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AesrRAsr

The crystal structues of eleven sodic--calcic and sodic amphiboles from lithic-wacke inclusions in the alkali ultramafic
diaEeme at Coyote Peak, Humboldt County, Californi4 have been refined to R valtes of l--2%o ttsing single-crystal MoKcr 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(O,OH,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 titanian
fluorian potassic-richterite, titanian fluorian richterite and titanian fluororichterite to titanian oxygenian arfuedsonite; Ti contents
range from 0.121o 0.75 apfu, and (OH + D contenrs range from 2.00 ta 0.84 apfu. Where Ti <0.13 apfu, (OH + D * Z.O apfu.
Where Ti > 0.13 apfu, Ti varies linearly with rhe amount of 02- at the O(3) sire [= 2 - (OH + DJ, with a slope of 0.52. Thus Ti
is incorporated into these amphiboles vra the substirution Ti4 + 2 02- - (Mg,F"2*) + 2 (OH)-. Variation in MQ)aQ), M(3)-
O(3) nd M(llM(l) distances as a function of Ti content of the amphibole indicates that all Ti in excess of O.l3 apfu ocatrs at
theM(l)s i te,wherei t isassociatedwithashortM(l ) -O(3)distance;Tiupto0.13 apfuocrwsLttheM(z)s i re.Thepresenceof
02- at the O(3) site in these amphiboles induces a range of values of both iie OtSXiiOFo(7) angle, and the difference between
the M( )-O(S) md M(4)4(6) bond-lengths nor found in normal tO(3) = 611,ry amphiboles. Some fearures of the formula
derived from electron-microprobe results can be used as diagnostic indicators of the presenc€ of extensive t6ll-i and 02- substitu-
tions in monoclinic amphiboles.

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

Somrlann

Les structures cristallines de onze amphiboles sodi-calciques et sodiques d'enclaves lithiques incluses dans le diatrBme
ultramafique alcalin dg Q6y6te Peak, comt6 de Humboldt, en Califomie, ont 6t6 affinees sur monocristaux, jusqu'd des valeurs
r6siduelles de R 6gales h. l-27o, en utilisant 1e rayonnement MoKa. Les cristaux utilis6s pour les affinements ont ensuite 6t6
analys6s par microsondes electronique et ionique. L'hydrogbne et Ie lithium ont 6td dos€s, et les formules structurales calcul6es
sur la base de 24 (O, OH, D. L'occupation des sites a 6t6 d6termin6e i. partir des r6sultats de meswes de densitds dlectroniques,
et des analyses st6r6ochirniques, en prenant en consid6ration la formule unitaire d6termin6e pour chaque cristal. Les compositions
de ces amphiboles peuvent Ctre d6crites comme des solutions solides impliquant la fluororicht6rite, I'eckermannite fluor6e, pour
les p6les ddpourvus de titrne, et la potassic-richt6rite et la richt6rite titanifOres fluordes, la fluororicht6rite titanifdre et
I'arfvedsonitetitanifbreoxyg6n6e. Les teneun en titanesontcomprises enfe0.l2et0.75 atomesparnnit6formulaire (apuf),et
les teneurs en (OH + F) vont de 2.0Od,0.84 apuf.PovTi<0.73 apaf,la somme (OH + F) est 6gale i 2.0 apaf.PowTi> 0.13 apuf,
la teneur en 02- au site O(3) I= 2 - (OH +Dl varie lin6airement avec le contenu en Ti, avec u-ne pene d; d.52. On en deduit q;e
l'incorporation de Ti dans la structure de I'amphibole se fait selon le m6canisme TiA + 2OT - (Mg,Fe2*) + 2(OH)-. [-es varia-
tions des distances M(l)4(3), M(3)4(3) et M(l)-M(l) avec la teneur en titane de I'amphibole montrent que tout le titane en
quantit6 sup6rieure L0.13 apuf estsitu6 au site M(1), or) il g6nbre des distances M(l)-O(3) particulibrement courtes. Jusqu'i une
teneur en Ti < 0.13 apuf,le titane est situ6 au site M(2), I.a pr6sence de 02- au site O(3) dans ces amphiboles induit un domaine

' Presently may be accessed at the Deparhent of Geological Sciences, University of Manitoba, Winnipeg, Manitoba R3T 2N2.
E-mail address: frank_hawthome@umanitoba.ca
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de variation des angle.s O(5FO(6FO(7) et une diff6rence entre longueurs de liaisons M(4)0(5) et M(4:P(6) inconnus dans les
amphiboles normales, ayant O(3) = (OH + D. Certaines caract6ristiques de la formule telle que d6rivde-l partir des donn6es de
miirosonde 6lectronique sont diagnostiques de la prdsence de quantit6s importantes de t6ll-i et 02- dans une amphibole
monoclinique.

(Traduit par la R6daction)

Mots-cl4s: anphiboles, affrnement de structure, microsonde dlecEonique, spectrom6trie de ma,sse des ions secondaires, hydrogdne'
titane, Coyote Peak, Californie.

