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ABSTRACT

The crystal structures of eleven sodic—calcic and sodic amphiboles from lithic-wacke inclusions in the alkali ultramafic
diatreme at Coyote Peak, Humboldt County, California, have been refined to R values of 1-2% using single-crystal MoKa X-ray
data. The crystals used in the collection of the intensity data were subsequently analyzed by electron- and ion-microprobe tech-
niques. They were analyzed for H and Li, and the unit formulae were calculated on the basis of 24(0,0H,F). Site populations were
assigned from the results of site-scattering refinement and stereochemical analysis, taking into account the unit formula deter-
mined for each crystal. These amphiboles range in composition from fluororichterite and fluorian eckermannite through titanjan
fluorian potassic-richterite, titanian fluorian richterite and titanian fluororichterite to titanian oxygenian arfvedsonite; Ti contents
range from 0.12 to 0.75 apfi, and (OH + F) contents range from 2.00 to 0.84 apfu. Where Ti < 0.13 apfit, (OH + F) ~ 2.0 apfu.
Where Ti > 0.13 apfu, Ti varies linearly with the amount of 0%~ at the O(3) site [= 2 — (OH + F)], with a slope of 0.52. Thus Ti
is incorporated into these amphiboles via the substitution Ti*" + 2 02~ — (Mg, Fe?*) + 2 (OH)™. Variation in M(1)-0(3), M(3)~
O(3) and M(1)-M(1} distances as a function of Ti content of the amphibole indicates that all Ti in excess of 0.13 apfu occurs at
the M(1) site, where it is associated with a short M(1)-O(3) distance; Ti up to 0.13 apfu occurs at the M(2) site. The presence of
02 at the O(3) site in these amphiboles induces a range of values of both the O(5)-0(6)-0(7) angle, and the difference between
the M(4)-O(5) and M(4)-O(6) bond-lengths not found in normal [O(3) = OH,F] amphiboles. Some features of the formula
derived from electron-microprobe results can be used as diagnostic indicators of the presence of extensive [ILi and O substitu-
tions in monoclinic amphiboles.

Keywords: amphibole, crystal-structure refinement, electron-microprobe analysis, secondary-ion mass spectrometry, hydrogen,
titanium, Coyote Peak, California.

SOMMAIRE

Les structures cristallines de onze amphiboles sodi-calciques et sodiques d’enclaves lithiques incluses dans le diatréme
ultramafique alcalin de Coyote Peak, comté de Humboldt, en Californie, ont été affinées sur monocristaux, jusqu’a des valeurs
résiduelles de R égales & 1-2%, en utilisant le rayonnement MoKa. Les cristaux utilisés pour les affinements ont ensuite été
analysés par microsondes électronique et ionique. L hydroggne et Ie lithium ont été dosés, et les formules structurales calculées
sur la base de 24 (O, OH, F). L’occupation des sites a été déterminée 2 partir des résultats de mesures de densités électroniques,
et des analyses stéréochimiques, en prenant en considération la formule unitaire déterminée pour chaque cristal. Les compositions
de ces amphiboles peuvent &tre décrites comme des solutions solides impliquant la fluororichtérite, I’eckermannite fluorée, pour
les pbles dépourvus de titane, et la potassic-richtérite et la richtérite titaniféres fluorées, la fluororichtérite titanifere et
Iarfvedsonite titanifere oxygénée. Les teneurs en titane sont comprises entre 0.12 et 0.75 atomes par unité formulaire (apuf), et
les teneurs en (OH + F) vont de 2.00 2 0.84 apuf. Pour Ti < 0.13 apuf, la somme (OH + F) est égale 2 2.0 apuf. Pour Ti > 0.13 apuf,
la teneur en O%" au site O(3) [= 2 — (OH +F)] varie linéairement avec le contenu en Ti, avec une pente de 0.52. On en déduit que
Pincorporation de Ti dans la structure de I’amphibole se fait selon le mécanisme Ti* + 20% — (Mg, Fe?*) + 2(0OH)~. Les varia-
tions des distances M(1)-O(3), M(3)-O(3) et M(1)}-M(1) avec la tencur en titane de 1’amphibole montrent que tout le titane en
quantité supérieure 2 0.13 apufest situé au site M(1), ol il génere des distances M(1)-O(3) particulidrement courtes. Jusqu’a une
teneur en Ti < 0.13 apuf, le titane est situé au site M(2). La présence de O% au site O(3) dans ces amphiboles induit un domaine
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de variation des angles O(5)-O(6)-O(7) et une différence entre longueurs de liaisons M(4)-O(5) et M(4)-0O(6) inconnus dans les
amphiboles normales, ayant O(3) = (OH + F). Certaines caractéristiques de la formule telle que dérivée 2 partir des données de
microsonde électronique sont diagnostiques de la présence de quantités importantes de [JLi et O dans une amphibole

monoclinique.

(Traduit par la Rédaction)

Mots-clés: amphiboles, affinement de structure, microsonde électronique, spectrométrie de masse des ions secondaires, hydrogene,

titane, Coyote Peak, Californie.

INTRODUCTION

Titanium is an important minor component in many
amphiboles, yet its behavior is still not completely un-
derstood. Evidence from spectroscopic (Waychunas
1987, Otten & Buseck 1987), crystallographic (Oberti
et al. 1992) and crystal-chemical (Della Ventura et al.
1991) analyses has established that Ti is in the tetrava-
lent state in amphiboles. Della Ventura et al. (1991) and
Oberti ez al. (1992) showed that Ti** may occur in tetra-
hedral coordination in potassic-richterite and potassic-
fluororichterite, in which it occupies the 7(2) site. In
other amphiboles, Ti** has been assigned to the tetrahe-
dral sites where calculation of the unit formula shows
(Si + Al) < 8.00 atoms per formula unit, apfu (e.g.,
Czamanske & Dillet 1988, Czamanske & Atkin 1985),
but there is no direct proof for this particular occupancy.
Moreover, Oberti et al. (1992) argued that ITi** should
be restricted to potassic-richterite and potassic-
fluororichterite. The behavior of Ti** in octahedral co-
ordination is less clear. Kitamura ez al. (1975) showed
by neutron diffraction that Ti is strongly ordered at the
M(1) site in oxygenian kaersutite. Unpublished X-ray
structure-refinements of oxygenian kaersutite samples
(Cannillo et al. 1988) show a split M(1") position shifted
toward O(3), suggesting that Ti* at M(1) is displaced
toward the adjacent O(3) sites in order to satisfy the
bond-valence requirements of 0%~ at the O(3) site. Simi-
lar behavior was observed in some crystals of potassic-
fluororichterite by Oberti et al. (1992), but they
suggested that not all of the ITi** is involved in this
type of behavior. Thus, although there are good indica-
tions as to the behavior of SITi** in amphiboles, the
general problem is still not resolved.

