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ABSTRACT

The Seiad Ultramafic Complex is an alpine-type peridotite lo
cated in northwestern California» Thin layers of mafic composition are 
common and restricted to its peridotite unite These layers are often 
isoclinally folded and transposed into concordancy with the peridotite 
foliationo Structural and mineralogical evidence suggest that the mafic 
layers were emplaced during an episode of contemporaneous metamorphism 

and deformationo
Two types of mafic layers are observed: 1) unzoned orthopyrox

ene + clinopyroxene + pargasite layers9 and 2) composite layers comprised 
of a plagioclase + pargasite core, surrounded by monominerallic zones 
of pargasite and orthopyroxene, respectively.

Microprobe analyses reveal that amphibole and orthopyroxene 
grains show a systematic compositional change across zoned layers.
This and the geometry of zoned layers suggest that they originated by a 

hydrothermal metasomatic process, and indicates a dominant metasomatic 
exchange of (A1 + Fe) versus (Mg + Si) between the fluid and the perido
tite. A geochemical model based on this exchange suggests that unzoned 
mafic layers may also form by the same metasomatic mechanism.

Unzoned pyroxenite and dunite bands are common in alpine perido- 
tites throughout the world. A high-temperature hydrothermal metasomatic 

origin for these bands may help to further constrain existing models of 
the tectonic evolution of alpine peridotites.



INTRODUCTION

Thin9 continuous bands of pyroxenite, dunite, and less frequent
ly amphibolite are a common phenomenon observed in alpine-type perido- 
tite bodies. These bands may be isoclinally folded* and may or may not 
crosscut the metamorphic fabric of the host peridotite. A number of 
origins have been postulated for these mafic bands: 1) mineral segrega
tion associated with deformation and recrystallization of the peridotite 
body, 2) partial fusion of the peridotite at depth followed by in situ 
fractional crystallization, 3) injection of mafic magma into fractures, 
and 4) deposition from and alteration by a hydrothermal fluid.

Two types of mafic bands are observed in alpine-type peridotites. 
Most common are pyroxenite, dunite, and amphibolite layers which exhibit 
little or no evidence of mineralogical zonation. Far less common than 
these are composite mafic layers, which are comprised of a series of 
mineralogical zones symmetrically arranged about a central core zone. 
Composite mafic layers are interpreted by a number of workers to have 
been formed by a hydrothermal metasomatic process.

The Seiad Ultramafic Complex is an amphibolite/peridotite com
plex located in the Klamath Mountains of northern California. Its peri
dotite unit contains both the simple and composite type bands described 
above. The objectives of this study are two-fold: 1) to show that sim
ple mafic bands as well as composite mafic bands in the Seiad Ultramafic 
Complex have both been formed by a hydrothermal metasomatic process.
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based on structural9 mineralogical9 and chemical evidence, and 2) to 
develop a semi-quantitative chemical model which encompasses the forma
tion of both types of mafic bands within a comprehensive tectonic 

framework*



REGIONAL GEOLOGY

The Seiad Ultramafic Complex is located in the Siskiyou Moun
tains 9 Siskiyou County, northern California, approximately 10 km south 
of the California-Oregon border. The main access to the area is an im
proved dirt road which heads north from State Highway 96 at Seiad Valley. 
This road provides access to much of the interior of the complex.

The Siskiyou Mountains are part of the Klamath Mountains tec
tonic province of northwestern California and southeastern Oregon. The 
Klamath Mountains province is comprised of a series of arcuate belts of 
lithologically distinct eugeosynclinal and volcanic rocks, each bounded 
by east-dipping high-angle reverse faults of regional extent (Figure 1). 
These lithic belts become successively younger in age oceanward (Davis, 
1968; Irwin, Jones, and Kaplan, 1977). Alpine-type peridotite bodies 
and their associated mafic rocks are abundant, particularly along lithic 

belt fault boundaries (Irwin, 1977). Coleman and Irwin (1974) have 
demonstrated that these mafic-ultramafic complexes also decrease in age 
oceanward. The entire area has been extensively intruded by late- 
Jurassic granitic plutons (Hotz, 1971).

The complex geometry of the Klamath Mountains province has been 
attributed to late-Paleozoic and Mesozoic underthrusting of oceanic 
lithosphere and successive accretion of marine arc-related volcanic and 
sedimentary rocks beneath the overriding continental margin of the North 
American plate, followed by extensive late-Jurassic plutonism (Hamilton, 

1969; Irwin et al., 1977).
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Alpine-type peridotites in the Klamath Mountains region are 
typically deformed, sheet-like bodies of highly serpentinized harzburg- 
ite or dunite, which are often intimately associated with mafic rocks. 
These mafic-ultramafic complexes have frequently undergone high-grade 
regional metamorphism (Coleman and Irwin, 1974). Close inspection of 

mafic rocks associated with alpine-type peridotites in the Klamath Moun
tains reveals that they are probably derived from rocks which were orig
inally basalt or gabbro (Coleman, 1977, p. 121). The deep-seated origin 
of these mafic-ultramafic complexes has been emphasized by several work

ers (Irwin, 1964; Lipman, 1964; Davis, 1968), but only recently has 
their ophiolitic nature been discussed (Irwin, 1972; Lindsley-Griffin, 

1973; Snoke, 1977). It is now generally agreed that the metamorphosed 
and deformed maf ic-ul tr amaf ic complexes in the Klamath Mountains pro
vince are fragments of oceanic crust and upper mantle whose emplacement 
is related to the underthrusting of oceanic lithosphere and the accom

panying accretion of eugeosynclinal belts (Irwin, 1972).



GEOLOGY OF THE 
SEIAD VALLEY AND VICINITY

Previous Work
The geology of the Seiad Valley area has been studied by a num

ber of previous workers• Much of the early work was carried out in con
nection with reconnaissance studies of chromite deposits in the Klamath 
Mountains region of northern California (Diller, 1921; Averill, 1935; 
Johnston, 1936). It was not until the work of Rynearson and Smith (1940) 
that the chromite deposits and the local geology of the Seiad quadrangle 
itself were described in detail. Similar work was done in an investiga
tion by Wells et al. (1949).

Studies focusing primarily on the geology of the Seiad Valley 
and vicinity include the investigations of Williams (1944), who examined 
in detail the petrofabric of the peridotite exposed at Seiad Creek, and 
the additional geologic mapping of Dickinson (1959). The most recent 
major study of the area is a detailed structural and petrologic exami
nation of the Seiad ultramafic body and its associated mafic and meta- 
sedimentary rocks by Medaris (1965). His excellent study provided much 
of the information regarding the local geology and structure of the 

Seiad Ultramafic Complex used in the preparation of this work.

Local Geology
The Seiad Ultramafic Complex lies on the southeastern flank of 

a northeast-plunging synform which crosses the California-Oregon state 
line. The synform is comprised of metamorphosed sedimentary and

6



volcanic rocks9 correlative to rocks of the western Paleozoic and Tri- 
assic belt of Irwin (1977)» The complex itself consists of a folded 
and faulted, roughly tabular body of highly tectonized dunite and harz- 
burgite surrounded by amphibolite gneiss, except to the east, where both 
units are in fault contact with muscovite-epidote-chlorite schist (here
after referred to as greenschist) (Figure 2)» Rocks of greenschist fa
cies metamorphism are part of the Western Jurassic Belt, exposed in a 
window through Triassic and Paleozoic rocks (Irwin, 1977). Metasedi- 
mentary rocks and granulite of undetermined source are also present in 
minor proportions within the complex, and a small body of biotite grano- 
diorite intrudes the amphibolite gneiss to the west of the major ultra- 
mafic exposures.

All of the rocks in the Seiad Valley area west of the green

schist facies contact have undergone intense deformation and metamorph
ism to upper amphibolite grade. The peridotite, amphibolite, and 

granulite units all share a pervasive and apparently concordant foli
ation, which has been exposed to several successive episodes of later 
folding. Where the amphibolite unit contacts the peridotite unit, both 
rock types are intimately interlayered parallel to the pervasive folia
tion. : A late-stage cubic joint set bearing no relationship to the foli
ation or successive folding events was observed. The relationship 
between the metamorphism and the deformation of these units will be dis

cussed below.
Although there are a number of lithologic units present in the 

Seiad Valley area, only three of them are pertinent to this study: the
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peridotite unit, the amphibolite unit, and the granulite unit. The ge
ology of these units and their significance will be discussed in detail.