Ixrr.opucrroN

Titanium is an import€nt minor component in many
amphiboles, yet is behavior is still not completely un-
derstood. Evidence from spectroscopic (Waychunas
1987, Otten & Buseck 1987), crystallographic (Oberti
et al. 1992) and crystal-chemical @ella Yenttra et al.
1991) analyses has established ttrat Ti is in the tetrava-
lentstate in amphiboles. Della Yennlaet al. (1991) and
Oberti et al. ( 1 992) showed that Ti4 may occur in tetra-
hedral coordination in potassic-richterite and potassic-
fluororichterite, in which it occupies the T(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 vntt, apfu (e.9.,
Czamanske & Dillet 1988, Czamanske & Atkin 1985),
but there is no direct proof for this particular occupancy.
Moreover, Oberti et al. (1992) argued that ta1Ti4 should
be restricted to potassic-richterite and potassic-
fluororichterite. The behavior ofTi+ in octahedral co-
ordination is less clear. Kitamura et al. (1975) showed
by neutron diffraction that Ti is strongly ordered at the
M(l) site in oxygenian kaersutite. Unpublished X-ray
structure-refinements of oxygenian kaersutite samples
(Cannillo er al. 1988) show a splitM(l') 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 02- at the O(3) site. Simi-
lar behavior was observed in some crystals of potassic-
fluororichterite by Oberti et al. (L992), but they
suggested that not all of the t6lTi4 is involved in this
type of behavior. Thus, although there are good indica-
tions as to the behaviol e; t61114+ 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 afterbeing caught
up in the alkali ultramafic diatreme at Coyote Peak,
Humboldt County, California. ths5e amphiboles con-
tain up to O .7 6 Ti++ apfu (-6 .5 wtvo TiO) , with a fairly
cont'nuous compositional variation over this range. The
more Ti-rich compositions have (Si + Al) < 8.00 apfu,
such that Czamanske & Atkin (1985) assigned up to
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.(O2) Q.e., lDar at 600'C
and 0.1 GPa on the QFM buffer), and the more Ti-rich
arfvedsonitic rims, at even lowerfiO2) 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 o* rurderstan.ling of Ti in amphiboles.

PerRoLoclcAL Serrnrc AND SAIpIl' Su-rcnoN

fu1 :lkaline ulframafic diaheme (260 x 500 m at sur-
face) penetrates a lithic-wacke sandstone sequence of
the Franciscan assemblage, 20 km southeast of Orich
California. A brief discussion of the petrography, ori-
grn 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 recrystallizedo whereas
larger fragments display shong rim-to-core zonation.
Observation ofabundant microcline, aegirine and sodic
amphibole in fully reacted wacke, as compared to abun-
dant albite, quarz and clay in unreacted wacke, led
62amanske & Atkin (1985) to postulate that tle reac-
tion process involved loss of Si ftom the wacke frag-
ments, and mass influx of K (bulk fragments may
contain up to 12 w%o KzO). Sodium released from albite
(1) combined frst with Ti and Fe to form myriads of
strongly zoned Ti-rich aegirine crystals, (2) promoted
formation of larger strongly zoned Tirich 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.flO2) and tem-
perature, as the oxidized sedimenlary assemblage re-
acted with the rapidly cooling reduced ulnamafic melt.

Fragments of amphibole grains were extracted by
hand from crushed samples of the most intensely reacted
wacke fragments. The sample codes and names (MA-
approved nomenclature, Leake et al. 1997) of the
amphibole crystals used in this work are listed in
Table l, 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.

Ateryrrcer Me'troos

X-ray data collection and structure refinem.ent

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 Da&r"
CISTI, National Research Council, Ottawa. Ontario
KlA OS2.

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 et al. (1993,
1995). The estimated accuracy for H is -107o.

Calculation of the formula unit

As the H and F contents of these amphiboles were
ffieasrrred, the rrnit formulae were calculaled on the basis
of 24(O,OH,F). As shown below, the presence of O! at
O(3) is balanced by the presence of Ti4 at M(l), and
hence there is no reason for Fe3* to occur at the M(l) or
M(3) sites li.e.,Fe3+ is restricted tothe M(2) sitel. The
Fe3* content of M(2) was derived from the observed
<M(2)4> distance and the mean bond-length - aggre-
gate-cation-radius relation of Hawthorne (1983a), and
the final unit formulae were calculated usins the result-

TABLE 1. COYOTE PEAKAI4PHIBOLES:
SAMPLE NUMBERS, TrO, CONTENTAND MMES

Semplo

cYP 177
cYP 300
CYP 1TI
cYP 177
cYP 177
cYP 300
cYP 132
CYP 52
cYP 101
cYP 101
CYP 52

TiOz (rvto/o) Nam€

1 .'1 0 Fluorcrlchlerite
1.76 Fluorianricfit€rlte
1.E6 Fluorianeckermennite
1.95 Fluorianrichterite
2.6 Fluorianrichlerits
2.19 Fluorian ridlterito
2.9 Titanianfluorianpota$ic-richterite
3.30 Titania fluorian richterile
3.97 Titanianfluororichterite
5.69 Tltanian fluorian richterito
6.51 Titanianorygenlanarfvedsonite

'SEQ: sequenco number in amphibole databas at Pavia.

ant Fe3+/Iie2+ values. The chem.ical compositions and
resulting unit fonnulae (n apfu) are given in Table 5.