Czamanske & Atkin (1985) examined chemical vari-
ations in zoned sodic—calcic and sodic amphiboles from
lithic-wacke fragments which reacted after being caught
up in the alkali ultramafic diatreme at Coyote Peak,
Humboldt County, California. These amphiboles con-
tain up to 0.76 Ti*" apfu (~6.5 wit% Ti0,), with a fairly
continuous compositional variation over this range. The
more Ti-rich compositions have (Si + Al) < 8.00 apfu,
such that Czamanske & Atkin (1985) assigned up o
0.20 Ti apfu to the tetrahedral sites. Citing Charles
(1977), Czamanske & Atkin (1985) suggested that the
richteritic cores of these Coyote Peak amphiboles crys-

tallized at quite low values of £O3) (i.e., 102! at 600°C
and 0.1 GPa on the QFM buffer), and the more Ti-rich
arfvedsonific rims, at even lower f{O,) values. Such
conditions contrast strongly with those expected for
kaersutite and oxygenian kaersutite on which consider-
able work has been done, suggesting that characteriza-
tion of the Coyote Peak amphiboles might contribute
further to our understanding of Ti in amphiboles.

PETROLOGICAL SETTING AND SAMPLE SELECTION

An alkaline ultramafic diatreme (260 X 500 m at sur-
face) penetrates a lithic-wacke sandstone sequence of
the Franciscan assemblage, 20 km southeast of Orick,
California. A brief discussion of the petrography, ori-
gin and evolution of the igneous rocks of this occur-
rence were presented by Morgan et al. (1985).
Czamanske & Atkin (1985) described the remarkable
history of metasomatism and crystal growth recorded
in lithic-wacke fragments that were caught up in, and
reacted with, their ultramafic host magma. Small frag-
ments of wacke were totally recrystallized, whereas
larger fragments display strong rim-to-core zonation.
Observation of abundant microcline, aegirine and sodic
amphibole in fully reacted wacke, as compared to abun-
dant albite, quartz and clay in unreacted wacke, led
Czamanske & Atkin (1985) to postulate that the reac-
tion process involved loss of Si from the wacke frag-
ments, and mass influx of K (bulk fragments may
contain up to 12 wt% K;0). Sodium released from albite
(1) combined first with Ti and Fe to form myriads of
strongly zoned Ti-rich aegirine crystals, (2) promoted
formation of larger strongly zoned Ti-rich inclusion-free
grains of sodic amphibole, and (3) ultimately was bound
in a late-stage zeolite similar to natrolite. The sequence
of crystallization and the zonation of the pyroxenes and
amphiboles were ascribed to decreasing f{O;) and tem-
perature, as the oxidized sedimentary assemblage re-
acted with the rapidly cooling reduced ultramafic melt.

Fragments of amphibole grains were extracted by
hand from crushed samples of the most intensely reacted
wacke fragments. The sample codes and names (IMA-
approved nomenclature, Leake et al. 1997) of the
amphibole crystals used in this work are listed in
Table 1, sorted in order of increasing Ti-content. Addi-
tional characterization of samples CYP 52 and CYP 101
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is presented in Czamanske & Atkin (1985), whereas
samples CYP 132, 177 and 300 were specifically cho-
sen for this study by GKC.

ANALYTICAL METHODS
X-ray data collection and structure refinement

Experimental details are as described by Oberti et
al. (1992). Unit-cell parameters, R indices and other
information pertinent to data collection and refinement
are given in Table 2. Selected interatomic distances and
angles are listed in Table 3, and the refined site-scatter-
ing powers are listed in Table 4. Final atomic coordi-
nates and anisotropic-displacement parameters may be
obtained from The Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario
K1A 0S2.

Electron- and ion-microprobe analyses

The crystals used in the collection of the X-ray in-
tensity data were subsequently mounted, polished and
analyzed by electron- and ion-microprobe techniques.
Electron-microprobe analysis was done following the
procedures described by Oberti et al. (1992). Ion-
microprobe analysis for Li and H was done according
to the procedures described by Ottolini e al. (1993,
1995). The estimated accuracy for H is ~10%.

Calculation of the formula unit

As the H and F contents of these amphiboles were
measured, the unit formulae were calculated on the basis
of 24(0,0H,F). As shown below, the presence of O~ at
0O(3) is balanced by the presence of Ti** at M(1), and
hence there is no reason for Fe** to occur at the M(1) or
M(3) sites [i.e., Fe* is restricted to the M(2) site]. The
Fe** content of M(2) was derived from the observed
<M(2)-O> distance and the mean bond-length — aggre-
gate-cation-radius relation of Hawthorne (1983a), and
the final unit formulae were calculated using the result-
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TABLE 1. COYOTE PEAK AMPHIBOLES:
SAMPLE NUMBERS, TiIO, CONTENT AND NAMES

Sample SEQ* TiO, (wt%) Neme

CYP 177 763 1.10 Fluororichterite

CYP 300 740 1.76 Fluorian richterite

CYP 177 760 1.86 Fluorian eckermannite

CYP 177 764 1.95 Flucrian richterite

CYP 177 765 2.06 Fluorian richterite

CYP 300 739 219 Fluorian richterite

CYP 132 758 2.54 Titanian fiuorian potassic-richterite
CYP 52 741 3.30 Titanian fluorian richterite

CYP 101 749 397 Titenian fluororichterite

CYP 101 750 5.69 Titanian fluorian richterite

CYP 52 745 6.51 Titanian oxygenian arfvedsonite

* SEQ: seguence number in amphibole database at Pavia.

ant Fe*/Fe?* values. The chemical compositions and
resulting unit formulae (in apfiu) are given in Table 5.

