behavior of Ti. In the past, ¥ Ti was assigned to
the M2 site (except in oxy-kaersutite, Kitamura et al.,
1975). This assignment was purely speculative, based on
the fact that ©Ti is a small highly charged cation and
seemed likely to behave like other small highly charged
C-group cations (i.e., Fe>* and Al) in amphiboles. Oberti
et al. (1992) have shown that in richterite, ©Ti is ordered
at M1, not M2, In the amphiboles examined here, ©Ti+
could order at M1 or M2, which is the case in each of
the crystals examined, as evaluated from the local stereo-
chemistry around the M1 site.

Total scattering at M1, M2, and M3. The site-scatter-
ing values were unconstrained in the refinement proce-
dure, and the total scattering at the M1, M2, and M3
sites represents the total number of electrons (the mean
atomic number when expressed per position) for the cat-
ions at these positions. These values can also be derived
from the unit formulae calculated from the microprobe
analyses, and comparison of these values gives a check
on the consistency of both sets of results. A graphical
comparison is given in Figure 2. The results closely fol-
low the 1:1 line (R = 0.999), indicating that there is no
systematic difference between the two sets of results and
suggesting that there is no significant systematic error in
either of the two sets of results. The root-mean-square
deviation is 1.74 electrons (e), corresponding to ~0.35 ¢
per site [~0.02 atoms for occupancy by (Mg,Fe)].

Scattering at M1 and M3. The refined scattering values
at the M1 and M3 sites are shown in Figure 3. Also shown
is the range of values found for ~550 monoclinic am-
phiboles. Most samples show increased scattering at M1
correlating with increased scattering at M3, and the data
define a well-bounded lunette; for amphiboles with Mg
and Fe?* at these sites, this can be described as the com-
positional (ordering) space bounded by 0.4 < K, < 1.0,
where K is the distribution coefficient (Ungaretti et al.,
1978). For the amphiboles of this study (together with a
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Fig. 2. Comparison of the total refined scattering (in elec-
trons) at the M1, M2, and M3 sites with the analogous values
calculated from the C-group cations of the formula unit derived
from the electron (EMP) and ion (IMP) microprobe analyses.

few other alkali amphiboles all containing ©ILi; Ungaretti
et al., 1978; Hawthorne, 1978; Ghose et al., 1986), the
site-scattering values are very different. They fall outside
the well-defined field of all other refined amphiboles, and
the scattering at M1 is always greater than the scattering
at M3, opposite to that observed in nearly all other am-
phiboles (Fig. 3).

Ion microprobe analyses (this study) and wet-chemical
analyses (Czamanske and Dillet, 1988) of some of these
amphiboles have significant Li contents. The X-ray scat-
tering powers of the elements are proportional to their
atomic numbers. Li (Z = 3) scatters much less strongly
than Mg (Z = 12) and Fe (Z = 26), the other important

25
A20
e
= 15
Z
= L)
E 10-1'9 ©q 4.2 5
*
5 * %
1 1 L
15 20 25
MAN M(1)

Fig. 3. Refined total scattering powers at M1 and M3 in the
alkali amphiboles of this study (numbered solid circles) com-
pared with the distribution of values observed for ~550 refined
monoclinic amphiboles (open circles) and three leakeite samples
(stars). The refined scattering at each site is expressed as the
m.a.n. (mean atomic number) of the atoms at the site; thus m.a.n.
values of 12 and 26 correspond to Mg and Fe, respectively.
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TaBLE 7. Octahedral site populations obtained from the results of the structure refinement and from EMP and IMP estimates for
minor elements

M1 M2

Mg Fer* Fe*  Ti Mn dp O Mg Fe* Fet T Mn  2Zn A Oy e

A(1) 0640 — 0265 0025 0070 2050 2050 0595 — 0275 — 0130 —  — 2076 2075
A@ 0730 — 0200 0025 0045 2053 2053 0435 — 0400 — — 0165 — 2072 2072
A(3) 0250 0560 — — 0190 2099 2099 — 0020 0910 0040 — 0030 — 2027 2027
A@4) 0300 0530 — — 0170 2096 2096 — 0030 0900 003 — 003 — 2029 2.029
A(5) 0210 0590 — — 0200 2101 2101 —  — 0930 003 — 0035 — 202 202
AB) 0635 — 0110 0020 0235 2075 2075 0140 0425 0425 —  — 0010 — 2073 2073
A7) 0715 — 00385 0020 0230 2075 2075 0210 0440 0290 — 0040 0020 — 2086 2085
A(8) 0.100 0680 — — 0220 2110 2110 — 0130 0770 0050 — 0050 — 2039 2.039
A@9) 009 0640 —  — 0270 2113 2113 — 0100 0810 0040 — 0050 — 2036 2.037
A(10) 0.260 0450 — — 0290 2102 2102 — 0470 0470 0060 — —  — 2073 2072
A(11) 0210 0500 — — 0290 2104 2.104 0500 0.440 0060 — —  — 2070 2.070
A(12) 0110 0720 — — 0170 2115 2114  — 0290 0650 0040 — 0020 — 2053 2.052
A(13) 0020 0980 — — — 2112 2115 0340 0600 0030 — 0010 0020 2061 2061