Srre PopulalroNs

The site populations were assigned on the basis of
(1) the refined site-scattering values (Table 4), (2) tJlle
unit formulae derived from the chemical compositions
determined by elechon- and ion-microprobe alalyses
(Table 5), and (3) the observed bondJengths (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, IaJ41

is ordered at the (1) site, although in high-temperature
(-1000"C) amphiboles, disorder of t4lAl over the Z(1)
arrdT(2) sites does occur (Oberti et al. 1995a). As t41Al
(r = 0.39 A; is larger than t4lsi @ = 0.26 A, Sh""nep
1976), the ordering behavior oft4lAl should be reflected
in the variation in mean bond-lengths at the (1) and
Z(2) sites. The variation in <Z(1)-O> as a function of
Al (Fig. 1) is linear and agrees with the relation pro-
posed by Obertt et aI. (1995a). This linearity indicates

SEQ'

76
7&
76

7U
765
7AO

78
741
749

745

TABLE 2. CRYSTAL DATAAND STRUCTURE REFTNEMENT INFORIVIATION FOR COYOTE PEAK
AMPHIBOLES

7@ 7U 765 741 749 7fi

a (A) e.gc!

b(A) 18.004
c (A) s.27s
p (') 1u35

Y (A1 e1'r.o
Sp.Gt. C2ln
No. lFl 1379
No. lFol 102a
R(obs) 0/6 1.7
R(ell) % 3.0

9.9'13 9.E91 9.900 9.913 9.96

18.0rKl 17.991 18.fi]2 18.017 18.049

5.29't 5.289 5.286 5.281 5.28

1U.n 104.02 1U12 lU.U 1U.N

917.1 913.5 913.7 913.8 915.8

elm elm C2lm Qlm C2lm

1391 1386 13F.2 13€7 1391

8S) 10/.1 1090 s5 983

1.4  1 .5  , t . s  1 .8  1 .6

3.5 2.6 2.4 3.2 3.0

9.997 9.8A2 9.893 9.899 9.845

18.059 18.028 18.(Bl 18.0g) 18.O18

5.302 5.24 5.2C2 5.289 5.2$

1U.43 1U.17 104.30 104.25 1ff|.86

s26.9 912.5 914.7 918.0 912.1

C2Jm C2lm C2lm C2lm C2lm

1405 1345 1388 139:1 138:l

1142 W2 8al 78 774

4 0 1 .7 1 .7
4.7

1 . 7

4.4

1 .8

'Standard devlations inthelestdigit as4ib <8i c< g: p < 3
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TABLE 3. SELECTED INTERATOMIC DISTANCES (A). AND ANGLES (.)' FOR COYOTE PEAK AMpHTBOLES

763 740 /ou 764 765 7ao 758 741 749 745

r(1)-o(1)
I(1)-O(5)
i11)-O(6)
r(1)*o(7)
.I(1)-Or

il2)-O(2)
I(2)-O(4)
(2)-o(5)
I(2)-O(6)
.I(2)-Or

M(1)-o(1)
M(1)-o(2)
M1)-o(3)
./tt(1)-Or

M2)4(1)
M(2)-O(2)
M(2)4(4)
<M(2)-O>

443)-O(1)
M(3)-o(3)
<Mg)-Or

M4)-O(2)
M4)4(4)
M4)-o(s)
M(4)-O(6)
<M(4)4>

1 .601 1 .609
1.628 1.633
1.628 1 .632
1.637 1.640
1.623 L628

1.612 1 .612
I  t ran 1 Eae

I .OOO | .OOC

1.679 1 .679
1.634 1.635

2.066 2.072
2.051 2.071
2.067 2.080
2.062 2.074

2.193 2.192
2.086 2.092
1.992 1 .991
2.090 2.092

2.070 2.081
2.040 2.052
2.050 2.072

2.418 2.415
2.365 2.357
2.871 2.875
2.581 2.587
2.559 2.s58

1.604 1 .601
1.626 1.628
1.623 1 .625
t . o J /  l . o J  /

L6r' 1Sr3

1.612 1 .61 1
1 .585 1 .581
1.665 1.665
1.676 1 .678
1.635 1.634

2.071 2.071
2.064 2.063
2.071 2.072
2.069 2.069

2.195 2.199
2.077 2.084
1.966 1 .977
2.079 2.087

2.088 2.084
2.057 2.053
2.078 2.074

2.420 2.419
2.372 2.s70
2.913 2.903
2.570 2.574
2.569 2.566

1 .603 1.612
1.628 1 .633
1.625 1.635
1.637 1 .640
1.623 1.630

1 . 6 1  1  1 . 6 1 5
1.583 1 .583
1.665 1 .664
1.680 1 .677
1  A E F  i  A E E

2.069 2.067
2.060 2.070
2.065 2.070
2.065 2.069

2 j98  2 .190
2.091 2.093
.t occ .t ooo

'zow zor4

2.074 2.077
2.046 2.051
2.065 2.068

2.416 2.413
2.364 2.351
2.884 2.863
2.586 2.586
2.562 2.553

1.605 1 .602
1 .63 f 1.625
1.626 I .625
1.637 1 .634
1 .625 1.622

1 .615 1 .614
1.587 1.582
1.669 1 .664
1.682 1.676
1.638 1.634

2.081 2.069
2.074 2.073
2.092 2.040
2.082 2.061

2.189 2.206
2.100 2.091
1 .980 ',!.987

2.090 2.095

2.100 2.0u
2.069 2.049
2.090 2.072

2.427 2.412
2.389 2.3U
2.888 2.909
2.597 2.573
2.575 2.565

x2
x2
x2

1 .606 1.607 1 .607
1 .627 1 .623 1.623
1.626 1.622 1.623
1.635 1 .635 1 .631
1 .623 1.622 1.621