The Amphibolite Unit 
The amphibolite unit of the Seiad Ultramafic Complex is a fine- 

to medium-grained hornblende-plagioclase gneiss, It appears in outcrop 
as a strongly foliated, light to dark grey rock, its color largely de
pendent on its hornblende-to-plagioclase ratio. Microscopically, the 
foliation is expressed by the preferred orientation of amphibole + 
plagioclase grains, and by banding resulting from the segregation of 
plagioclase and quartz (where present) from hornblende. Foliation var
ies from almost nonexistent to very strong, being best defined where 
segregation banding is prevalent. This dominant foliation is often iso- 
clinally folded with axial planes parallel to the foliation itself.
These folds are characterized by shearing along the fold limbs and in
cipient development of rootless hinges (Medaris, 1964, p, 34), Isoclin

al folds and foliation have undergone later, less intense episodes of 
folding (Medaris, 1965, p, 36),

The samples of amphibolite studied show significant differences 

in both mineralogy and texture. Textural differences probably stem from 

locally different physical conditions during metamorphism, and minera1- 
ogical differences appear to be due in large part to local differences 
in bulk compositions. Nearly all of the amphibolite approximates a 
gabbro or basalt in composition, but it may vary locally to a dioritic 
or even peridotitic composition. Analyses of several samples of the 
amphibolite unit are presented in Table 1,
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Table 1„ Analyses of the Amphibolite Unit« —  After Medaris

(1965)o Partial chemical analyses determined by x-ray 
fluorescence.

PARTIAL CHEMICAL ANALYSIS
Si02 57.10 48.18 49.00

Ti02 2.24 0.85 1.12
ai2o3 12.40 13.90 13.28
Total Fe as FeO 11.60 8.82 9.55

MgO 3.87 6.73 7.40

CaO 6.89 9.93 9.34

k 2° 0.25 0.09 0.21
Total 94.35% 

ESTIMATED MODE

88.50% 89.90%

THIS STUDY
quartz 5 <2. 1 2 —

hornblende 40 35 20 61 74

plagioclase 52 63 68 36 26

sphene - <1 -. 1 —

opaques <1 <1 1 1 .1

apatite <1 — - 1 —

biotite 1 — - — 1
orthopyroxene - — — —

clinopyroxene - — - — —

rutile - — - — —

garnet 2 — — - — — —
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Individual minerals also show a compositional variation from 

sample to sample. Optical properties of amphiboles presented by Medaris 
(1965, p. 75) suggest that they are common hornblendes with (Mg/[Mg + 
Fe+  ̂+ Fe^ ] ) ranging from about 0.4-0.9 (Deer, Howie, and Zussman,
1966, p. 171). Plagioclase compositions range from An 25 to An 43, but 
in extreme cases may reach up to An 86 (Medaris, 1965, p. 87). Plagio
clase in the amphibolite unit is frequently saussuritized (Medaris,
1965, p. 86).

The assemblage quartz + plagioclase + hornblende + biotite + 

garnet is stable within the amphibolite facies of regional metamorphism 
(Winkler, 1967, p. 111).

The Granulite Unit
Granulite associated with the Seiad Ultramafic Complex is found 

in four locations as small, lens-shaped bodies which protrude into the 
northern portion of the peridotite body (Figure 2). The granulite unit 

is a plagioclase-c1inopyroxene-orthopyroxene gneiss which appears in 
outcrop as a medium-grey colored rock, and exhibits varying degrees of 
foliation. The granulite unit is typically fine-grained and equigranu- 
lar, exhibiting a gneissic to granoblastic texture. Its mineralogy is 
or thopyr oxene + clinopyroxene + plagioclase + amphibole + biotite + 
magnetite. Several analyses of the granulite unit are presented in 

Table 2.
The outcrop of granulite studied by the author exhibited no ob

servable structure. However, Medaris (1965) has reported foliation in



Table 2. Analyses of the Granulite Unit. — - After Medaris 
(1965). Partial chemical analyses determined by 

__________x-ray fluorescence.___________________________
PARTIAL CHEMICAL ANALYSIS

Si02 48.00 47.40
Ti02 0.25 0.19

A12°3 14.73 11.21

Total Fe as FeO 8.95 9.38

MgO 11.88 14.57
CaO 11.22 12.27

k 2o 0.11 0.13
Total 95.14% 95.15%

ESTIMATED MODE THIS STUDY
quartz 3 — —

hornblende - 5 2

plagioclase 52 30 46

sphene — - —

opaques tr tr <1

apatite tr — —

biotite 3 — 1

orthopyroxene 10 15 —

c1inopyr oxene 32 50 38

rutile tr — . <1

garnet — — —
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lensoid granulite bodies which generally parallels the elongate axis of 
the bodies and is in turn parallel to the foliation of the adjacent 
peridbtite.

Granulites in the Seiad Ultramafic Complex pose a special prob
lem, Ostensibly, they are rocks which have undergone a higher degree 
of metamorphism than the adjacent amphibolite. This led Medaris (1965) 
to believe that the granulite was originally amphibolite which was re- 
crystallized by contact metamorphism associated with the emplacement of 
a hot ultramafic pluton. This phenomenon has been reported usually in 
association with diapiric Iherzolite plutpns, whose structure and tec
tonic histories bear little resemblance to those of the alpine-type 
peridotites of the Klamath Mountains (MacKenzie, 1960; Green, 1964; 

Loomis, 1972). Furthermore, the distribution of granulite about the 
peridotite at Seiad Valley is inconsistent with that of a contact meta- 
morphic aureole. For the most part, the peridotite is in direct contact 
and even interlayered with the amphibolite unit. Where the granulite 
and peridotite units are in contact, the foliations as well as the con
tacts of the two units are concordant, suggesting that they have shared 
a considerable tectonic history.

Figure 3 is a ternary diagram showing the bulk compositions of 

samples from the amphibolite and granulite units. Assuming that no 

changes in bulk composition occurred during metamorphism, it is very 
likely that both units were derived from similar parent rock. If this 
is true, the occurrence of small, locally "higher grade" granulite bod
ies within a large body of amphibolite grade rocks is probably the
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Figure 3. Bulk Chemical Compositions of the Amphibolite and Granulite 
Units (after Medaris, 1965).
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result of locally drier conditions that stabilized pyroxenes at this 
temperature (de Waard, 1965)• Thus, the low-grade hydrous granulites 
(biotite and/or amphibole stable) and the high-grade amphibolites ob
served may form at the same temperature* It is likely that both granu- 
lite and amphibolite in the Seiad Ultramafic Complex are the result of 
amphibolite or granulite grade regional metamorphism of similar parent 
material, granulite being favored where P ^ q was locally lower than in 
the surrounding rocks.

Medaris (1965, p. 142) presents several partial chemical analy
ses of coexisting clinopyroxene and orthopyroxene pairs from the granu
lite unit. From this data, the temperatures of equilibration of these 
pyroxene pairs were determined using the two-pyroxene geothermometer de
veloped by Saxena (1976). The results of these calculations are pre

sented below:
1) orthopyroxene (En 64) 

clinopyroxene (Ca3gMg^^Fe15) 
equilibration temperature = 1141°C

2) orthopyroxene (En 71) 

clinopyroxene (Ca^Mg^Fe^) 
equilibration temperature = 763°C

3) orthopyroxene (En 70) 
clinopyroxene (Ca^yMg^Fe^) 
equilibration temperature = 743°C

Pyroxene pair 1 yields an unreasonably high equilibration tem

perature, but on the basis of pairs 2 and 3, it would appear that the



16
granulite unit equilibrated at temperatures of approximately 750°C.
Since only partial chemical analyses of the pyroxenes are available, it 
is not possible to place error brackets on these calculations. Figure 4 
shows the high-1emperature stability limits of pargasitic amphiboles of 
various compositions. It is clear from this figure that amphibole may 
be stable at 750°C, and thus the amphibolite unit may also be stable at 
these temperatures. Therefore, a regional metamorphic event culminating 
in temperatures of approximately 750°C, is probably responsible for the 
formation of both the granulite and amphibolite units observed in the 
Seiad Ultramafic Complex,

The Peridotite Unit 
The peridotite unit of the Seiad Ultramafic Complex is a highly 

tectonized body of dunite and harzburgite. In outcrop it appears as a 
foliated, dark green rock, weathering to a red-brown or dun color. Fo
liation in the peridotite is due to a strong preferential orientation 
of olivine and orthopyroxene grains which is accentuated by pervasive 
late-stage serpentine expansion fractures (Williams, 1944). Nearly all 
remnants of any primary textures have been destroyed by later deforma

tion, metamorphism, and consequent recrystallization.
The primary mineralogy of the peridotite unit varies from nearly 

pure olivine to olivine plus 20% orthopyroxene„ Chromian spinel is 
ubiquitous as an accessory phase, and clinopyroxene may appear as a 
minor phase in scattered localities throughout the peridotite body, 
Harzburgite distribution through the peridotite normally occurs in



Figure 4. Pargasite Stability.