C-group species in amphiboles; hence the occurrence and
strong ordering of Li over the octahedrally coordinated
sites in the amphibole structure greatly perturbs the usual
site-scattering relations for amphiboles, and Figure 3 sug-
gests that Li in these amphiboles is strongly ordered at
the M3 site. Note that this is in accord with direct site-
occupancy refinements for three riebeckite samples
(Hawthorne, 1978; Ungaretti et al., 1978) in which only
Fe (+ Mn) and Li occur at the C-group sites.

Figure 4 shows the scattering at M3, with lines delin-
eating the substitutions Li — Fe’ and Li — Mg at this site.
For low Mg contents, the data fall on or close to the Li
— Fe’ line, confirming that the scattering is dominated
by Fe' and Li. As the Mg content increases, the points
fall further away from the Li - Fe’ line, indicating a more
equal partitioning of Mg over M1 and M3 at higher Mg
contents.

Scattering at M2. The refined site-scattering values
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Fig. 4. Variation in scattering at M3 as a function of Li con-
tent of the formula unit for the alkali amphibole structures re-
fined in the current study; the numbers by the symbols indicate
the Mg content in apfu.

Table 5) show this site to be dominated by Fe’, except
in the most Mg-rich crystals. Possible light atom constit-
uents of this site are Al and Mg, as all Li occupies M3.
For crystals A(3-5, 8—13), the mean M2 site scattering is
25.92 e, indicating negligible Mg and Al at the M2 site
in these crystals. For the remaining crystals, A(1, 2, 6, 7),
the site scattering may be expressed as Mg and Fe.

The octahedral sites: Stereochemical considerations

A complete chemical interpretation of the m.a.n. (mean
atomic number) values obtained from the site-scattering
refinements requires that the mean bond lengths obtained
from the structure refinement be taken into account. In-
spection of Table 4 indicates that there are at least two
distinct crystal-chemical situations. In one case [crystals
A(1), A(2), A(6), and A(7)], (M1-O) and (M3-O) are short
(Table 4), indicating the presence of smaller tri- and tet-
ravalent cations at M1 and M3. Following Oberti et al.
(1992), Ti was assigned to M1 in these crystals, and the
remaining transition metals at M1 and M3 were assigned
as Fe**; the observed mean bond lengths (Table 7) con-
firm this assignment. For the remaining crystals, the (M1-
0O) and (M3-O) distances are compatible with divalent
transition metals at M1 and M3.

A further factor to be taken into account when deter-
mining site populations is the presence of F at the O3
site, as that significantly affects (M1-O) and (M3-O) dis-
tances (Hawthorne, 1983a).

In order to derive complete octahedral site populations
in amphiboles, it is necessary to take into account the
following crystal-chemical constraints: (1) complete oc-
cupancy of each site, (2) overall charge balance, (3) ob-
served m.a.n., (4) observed (M-O) distances (Ungaretti
et al., 1983). In this way, it is possible to obtain reliable
site populations (x, y, z, w) for up to four cations (4, B, C,
D) at each octahedral site in the amphibole structure by
solving the following system of simultaneous equations:

xX+y+z+w=1.0 (1)

xC, + yCy + zCe + wCp, = C 2)
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TasLE 7.— Continued

M3
Li Mg Fe2+ Fe** Mn s [e S0
0.060 0.770 — 0.140 0.030 2.057 2.058
0.060 0.830 — 0.040 0.070 2.068 2.068
0.640 0.040 — — 0.320 2.114 2.112
0.640 0.040 — — 0.320 2113 2113
0.630 0.040 — — 0.330 2115 2114
0.160 0.550 0.160 0.060 0.070 2.077 2.077
0.080 0.720 0.190 — 0.010 2.071 2.070
0.360 — 0.410 — 0.230 2.115 2.114
0.330 — 0.420 — 0.250 2119 2.115
0.250 0.250 0.280 = 0.220 2.098 2.099
0.250 0.200 0.330 — 0.220 2.101 2.101
0.170 0.090 0.500 — 0.240 2121 2.118
0.220 — 0.640 — 0.140 2121 2.122
XZy + VZy + zZc + WZp = Zg, 3)
X(M-0), + y(M-O),
+ z(M-O)¢ + w(M-0), = (M-O>sile 4

where C, is the formal charge of the Ith cation and Z, is
the atomic number of the Ith cation. The contribution of
any other (minor) components can be calculated from the
electron and ion microprobe results and subtracted from
the values on the right side of the equations before solv-
ing the system.