r . o t  I  t . o t c  t . o l o

1 .581 1 .582 1 .583
1.665 1 .668 1 .661
1.678 1 .683 1 .671
1.634 1.637 1.633

2,068 2.069 2,070
2.077 2.089 2.093
2.033 2.024 2.021
2.059 2.061 2.062

2.208 2.210 2.190
2.105 2.109 2.086
1.997 1 .999 1 .963
2.1 03 2.106 2.080

2.084 2.097 2.115
2.050 2.056 2.082
2.073 2.083 2j04

2.415 2.412 2.417
2.362 2.365 2.376
2.904 2.927 2.953
2.580 2.577 2.539
2.565 2.570 2.572

x2
x2
x2

x4
x2

x2
x2
x2
x2

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

There is also a small variation in the <T(2)-O> val-
ues, from 1.633 to 1.638 A. Obertt et at. (1995a) have
shown that variations of this magnitude in <T(2)-O>
can be due to changes in next-nearest-neighbor site-
populations with no change in theT(2) site-populations.
Is this the case for the Coyote Peak amphiboles, or is
there Ti4 at the T(2) site? The presence bf Ti4 at T(2)
would cause anomalously low displacement values at
(2) during the refinement if the scatterinC from T(2)
were modeled as Si only. The displacement values at
T(2) are normal, indicating that there is no falTi in the
Coyote Peak amphiboles.

The behavior of Tia+

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

valence [6]-coordinated cations tend to order atthe M(2)
site, and on the basis of this general observation, the
small  amounts of t6lTi usual ly present in most
amphiboles are assigned to the M(2) site (Hawthorne
1983a). However, there has been no direct prooffor this
assignment. In kaersutite and oxygenian kaersutiteo Ti+
tends to be strongly (but not completely) ordered at the
M(1) site (Kitamura et al. l975,Pechar et al. 1989).In
richterite, Oberti et al. (1992) showed that t61Ti4 is very
strongly ordered atthe M(l) site, with small amounts at
M(2) or M(3), or both. Furthermore, Obertr et al. (1992)
proposed that Tia enters the M(l) site vla the substi
tution

M(tyti4+ 120(3)c.2' _ M(t)o4g"Fe2+) + 2 o(3)oH- (1)

and suggested thatTi4 at M(l) is locally associated with
Oz- at the fwo adjacent O(3) sites.

The Coyote Peak amphiboles provide an excellent
test for the above proposal, as both OH (as HzO) and F
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/ 3 U749760 764 765 758 741763

A-O(5) x4
4-0(6) x4
A4(7) ye

<A-O>

A(m)-o(s) xz
A(m)-O(s) x2
A(m)-o(6) x2
A(m)4(7)
A(m)4(7)
A(m)-o(7)
<4(m)-O>

A(2)-o(5) x2
4(2)-0(6) x2
A(2)4(7) x2
<A(2)4>

r(1)-o(5)-r(2)
i11)-o(6)-{2)
711Fo(7)-711)

o(6)-o(5)-o(7)
r(1)-7i2)-711)
r(2)-11)-r(1)

2.886 2.894
3.150 3 .1  63
2.492 2.495
2.918 2.922

3.023 3.047
2.U8 2.857
2.775 2.757
2.500 2.512
3.168 3 .147
2.600 2.614
2.840 2.8M

2.355 2.508
2.729 2.853
2.589 2.5M
2.558 2.635

136.0  135.9
136.5 137 .1
137.6  138.2

110.5  110.2
1  18 .9  1  19 .1
90.5 90.4

2.854 2.864
3.187 3 .177
2.511 2.509
2.918 2 .918

2.9S9 3 .015
2.812 2.821
2.801 2.786
2.520 2.524
3.168 3 .155
2.622 2.619
2.837 2.838

2.528 2.492
2.924 2.878
2.546 2.554
2.666 2.M2

135.9  135.9
137.6 137.2
139.3  138.9

112.5 112.0
119.4  119.2
90.1  90 .3

2.885 2.905
3.160 3 .152
2.502 2.485
2.915 2.920

3.028 3.064
2.844 2.869
2.777 2.738
2.514 2.507
3.158 3 .132
2.610 2.607
2.U2 2.843

2.354 2.670
2.735 2.961
2.599 2.503
2.564 2.711

136.2 136.2
136.9 136.8
138.0 137.8

1 1 1 . 0  1 0 9 . 6
1 1 9 . 0  1 1 8 . 9
90.5 90.5

2.901 2.863
3.177 3 .174
2.579 2.492
2.947 2.913

3.016 3.027
2.856 2.816
2.854 2.768
2.588 2.518
3.253 3.127
2.650 2.605
2.883 2.830

2.487 2.M9
2.843 2.U3
2.635 2.549
2.655 2.614

136.2 1 36.3
137.2 137.1
140.4 138.6

111.7 112.0
119.3  119.2
90.3 90.3

2.874 2.865 2.820
3 . 1 6 7  3 . 1 8 1  3 . 2 1 0
2.488 2.495 2.513
2.914 2.918 2.915

3.026 3.033 3,021
2.831 2.820 2.775
2.774 2.770 2.750
2.504 2.519 2.547
3.142 3 .119 3 .056
2.602 2.613 2.658
2.834 2.833 2.817

2.524 2.409 2.523
2.884 2.815 2.969
2.528 2.565 2.541
2.646 2.596 2.678

136.5 136.9 136.5
136.7 136.7 137.7
138.2 138.6 141 .0

111.4 112.2
1 1 9 . 1  1 1 9 . 1

90.4 90.4

1 1 4 . 5
1  19 .8

A O O

. Standard devations are < 2 in the final dioit

TABLE 4. REFINED SITE-SCATTERTNG VALUES (eptu) AND CORRESPONDTNG VALUES
CALCULATED FROM THE UNIT FORMULAE DERIVED FROM MICROPROBE ANALYSIS