SiTE POPULATIONS

The site populations were assigned on the basis of
(1) the refined site-scattering values (Table 4), (2) the
unit formulae derived from the chemical compositions
determined by electron- and jon-microprobe analyses
(Table 5), and (3) the observed bond-lengths (Table 3).
The results are given in Table 6.

The T(1) and T(2) sites

The unit formulae (Table 5) indicate that these
amphiboles contain small amounts (< 0.30 apfu) of
tetrahedrally coordinated Al. In most amphiboles, 1Al
is ordered at the 7(1) site, although in high-temperature
(~1000°C) amphiboles, disorder of 1Al over the T(1)
and T(2) sites does occur (Oberti ez al. 1995a). As 1AL
(r = 0.39 A) is larger than ¥ISi (r = 0.26 A, Shannon
1976), the ordering behavior of 1Al should be reflected
in the variation in mean bond-lengths at the 7(1) and
T(2) sites. The variation in <7(1)-0O> as a function of
Al (Fig. 1) is linear and agrees with the relation pro-
posed by Oberti ef al. (19952). This linearity indicates

TABLE 2. CRYSTAL DATA AND STRUCTURE REFINEMENT INFORMATION FOR COYOTE PEAK

AMPHIBOLES

763 740 760 764 785 739 758 741 749 750 745
a (A) 9803 9913 9894 0800 9813 9808 90997 9882 9893 9.899 9845
b(A) 18.004 18.043 17.891 18.002 18.017 18.049 18.050 18.028 18.084 18.080 18.018
c(A) 5275 65291 5289 5286 5281 5288 5302 6283 5282 5289 529
B(°) 104.35 104.20 104.02 104.12 104.34 104.39 104.43 104.17 104.30 104.25 103.86
V(A 911.0 ©17.1 9135 9137 9138 9158 9269 0125 09147 9160 9121
Sp.Gr. C2m C2im C2im C2im C2im C2im C2m GC2m C2m C2im C2im
No. [F| 1378 1391 1386 1382 1387 1391 1405 1385 1388 1383 1383
No. |[F,| 1024 830 1041 1080 985 083 1142 002 881 763 774
R{obs) % 1.7 1.4 1.5 1.5 1.8 18 1.9 17 1.8 17 1.7
R(all)% 3.0 3.5 28 24 3.2 3.0 28 3.6 3.8 4.8 4.7

* Standard deviations in the last digit e <4, b <8;c<3;B< 3
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TABLE 3. SELECTED INTERATOMIC DISTANCES (A)* AND ANGLES (°)* FOR COYOTE PEAK AMPHIBOLES

763 740 760 764 765 739 758 741 749 750 745
T(1)-0(1) 1.601 1.609 1.604 1.601 1.603 1.612 1.605 1.602 1.606 1.807 1.607
T(1)-0(5) 1628 1.633 1.626 1.628 1.628 1.633 1.631 1.625 1.627 1623  1.623
T11)-0(6) 1628 1.632 1623 1.625 1.625 1635 1626 1625 1.626 1.622 1623
T(1)-0(7) 1637 1.640 1.637 1.637. 1.637 1.640 1.637 1.634  1.635 1.635  1.631
<T(1)-0> 1.623 1.628 1622 1.623 1623 1.630 1625 1.622 1.623 1.622 1.621
T12)-0(2) 1612 1612 1612 1611 1611 1615 1615 1614 1.611 1615 1616
T(2)-0(4) 1580 1583 1585 1.581 1583 1.583 1.587 1582 1.581 1582 1583
T(2)-0(5) 1.666 1.665 1.665 1.665 1.665 1.664 1.669 1.664 1.665 1.668  1.661
T(2)-0(6) 1.679 1.679 1.676 1.678 1.680 1.677 1.682 1.676  1.678_ 1.683  1.671
<T(2)-0> 1.634 1635 1635 1.634 1.635 1.635 1.638 1.634 1.634 1.637 1.833
M1)-O(1) x2 2,066 2072 2071 2071 2069 2067 2081 2069 2068 2069 2.070
M1)-0(2) x2 2051 2071 2.064 2063 2060 2070 2074 2073 2077 2089 2.003
M1)-0(3) x2 2067 2.080 2071 2072 2065 2070 2092 2.040 2.033 2024 2.021
<M(1)-0> 2.062 2074 2069 2069 2.065 2069 2.082 2061 2.059 2061 2062
M2)-0(1) x2 2193 2192 2195 2199 2198 2190 2189 2206 2208 2210 2.190
M2)-0(2) x2 2.086 2092 2.077 2.084 2091 2093 2100 2091 2105 2109 2.086
M2)-0@4) x2 1.992 1.991 1.966 1977 1.988 1.999 1.980 1.987 1.997 1.999  1.963
<M(2}-0> 2090 2092 2079 2.087 2092 2094 2090 2095 2103 2.106 2.080
M3)-0(1) x4 2.070 2.081 2.088 2.084 2074 2077 2.100 2.084 2084 2097 2.115
MB3)-O(38) x2 2.040 2.052 2.057 2.053 2046 2051 2.069 2.049 2050 2.056 2.082
<M(3)-0> 2.050 2072 2078 2074 2065 2068 2090 2072 2073 2083 2.104
M4)-02) x2 2418 2415 2420 2419 2416 2413 2427 2412 2415 2412 2417
M4)-O(4) x2 2365 2.357 2372 2370 2364 2351 2389 2364 2362 2365 2.376
M4)-O(5) x2 2871 2875 2913 2903 2.884 2863 2.888 2909 2004 2927 2953
M4)-O(6) x2 2581 2587 2570 2.574 2586 2.586 2.597 2573 2.580 2.577.  2.539
<M(4)-0> 2550 2558 2569 2.566 2562 2558 2575 2565 2565 2570 2572

that all Al is [4]-coordinated and is completely ordered
at the 7(1) site, confirming the results of the renorm-
alization procedure used to produce the unit formulae.

There is also a small variation in the <7(2)-0> val-
ues, from 1.633 to 1.638 A. Oberti et al. (1995a) have
shown that variations of this magnitude in <7(2)-O>
can be due to changes in next-nearest-neighbor site-
populations with no change in the 7(2) site-populations.
Is this the case for the Coyote Peak amphiboles, or is
there Ti** at the T(2) site? The presence of Ti** at T(2)
would cause anomalously low displacement values at
T(2) during the refinement if the scattering from 7(2)
were modeled as Si only. The displacement values at
T(2) are normal, indicating that there is no “ITi in the
Coyote Peak amphiboles.