In the amphiboles examined here, Li, Mg, Ti, Mn?*,
Mn3+, Fe2+, Fe3+, and Zn can be present at the octahedral
sites (1Al is essentially absent in these crystals). In order
to reduce the number of unknown parameters, we applied
the following constraints, based on the crystal-chemical
arguments expressed above: (1) Li orders at M3 and is
deduced from the ion microprobe analysis; (2) Zn orders
at M2 and is deduced from the electron microprobe anal-
ysis; (3) Ti orders at the M1 site when dehydroxylation
is present [crystals A(1), A(2), A(6), and A(7)]; otherwise
Ti orders at M2; Ti content is deduced from the electron
microprobe analysis; (4) All Mn is in the divalent state;
this is supported by the fact that a significant proportion
of the Fe is still in the divalent state. The number of
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unknowns is reduced to four at each octahedral site, and
it is now possible to determine the site populations from
the above system of equations.

For the crystals refined here, the site populations at the
A and M4 sites were obtained from the electron micro-
probe analyses (Table 6) and from the refined site-scat-
tering values (Table 5). For the T1 site, the Al content
was evaluated from the electron microprobe analyses and
the observed (T1-O) values. In this way, the residual
positive charge at the octahedral sites was obtained. The
following end-member bond lengths were used for each
cation: Li = 2.118, Mg = 2.078, Al = 1.925, Ti = 1.985,
Mn2+ = 2,170, Fe?+ = 2,120, Fe3+ = 2.025, Zn = 2.098
A, after correction in the case of the M1 and M3 sites for
the F content from the electron microprobe analyses. For
this purpose, a correction equal to —0.013 A per F apfu
(Oberti et al., 1993) was used in the calculation of (M1-
0) and (M3-O). The resultant octahedral site popula-
tions and the corresponding observed and calculated mean
bond lengths are given in Table 7, and the resultant
chemical formulae are listed in Table 8.

Scattering at O3

It is usually not considered feasible to derive infor-
mation on F — OH substitution directly from scattering
results, as the atomic numbers of F and O differ only by
one. However, we attempted it by unconstrained refine-
ment of the scattering at the O3 site (Table 5). Compar-
ison of the refined electrons at O3 (epfu) and the F con-
tent of the formula unit calculated from the microprobe
analyses (Fig. 5) shows scatter about the 1:1 line. There
is a tendency for the scattering to be slightly higher than
that expected from the analyses, but it is fairly small in
view of the fact that these amphiboles are generally quite
Fe-rich and hence show high absorption of both scattered
(diffraction) and fluorescent (electron microprobe) X-rays.

Scattering at M4

Comparison of the refined scattering at M4 with the
B-group cations assigned from the microprobe analyses
by the formula unit calculation is shown in Figure 6. By

TasLE 8. Complete chemical formulae obtained from the results of the structure refinement and from EMP and IMP estimates for

minor elements

A M4 M1 + M2 + M3 T + T2 w
K Na Na Ca Mn Fe L Mg Fe** Fe* Ti Mn  Zn Al Si Al 0>~ OH F
A1) 015 036 175 025 —  — 006 324 — 122 005 043 — — 758 042 2260 — 140
A(2 017 042 105 095 — — 006 316 — 124 005 049 — — 764 036 2246 018 136
A@3) 024 067 200 — — - 064 054 116 1.82 0.08 070 006 — 775 025 2200 030 170
A4) 024 066 200 — — — 064 064 112 180 007 066 007 — 780 120 2200 040 1.60
A5) 024 066 200 — — — 063 046 118 1.8 007 073 007 — 773 027 2200 040 1.60
A(B) 021 063 128 072 — 016 211 100 113 004 054 002 — 779 021 2240 022 138
A7) 017 068 120 072 008 — 008 257 107 065 004 055 004 — 770 030 22.00 040 1.60
A(B) 025 048 199 001 — — 036 020 203 154 010 067 010 — 788 012 2200 080 1.20
A(9) 026 041 200 — — — 033 018 190 162 008 079 010 — 788 012 2200 060 140
A(10) 0.18 082 1.83 008 009 — 025 077 222 084 012 08 — — 800 — 2200 030 170
A(11) 016 084 183 006 011 — 025 062 233 088 012 080 — — 796 004 2200 030 1.70
A(12) 022 054 1.87 008 — 005 017 031 252 130 008 058 004 — 782 018 2200 120 080
A(13) 065 035 195 005 — — 022 004 340 1.08 006 014 002 004 793 007 2200 170 030