(MP) FOR COYOTE PEAK AMPHIBOLES

740 760 764 765 739 758 741 749 750 745

M(1) 27.2

M(2) 31.e

M3') 12.8

>M1,2,3)  71.9

:A41,2,3)MP 69.5

M(4) 29.6

M4)", 30.1

A 14.0

AMP Q]

o(3) 17.2

o(s)"t i7.g

30.7 30.8 30.2 29.2 30.4 37.2 33.1 34.4 39.4 43.4

36.4 39.1 36.8 33.4 35.3 40.5 36.0 37.3 39.6 4s.2

15.5 15.0 14.9 14.2 15.0 17.O 15.6 16.4 18.4 18.4

a2.7 84.9 82.0 76.8 80.7 94.7 84.7 88.1 57.4 105.0

81.4 85.7 82.4 76.9 82.2 94.0 83.0 86.4 96.6 106.4

30.0 25.6 27.O 29.7 31.6 27.3 2A3 29.8 29.6 23.6

29.4 25.6 27.1 29.6 30.4 27.3 2a.5 29.7 28.9 23.9

13.5 13.9 14.0 13.9 13.2 16.2 13.4 13.3 13.4 13.7

13.0 13.3 13.5 13.4 12.6 16.2 12.9 12.5 12.8 13.4

16.9 16.0 16.9 17.1 17.1 16.6 17.0 17.1 17.1 16.8

1 6.8 16.7 16.7 17.0 1 6.8 1 6.5 1 6.9 17 .O 1 6.6 1 6.3

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

741

sio, 56.32
Alro" 0.29
TlOa 1 .10
Fo2O3 0.00
FeO 4.99
MnO 0.12
i&o 20.26
CaO 5.98
NarO 6.10
K"O 1.A7
Lt2o o.o2
F 2.&
HrO 0.79
o-F -1 .19

Total .W_

si 7.954
At 0.046
>r _@
AI 0.002
Feb

Fez" 0.589
Mn 0.014
'fi 

0.1 17
MS 4.246
u  0 . 0 1 1
:c 4.999

52.71 55.29 55.00
1.41 0.21 0.25
1,78  1 .86  1 .95
0.00 3.77 1.74

12.25 10.52 10.33
0,28 0.25 0.23

15.21 14.02 15.4{t
5.33 2.56 3.65
6.28 7.74 7.30
1 .73 2.00 1.93
0.00 0.05 0.o2
1.5S 1 .43  1 .58
1 . 1 9  1 . 2 1  1 . 1 9

-0.67 -{.60 4.67

@ 100.31 99.96

7.762 A.OO2 7.954
0.238 _9@ _!.0€

g9g 8.002 ..@

0.007 0.036
- 0.41 1 0.1 89

1 .509 1 .273 1 .249
0.035 0.031 0.028
0.195 0.202 0.212
3.339 3.025 3.3:13

- 0.029 0.012
5.085 5.007 .@

0.825 0.397 0.567
1.r75 _1.603 gg

2.000 _2.099 2.000

0.618 0.569 0.614

!g?q 0.36e 0.356
0.e4 0.938 __9!Zg.

1 .169 1 .168 1 .148
0.736 _g€55. _-8.729.
1.905 1.823 _L84

0.095 0 .177 0 .129

u.73 53.02
0.45 1.74
2.06  2 .19
0.00  0 .19
4.73 11.45
o.20 0.26

17.52 15.65
5.44 5.97
6.21 5.94
2.O3 1.68
0.02 0.00
2.09 1.82
0.99 0.98

j-0.88 _J.72
_9@ 140.1e
7.87A 7.706
o.o7a _@

L954 _-9.000

- 0.004
- 0.02'1

1 .051 1 .392
0.024 0.032
0.223 0239
3.760 3.391

-Q!13 -
5.070 5.079

0.930

_r-929.
2.OOO

0.604

_w
0.916

U.99U
0.8i|7
1.747

0.213

51.82 54.78 53.93
o.94 0.24 0.38
2.54 S.30 3.97
2.22 0.18 0.00

15.50  11 .18  12 .70
0.43 0.14 0.26

10.74 14.91 13.73
3.65 4.66 5.44
6.00 6.42 6.35
3.4it 1.62 1.48
0.06 0.01 0.01
1.06  1 .95  2 .14
't,'17 0.65 0.47

-{.45 -{.82 j31

es.1s 39€4 _39.e2
7.UA 7.974 7.905
0.154 9.022 0.086
8.000 _9999, _r.ezl_
0.014 0.023
0.253 0.020
1.963 1.361 1.557
0.055 0.017 0,032
0.289 0.361 0.4ir8
2.433 3.237 3.000

_0.036 !:Qgq 0.006

_1.04q 5.026 _5.033

0.592 0.727 0.854
1.408 1.273 J&

_49. -4999. _2.999.
0.353 0.653 0.659
0.6$ -q.391 0.277
1.016 0.e54 _!&9

1.142 0.631 0.460
0.508 j@ 1.001
1.6e0 152e _l!g!