The behavior of Ti**

Where Ti* is in octahedral coordination, its behavior
is not well characterized in amphiboles. Small high-

valence [6]-coordinated cations tend to order at the M(2)
site, and on the basis of this general observation, the
small amounts of [8ITi usually present in most
amphiboles are assigned to the M(2) site (Hawthorne
1983a). However, there has been no direct proof for this
assignment. In kaersutite and oxygenian kaersutite, Ti*
tends to be strongly (but not completely) ordered at the
M(1) site (Kitamura ef al. 1975, Pechar et al. 1989). In
richterite, Oberti er al. (1992) showed that SITi* is very
strongly ordered at the M(1) site, with small amounts at
M(2) or M(3), or both. Furthermore, Oberti et al. (1992)
proposed that Ti** enters the M(1) site via the substi-
tution

M(I)Ti4+ +2 0(3)02— — M(I)(Mgfez+) +2 O(3)OH~ (1)

and suggested that Ti** at M(1) is locally associated with
0% at the two adjacent O(3) sites.

The Coyote Peak amphiboles provide an excellent
test for the above proposal, as both OH (as H,O) and F
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Table 3. cont.
763 740 760 764 765 739 758 741 749 750 745

A-0O(5) x4 2.886 2.894 2.854 2.864 2.885 2905 2901 2.863 2.874 2.865 2.820
A-0O(B) x4 3.150 3.163 3.187 3.177 3.160 3.152 3.177 3.174 3.167 3.181 3.210
A-O(7) x2 2,492 2.495 2.511 2.509 2.502 2.485 2.579 2.492 2.488 2.495 2.513
<A-O> 2.918 2.922 2918 2.918 2.919 2.920 2947 2913 2.914 2918 2.915
A(m)-0(5) x2 3.023 3.047 2.999 3.015 3.028 3.064 3.016 3.027 3.026 3.033 3.021
Am-0O(5) x2 2.848 2.857 2.812 2.821 2.844 2869 2856 2.816 2.831 2.820 2.775
A(m)-O(6) x2 2775 2.757 2.801 2.786 2.777 2.738 2.854 2.768 2.774 2770 2.750
A(m)-0(7) 2.500 2512 2.520 2.524 2.514 2.507 2588 2518 2504 2519 2.547
A(m)-0(7) 3.168 3.147 3.168 3.155 3.158 3.132 3.253 3.127 3.142 3.119 3.056
A(m)y-0(7) 2.600 2.614 2.622 2.619 2.610 2.607 2.650 2.605 2.602 2.613 2.658
<A(m)-0> 2.840 2.844 2.837 2.838 2.842 2.843 2883 2.830 2.834 2.833 2.817
A(2)-O(5) x2 2.355 2508 2.528 2.492 2.354 2.670 2487 2.449 2.524 2.409 2.523
A(2-O(6) x2 2.729 2.853 2924 2878 2739 2961 2843 2843 2.884 2815 2969
A(R-O(7) x2 2583 2544 2546 2,554 2599 2,503 2.635 2549 2,528 2565 2.541
<A(2)-0> 2.558 2.635 2.666 2.642 2.564 2711 2655 2.614 2.646 2.596 2.678
T1)-0(5)-T{2) 136.0 135.9 135.9 135.9 136.2 136.2 1362 136.3 136.5 136.9 136.5
T1)-0(6)-T{2) 136.5 137.1 137.6 137.2 136.9 136.8 1372 13741 136.7 136.7 137.7
T-O(7)-T1) 137.6 138.2 139.3 138.9 138.0 137.8 1404 138.6 138.2 138.6 141.0
O(6)-0(5)-0(7) 1105 110.2 112.5 112.0 111.0 109.6 111.7 1120 1114 1122 114.5
T1)-T2)-101) 1189 1191 1194 119.2 119.0 118.9 1193 119.2 119.1 119.1 119.8
TR»-T1)-T11) 90.5 90.4 90.1 90.3 90.5 90.5 90.3 90.3 90.4 90.4 89.9

* Standard devations are < 2 in the final digit

TABLE 4. REFINED SITE-SCATTERING VALUES (epfu) AND CORRESPONDING VALUES
CALCULATED FROM THE UNIT FORMULAE DERIVED FROM MICROPROBE ANALYSIS
(MP) FOR COYOTE PEAK AMPHIBOLES

763 740 760 764 765 739 758 741 749 750 745
M) 272 807 308 302 29.2 304 372 331 344 394 434
M2) 31.9 364 391 368 334 353 405 360 373 396 432
M3) 128 155 150 149 142 150 17.0 156 16.4 184 184
IM123) 719 827 849 820 768 B80.7 947 847 881 974 1050
EM1,23)* 695 814 857 824 769 822 940 83.0 864 966 1064
M4) 296 300 256 27.0 29.7 316 273 283 29.8 296 23.6
M(4yP 301 294 256 271 296 304 273 285 297 289 233
A 140 135 139 14.0 139 132 162 134 133 134 13.7
AP 127 13.0 133 135 134 126 162 129 125 128 134
0O(3) 172 169 160 16.9 171 171 166 17.0 17.1 171 16.8
O@3)M* 173 168 167 16.7 17.0 168 165 169 17.0 166 163

* Standard deviations are <1 in the final digit for XREF data.
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TABLE 5. CHEMICAL COMPOSITIONS AND UNIT FORMULAE* OF COYOTE PEAK AMPHIBOLES