1) Ni-NiO oxygen buffer (Gilbert, 1966)

2) EeO-Fe^O^ oxygen buffer (Gilbert, 1966)

3) Boyd (1959)

4) Gilbert (1970)
Fe-parg = ferropargasite 

gar = garnet
Al-hd = aluminous hedenbergite

an = anorthite

ne = nepheline
mgt = magnetite
he = hercynite
fa = fayalite
parg = pargasite
sp = spinel
Al-di = aluminous diopside 
vap = vapor
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rather diffuse* discontinuous zones* but occasionally it may be observed 
as sharply defined layers which stand in relief against dunite on weath
ered surfaces (Medaris* 1965)« These orthopyroxene-rich bands within 
dunite are probably formed by tectonic segregation of orthopyroxene by 
deformation and subsequent recrystallization (Dickey9 1970).

Olivine in the peridotite unit has a remarkably constant compo

sition, ranging from Fo 89 to Fo 91, typical of the compositions of oli
vines found in alpine-type peridotites (Medaris, 1972). Table 3 lists 

the compositions of two representative olivines from the peridotite 
unit. Unrecrystallized olivine grains often show evidence of strain, 

most commonly as wavy extinction.
Orthopyroxene also exhibits a very small compositional variation 

ranging from En 88 to En 92, Its A^Og content ranges from 1,1 to 2,3 
weight percent, with an average A^Og content of about 1,6 weight per
cent (Table 3), Diapiric Iherzolite intrusive rocks and ultramafic 
nodules found in basalts and kimberlites are believed to be a good ap
proximation of primitive mantle material (e,g,, Jackson and Wright,
1970; Boyd and Nixon, 1973), The A^Og content of orthopyroxenes from 
these sources is significantly higher than that of orthopyroxenes from 
the Seiad Ultramafic Complex, often containing up to 7 weight percent 

A120^ (Mackenzie, 1960; Green, 1964; Boyd, 1973), At Seiad, orthopy
roxenes with spinel inclusions often contain less than 1% AlgOg (Medaris 

1965, p, 192), This suggests that AlgOg was exsolved from orthopyrox
enes in the peridotite unit during recrystallization, as illustrated 

by the following reaction proposed by Green and Ringwood (1967, p, 156):
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Table 3. Microprobe Analyses of Peridotite Minerals.

WEIGHT PERCENT OXIDES
ORTHOPYROXENE OLIVINE

Na2° 0.01 0.05 0.01 0.02

k 2o 0.02 0.02 0.02 0.03
CaO 0.15 0.25 0.01 0.01

A1203 1.15 2.22 0.03 0.00

Sl°2 56.38 55.50 40.38 41.48

MgO' 35.21 34.48 49.53 50.42

Ti02 0.02 0.06 0.01 0.02

Cr2°3 0.09 0.10 0.02 0.00

FeOa
Total

6.78
99.81%

6.84
99.52%

10.36
100.37%

8.89
100.86%

IONS
Na 0.0019 0.0124 0.0034 0.0046

K 0.0029 0.0035 0.0040 0.0052

Ca 0.0226 0.0373 0.0012 0.0009

A1 0.1871 0.3646 0.0049 0.0000

Si 7.8095 7.7175 5.9310 6.0102

Mg 7.2698 7.1487 10.8466 10.8912

Ti 0.0021 0.0064 0.0013 0.0026

Cr 0.0100 0.0105 0.0025 0.0000

Fe 0.7858 0.7951 1.2722 1.0770

0 24.0000 24.0000 24.0000 24.0000

SC9-1
7-OPX-4

SC9-1
7-0PX-6

TLSC-4C 
6—01—1

SC5A-3
4-01-1

aTotal Fe as FeO



(m-2)MgSi03-MgAl2Si06 + Mg2Si04 ------- -
aluminous enstatite forsterite
MgAl204 + mMgSiOg 
spinel enstatite

This reaction may also account for the wide compositional range 
of spinels observed in the peridotite unit (Table 4). Spinels formed 
during recrystallization may have an entirely different composition 
from primary spinels. Individual grains of spinel often exhibit compo
sitional zonation. Analyses 3 and 4 in Table 4 are center and edge 
analyses of the same spinel grain. They show an increase in Fe and Cr, 
and a decrease in A1 and Mg from the grain center to the grain edge, in
dicating that Cr-rich spinel became more stable in the later stages of 

crystallization.
Primary spinels in the peridotite unit are typically solid- 

solution mixtures of spinel and chromite. They commonly occur as dis
seminated grains throughout the peridotite or in complexly folded 
podiform and lensoid bodies of "chromite" (Figure 5). A few chromite 
layers are nearly undeformed and may exhibit what appears to be a cumu

late texture. In some instances, cumulate layers may exhibit graded 
bedding. Large grains of olivine, reaching up to 15 mm in length, are 

often intimately associated with these chromite layers. Cumulate lay
ers are probably primary features, either related to the initial crys
tallization of the peridotite or fractional crystallization of partial 

melts, which have escaped later deformation.
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Table 4. Microprobe Analyses of Peridotite :Spinels.

WEIGHT PERCENT OXIDES
Na20 0.00 0.00 0.03 0.03
k2o 0.08 0.04 0.01 0.05
CaO 0.04 0.00 0.02 0.00

Al2°3 21.96 46.29 29.65 25.14
Si02 0.00 0.04 0.07 0.14
MgO 10.83 15.02 12.91 10.87
Ti02 0.52 0.06 0.14 0.16

Cr2®3 42.00 18.71 27.30 28.52

FeOa 21.80 19.44 29.97 34.80
Total 97.23% 99.60% 100.10% 99.70%

IONS
Na 0.0000 0.0000 0.0093 0.0114
K 0.0191 0.0081 0.0025 0.0112
Ca 0.0087 0.0006 Q.0037 0.0000
A1 5.0135 9.1654 6.4755 5.7280
Si 0.0000 0.0068 0.0133 0.0262
Mg 3.1291 3.7611 3.5682 3.1323
Ti 0.0756 0.0073 0.0192 0.0230
Cr 6.4324 2.4847 3.9993 4.3594

Fe+2 3.5321 2.7304 4.6447 5.6265

0+3 24.0000 24.0000 24.0000 24.0000

SC12-1 TLSC-4C SC5A-3 SC5A-3
5~SP-2 ...... 5-SP-2 3-SP-3 3-SP-3

........CENTER EDGE
aTotal Fe as FeO
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Figure 5. Complexly Folded Chromite Layers in the Peridotite Unit.
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Primary clinopyroxene is rarely present as a minor phase in the 
peridotite unite Medaris (1965, p0 186), using the c1inopyroxene- 
orthopyroxene solvus of Boyd and Schairer (1964) made two temperature 
determinations of 1125°C and 1150°C, respectively. This temperature of 
equilibration is evidence of a deep-seated origin for the peridotite.
The depletion of orthopyroxene in AlgO^ prevents the usage of geobaro- 

metric techniques.
The peridotite unit shows abundant evidence of recrystalliza

tion. Strained grains of recrystallized pargasitic amphibole, orthopy
roxene, and olivine, whose long axes are aligned with the peridotite 
foliation, are common. Where aligned grains of recrystallized ortho- 
pyroxene and olivine occur in the peridotite, it is difficult to discern 
them from their primary counterparts. Unstrained crystals of olivine, 
orthopyroxene, and amphibole with polygonal grain boundaries have been 
recognized throughout the peridotite body.