740

Scattering at O(3) (electrons)
®

17 = @
o}

(o}

&
16 "/ o

1 1 1
0.0 1.0 2.0
F (apfu)

Fig. 5. Comparison of the site scattering at O3 from crystal
structure refinements with the F content from the microprobe
analyses. The line shows the 1:1 relationship; the open circles
show data for leakeite crystals (Hawthorne et al., 1992).

and large, there is good agreement between the two sets
of values, the data scattering about the 1:1 line. This in-
dicates that there is no systematic difference between the
results. Two crystals, A(2) and A(6), show significant dif-
ferences between the two techniques; however, the differ-
ences are not systematic, and their origin is not clear. A
few of the amphiboles show significant occupancy of the
M4’ site (Table 5), a site occupying the same cavity as
the M4 site but displaced by a small amount (~0.40 A)
toward the octahedral strip. The stereochemistry and cat-
ion occupancy of this site were examined in manganoan
richterite samples by Oberti et al. (1993), who concluded
that this site is occupied by Mn2?*+ + Fe2+ | in accord with
the generally accepted method of cation assignment in
amphiboles.

Li incorporation in the octahedral strip

The scattering and geometrical results clearly show that
Li is completely ordered at the M3 site. When Li occupies
M3, there is a significant decrease in the local bond va-
lence to O1 and O3 from M3. This could be compensated
by incorporation of Fe3+ at M1 or M2, but only the latter
occurs in the amphiboles examined here. The reason for
this ordering can be understood in terms of local bond-
valence requirements. The anions O2 and O4 are for-
mally underbonded in amphiboles in general and in
arfvedsonite in particular (1.877 and 1.667 vu, respec-
tively, for a Pauling, 1960, bond-strength scheme). Local
bond-valence satisfaction occurs by a strong distortion of
all polyhedra involving O2 (M1, M2, M4, and T2) and
04 (M2, M4, and T2). The ordering of Li at M3 is the
only mechanism that avoids further underbonding of O2
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Fig. 6. Comparison of the refined scattering at M4 (expressed
in terms of the number of electrons at the site) and the analogous
value calculated from the B-group cations assigned from the mi-
croprobe analyses; the larger circle indicates two overlapping
values.

and O4, and the incorporation of Fe*+ at M2 is the only
mechanism that reduces the underbonding of O4.

In principle, there could also be a local coupling be-
tween ™3Li and ™M'Ti if O3 were locally occupied by a
monovalent anion. There is no relation between Li and
Ti contents in these amphiboles, however, and the ob-
served bond lengths do not indicate the presence of Ti at
M1 when there is no dehydroxylation at O3. Moreover,
the mechanisms of incorporation of ™*Li and ™1Ti dis-
cussed above have been separately confirmed in other
less complicated amphiboles (Hawthorne et al., 1992;
Oberti et al., 1992).

Compositional variations

Some of the end-member compositions and substitu-
tions (exchange vectors) pertinent to chemical variations
in arfvedsonitic amphiboles are shown in Table 9. There
are two ways in which Li can enter the M1, M2, and M3
sites in ideal arfvedsonite: (1) substitution 2, whereby the
charge deficiency introduced in the C-group cations is
compensated by introducing a divalent cation [expressed
as Ca, but (Mn,Fe,Mg) is also possible] in the B group;
(2) substitution 3, whereby the charge deficiency is com-
pensated within the C group by substituting an additional
trivalent cation for a divalent cation. Inspection of Table
6 shows that although there is substantial variation in the
Ca content of M4, it does not correlate significantly with
Li. On the other hand, increasing Li does correlate with
increasing Fe*+ content of the M1, M2, and M3 sites (Fig.
7b); the unit formula of crystal A(5) is particularly nota-
ble in this respect, with Li ~ 0.63 and Fe?*+ ~ 1.86 apfu.
As no other substitutions that increase the charge at the
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TasLE 9. Selected end-member compositions for alkali amphiboles
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A