763 740 760 764 765 739 758 741 749 750 745
Si0, 5632 5271 5529 5500 5473 5302 5182 5478 53.93 5287 5247
ALO, 029 141 021 025 045 174 094 028 038 023 0.8
Tio, 110 176 186 195 208 219 254 330 397 563 651
Fo,0, 000 000  8.77 174 000 0.8 222 018 000 000 454
FeO 493 1225 1052 1033 873 1145 1550 11.18 1270 17.06 18.43
MO 042 028 025 023 020 026 043 014 026 033 0.5
MgO 2026 1521 1402 1548 1752 1565 1078 1491 1373 878 574
CaO 598 583 256 365 544 597 365 468 544 478 090
Na,0 610 628 7.74 780 621 594 600 682 635 651 870
K0 187 173 200 183 203 186 343 162 148 150 151
Li,0 002 000 005 002 002 0.0 008 001 001 002 017
F 282 158 148 158 208 182 106 195 218 120 051
H,0 078 148 1.21 119 088 098 117 085 047 046 058
O-F -1.19 -087 _-0.60 _-087 088 _-0.77 _-045 _—0.82 _-081 051 _—021
Total 99.47 99.06 10031 _99.96 8959 10042 _99.15 99.64 _99.97 99.90 100.09
Si 7854 7762 8002 7.954 7.878 7.706  7.8486 7978 7.05 7.947 7.993
Al 0046 0238 _0000 _0043 0076 _0.294 _0.154 0.022 _0.066 0041 _0.007
5T 8.000 8.000 _8.002 _7.997 7.954 _8000 _8.000 8.000 _7.971 7.888 _8.000
Al 0002 0.007 0.038 - - 0004  0.014 0.023 - -~ 0009
Fe™ - - 0411  0.89 - 0021 0253  0.020 - - 0520
Fe** 0589 1503 1273 1.249 1.051 1392 1963 1361 1557 2144 2346
Mn 0.014 0035 0031 0028 0024 0032 0055 0017 0032 0042 0.079
i 0.117 0195 0202 0212 0223 0233 0289 0361 0438 0843 0746
Mg 4266 3339 3025 3333 3760 3.391 2433 3237 3000 2191 1.303
Li 0011 _ - _0029 _0012 0012 - 0036 0006 _0.006 0012 _0.104
5C 4999 5.085 _5007 _5023 5070 _5079 _5043 5026 _5.033 5032 _5.049
Ca 0905 0825 0397 0567 0839 0830 0592 0727 0854 0767 0.147
Na 1.095 1.175 _1.608 _1.483 1161 _1.070 _1.408 1273 _1.146 1.233 _1.853
5B 2,000 2000 _2.000 _2.000 2000 _2.000 _2.000 2000 _2.000 _2.000 _2.000
Na 0575 0618 0569 0614 0572 0.804 0353 0.653 0.658 0.664 0.718
K 0337 0325 _0363 0356 0373 _0312 _0.663 0301 _0277 0.288 _0.203
SA 0912 0843 _0.938 _0.970 0945 _0018 _1.018 0954 _0.838 0952 _1.009
OH 0744 1169 1.168  1.148 0951 0850  1.182 0.631 0460 0.461 0589
F 1260 0.736 _0.656 _0723 0951 _0.837 _0.508 0898 _1.001 0570 _0.248
b 2.004 1905 _1.823 _1.871 1.802 _1.787 _1.890 1520 _1.461 1031 _0.835
o] 0000 0095 04177 0429 0096 0213 0310 0471 0539 0969 1.163

“ see text for discussion of normalization procedure

contents of the amphiboles have been measured directly
for the single crystals on which the diffraction experi-
ments were done. Figure 2 shows the variation in Ti**
content of the amphiboles as a function of the O~ con-
tent (= 2 — OH — F apfu) of the O(3) site. For zero con-
tent of O% at O(3), the Ti** content of the amphibole is
approximately 0.13 apfi. Above ~0.13 Ti** apfu, there
is a linear correlation between Ti** and 0% at O(3), with
a correlation coefficient R = 0.99, a slope of 0.52, and
an intercept of 0.13 Ti** at zero 0%~ content of O(3).
This indicates that below a ['Ti** content of 0.13 apfu,
Ti** substitutes into these amphiboles by one (as yet
unspecified) mechanism, whereas above a 9ITi** con-
tent of 0.13 apfu, Ti** substitutes into these amphiboles
according to the relation Ti** + 2 0% — (Mg,Fe?*) + 2
OH-. Note that this relation, unlike relation (1), is not
site-specific. Local bond-valence arguments indicate
that such a substitutional relation should involve a cation
site immediately adjacent to O(3), limiting it to M(1)

and M(3), but additional evidence is needed to make the
relation more site-specific.

A very straightforward way to examine the environ-
ment of the O(3) site is to look at the variation in
M(1)-O(3) and M(3)-O(3) as a function of Ti** content.
In most amphiboles, the M(1) and M(3) sites are domi-
nated by Mg (¥1r = 0.72 A) and Fe?* (167 = 0.78 A)
[except for Mg-rich pargasite, in which M(3) can con-
tain considerable Al (Oberti et al. 1995b), and
kaersutite]. Incorporation of Ti** (Slr = 0.605 A) at the
M(1) or M(3) sites will produce a general shortening of
both M(1)-0O and M(3)-O distances; this shortening is
expected to be large for the M(1)-0(3) and M(3)-0(3)
bonds if Ti** substitutes and is locally associated with
O?% at the adjacent O(3) sites. There is a strong contrac-
tion in M(1)-O(3) with increasing Ti** in the amphibole
(Fig. 3a), whereas there is an increase in M(3)-O(3) with
increasing Ti** (Fig. 3b). The values of M(1)-O(3) and
M(3)-0O(3) are also affected by variations in the Fe?*
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TABLE 8. SITE POPULATIONS (apfu) FOR COYOTE PEAK AMPHIBOLES