The presence of strained and unstrained recrystallized minerals 
may indicate that: 1) recrystallization of the peridotite occurred both
during and after deformation; or 2) the peridotite body may contain do

mains where deformation has had a lesser effect, such as areas where 

nearly undeformed cumulate.layers are observed.
To produce pargasite as a product of recrystallization requires 

the introduction of Na, Ca, Al, Fe, and IL̂ O into the peridotite. The 
most likely source of these species is a fluid derived from the adjacent 

amphibolite unit. No talc was observed to be in equilibrium with recrys

tallized olivine, orthopyroxene, or amphibole, indicating that
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temperatures of recrystallization were probably in excess of 650°C 
(Hemley et al«3 1975), and below the upper temperature stability limit 
of pargasitic amphibole (Figure 4)«

The contact of the peridotite unit with the amphibolite unit con
sists of a zone of intimate interlayering of the units concordant to 
their foliations (Figure 6)« This zone is approximately 400 ft wide, 

but individual layers of amphibolite have been traced extending up to 
1500 ft into the peridotite (Medaris, 1965, p. 120), Lenses of perido
tite in the amphibolite unit, and lenses of amphibolite and granulite 
in the peridotite unit are common. These lenses are consistently elon
gated parallel to the foliation of the enclosing rock, and their inter
nal foliation parallels their elongate axis. This suggests that the 
peridotite, amphibolite, and granulite units have all undergone synchro

nous metamorphism and deformation as a single unit. This structural 
evidence is supportive of mineralogical evidence which indicates that 
all three units have been recrystallized under conditions of amphibo
lite or granulite grade of regional metamorphism. Unstrained recrystal
lized minerals in the peridotite indicate that metamorphism and conse 

consequent recrystallization continued after deformation ceased.

Mafic Layers in the Peridotite Unit 
Thin, continuous layers of pyroxenite and amphibolite are common 

features of the peridotite unit. They may appear as simple bands of 

orthopyroxene + clinopyroxene + amphibole in variable proportions, or as 
composite layers comprised of a series of symmetrically zoned bimineral- 
lic or monominera11ic bands of plagioclase, amphibole, and pyroxene
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PERIDOTITE

AMPHIBOLITE

PERIDOTITE

Figure 6. Detail of the Peridotite/amphibolite Contact Zone, Showing 
the Interlayering of the Units and Their Concordant 
Foliations.
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(Figure 7)* These mafic layers are often concordant to the peridotite 
foliation (Figure 8)9 though locally they may transect or bifurcate it. 
Where discordant layers are sufficiently numerous, they may exhibit com

plex crosscutting relationships (Figure 9).
Mafic layers within the peridotite unit show varying degrees of 

internal and external deformation. They are frequently tightly isoclin
al ly folded with their axial planes parallel to the peridotite foliation 
(Figure 10). This geometry appears to be the result of extreme deforma
tion of the peridotite, which has transposed the mafic layers into con- 
cordancy with the pervasive foliation (Turner and Weiss, 1963, p. 92). 
Where deformation has not been as severe, mafic layers may crosscut the 
peridotite foliation, but still exhibit evidence of concordant shearing 
(Figure 9). It is not uncommon for layers exhibiting varying degrees of 
deformation to occur in a single outcrop (Figure 9). The layers them
selves may or may not show an internal gneissic foliation. Where no 
gneissic foliation is observed, individual mineral grains often exhibit 

evidence of strain. These variations in the intensity of internal and 
external deformation of the mafic layers indicate that: 1) they were

emplaced into areas of the peridotite suffering differing degrees of 
deformation, or 2) the intensity of deformation changed throughout the 
time of mafic layer emplacement. Whichever the case, it is apparent 
that the deformational event which formed the foliation of the perido
tite, amphibolite, and granulite units is also responsible for the 
transposition of the mafic layers into concordancy with the pervasive 
foliation.



27

peridot ite 
opx 
am

am* plag

COMPOUND AMPHIBOLITE VEINS

peridotite
opx

AM—OPX ZONED VEINS

pendotrte
cpx*opx*am

CFX*OPX*AM UNZONED VEINS

Figure 7. Mafic Layer Types Observed in the Peridotite Unit of the 
Seiad Ultramafic Complex.



Figure 8. Zoned (Left) and Unzoned Mafic Layers Concordant to the Foliation of the Host 
Peridotite. ho00
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Figure 9. Deformed Mafic Layers Showing Shearing Parallel to the
Peridotite Foliation and Exhibiting Complex Crosscutting 
Relationships. —  Note the varying degrees of deformation 
of each layer.



Figure 10. An Isoclinally Folded Mafic Layer with Its Axial Plane 
Parallel to the Foliation of the Host Peridotite.



TECTONICS

The tectonic histories of alpine-type peridotite bodies in the 
Klamath Mountains have been studied in detail by a number of workers. 
Evidence for deep-seated deformation, recrystallization, and metamor

phism prior to final emplacement in the crust is universal, having been 
confirmed by the examination of coexisting primary mineral phases, and 
by study of textural relationships and fabric structures (Loney, 
Himmelberg, and Coleman, 1971; Medaris, 1972; Himmelberg and Loney, 
1973). The exact mechanisms and modes of emplacement of alpine-type 
peridotites in the Klamath. Mountains are problematical, but studies of 
their texture, structure, and mineralogy may give at least a partial 
picture of their complex histories.

The Seiad Ultramafic Complex is typical of alpine-type perido

tites in that it exhibits the following characteristics:
1) It has undergone solid-state deformation and recrystallization.
2) There is a dominance of olivine over pyroxenes in the peridotite 

body, and there is no trace of primary plagioclase.
3) Podifora chromite deposits are common.
4) There is only equivocal evidence of contact metamorphism of the 

country rocks.
5) The complex is in direct fault contact with rocks of signifi

cantly lower metamorphic grade (Snoke, 1977).

31
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Throughout the previous chapter, the similarity of the style of 

deformation of the amphibolite, granulite, and peridotite units has been 
stressedo All three units share a common foliation, which is pervasive 

throughout the entire complex. The intimate interlayering at the 
peridotite/amphibolite contact, the elongation of lensoid bodies, and 
the transposition of mafic layers all concordant to this pervasive foli
ation indicate that the peridotite, granulite, and amphibolite units 
have undergone extreme deformation as a unit.

All three units also appear to have undergone regional meta
morphism to at least amphibolite grade. The presence of recrystallized 
pargasitic amphibole within the peridotite and in mafic layers indicates 
that metamorphism of the peridotite took place in the presence of Na,
Ca, Al, Fe, and O-bearing fluids, which may have been derived as a 
dehydration product by metamorphism of the adjacent amphibolite unit. 
Examination of coexisting pyroxene pairs in the granulite unit indicates 
that metamorphism producing both the amphibolite and granulite units 
took place at approximately 750°C, This temperature is consistent with 
that of the formation of the highest grade recrystallized assemblage in 
the peridotite. These relationships are consistent with a simultaneous 

regional metamorphism of all three units to amphibolite or granulite 
grade, where the granulite, amphibolite, and peridotite were in close 

proximity during the time of metamorphism.
In summary, it appears that the Seiad Ultramafic Complex has 

undergone an intensive episode of simultaneous metamorphism and defor
mation which produced the pervasive foliation and deformational effects
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described previously. The isoclinal folding of the pervasive foliation 
and transposition and isoclinal folding of the mafic layers indicates 

that the peridotite body was quite ductile and subject to further plas
tic deformation after the initial effects of me t amor phi sm, Later, less 
intense folding and subsequent jointing are most likely related to near- 
surface deformation (Coleman, 1977),

The bulk compositions of the amphibolite and granulite units 
suggest that they were derived from a gabbro or basalt (Medaris, 1965, 
p, 94), Well-preserved metamorphic textures indicate a long and inti
mate tectonic relationship between the amphibolite, granulite, and peri
dotite units. In light of tectonic studies of the Klamath Mountains 
province, it would appear that the Seiad Ultramafic Complex represents 
a block of oceanic lithosphere which has undergone intense deformation 
and metamorphism to amphibolite grade, probably within an island-arc 
environment, where it may have been part of the basement rock (Coleman, 

1977, p, 121); or it may have been metamorphosed in a mid-oceanic ridge 
environment (e.g., Bonatti, Honnorez, and Ferrara, 1971), Imbrication 
and compression along the continental margin produced high-angle reverse 

faults which juxtaposed rocks of the Seiad Ultramafic Complex with rocks 
of greenschist metamorphic grade.