B

Cc

T

Name

Exchange vector

(1)
@
3
(4)
)
(6)

Na
Na
Na
O

Na
Na

Na,
NaCa
Na,
Na,
Na,
Na,

Fej+Fe**
Fes+LiFet+
FesrLiFe3+
Fei*Fe3+
Fe3*Fej+
Fe3+TiFe**

Sis
S,
S
S,
Si,Al
S

022
022
022
022
022
022

(OH),
(OH),
(OH),
(OH),
(OH),
(©)

arfvedsonite

riebeckite
ferro-ferri-nyboite

additive component
M3LiCa(™Fe?*Na)._,
M3LiFes+ (MC!Fe2+ Fe2+)7‘
AOFe*+ ("NaFe?*)_,
Fe*+ Al(Fe?*Si)_,
M1"’iHD2 (M1 Fez+ HHZ) o

A or T sites are possible, substitution (3) must be the
principal mechanism for incorporation of ®ILi at the M1,
M2, and M3 sites in these amphiboles.

Significant other substitutions are also shown in Table
9. Minor A-site vacancies (substitution 4 in Table 9), WAl
(substitution 5), and ®'Ti (substitution 6) are all common
features of these amphiboles but do not reach dominant
proportions. Some of these chemical variations are shown
in Figure 7. Increasing Li correlates strongly with increas-
ing Fe’*, and the trend shown in Figure 7a suggests sig-
nificant substitution of a ferro-ferri-nyboitic component.
This is examined more closely in Figure 7b; there is a
significant ferro-ferri-nyboitic component, but it decreas-
es at high ©ILi contents. That is to be expected, as both
MILjFe3+ — IMIFe2+Fe2+ and Fe*+ Al - Fe?*Si substitu-
tions rely on the incorporation of Fe?+ into the octahedral
strip for charge compensation, and both trends in Figure
7 show convergence toward the ideal end-member (end-
member 3 from Table 9).

Problems with alkali-amphibole analyses:
Qualitative considerations

Hawthorne (1976) examined a large number of am-
phibole analyses of the eckermannite-arfvedsonite and
magnesio-katophorite—katophorite series, and showed that
when the cations are assigned to the A, B, C, and T groups
in the standard way (Leake, 1968), the sums of the
Y-group cations are often significantly less than the ideal
minimum value of 5.0 apfu. This behavior is observed
only for alkali amphiboles (and not for calcic amphi-
boles), indicating that this discrepancy is a real feature of
alkali amphibole chemistry and not an artifact of bad
analyses. Two possibilities were suggested to account for
this observation: (1) small amounts of Ca occur at the
M1, M2, and M3 sites; (2) Li is a significant component
in these amphiboles, occurring at the M1, M2, and M3
sites.

Czamanske and Dillet (1988) reviewed the literature
pertaining to the chemistry of alkali amphiboles. They
noted that anomalously small C-group cation sums are
common in the eckermannite-arfvedsonite amphiboles
and also identified some additional problems. For ex-
ample, the ratio of Fe**/(Fe?* + Fe’*) in end-member
arfvedsonite is 0.20, giving an ideal Fe?* content of 1.0
apfu; several studies show that Fe3+/(Fex+ + Fe3+) typi-
cally exceeds 0.30 in arfvedsonite with completely occu-
pied A sites (Fabrigés and Rocci, 1972; Andersen et al.,
1975; Czamanske and Dillet, 1988). Czamanske and Dillet
(1988) suggested a Na-Fe** couple, analogous to
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Fig. 7. (a) Variation in Al as a function of Li content; (b)
variation in Fe3* as a function of Li content. ARF = arfvedson-
ite, NYB = nyboite, RIE = riebeckite, (3) = end-member 3 from
Table 9.




742 HAWTHORNE ET AL.: Li IN ALKALI AMPHIBOLES
TaeLe 10. Formula unit of amphiboles calculated on the basis of 23 O apfu, while calculating Fe3**/Fe?+ in the usual way and
omitting Li and Zn from the normalization