0.310 0.471 0.539

52.87 52.47
0.23 0.09

0.00 4,54
17.06 18.i13
0.33 0.15
9.78 5.74
4.76 0.90
6.51 8.70
1.50  1 .51
0.02  0 .17
1.20 0.51
0.46 0.58

=S.sl- --{€1"
99.90 100.09

7.947 7.993

_sE1 _9.gSZ,
7.988 8.000

- 0.009
- 0.520

2,144 2,348
0.042 0.019
0.64t 0.748
2.191 r.303
0.0r2  0 .104

llge 1.019
0.767 0.147

-1-4. _1-€93.
2.000 _e.o!g
0.664 0.716
0.288 0.293

-@9a --L9.Q9.
0.461 0.589
0.570 0.246

1.091 0.835

0.969 1.163

0.$e
lJ_01
2.000

o.572

or45

0.951

-e€51
J_.902.

n noa

Ca 0.905
Na 1.095
:B 2.000

Na 0.575
K _0392,
:A 0.912

oH 0.744

> ; G
o 0.000

' sse toxt tor disilsion ot nomalbation pro€dure

contents ofthe amphiboles have been measured directly
for the single crystals on which the diffraction experi-
ments were done. Figure 2 shows the variation in Tia
content of the amphiboles as a function of the 02- con-
tent (= ) - OH -F apfu) of the O(3) site. For zero con-
tent of 02- at O(3), the Ti4 content of the amphibole is
approximately O.l3 apfu. Above -0.13'11+ apfu,there
is a linear correlation between Ti+ and 02- at O(3), with
a correlation coefficient R = 0.99, a slope of 0.52, and
an intercept of 0.13 Ti4 at zero 02- content of O(3;.
This indicates that below a I611i++ content of 0.13 apfu,
Ti+ substitutes into these amphiboles by one (as yet
unspecified) mechanism, whereas above a t6lTi4 con-
tent of 0.13 apfu,Ti# substitutes into these amphiboles
according to the relation Ti+ +2OL - (N.41EFeZ+) +2
OH-. Note that this relation, unlike relation (l), 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(l)

andM(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 tunction of Ti# content.
In most amphiboles, the M(l ) and M(3) siles are domi-
nate.d by Mg ltolt = 0.72 A) and Fe2+ (t6lr = 0.78 A)

lexcept for Mg-rich pargasite, in which M(3) can con-
tain considerable Al (Oberti et al. 1995b), and
kaersutitel. lncorporation of Tia 1t611= 0.605 A) at the
M(l) or M(3) sites will produce a general shortening of
both M(l)-O and M(3FO distances; this shortening is
expected to be large for the M(1)-O(3) and M(3FO(3)
bonds if Ti+ substitutes and is locally associated with
02- atthe adjacent O(3) sites. There is a strong contrac-
tion in M(t)-O(3) with increasing Ti# in the amphibole
(Fig. 3a), whereas there is an increase in M(3)-O(3) with
increasing Tie Gig. 3b). The values of M(l)-O(3) and
MG)46) are also affecled by variations in the Fe2*
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TABLE 6. SffE POPULATIONS (eptu) FOR COYOTE PEAK AMPHIBOLES

1259

740 760 764 / @ 741 750 745

{ 1 )

T(z',t

M1l MS
Fa
l l

M2) Ii
Fe&
Fe2*

Mg

M3)

1.77 1 .50
0.23 0.44
- u.uo

0 .12  0 .13
- o.21

0.48 0.58
1.40 1.08

0. ' t7 0.06
3.83 3.94

4.00 4.00

1 .01 1.25
0.83 0.49
0.16 0.23

0 .13  0 .13
0.36 0.14
0.73 0.62
0.7s 1.1 1

0.58 0.73
0.38 0.26
0.04 0.01

0.59 0.79
1.41 1.27

0.34 0.65
0.66 0.30
1.00 0.95

1.18 0.64
0.50 0.90
1.68 1.54
o.32 0.46

At 0.05 024
si 3.95 3.76

si 4.00 4.00

0.04 0.04 0.08 0.30
3.96 3.96 3.92 3.70

4.00 4.00 4.00 4.00

1.49 1 .53 1.60 1 .51
0.44 0.39 0.31 0.38
0.08 0.08 0.09 0.1 1

0 .13  0 .13  0 .13  0 .13
0.49 0.22 0.05 0.20
0.50 0.60 0.53 0.51
0.88 1 .05 1.29 1.16

0.74 0.79 0.84 0.79
0.23 0.20 0.15 0.21
0.03 0.01 0.01

0.40 0.57 0.84 0.93
1.60 1 .43 1 .16 1.07

0.57 0.61 0.57 0.60
0.37 0.36 0.37 0.31
0.94 0.97 0.94 0.91

1 .18  1 .13  0 .91  0 .95
0.66 0.71 0.91 0.84
1.U 1.U '1.82 1.78
0.16 0.16 0.18 0.22

0.07 0.04 0.01
3.93 3.96 3.99

4.00 4.00 4.00

1.17 0.75 0.44
0.52 0.74 0.96
0.31 0.51 0.60

0 .13  0 .13  0 . r 3
0.03 0.07 0.72
0.83 0.95 0.56
1.01 0.85 0.59

0.69 0.54 0.36
0.30 0.,15 0.53
0.01 0.01 0.11

0.85 0.77 0.15
1 .15 1.23 1.85

0.66 0.66 0.71
0.28 0.29 0.29
0.94 0.95 1.00

0.42 0.44 0.56
0.96 0.54 0.24
1.38 0.98 0.80
0.62 1.O2 1.20

M4l

o(3)