PETROGRAPHY OF MAFIC LAYERS IN 
THE SEIAD ULTRAMARIC COMPLEX

Thins continuous mafic layers9 ranging from a few millimeters 

up to 20 cm in width are common throughout the peridotite unit of the 
Seiad Ultramafic Complex» Two basic types are observed: mineralogic-
ally zoned layers consisting of a symmetrical arrangement of monominer- 
allic or biminerallic zones about a central axis, and unzoned layers 
containing multiminerallic assemblages (Figure 7).

Unzoned Mafic Layers
Unzoned mafic layers are multiminerallic bands within the peri

dotite unit, consisting of clinopyroxene + orthopyroxene + amphibole 
and associated minor olivine, magnetite, and chlorite. A number of sam
ples of unzoned mafic layers were collected and analyzed using the pet- 

rographic microscope and electron microprobe. Table 5 illustrates the 

variability of the modal mineralogy of unzoned mafic layers.
The phases in unzoned mafic layers show only minor variation in 

composition, either within an individual layer, or between the number 
of layers investigated. Clinopyroxene contains a nearly constant amount 
of CaO and ranges in Mg/(Mg + Fe) ratio from 0.89 to 0.95, while ortho
pyroxene ranges in composition from En 81 to En 88. Amphibole in un

zoned mafic layers is pargasitic. Electron microprobe analyses of these 

phases are presented in Table 6.
The phases observed in unzoned mafic layers in samples SC-12 

and TLSC-4C were analyzed by electron microprobe. The consistency of
34
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Table 5. Modal Mineralogies of Unzoned Mafic Layers.

SC-12-2 TLSC-4C SC-7
Clinopyroxene 55%

Wo48En46Fs6a
17%

Wo48En47Fs5a
18%

diopsidic
Orthopyroxene 30%

Engi " En85a
4%

En84
73%

EnS5
Amphibole 14%

pargasitic3
78%

pargasitic3 —
Olivine tr

Fo90
•- 9%

Fo90
Magnetite 1% 1% <1%
Chlorite - —— <1%
Compositions determined by electron microprobe. All other compo
sitions were determined petrographically.
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Table 6. Microprobe Analyses of Minerals from Unzdned Mafic Layers.

WEIGHT PERCENT OXIDES
Clinopyroxene Orthopyroxene Amphibole

Na20 0.11 0.03 1.83
k 2o 0.01 0.01 0.67
CaO 24.01 0.47 11.99
AI2O3 1.95 1.92 13.60
Si02 53.20 55.02 44.39
MgO 16.61 31.80 17.30
Ti02 0.26 0.03 1.05
Cr2°3 0.29 0.09 0.12
FeO 3.93a 10.32a 2.36b
Fe203 — — -' 4.38b
Total 100.37% 99.69% 97.66%

IONS
Na 0.0301 0.0087 0.5033
K 0.0027 0.0014 0.1212
Ca 3.7529 0.0713 1.8222
A1 0.3348 0.3185 2.2741
Si 7.7636 7.7602 6.2962
Mg 3,6139 6.6865 3.6569
Ti 0.0290 0.0030 0.1120
Cr 0.0331 0.0101 —  —

Fe+2 —  ■— — — 0.2799b
Fe+3 —  — —- — 0.4674b
Fe 0.4792 1.2173 -
0 24.0000 24.0000 23.0000

SC-12-1 SC-12-1 TLSC-4C
5-Cpx-l 5-0px-3 6-Am-l

aTotal Fe as FeO
^Determined from microprobe data using an algorithm presented by Papike, 
Baldwin, and Cameron (1974) (Appendix 2).
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pyroxene and amphibole compositions and the lack of compositional zon
ing in individual grains suggests that these samples may approach 
equilibrium assemblages»

In addition to the phases described above5 unzoned mafic layers 
may contain several accessory minerals« Magnetite is present in all 
of the specimens examined 9 and in some cases it may be intergrown with 
flakes of chlorite. Olivine9 determined by optical analysis to be ap
proximately Fe 909 may also be present. Where olivine is observed, it 
may be partially replaced by orthopyroxene.

Clinopyroxene and olivine observed in unzoned mafic layers are 
nearly identical in composition to their primary peridotite counterparts. 
It is noteworthy, however, that orthopyroxene in unzoned mafic layers is 

distinctly more iron-rich than primary peridotite orthopyroxene.
In many of the samples examined, the mafic layer is concordant 

to the pervasive foliation of the adjacent peridotite. The peridotite*s 
foliation is defined by the alignment of dtlivine and orthopyroxene 
grains and is accentuated by late-stage serpentine-filled expansion 
fractures. These fractures only rarely penetrate the mafic layer, and 
where they do, they are randomly oriented.

Unzoned mafic layers commonly exhibit a granoblastic texture 
which is nearly always coarser grained than the peridotite. The samples 

examined show no signs of preferred orientation, but individual grains 
are often strained.

The contact between the peridotite and unzoned mafic layers is 
texturally, as well as mineralogically, quite sharp. However,



disseminated grains of clinopyroxene, orthopyroxene, and amphibole are 
observed in the surrounding peridotite, and they appear to decrease in 
number with increasing distance from the layer.

Zoned Mafic Layers
Zoned mafic layers consist of a symmetrical arrangement of zones 

of distinct mineralogical composition around the central axis of the 
layer. The varieties which have been observed in the Seiad Ultramafic
Complex are shown diagrammatically in Figure 11.

The primary mineralogy of the central core zone is pargasitic 
amphibole + plagioclase. Where plagioclase is present, the core zone 

is surrounded by two successive monominera11ic zones of hornblendite 
and pyroxenite, respectively. This distinctive zonation is observed in 

samples SC-5A, SC-6, SC-11, and SC-17, and is shown in Figure 11A.
Where plagioclase is not present the core zone is surrounded by a single 
monominerallic zone of pyroxenite, as observed in samples SC-6 and SC-9, 
and as illustrated in Figure 11B. To simplify the following discussion, 
each mineralogical zone has been given a letter designation (Figure 11): 

Zone A - Flag + Am (amphibolite)
Zone B - Am (hornblendite)
Zone C - Opx or Cpx (pyroxenite)
Zone D - dominantly 01 + Opx + Cpx. + Am (dunite or harzburgite) '

The width of the core zone in both types of zoned mafic layers

varies widely from sample to sample. However, the widths of the mono-
minerallic zones which surround the central core are fairly consistent
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■

eHssESiy

^peridotite

Figure 11. Designation of Mineralogical Zones Observed in Zoned Mafic 
Layers.
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(Table 7). In the field9 the central core zone of a single layer may 
vary in width9 but the monominerallic zone(s) which surround it are re
markably constant in width over long distances (e.g., sample SC-5A in 
Table 7).

The primary mineralogy of Zone A consists of plagioclase and 
pargasitic amphibole with minor magnetite and chlorite. The proportion 
of amphibole to plagioclase varies from sample to sample, as shown in 
Table 8. Zone A, however, often shows strong segregation banding of 
plagioclase and amphibole similar to that observed in the amphibolite 
unit, so the modes presented in Table 8 represent only average values.

Amphibole in Zone A typically occurs as subhedral grains, ap
proximately 1-2 mm in length, exhibiting a strong light to dark green 
pleochroism. A few grains may show alteration to epidote, chlorite, and 
magnetite. Plagioclase grains are nearly always saussuritized and rimmed 
by secondary epidote where adjacent to amphibole. The composition of a 
rare unsaussuritized Zone A plagioclase grain from sample SC-10 was de

termined to be An 53 (Table 9).
Texturally, epidote appears to be secondary to the formation of 

plagioclase and amphibole, occurring as rims around plagioclase grains. 