o

763 740 760 764 765 739 758 741 749 750 745

T) Al 005 024 004 004 008 030 047 006 007 004 001

Si 395 3876 396 396 392 370 383 394 393 396 3.99

T2) Si 400 400 400 400 400 400 400 400 400 400 4.00

M1) Mg 177 150 149 153 160 151 101 128 117 075 044

Fe 023 044 044 039 031 038 083 043 052 074 096

T - 006 008 008 009 041 016 023 031 051 060

M2) Ti 012 013 013 013 013 013 013 0.3 043 013 013

Fe* - 021 049 022 005 020 0836 0.14 003 007 072

Fe™ 048 058 050 060 053 051 073 062 0.8 095 056

Mg 140 108 088 105 129 116 078 111 101 085 059

M3) Mg 083 075 074 079 084 079 058 073 069 054 038

Fe* 006 025 023 020 0415 021 038 026 030 045 053

L o001 - 003 001 001 - 004 001 001 001 oM

M4) Ca 090 08 040 057 084 093 059 073 08 077 0.15

Na 140 118 160 143 116 1.07 141 127 145 123 185

A Na 058 062 057 061 057 060 034 065 066 066 0.71

K 034 033 037 036 037 031 066 030 028 029 029

5 092 095 094 097 094 091 100 085 094 095 1.00

O@) OH 074 116 118 113 081 085 118 064 042 044 056

F 126 072 066 071 091 084 050 090 096 054 024

£ 200 188 184 184 18 178 168 154 138 098 0.80

O - 012 016 0.16 018 022 032 046 062 102 120
contents of M(1) and M(3), and the F content of O(3).
However, despite the significant variations in Fe?* at
M(1) and F at O(3), it is apparent from Figure 3a that
Ti* and O% are major causes of the variation in
M(1)-O(3) in these amphiboles, whereas they are not
/ such a dominant influence on M(3)-O(3). Similarly,
1.630 u there is a contraction of the M(1)-M(1) distance and an
/ increase in the M(1)-M(2) distance with increasing Ti**
. (Figs. 3c, d). These relations indicate that (1) [ITi** as-
sociated with O% at locally adjacent O(3) sites is
= strongly to completely ordered at the M(1) site, in line
i" with substitution (1) described above, (2) the M(1)-M(2)
O 1626 distance correspondingly expands in response to the
z . contracting M(1)-M(1) distance. This ordering of
v Ti* at M(1) and the concomitant contraction of the
M(1)-M(1) distance with increasing Ti** is also in ac-
cord with the anomalously large and anisotropic dis-
placement observed for the M(1) site in the more Ti-rich
1622 amphiboles of this study. We therefore assign all Ti*
in excess of 0.13 apfu in amphiboles with OH + F < 2.0
A . apfu to the M(1) site; Ti up to 0.13 apfu is assigned to

0.2 03 the M(2) site.
Al (apfu) Total scattering at M(1), M(2) and M(3)

FiG. 1. Variation in <7(1)-O> as a function of /Al content in
amphiboles from Coyote Peak.

The site-scattering values were unconstrained in the
refinement procedure, and the total scattering at the
M(1), M(2) and M(3) sites represents the total number
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M(13-0(3) (A)

o

M(13-M(1) (A)

Ti (apfu)
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FiG. 2. Variation in Ti** as a function of the O%" content of the O(3) site [2 — (OH + F)] in
amphiboles from Coyote Peak. The line is a least-squares fit to the data points with OH
+F#2.0: Ti=0.13 + 0.52 [2 - (OH+ F)], R = 0.99,
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FiG. 3. Stereochemical variations about the O(3) site as a function of Ti** content
in amphiboles from Coyote Peak: (a) M(1)-O(3), (b) M(3)-0O(3), (c) M(1)-M(1),

(d) M(1)-MQ2).
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of electrons (the mean atomic number when expressed
per site) for the cations at these sites. The sum of the
site scattering at the M(1) + M(2) + M(3) sites can also
be derived from the unit formulae calculated from the
microprobe results, and comparison of these values
gives a check on the consistency of both sets of results.
A comparison is given in Table 4. The results agree
closely, suggesting that there is no significant system-
atic error in either of the two sets of results.

Site populations at M(1), M(2) and M(3)

There are three sites with octahedral coordination,
M(1), M(2) and M(3). Because there are more than two
scattering species per site, the total site-scattering can-
not give a unique solution for the site populations
(Hawthorne 1983b). However, for most chemically sim-
ple amphiboles, the microprobe results and the detailed
stereochemical variations that accompany changes in
site chemistry can be used in conjunction with the scat-
tering results to give reliable site-populations (Ungaretti
et al. 1983). The results of electron- and jon-microprobe
analyses (Table 5) indicate that Mg, Fe, Ti, Mn and Li
are C-group cations to be distributed over the M(1), M(2)
and M(3) sites. The minor Mn present is treated as
equivalent to Fe: Fe* = Fe + Mn. The small amount of
Li present is assigned to M(3), following the results of
Hawthorne et al. (1993). As Fe may occur in two va-
lence states, the effective scattering species are thus Mg,
Ti and Fe* (= Fe?* + Fe3* + Mn?*) at these sites.

The site populations at M(1), M(2) and M(3) were
assigned as follows: M(1): Mg and Fe?* were assigned
from the refined site-scattering values after subtracting
the effect of Ti** assigned to M(1) [MDTi** =1 - (OH +
F)/2]; M(2): Ti** was assigned to M(2) to a maximum
of 0.13 apfu, and Mg and Fe?* were assigned on the
basis of the refined site-scattering values after subtract-
ing the effect of Ti; the Fe?* content of M(2) was then
calculated to obtain a neutral chemical formula; M(3):
Mg and Fe?* were assigned from the refined site-
scattering values after subtracting the effect of Li
assigned to M(3).

The M(4) site

The results of electron-microprobe analyses (Table 5)
show that there is an insignificant amount of C-group
cations at the M(4) site, in accord with the absence of
electron density at the M(4') site in these amphiboles,
except for 739 and 745, which show minor occupancy
of the M(4') site. Thus the refined site-scattering may be
interpreted in terms of Ca and Na only. Table 4 com-
pares the refined M(4)-site-scattering values with the
effective scattering from the B-group cations in the unit
formulae of Table 5; the highest difference (1.2 e) for
739 is due to the occurrence of C-group cations at the
M(4") site.
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The A sites

Inspection of Table 5 shows that the A-site cavity is
almost filled by Na and K, and the refined site-scatter-
ing values are in close agreement with the analyzed site-
group contents (Table 4). In all amphiboles except 758,
Na dominates over K at the A site.