A2) A(5) A(6) A7) A(8) A(9) A(10) A(11) A(12) A(13)
Si 7.757 8.284 7.808 7.660 8.116 8.081 8.111 8.081 7.860 8.280
Al 0.243 0.000 0.192 0.340 0.000 0.000 0.000 0.000 0.140 0.000
Sum T 8.000 8.284 8.000 8.000 8.116 8.081 8.111 8.081 8.000 8.280
Al 0.085 0.216 0.074 0.005 0.170 0.187 0.145 0.146 0.129 0.144
Ti 0.046 0.083 0.043 0.045 0.091 0.081 0.121 0.120 0.082 0.062
Fe3+ 0.452 0.000 0.748 0.615 0.254 0.325 0.405 0.465 0.861 0.000
Fez+ 0.958 3.243 1.481 1.228 3.453 3.381 2.626 2.451 3.168 4.352
Mg 2.976 0.488 2.099 2.562 0.151 0.212 0.671 0.783 0.297 0.005
Mn 0.483 0.619 0.555 0.544 0.766 0.733 0.923 0.954 0.463 0.155
Sum C 5.000 4.649 5.000 5.000 4.885 4.919 4.891 4.919 5.000 4.718
Ca 1.063 0.026 0.495 0.761 0.009 0.011 0.060 0.068 0.078 0.068
Na 0.973 1.974 1.505 1.239 1.991 1.989 1.940 1.932 1.922 1.932
Sum B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.396 0.923 0.576 0.694 0.881 0.868 0.718 0.730 0.670 0.487
K 0.156 0.246 0.211 0.175 0.272 0.286 0.211 0.189 0.237 0.621
Sum A 0.552 1.169 0.787 0.869 1.153 1.154 0.929 0919 0.907 1.108

that in acmite, leading to compositions of the sort
(Na,K)Na, (4, ;Fe3t Fe3*)Si;O,, (OH),. Hawthorne (1976)
suggested that a substitution of the form Li + Fe’*+ —
2Mg may allow incorporation of Li at the M1, M2, and
M3 sites in arfvedsonite. That also causes an increase in
Fe*+ content above the ideal value of 1.0 apfu, with the
incorporation of a monovalent cation at M1, M2, and M3.

As described above, the amphiboles of this study in-
corporate Li at the M3 site by the substitution ™ILi +
M2Fe3+ - M3I(Fe2+ Mg) + M™MA(Fe2+ Mg). This qualita-
tively explains two of the problems in alkali amphibole
analyses identified above: not analyzing for Li will pro-
duce an apparent deficiency in the Y-group cation sums,
and the substitution will also raise the Fe3+ content above
the ideal value of 1.0 apfu in arfvedsonite with full A
sites.

There are other unusual aspects of alkali amphibole
analyses that are not shown by other groups of amphi-
boles. In particular, Si often exceeds 8.0 apfu (Stephenson
and Upton, 1982; Collerson, 1982; Strong and Taylor,
1984), a result that is incompatible with the amphibole
structure. It has been suggested (Ross, 1984) that such
deviations from amphibole stoichiometry could be caused
by fine-scale intergrowth of sodic pyroxene. However, be-
cause the compositional differences between acmite and
arfvedsonite are small, such intergrowths would have to
be present in significant amounts to cause the observed
compositional deviations, and there should be visible dif-
fraction effects (streaking, reflection broadening) that we
have not observed in these amphiboles. That Si appar-
ently exceeds 8.0 atoms in the unit formulae of some
alkali amphiboles does seem well established. This may
reflect either problems with the normalization procedure
used to calculate the formula unit or problems with the
chemical analyses. Which of these is actually the case will
now be resolved.

Problems with alkali amphibole analyses:
Quantitative considerations

The questions and problems outlined in the previous
section can be considered quantitatively by comparing

the unit formulae calculated as outlined previously with
analogous values calculated in the standard fashion. The
salient aspects of the calculations are (1) calculation based
on (23 + Ti) O atoms (when Ti occurs at M1 and allow-
ing for analyzed F) with Li determined by ion microprobe
analysis, and Fe3+/Fe2* derived from the refined crystal
structure; (2) calculation based on 23 O atoms, ignoring
Li and Zn, and calculating Fe*+/Fe?* by means of the
usual stoichiometric constraints. Values derived by
method 1 are given in Table 6, and values derived by
method 2 are given in Table 10.

Si content. The Si contents in Table 10 frequently ex-
ceed 8.0 apfu, reaching a maximum of 8.28 apfu and
spanning the range typically shown by data from the lit-
erature. Comparison with Table 6 shows that this excess
is not a feature of our best estimates of the unit formulae
using complete chemical and X-ray data.