The alteration episode which produced epidote as a product has altered 
not only the plagioclase in Zone A, but the amphibole as well. The de
gree to which alteration of amphibole has taken place varies from grain 

to grain, as shown in Table 9. Less altered amphibole grains have a 
lower Si, Al, and Na content and a higher Mg and Na content than their 
altered counterparts, suggesting that Zone A amphibole, prior to



Table 7. Zone Widths in Samples of Compound Mafic 
________ L a y e r s . _____________________________ :

SAMPLE ZONE A ZONE B ZONE C
SC-5A 22-39 mm 12-16 mm 3-5 mm
SC-6 45-47 mm 7-15 mm 3-4 mm
SC-10 >90 mm ? ?
SC-11 >10 mm 10-13 mm ?
SC-17 28-29 mm 11-12 mm 1-3 mm

Table 8. Modal Mineralogy of Zone A.

SC-5A SC-6 SC-10 SC-11 SC-17
Amphibole 59% 52% 64% 55% 57%
Plagioclase 36% 43% 35% 43% 42%
Magnetite 2% 1% <1% <1% <1%
Epidote 3% 4% 1% 2% 1%

Chlorite — — —  — <1% ---- <1%
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Table 9, Microprobe Analyses of Zone A Minerals.

WEIGHT PERCENT OXIDES
Flag. Amphibole Epidote

Na20 5.41 4.44 2.09 0.02
k 2o 0.09 0.35 0.37 0.01
CaO 11.17 11.18 11.96 24.13
AI2O3 28.47 17.24 13.08 26.35
Si02 55.98 44.14 43.10 38.92
MgO 0.01 8.62 12.64 0.17
Ti02 0. 00 1.03 1.61 0.23
Cr2U3 0.04 0.00 0.09 0.01
FeO 0.15* 11.02b 10.75b 8.73*
Fe2°3 — 0.00b 2.18b — —
Total 101.32% 98.02% 97.87% 98.57%

IONS
Na 1.4011 1.2462 0.5932 0.0068
K 0.0155 0.0646 0.0691 0.0015
Ca 1.5976 1.7341 1.8760 3.9217
A1 4.4794 ' 2.9422 2.2574 4.7106
Si 7.4749 6.3896 6.3094 5.9037
Mg 0.0022 1.8596 2.7576 0.0389
Ti 0.0000 0.1121 0.1773 0.0260
Cr 0.0037 -- — — 0.0015
Fe+2 — — 1.3341b 1.3164b — —
Fe+3 — — 0 . 0 0 0 0 b 0.2397b -
Fe 0.0170 - - 1.1071
0 24.0000 23.0000 23.0000 24.0000

SC10-2: SC10-2 SC10-2 SC10-2
1-Plag-l 1-Am-l 2-Am-2 2-Ep-2

aTotal Fe as FeO
^Determined from microprobe data using an algorithm presented by 
Papike et al. (1974) (Appendix 2).
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alteration5> may have had a composition similar to unaltered amphibole 
analyzed in Zone Bo If systematic changes in phase composition takes 
place across Zone A, they have been obscured by later alteration.

The Zone A/Zone B boundary is marked by the disappearance of 
plagioclase, which is usually abrupt, but may be gradational over sever
al millimeters (as in sample SC-17),

Zone B is a nearly monominerallic zone consisting of 96-99% par- 
gasitic amphibole, with minor amounts of magnetite and chlorite. It is 
essentially a band of interlocking grains, averaging 2-3 mm in length, 
but reducing somewhat in size moving from the Zone A boundary toward the 

peridotite,
Amphibole grains also exhibit a color change across the zone, 

changing from pleochroic green at the Zone A/Zone B boundary to nearly 
clear at the Zone B/Zone C boundary. This color change reflects a re
markable, systematic change in the composition of amphibole across Zone
B. Figure 12A, B, C, and D show the variation in cation content of 
amphiboles across the mafic layer in sample SC-5A, as determined by
microprobe. From the Zone A/Zone B boundary to the Zone B/Zone C bound-

+3ary, the Mg and Si contents increase, the Al, F^qtAL5 ? Ti, and K
contents decrease, while the Ca, Fe+ ,̂ and Na contents remain relatively 

constant,
A similar traverse was carried out across the zoned mafic layer 

in sample SC-9, in which Zone B is the central core zone. The results 
of this traverse are presented in Figure 13A, B, C, and D. The contents 
of Si and Mg in amphibole are lowest at the center of the layer (i.e..
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Figure 12. Content of Amphibole Grains Analyzed in Sample SC-5A.
A. Si and A1 content. Sample SC-5A is a zoned mafic layer in which all 

zones, A through D , are present. Amphibole grains in Zone A have 
been altered and deviate from the trends shown across the other 
zones.
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Figure 12, continued. Content of Amphibole Grains Analyzed in Sample
SC-5A.

B. Ca and Mg content.
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Figure 12, continued. Content of Amphibole Grains Analyzed in Sample
SC-5A.

C. Na, Ti, and K content.
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Figure 12, continued. Content of Amphibole Grains Analyzed in Sample
SC-5 A.

+2 +3D. Fe content. The amounts of Fe and Fe were calculated using 
an algorithm presented by Papike et al. (1974). This algorithm 
is discussed in detail in Appendix 2.
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Figure 13. Content of Amphibole Grains Analyzed in Sample SC-9.

A. Si and A1 content. Sample SC-9 is a zoned mafic layer in which the 
central core is comprised of hornblendite (Zone B), rimmed by Zones 
C and D, respectively.
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Figure 13, continued. Content of Amphibole Grains Analyzed in Sample
SC-9.

B. Mg and Ca content.
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Figure 13, continued. Content of Amphibole Grains Analyzed in Sample
SC-9.

C. Na, K, and Ti content.
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Figure 13, continued. Content of Amphibole Grains Analyzed in Sample
SC-9.

D. Fe content.
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the center of Zone B) increasing toward the Zone B/Zone C boundary; 

whereas9 the contents of Al, FexoxAL5 Na, Ti5 and K in amphibole
are highest in the center of the layer, decreasing toward the Zone B/
Zone C boundary» The Fe+  ̂and Ca contents in amphibole are fairly con
stant across Zone B in this sample.

Zone B is significantly affected by alteration only near the 
Zone A boundary, where microprobe analyses indicate the amphibole has 
an altered composition. Throughout the rest of Zone B, minor alteration 
to chlorite and magnetite, having no apparent effect on the composition 
of amphibole, is common.

Mineral grains in Zones A and B nearly always show a preferred 
orientation with their long axes parallel to the central axis of the 
layer. The grains in Zone C, however, do not exhibit this characteris
tic. Instead, Zone C consists of nearly equant pyroxene grains averag
ing about 0.3 mm in diameter, so the Zone B/Zone C boundary is both 
texturally and mineralogically sharp and well-defined. Pyroxene is com
monly associated with minor amounts of pargasitic amphibole, olivine, 

magnetite, and chlorite. In all of the samples collected, orthopyroxene, 
ranging in composition from En 88 to En 91, is the dominant Zone C phase. 

However, Medaris (1965, p. 126) has observed zoned mafic layers in which 
Zone C is composed of clinopyroxene.