The O(3) site

The O(3) site populations are one of the most inter-
esting aspects of the current work, as they show explic-
itly that 0% occurs in large quantities (0-1.17 apfu) at
the O(3) site in these amphiboles (Tables 4, 6). The
variation in OH, F and (implicitly) O%- at O(3) in these
amphiboles is shown in Figure 4. The squares denote
amphiboles in which monovalent anions are dominant
at the O(3) site. The star denotes an amphibole in which
0% is dominant at O(3). It is apparent that the frequently
made assumption that OH + F + Cl = 2 apfu in
amphiboles does not hold for the Coyote Peak
amphiboles. Furthermore, it is also apparent that the
occurrence of O% at O(3) is not produced by in situ
dehydrogenation accompanied by oxidation of Fe?* to
Fe*. In these amphiboles, there is a solid- solution se-
ries involving ¥MTi* + 20002~ — M) (Mg Fe?*) +
20()0H, and the amphiboles crystallized deficient in
OH + F. Rearranging the regression equation of Figure
2 gives a predictive equation for the amount of 0% at
the O(3) site: ©®0? = 1.89Ti — 0.25. For the data used
to construct the curve, the mean deviation from the
“measured” value of 0% is 0.03 apfu.

2.0 ~
..é . ug
~ 1.0 ~
T u
o []
* ]
n ]
S %,
oxygenian A 2
amphiboles 7 3
| U
0.0 1.0 20

F (apfu)

FIG. 4. Variation in OH as a function of F in amphiboles from
Coyote Peak; star: an amphibole the end-member of which
is anhydrous (i.e., °®0%" = 2.0 apfu).
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Unusual stereochemistry of the double chain of
tetrahedra and the M(4) polyhedron

During a crystal-chemical study of a series of sodic
to sodic—calcic to calcic amphiboles from eclogitized
rocks of the Sesia — Lanzo Zone (Western Alps, Italy),
Ungaretti et al. (1983) showed the existence of a struc-
tural gap related to the miscibility gap between sodic
and sodic—calcic amphiboles. This gap is defined by a
lack of observed values for the internal angles of the
double chain of tetrahedra and for the conformation of
the M(4) site. Of the nearly 800 crystal-structure refine-
ments of amphiboles done at the CSCC in Pavia, none
of the refined amphiboles fall into this structural gap.
Figure 5a shows the plot of Ungaretti er al. (1983),
modified by adding all additional available data and the
refinements of the present work. Sodic amphiboles plot
on the upper-right side of the gap, and the trend toward
the lower left is related to the [*IAl, M®)Ca and A-site
occupancies. Samples of potassic-richterite fall to the
left of sodic—calcic trend, whereas monoclinic Mg-Fe—
Mn amphiboles fall to the right of the sodic trend.

The sodic—calcic amphiboles from the Coyote Peak
diatreme continuously span the formerly prohibited
zone, and the titanian oxygenian arfvedsonite 745 plots
at the upper-right limit. Moreover, comparative analy-
sis of the sodic—calcic amphiboles in our database
showed that the present samples have the smallest
values of 7(1)-7(2)-7(1) and the largest values of 7(2)—
T(1)-T(1), confirming a deformation of the six-member-
ed ring of tetrahedra due to stretching in the b direction.
On the other hand, Figure 5b shows that the A + M(4)
gap between sodic and sodic—calcic amphibole is not
violated by these crystals.

Our crystal-chemical hypothesis was that the anoma-
lous positions in Figure 5a were determined by the
isovalent or heterovalent substitutions active at the
octahedral sites, i.e., (Mg_;Fe2*, Al_; Fe3*) and
[(Mg,Fe**)_;OH_,TiO,]. Multiple-regression analysis of
the changes in O(6)-0(5)-0(7) and [M(4)-O(5)] -
[M(4)-0(6)] as a function of composition gave two ex-
cellent correlations: O(6)-0(5)-0(7) = 113.83(15) -
3.25(19) ¥*Ca - 4.35(47) TAl + 1.08(11) O* (R =
0.994) and [M(4)-O(5)] — [M(4)-0(6)] = 0.414(6) —
0.091(5) ¥*®Ca ~ 0.095(11) "Al + 0.037(3) 0> -
0.102(9) K (R = 0.997). They show that the present
samples span from the field of sodic—calcic amphiboles
toward the upper-right due to dehydrogenation, and that
the anomalous position of crystal 758 is due to its higher
K content. The spanning of the geometrical gap is thus
due to the different dimensional relations between the
strip of octahedra and the double-chain of tetrahedra
which, in turn, are a consequence of the extensive oc-
currence of O at the O(3) site.
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Problems with formulae of Ti-rich sodic amphiboles

In their work on the amphiboles from this locality,
Czamanske & Atkin (1985) remarked on the fact that
most of their amphibole formulae contain insufficient
Si and Al to fill the tetrahedral sites. Ernst (1962) pro-
posed that arfvedsonitic amphiboles formed at oxygen
fugacities lower than those of the hematite—magnetite
buffer are deficient in Si; he suggested that Fe>* occurs
in tetrahedral coordination in arfvedsonitic amphiboles
formed under these conditions. As noted by Czamanske
& Atkin (1985), this deficiency in (Si + Al) is typical of
arfvedsonitic amphiboles occurring with titanian
aegirine in peralkaline and undersaturated rocks (e.g.,
Scott 1976, Rgnsbo et al. 1977, Grapes et al. 1979,
Nielsen 1979). Czamanske & Atkin (1985) chose to
assign Ti* to the T sites, rather than Fe** as suggested
by Ernst (1962). There has been no confirmed occur-
rence of “IFe3* in amphiboles (Hawthorne 1983a), and
the suggestion of Ernst (1962) is not considered viable.
However, [ITi has been confirmed in both natural and
synthetic amphiboles. Oberti et al. (1992) have shown
by X-ray site-scattering refinement that Ti can occur at
the 7(2) site in richterite from lamproitic rocks. Della
Ventura et al. (1991, 1993) have shown that Ti occurs
at the 7(2) site in synthetic richterite and fluororichterite
using Rietveld structure refinement. Thus the sugges-
tion of Czamanske & Atkin (1985) that Ti** is a T-group
cation in amphiboles from Coyote Peak seems reason-
able, as these amphiboles are dominantly richterite or
related species.