MS 0.93 o.75
Fe2" 0.06 o,2s
Li  0.01

Ca 0.90 0.82
N a  1 . 1 0  1 . 1 8

Na 0.58 0.62
K 0.34 0.33
: 0.92 0.95

oH 0.74 1.16
F 1.26 0.72
:  2.00 1.88
o  -  o .12

o 1.62€

F

o.2

Al (aptu)

Ftc. l. Variation in <Z(1)-O> as a function of talAl content in
amphiboles from Coyote Peak.

contents of M(l) and M(3), and the F content of O(3).
However, despite the significant variations in Fe2* at
M(l) and F at O(3), it is apparent from Figure 3a that
Tia and 02- are major causes of the variation in
M(l)-O(3) in these amphiboles, whereas they are not
such a dominant influence on M(3)4(3). Similarly,
there is a contraction of the M(IYM(I) distance and an
increase in the M(l)-M(2) distance with increasing Tie
(Figs. 3c, d). These relations indicate that (l) t6lTi4+ as-
sociated with 02- at locally adjacent O(3) sites is
strongly to completely ordered at the M(l) site, in line
with substitution (1) described above, (2) tbe M(1)-M(2)
distance correspondingly expands in response to the
contracting M(l)-M(l) distance. This ordering of
T1+ at M(I) and the concomitant contraction of the
M(|YM(|) distance with increasing Ti# is also in ac-
cord with the anomalously large and anisotropic dis-
placement observed for the M(l) site ix the more Ti-rich
amphiboles of this study. We therefore assign all Ti&
in excess of O.l3 apfuin amphiboles with OH +F <2I
apfutothe M(l) site; Ti up to 0.13 apfu is assigned to
+he M(2) site.

Total scanering at M(1), M(2) and M(3)

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

o.1
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0.6

. / '

0.5

o(3)o2-= (2_(oH+F)) (apfu)

Frc. 2. Variation in Tia as a function of the 02 content of the O(3) site [2 - (OH + D] in
amphiboles from Coyote Peak. The line is a least-squares fit to the data points with OH
+ F +z.Oi Ti = 0.13 + 0.52 [2 - (OH+ D], R = 0.99.

2.8

.3

l , *
I

2.U

o.1 0.6

Ti (apfu)
o.2 0.,t 0.6

Ftc. 3. Stereochemical variations about the O(3) site as a function of Ti# content
in amphiboles from Coyote Peak: (a) M(l)4(3), (b) M(3)-O(3), (c) M(l)-M(l),
(d) M(L)-M(2).
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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 atthe M(l) + M(2) + M(3) sites can also
be derived ftom 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, suggestiag that there is no significant system-
atic error in either of the two sets of results.

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

There are three sites with octahedral coordination,
M(I), 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).Tlte results ofelectron- and ion-microprobe
analyses (Table 5) indicate that Mg, Fe, Ti, Mn and Li
are C-group cations to be distributed over the M(l), 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 aad Fe* (= p"z+ + Fe3* + Mn2*; at these sites.

The site populations at M(1), M(2) and M(3) were
assigned as follows: M(l):Mg and Fe2+ were assigned
from the rehned sile-scattering values after subtracting
the effect of Ti& assigned to M(1) [u{t)1ia+ = I - (OH +
F)l2l; M(2): Ti+ was assigned to M(2) to a maximum
of 0.13 apfu, and Mg and Fe2+ were assigned on the
basis of the refined site-scattering values after subtract-
ing the effect of Ti; the Fe3+ content of M(2) was tlen
calculated to obtain a neutral chemical formula; M(3):
Mg and Fe2* were assigned from the refined site-
scattering values after subtracting the effect of Li
assigned to M(3).

The M(4) site

The results ofelectron-microprobe analyses Clable 5)
show that there is an insignificant amount of C-group
cations at +he M(4) site, in accord with the absence of
electron density at the M(4') site in these amphiboles,
except for 739 and745, wbich 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.

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 Clable 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 ofthe current work, as they show explic-
itly that 02- occurs in large quantities (0-1.17 apfu) at
the O(3) sirc in these amphiboles (Tables 4, 6). T\e
variation in OH, F and (implicitly) 02- 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
02 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
occrurence of 02- at O(3) is not produced by in situ
dehydrogenation accompanied by oxidation ofFe2* to
Fe3*. In these amphiboles, there is a solid- solution se-
ries involving M(t)Tia+ + 2o(3)O2- - M(l)(Mg,Fe2+) +
2o(3)OH, and the amphiboles crystallized deficient in
OH + F. Rearranging the regression equation ofFigure
2 gives a predictive equation for the amountof 02- at
the O(3) sirc' o(3)O2 - 1.89Ti - 0.25. For the data used
to construct the curve, the mean deviation from the
"measured" value of 02- is O.O3 apfu.

o.o 1.0 2.o

F (apfu)

Ftc. 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.,o(t)gz- - 2.O apfu).

: :  1.O
I
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Unusual stereochemistry of thc dauble 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 AIps, 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
Iack 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 et al. (1983),
modified by adding all additional available data and the
refinements of the present work. Sodic amphibotes plot
on the upper-right side of the gap, and the trend toward
the lower left is related to the talAl, M(a)Ca and A-site
occupancies. Samples of potassic-richterite fall to the
left of sodic--calcic hend, 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 arfuedsonite 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 Z(1)-T(D-T() and the largest values of Z(2)-
f[)-T(l), confirming a deformation of the six-member-
ed ring of tetrahedra due to stretching in the E 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 si tes, 1.e., (Mg-1Fe2+, Al-1 Fe3+) and
[(Mg,Fe2*)-rOH-2TiO2]. Multiple-regression analysis of
the changes in 0(6)-0(5)-0(7) and IM(4)-O(5)I -

lM(4)4(6)l as a function of composition gave two ex-
cellent correlations: 0(6)-0(5)-0(7) = 113.83(15) -
3.25(19) M(4)Ca - 4.35(47) ret + t.OS(tt) 02- (R =
0.994) and lM@rc(rl - tM(4)4(6)l = o.414(6) -
0.091(5) M(A)Ca - 0.095(11) ret + O.OSZ(:) 02- -
O.lO2(9) AK 1R = 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 is 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-
clurence of 02- at the O(3) site.