The modal mineralogy of Zone C differs somewhat from sample to 

sample. Its compositional range is presented below: 

orthopyroxene 84-93%
amphibole 5-12%



53

magnetite 1-2%
olivine 0-2%
chlorite 0-2%

Microprobe traverses of orthopyroxene grains were carried out 
across the zoned mafic layers in samples SC-5A and SC09» The results 
of these traverses are presented in Figures 14 and 15. In both samples, 
the composition of orthopyroxene across Zone C shows a slight variation 
with a trend similar to that observed in amphiboles across Zone B, but 

on a smaller scale.
Disseminated grains of pargasitic amphibole are commonly observed 

in Zone C. They are consistently larger than surrounding orthopyroxene 
grains, averaging approximately 2 mm in length, and often showing a pre
ferred orientation with their long axix parallel to the central axis of 
the layer. The composition of amphibole across Zone C also shows little 

variation.
The Zone C/Zone D contact is marked by the abrupt end of the 

nearly granoblastic texture of the pyroxenite band and the beginning of 

the highly deformed and fractured peridotite. Zone C has not been ob
served to exceed 5 mm in width, and in some cases it may not be present 

at all.
As in unzoned mafic layers, disseminated grains of orthopyroxene 

and amphibole are observed in the peridotite surrounding the mafic 
layer. These grains appear to decrease in number with distance from 
the layer, but the extent to which they persist is unknown. This zone
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Figure 14. Cation Content of Orthopyroxene Grains Analyzed in Sample
SC-5A. —  Orthopyroxene is not present in Zones A or B.
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Figure 15. Cation Content of Orthopyroxene Grains Analyzed in Sample
SC-9. —  Orthopyroxene is not present in Zone B.
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of peridotite adjacent to the mafic layer containing disseminated grains 
of orthopyroxene and amphibole is designated as Zone D, Microprobe tra
verses of amphibole and orthopyroxene in Zone D are included in Figures 
125 139 149 and 15. Orthopyroxene shows a nearly constant composition 
across Zone D5 but amphiboles exhibit slight compositional gradients 
which are opposite to those observed across Zone B.

Opaque Minerals in Mafic Layers
The opaque mineral found in mafic layers is typically magnetite5 

containing varying amounts of Cr, T l 9 and Al. Microprobe analyses of 
representative opaque grains are presented in Table 10. Opaque grains 
exhibit no systematic compositional variation across Zones A9 Bs and C, 
but in Zone D9 opaque grains with the composition of peridotitic spinels 

become evident.
Two types of opaque minerals have been observed in mafic layers:

1) opaque grains which are subhedral to euhedral, existing within grain 
boundaries or as poikilites; and 2) large9 ragged grains which are inti

mately intergrown with discrete flakes of chlorite? and which often 

overgrow adjacent grain boundaries. The former are probably primary 
phases of the mafic layer; but texturallyj the latter appear to be secon

dary 9 most likely related to the alteration event which saussuritized 
plagioclase and produced epidote in Zone A.

Discussion
Zoned and unzoned mafic layers in the Seiad Ultramafic Complex 

share a number of characteristics:
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Table 10. Microprobe Analyses of Opaque Minerals in Mafic Layers.

WEIGHT PERCENT OXIDES
Zone A Zone B Zone C

Na20 0.00 0.02 0.13 0.00

K2° 0.11 0.05 0.04 0.04
CaO 0.00 0.00 0.09 0.03

A1203 0.13 0.85 0.12 4.43
Si°2 0.00 0.46 0.18 0.17
MgO 0.02 0.42 0.58 2". 57
Ti02 9.06 0.10 21.67 0.83

Cr2°3 0.13 2.14 0.02 14.14

FeOa 77.73 91.60 75.89 75.45
Total 87.17% 95.65% 98.71% • 97.65%

IONS
Na 0.0000 0.0125 0.0595 0.0000
K 0.0418 0.0177 0.0126 0.0119
Ca 0.0000 0.0000 0.0249 0.0073
A1 0.0465 0.2930 0.0340 1.3436
Si 0.0000 0.1335 0.0434 0.0435.
Mg 0.0090 0.1826 0.2107 0.9855
Ti 2.0665 0.0218 4.0006 0.1603
Cr 0.0308 0.4933 0.0042 2.8806
Fe 19.7208 22.3119 15.5824 16.2567
0 24.0000 24.0000 24.0000 24.0000

SC5A-:2 SC5A-3 SC5A-3 SC9-1
1-Mag-1' ' 3—Sp—6 3-Sp-7 7-Sp-l

aTotal Fe as FeO
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1) They are structurally similar in that they are often concordant 

to the foliation of the surrounding peridotite9 though locally 
they may transect or bifurcate the foliation. Both types are 
often tightly, isoclinally folded, with their axial planes 
parallel to the peridotite foliation. This suggests that both 
zoned and unzoned mafic layers have undergone similar styles and 
intensities of deformation,

2) The mineralogies of both types of layers are similar: orthopy
roxene, clinopyroxene, and amphibole, although plagioclase is 
not observed in unzoned mafic layers. The mineralogy of unzoned 
layers most closely corresponds to the mineralogy observed in 

Zone C of zoned mafic layers:
Zone C - orthopyroxene or clinopyroxene + pargasitic 

amphibole + olivine + magnetite + chlorite

Unzoned layers - orthopyroxene + clinopyroxene + pargasitic 
amphibole + olivine + magnetite + chlorite

The compositions of the minerals observed in Zone C and in un
zoned mafic layers show a number of similarities:

a) Amphibole (partial analyses - weight percent oxides) 

compositional range of amphibole from Zone C 

Na20 1.41-1.61%
CaO 12.27-12.41%

A1203 7.89-9.90%
Si02 48.34-50.99%
MgO 19.57-20.11%
FeO 4.05-4.88% total iron
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Compositional range of amphibole from unzoned mafic
layers:
Na20 1.23-2.05%
CaO 11.70-12.92%
A1203 8.54-13.24%

Si02 45.81-49.46%
MgO 18.46-19.03%
FeO 4.53-5.41% total iron

b) Orthopyroxene - Zone C - En 88 to En 90
Unzoned mafic layers - En 81 to En 88

c) Clinopyroxene - no samples collected with Zone C
clinopyroxene

d) Olivine - optically analyzed at approximately Fo 90 in
both Zone C and unzoned mafic layers.

3) The contacts between both types of mafic layers and the perido- 

tite are texturally and mineralogically very sharp. Also, dis
seminated grains of pyroxenes and amphibole are observed in the 
peridotite surrounding both types of mafic layers.

Despite these similarities, there are a number of differences 
between the zoned mafic layers and unzoned mafic layers:

1) The most obvious difference between the two types of mafic lay
ers is the lack of monominerallic zoning in the unzoned layers. 
However, as suggested above, the mineral phases'of unzoned mafic
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layers are similar to those found in Zone C of zoned mafic lay
ers, and the altered peridotite around unzoned mafic layers is
equivalent to the Zone D of zoned mafic layers.

2) Minerals found in unzoned mafic layers exhibit a nearly uniform

composition throughout an individual sample. This is in direct
conflict with the systematic changes in mineral compositions 
observed in zoned mafic layers. However, microprobe analyses of 
minerals across Zone C of zoned layers indicate relatively little 
compositional variation of solid-solution minerals, when com
pared to the variation observed across Zone B.

3) The modes of unzoned layers and Zone C differ widely in several
respects. Zone C has not been observed to contain more than 12% 
amphibole, while unzoned mafic layers have been observed with

up to 78% amphibole. Also, clinopyroxene and orthopyroxene have 
not been observed together in a single zoned mafic layer, but 

this may be due to the lack of appropriate samples.

4) Zoned mafic layers often exhibit a gneissic structure. Mineral
grains in zoned layers are strongly preferentially oriented with 
their long axes concordant to the layer. This phenomenon is not 
observed in any samples collected of unzoned mafic layers. Pet- 
rographic analysis of Zone C also shows this lack of gneissic 
structure, due largely to the nearly "equant11 nature of the py
roxene grains. Amphibole observed in Zone C is often preferen
tially oriented with its elongate axis concordant to the layer.
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Alignment of amphibole grains has not been observed in unzoned
mafic layers.

The evidence presented above suggests that unzoned mafic layers 
may be zoned mafic layers in which only Zones C and D are present. The 
problem of multiminera11ic assemblages5 as opposed to nearly monominer- 
allic assemblages in unzoned mafic layers, will be dealt with in detail 

below.
The similarities in structural habit, mineralogy, texture, and 

geometry of zoned and unzoned mafic layers suggest that they may have a 
similar origin.

Vein Mineralogy

The mineral assemblage observed in the mafic layers described 

above is important in determining the ambient physical and chemical con
ditions during the time of their emplacement. In general, the stable, 
primary mineralogy of mafic layers is: orthopyroxene + pargasitic

amphibole + clinopyroxene + plagioclase.
As previously discussed, the high-temperature stability limit of 

pargasitic amphibole is not possible to pinpoint. It can be said, how
ever, that pargasite may be stable to temperatures in excess of 1000°C 
if the physical and chemical conditions are favorable (Boyd, 1959; 

Gilbert, 1970). The high-temp era tur e stability limit of pargasite drops 
somewhat with the introduction of Fe (Gilbert, 1966). Experimental work 
has shown that enstatite, in a silica-undersaturated environment at 1 kb, 

is stable down to temperatures of 643 + 7°C, where it reacts to form
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talc (Hemley et al., 1975)» Talc is not observed in mafic layers•
Thus9 mineral stabilities determined by experimental work9 indicate that 
the mineral assemblage observed in mafic layers formed at temperatures 
above approximately 650°C and below the upper temperature stability of 
pargasitic amphibole.