The current work on the Coyote Peak amphiboles
shows that there is no tetrahedrally coordinated Ti in
these amphiboles. So why did the previous work show
a deficiency of (Si + Al)? An unusual feature of these
amphiboles is that they contain significant O?" at the
O(3) site, i.e., the amphiboles are deficient in monova-
lent anions relative to the usual assumption that (OH +
F + Cl) = 2.0 apfu. This feature significantly affects the
calculation of the unit formulae if the monovalent ani-
ons (specifically OH) are not determined. In order to
examine the effect of this feature in the present case, we
have calculated the unit formulae according to the
method usually used for electron-microprobe data: the
anion content is 24 apfu with OH + F + Cl = 2.0 apfu
(i.e, a 23-oxygen normalization scheme), with the Fe>*
content calculated according to the method of Papike et
al. (1974); values are given in Table 7 for those
amphiboles for which OH + F << 2.0 gpfu. Certain de-
viations from the usual distribution of cations in the
amphibole structure are immediately apparent: (1) Si +
Al < 8.0 apfu. The range of Si + Al in Table 7 is 7.95-
7.82 apfu, and tends to decrease with decreasing OH +
F. This behavior was also observed by Czamanske &
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FIG. 5. (a) Variation in O(5)-0(6)-0O(7) as a function of the difference betwen M(4)-0O(5) and M(4)-0O(6) in calcic, sodic—calcic
and sodic amphiboles (after Ungaretti er al. 1983); the unshaded circles are data for ~800 refined amphiboles, the shaded
circles are the amphiboles refined in this study. (b) Variation in charge at the A + M(4) sites as a function of the amount of 1Al
in calcic, sodic—calcic and sodic amphiboles (after Ungaretti ef al. 1983); the legend is as in Figure 5a; ede: edenite; par:
pargasite; ric: richterite; tre: tremolite; win: winchite; eck: eckermannite; gla: glaucophane; tsc: tschermakite; tar: taramite;
nyb: nybdite; bar: barroisite.
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Atkin (1985), who assigned Ti** to the 7- group cations
to bring the sum (Si + Al + Ti) up to the ideal value of
8 apfu. It is apparent from comparison of Tables 5 and
7 that unit formulae with Si + Al < 8 apfu are indicative
of an inappropriate method of normalization (in this case
assuming OH + F =2 apfu when OH + F << 2 apfu). (2)
The sum of the C-group cations is less than the mini-
mum value of 5 apfu, whereas the 2C values of Table 5
cluster around 5 apfu. Although the magnitudes of the
deviations from 5 apfu in Table 7 are small (and any
single example could be ascribed to error in the analy-
sis), the fact that all values are systematically low indi-
cates that this feature is also the result of inappropriate
renormalization. In this regard, the data of Czamanske
& Atkin (1985) also show low C-cation sums for Ti-
rich (and hence OH + F poor) compositions. Also note
that the Fe?* contents (Table 7) are inferred to be zero.
The results of the present work show that these
amphiboles do, in fact, contain significant Fe3*
(Table 5). If the actual values of Fe3*/Fe?* are used in
the same calculation used to produce the data of Table 7,
the 7- and C-cation sums become even smaller than
those shown in Table 7.

From this discussion, we may identify certain
compositional features in sodic—calcic and sodic
amphiboles that indicate OH + F < 2 apfu: (1) the
amphibole should be rich in Ti**; (2) the sum of the
T-group cations is less than 8 apfis; (3) the sum of the
C-group catjons is less than 5 apfu.

TABLE 7. UNIT FORMULAE FOR COYOTE PEAK
AMPHIBOLES [WITH ANALYZED (OH + F) < 2.0
apfu] CALCULATED WITH OH + F = 2.0 apfu AND
Fe* ESTIMATED AFTER THE METHOD OF
PAPIKE ot al. (1974)

741 749 750 745
Si 7.900 7.813 7.783 7.874
Al 0.044 0.065 0.040 0.018
T 7.944 7.878 7.823 7.880
Al - - - -
Fe* - = - -
Fe* 1.369 1.539 2,100 2.815
Mn  0.017 0.032 0.041 0.019
Ti 0.358 0.433 0.630 0.746
Mg  3.206 2.965 2,148 1.284
Li 0.008 0.006 0.012 0.103
3C 4956 4.975 4.929 4.967
Ca 0.720 0.844 0.751 0.145
Na 1.280 1,156 1.249 1.855
B 2.000 2.000 2.000 2.000
Na  0.627 0.628 0.609 0.702
K 0.298 0.274 0.282 0.289
A 0.925 0.902 0.891 0.991
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It is interesting to compare the current results with
those found by Hawthorne et al. (1993) for sodic
amphiboles containing significant Li. In this case, omis-
sion of Li from the composition leads to formulae with
(1) the sum of the T-group cations greater than 8 apfu;
(2) the sum of the C-group cations is less than 5 apfu;
(3) the sum of the A-group cations is commonly greater
than 1 apfu. Comparison with the criteria listed above
for (OH + F)-deficient amphiboles suggests that we can
differentiate between these two compositional charac-
teristics simply from the different patterns of cation
surns in the unit formula.

CONCLUSIONS

(1) Electron microprobe and SIMS analysis of
amphiboles from lithic-wacke inclusions in the Coyote
Peak diatreme show that these amphiboles contain OH
+ F + CI contents in the range 2.0 < OH + F + C1 < 0.84
apfu. Hence these amphiboles have significant occu-
pancy of the O(3) site by O*~.

(2) The Ti content of the amphibole is linearly cor-
related with the O content of the O(3) site (R = 0.99)
according to the equation Ti = 0.13 + 0.52 X O*~.

(3) The above equation indicates that, in these
amphiboles, Ti in excess of 0.13 apfu enters the struc-
ture according to the substitution Ti + 2 0% —
(Mg, Fe**) + 2 OH.

(4) The M(1)-O(3) and M(1)-M(1) distances de-
crease strongly as the Ti content of the amphibole in-
creases, indicating that Ti in excess of 0.13 apfu occurs
at the M(1) site.

(5) Consideration of the relation in (3), together with
the <M(2)-O> and <M(3)»-O> distances, indicates that
up to 0.13 apfu Ti occurs at the M(2) site in these
amphiboles.

(6) In the absence of direct determination of the H
content of amphiboles, high Ti and Si + Al << 8.0 apfu
are indicative of the presence of 0> at the O(3) site (i.e.,
OH =F + Cl << 2.0 apfu).

(7) The presence of 0> at the O(3) site in these
amphiboles induces a range of values of the O(5)-0(6)-
O(7) angle, and a difference between the M(4)-O(5) and
M(4)-0(6) bond lengths not found in normal [O(3) =
OH,F] amphiboles.
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