C-group sums. The C-group cation sums in Table 10
are generally lower than those of Table 6, frequently fall-
ing significantly below the ideal value of 5.0 apfu. Al-
though the analogous sums in Table 6 are often still not
ideal in this regard, the deficiencies are much less than
those in Table 10 and presumably reflect the difficulty in
accurately accounting for Li, H,O, and Fe**/Fe?*. In ad-
dition, the structure refinements indicate that in crystals
A(7), A(10), and A(1l), there is significant B-group
(Mn,Fe,Mg), and the unit formulae of Table 6 are in
agreement with that, whereas the unit formulae of Table
10 show significant C-group deficiencies and hence no
indication of (Mn,Fe,Mg) assigned to the B group.

A-group sums. The A-group cation sums of Table 10
often significantly exceed the maximum ideal value of 1.0
apfu. This is not the case for the analogous sums in Table
6; although some do exceed 1.0 apfu, the amounts are
quite small and presumably relate to normal random er-
ror in the analytical data, together with minor problems
in the estimation of Li, H,O, and Fe3+/Fe?+.

Fe3+/Fe2+ ratios. The Fe’+/Fe?+ ratios in Table 10 bear
no resemblance to the analogous values in Table 6, again
demonstrating the inaccuracy of this calculation proce-
dure for amphiboles in general (cf. Fig. 7 of Hawthorne,
1983a). In principle, the calculation should work; in prac-
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tice, omission of significant components (e.g., Li, Zn) and
inaccurate estimation of others (e.g., H,0) perturb both
the charge and stoichiometry constraints of the calcula-
tion, to the extent that there is little correlation between
the calculated Fe**/Fe?+ ratio and the true value. If we
can better estimate these factors (e.g., Li and H contents
by ion microprobe analysis), the accuracy of such calcu-
lations could be improved.

It is notable that the values of Fe3+/(Fe** + Fe’*) in
Table 6 usually exceed the ideal value of 0.20 for end-
member arfvedsonite. That is also the case for the 31
superior arfvedsonite analyses considered by Czamanske
and Dillet (1988). Comparison of the unit formulae in
Tables 6 and 10 shows that even when the amphibole has
Fe3+/(Fe*+ + Fe’*) > 0.2 (Table 6), omission of Li and
Zn and normalization of the analysis by method 2 shifts
the Fe*+/Fe?+ + Fe?+) values to below 0.2, concealing
the high oxidation ratios.

From the discussion given above, it is apparent that
the problems previously encountered with the stoichi-
ometry of arfvedsonitic amphiboles stem from (1) omis-
sion of significant components (specifically Li) from the
analytical procedure, (2) inappropriate stoichiometric as-
sumptions (particularly OH + F = 2 apfu), and (3) in-
appropriate renormalization procedures, resulting in in-
correct Fe*+/(Fe?+ + Fe’*) ratios. It is obvious that the
analytical problems are nontrivial, but they can be over-
come by the use of combined crystal-structure refinement
and electron and ion microprobe analysis.

Magmatic-subsolidus and oxidizing trends

Strong and Taylor (1984) identified two distinct trends
in alkali-amphibole compositions from silica-saturated
peralkaline igneous rocks. The details of these trends are
shown in Figure 8. The magmatic-subsolidus trend in-
volves a continuous change from magmatic to subsolidus
amphibole, from barroisite (BAR) to richterite (RIC) to
arfvedsonite (ARF). This involves the primary substitu-
tion SiNa — WAICa[SiNa(AlCa)_,], which is proposed to
occur under reducing conditions and involves amphi-
boles with full A sites. The oxidation trend involves a
continuous change toward riebeckite (RIE) under the in-
fluence of oxidizing hydrothermal fluids. This involves
the substitutions Fe*+Al — Fe2*Si[Fe*+ Al(Fe?*Si)_,] or
AOFe** — ANaFe?+[OFe’+ (NaFe2*)_,], with changes to-
ward amphiboles with vacant A sites. Thus the ideal ends
of the trends involve Fe3+/(Fe:* + Fe3+) values of 0.20
and 0.40, respectively.

Now let us consider the results of the current work. It
is shown here that the substitution LiFe3* -
2Fe?+{LiFe** (Fe?+)_,] is an important factor in the
chemical variations shown by some igneous alkali am-
phiboles. This is a strongly oxidizing substitution, ending
at the composition NaNa,Fe;*Fe3*LiSi;O,, (OH,F),, with
a ratio of Fe*+/(Fe*+ + Fe**) of 0.5. This is much more
oxidizing than riebeckite, with an ideal Fe3+/(Fe?+ + Fe3t)
ratio of 0.40; however, when the Li-bearing end-member
amphibole composition (end-member 3 from Table 9) is
plotted on Figure 8, it falls exactly at the position for
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Fig. 8. Magmatic-subsolidus and oxidation trends in alkali
amphiboles from silica-saturated peralkaline granites as defined
by Strong and Taylor (1984); BAR = barroisite, WIN = winch-
ite, RIE = riebeckite, KAT = katophorite, RIC = richterite, ARF
= arfvedsonite. Note the coincidence of arfvedsonite [Fe**/(Fe?+
+ Fe3+) = 0.20] with end-member 3 of Table 9, with Fe**/(Fe**
+ Fe’+) = 0.50.