Problems withformulaz 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 arfuedsonitic amphiboles formed at oxygen
fugacities lower than those of the hematite-magnetite
buffer are deficient in Si; he suggested that Fe3+ occurs
in tetrahedral coordination in arfuedsonitic 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 undersaturaled rocks (e.9.,
Scott 1976, Rpnsbo et al. 1977, Grapes et al. 1979,
Nielsen L979). Czatranske & Atkin (1985) chose to
assign Tia to the T sites, rather than Fe3+ as suggested
by Ernst (1962). There has been no confirmed occur-
rence of [a]Fe3+ in arnphiboles (Hawthorne 1983a), and
the suggestion ofErnst (1962) is not considered viable.
However, t41Ti has been confirmed in both natural and
synthetic amphiboles. Oberfl et al. (1992) have shown
by X-ray site-scattering refinement that Ti can occur at
the T(2) site in richterite from lamproitic rocks. Della
Ventura et al. (199I,1993) have shown that Ti occurs
attheT(2) site in synthetic richterite and fluororichterite
using Riefveld structure refinement. Thus the sugges-
tion of Czarnanske & Atkin ( 1985) that Ti+ is a Z-group
cation in amphiboles from Coyote Peak seems reason-
able, as these amphiboles ale 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 02- at the
O(3) site, i.e., the amphiboles are deficient in monova-
lent anions relative to the usual 4ssnmption 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 feafure 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, a23-oxygen norma-tization scheme), with the Fe3*
content calculated according to the method ofPaplke et
al. (1974); values are given in Table 7 for those
amphiboles for which OH + F <<2.0 apfu. Certain de-
viations from the usual distribution of cations in the
amphibole structure are immediately apparent: (l) Si +
Al < 8.0 apfu. The range of Si + AI in Table 7 is 7.95-
7.82 apfu, and tends to decrease with decreasing OH +
F. This behavior was also observed bv Czamanske &
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Atkin (1985), who assigned Ti+ to the I- group cations
to bring the sum (Si + Al + Ti) up to the ideal value of
8 apfu.lt is apparent from comparison of Tables 5 and
7 that unit formulae with Si + Al < 8 apfu arendrcauve
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,whereasthe lC 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 Fe3+ contents (Table 7) are inferred to be zero.
The results of the present work show that these
amphiboles do, in facto contain signif icant Fe3*
Clable5). If the actual values of Fe3*/Fe?* are used in
the same calculation used to produce the data ofTable 7,
the 7- and C-cation sums become even smaller than
fhose 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; (l) the
amphibole should be rich in Ti4; (2) the sum of the
Z-group cations is less than 8 apfu; (3) the sum of the
C-group cations is less than 5 apfu.

TABLE 7. UNIT FORMULAE FOR COYOTE PEAK
AMPHIBOLES [WtTH ANAL\ZED (OH + F) < 2.0

apful CALCULATED WITH OH + F = 2.O apfu AND
Fefu ESTIMATED AFTER THE METHOD OF

PAPIKE et al. (1974)

741

It is interesting to compare the current results with
those found by Hawthorne et aI. (1993) for sodic
amphiboles containing significantLi. In this case, omis-
sion of Li from the composition leads to formulae with
(1) the sum ofthe Z-group cations greater thel:8 apfu;
(2) the sum ofthe C-group cations is less than 5 apfu;
(3) the sum of the A-group cations is commonly greater
than I 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
sums in the unit formula.

CoNcr-usroNs

(1) Electron microprobe and SIMS analysis of
amphiboles from lithic-wacke inclusions in the Coyote
Peak diatreme show that these amphiboles contain OH
+ F + Cl contents in the range 2.0 ( OH + F + Cl < 0.84
apfu. Hence 15ese amphiboles have significant occu-
pancy of the O(3) site by O'.

(2) The Ti content of the arnphibole is linearly cor-
related with the 02- content of the O(3) site (R = 0.99)
according to the equation Ti = 0.13 + 052 x Oz-.

(3) The above equation indicates that, in these
amphiboles, Ti in excess of O.l3 apfu enters the struc-
ture according to the substitution Ti + 2 Oz- +
(Mg,Fe2*) +2oH.

(4) The M(1)-O(3) nd M(l)-M(l) distances de-
crease strongly as the Ti content of the amphibole in-
creases, indicating thatTi in excess of0.13 apfuoccvrs
at the M(1) site.

(5) Consideration of the relation in (3), together with
the <M(2)4> and <M(3)-O> distances, indicates that
up to 0.13 apfuTi 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 02- at the O(3) site (i.e.,
OH = F + Cl << 2.0 apfu).

(7) The presence of 02- at the O(3) site in these
amphiboles induces a range of values of the 0(5)-O(6)-
O(7) angle, and a difference between the M(4FO(5) and
M(4)4(6) bond lengths not found in normal [O(3) =

OH,fl amphiboles.
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