arfvedsonite [with an Fe3*/(Fe?* + Fe’*) ratio of 0.20].
Thus it is apparent that the trend labeled magmatic-sub-
solidus in Figure 8 can be far more oxidizing than the
trend labeled oxidation if the LiFe*+ — 2Fe?* substitution
is involved. Indeed, this result explains the stability of
these arfvedsonitic amphiboles in the Questa rocks, which
are characterized by the relatively oxidized assemblage
titanite + magnetite + quartz (Wones, 1989).

On the basis of the data and arguments presented here,
it is apparent that Strong and Taylor’s (1984) proposal of
two distinct trends in alkali amphibole composition is
formulated in a misleading manner. Among others, the
work of Czamanske and Wones (1973), Czamanske et al.
(1977, 1981), and Czamanske and Dillet (1988) showed
that, during magmatic crystallization, trends in amphi-
bole (and biotite) compositions may record either pro-
gressive oxidation or reduction. However, the basic
premise of Strong and Taylor (1984) is that the compo-
sitional trend for magmatic-subsolidus conditions in-
volves substitutions under reducing conditions. At Ques-
ta, both the titanite + magnetite + quartz assemblage
and the amphibole formulae show that magmatic con-
ditions were oxidizing, and yet they produced arfvedson-
ite amphiboles. This does not invalidate the general idea
of magmatic-subsolidus and hydrothermal compositional
trends in such alkali amphiboles. Indeed, it is well estab-
lished that the latter involves the formation of A-site va-
cant amphiboles (riebeckite), without implying oxidation
relative to the f,, extant during crystallization of primary
amphiboles (Mitchell, 1990). However, the results given
here do invalidate the idea of compositional trends de-
veloped under magmatic-subsolidus conditions being
universally reducing.

It is apparent that the degree of oxidation should be
analyzed directly rather than inferred indirectly from in-
complete analyses, particularly when such influences as
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the LiFe?** — 2Fe?+ substitution may be important. Al-
kali amphiboles need complete analyses (i.e., including
Li, Zn, and F), and analytically derived Fe3+/Fe** ratios
are of critical importance in understanding their parage-
netic behavior.

CONCLUSIONS

1. Li can be a significant component in alkali amphi-
boles from igneous environments. In arfvedsonitic am-
phiboles, Li reaches at least 0.60 apfu (~1.0 wt% Li,0).

2. Li is completely ordered at the M3 site in these
alkali amphiboles.

3. Mn and Zn can be significant components in alkali
amphiboles, reaching at least 0.92 and 0.10 apfu (6.9 and
0.9 wt%), respectively.

4. Mean bond lengths and charge-balance considera-
tions show Fe3+ to be present in amounts considerably
exceeding the ideal value of 1.0 apfu for end-member
arfvedsonite.

5. Significant B-group occupancy by (Mn,Fe) can be
detected by crystal structure refinement by means of oc-
cupancy of the M4’ site, a position very similar to the
M4 site in monoclinic ferromagnesian amphiboles.

6. The scattering at the M1, M2, and M3 sites, the M4
and M4’ sites, and the O3 site all agree closely with the
effective scattering (number of electrons) calculated from
unit formulae derived from electron and ion microprobe
analyses. This suggests that the rather complicated pro-
cedure used here to derive the unit formulae is reasonably
accurate.

7. The ©Li can be a major C-group cation in alkali
amphiboles; it enters into the structure by means of the
substitution Li + Fe3+ — 2Fe2+[LiFe3+ (Fe2*)_,].

8. Stoichiometry problems previously encountered in
arfvedsonitic amphiboles were largely due to the omis-
sion of Li and Zn from the analysis and to inappropriate
renormalization procedures.

9. Previous graphical representiations of magmatic-
subsolidus and oxidation trends in alkali amphiboles from
silica-saturated peralkaline igneous rocks do not take into
consideration the Li + Fe** — 2Fe?* substitution. When
this substitution is significant, the usual graphical meth-
ods of representing these trends can give totally mislead-
ing results. We recommend that Fe’+/(Fe**+ + Fe?+) ra-
tios be used directly for this purpose.
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