Many unzoned mafic layers contain both orthopyroxene and clino- 
pyroxene as part of an assemblage which appears to approach equilibrium, 
thus making it possible to determine their temperature of equilibrium 
using the two-pyroxene geothermometer developed by Saxena (1976). A 
number of adjacent pairs of pyroxenes were analyzed by electron micro- 
probe, and from this data their equilibration temperatures were calcu
lated. The results of these calculations are presented in Table 11.

The temperatures determined are probably accurate to +50°C (J. Ganguly, 
oral communication, 1978). These analyses indicate that pyroxenes in 

mafic layers equilibrated at temperatures of 762 + 113^0, which is 
within the temperature range determined from the experimental data pre
sented above. This temperature range is also comparable to the equili
bration temperatures determined for the granulite, amphibolite, and 
peridotite units, indicating that mineral assemblages in mafic layers 
probably formed during the episode of amphibole or granulite grade re
gional metamorphism described previously.

Zoned mafic layers maintain distinctly disequilibrium assem
blages, despite metamorphism and deformation. This indicates that they 

are probably emplaced synchronous with metamorphism, rather than before



Table 11. Analyses of Coexisting Pyroxenes in Sample SC-12 Using the 
 _____ Saxena (1976) Two-pyroxene Geothefmbmetef. : : : : _____ _

1) SC12-1; 3-0px-l
SC12-1; 3-Cpx-l

2) SC12-1; 3—Opx—2
SC12-1; 3-Cpx-2

3) SC12-1; 3-Opx-3
SC12-1; 3-Cpx-3

4) SC12-1; 5-0px-l
SC12-1; 5-Cpx-l

5) SC12-1; 5-Opx-3
SC12-1; 5-Cpx-3

6) SC12-1; 5-Opx-Ae
SC12-1; 5-Cpx-4

7) SC12-1; 5-Opx-4c
SC12-1; 5-Cpx-4

orthopyroxene (Ca0o 008MS0.796Fe0.182) 
clinopyroxene (Ca0 =457Mg0  ̂462Fe0.056) 
equilibration temperature = 826°C 

orthopyroxene (Ca0-oioMg0.789Fe0.17o) 
clinopyroxene (Ca0o465Mg0>452Feo.05l) 
equilibration temperature = 749°C 

orthopyroxene (Cag 008M§0.822Fe0.142> 
clinopyroxene (Ca0.461M§0.453Fe0.04?) 
equilibration temperature = 750°C

orthopyroxene (Ca0o008M80.788Fe0.189) 
clinopyroxene (Ca0.467Mg0.450Fe0.060) 
equilibration temperature = 745°C

orthopyroxene (Ca0i009MS0.828Fe0.151> 
clinopyroxene (Ca0t^yyMgQ.465Fe0>045) 
equilibration temperature = 699°C 

orthopyroxene (Ca0> 007MS0.864Fe0.119) 
clinopyroxene (Ca0.468M80.474Fe0.04l) 
equilibration temperature = 764°C 
orthopyroxene (Ca0> 006Mg0>861Fe0i123)

clinopyroxene (Ca0.468M8o.474FeO.04l) 
equilibration temperature = 767QC
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metamorphism. In the latter case, mafic layers would most likely be re
crystallized to equilibrium assemblages.



MAFIC LAYERS AT OTHER LOCALITIES

Thin9 continuous layers of mafic composition, ranging from a 
few millimeters to nearly a meter in thickness, are a common phenomenon 
observed in alpine-type peridotites throughout the'world. The layers re
ported range in composition from feldspathic gabbro to dunite. Mafic 
layers of several different lithologies are usually present in each 
peridotite body where they are observed. They commonly make up less 
than 1% of the peridotite body, but locally the peridotite may be com
prised of as much as 5% mafic layers, particularly near its contacts 
with the country rock. Mafic layers may be concordant with or may 
crosscut the pervasive foliation of the peridotite. They have often 
been subjected to various intensities of folding, depending on their 

locality.
Pyroxenite bands are the most frequently reported type of mafic 

layer (Gonzales et al., 1957; MacKenzie, 1960; Ragan, 1963; Lipman,
1964; Challis, 1965; Rahleigh, 1965; Moores, 1969; James, 1971; Loney, 
Himmelberg, and Coleman, 1971; Pamic, 1971; Williams, 1973; Menzies and 
Allen, 1974; Cawthorn, 1975; Loney and Himmelberg, 1976). These may con
sist of nearly monominerallic bands of orthopyroxene or clinopyroxene, 
or they may be websteritic in composition. Spinel, olivine, plagioclase, 
and amphibole are observed as accessory phases. Where it is present, 
amphibole often replaced pyroxenes in the layers. The pyroxenes ob
served in the pyroxenite bands are nearly identical in composition to

65
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their primary peridotite counterparts. Individual grains are often 
strained, and pyroxenes may contain fine exsolution lamellae, Rahleigh 
(1965) reports composite pyroxenite layers composed of enstatite and 
diopside in which diopside grains are segregated in the centers of 
thicker layers,

Dunite "dikes” have also been reported in a number of localities 
(Flint, de Albear, and Guild, 1948; Thayer, 1949, 1964; Stoll, 1958; 
Lipman, 1964; Rahleigh, 1965; Loney et al,, 1971; Williams, 1973; Dungan 
and k v e  Lallement, 1976; Loney and Hiimnelberg, 1976), They are usually 
monominerallic bands of olivine nearly identical in composition to the 

primary peridotite olivine. Pyroxene, plagioclase, and amphibole are 

observed as accessory minerals in some instances, Dunite dikes are 
often reported to crosscut chromite orebodies (Flint et al,, 1948;
Thayer, 1949, 1964; Stoll, 1958), Composite dunite dikes with medial 

bands of pyroxenite have been observed in rare instances (Lipman, 1964; 

Loney and Hiimnelberg, 1976),
Mafic layers of gabbroic composition are relatively uncommon in 

alpine-type peridotites, but they have been reported in several locali
ties (Thayer, 1964; Wolfe, 1965; Williams, 1973; Menzies and Allen, 

1974),
Hornblendite layers with accessory pyroxenes appear to be rarer 

still than gabbroic layers, Amphibole commonly replaces the pyroxene 
observed in hornblendite layers (MacKenzie, 1960; Cawthorn, 1975).



Composite mafic layers comprised of exotic mineralogies have 
been observed in several peridotite bodies. These composite layers will 

be discussed in detail below.



ORIGINS OF MAFIC LAYERS 
IN PERIDOTITE BODIES

The origin of mafic layers in peridotites has been attributed 
to a number of different processes related to the various stages in the 
complex history of the peridotite body. The study of these mafic layers 
and the understanding of the processes by which they were formed are im
portant clues to the physical, chemical, and tectonic histories of 
alpine-type peridotites. Three basic types of mafic layers have been 
discussed in the literature: 1) tectonic mafic layers (Dickey, 1970);
2) magmatic mafic layers (Ave/ Lallement, 1967; Kornprobst, 1969; Dickey, 
1970; Obata, 1977); and 3) hydrothermal mafic layers (MacKenzie, 1960; 
Lipman, 1964; Carswell, Curtis, and Kanaris-Sotiriou, 1974; Evans and 
Trommsdorff, 1974; Dungan and Ave Lallement, 1976; Labotka and Albee, 

1978). A discussion of the characteristics of each type will be pre

sented below.

Tectonic-type Mafic Layers 
Tectonic-type layering in alpine peridotites is a foliation con

sisting of boudins and schlieren of coarser grained, less deformed mafic 
material within the peridotite body. These layers always parallel the 
pervasive foliation of the peridotite. Tectonic-type mafic layers are 
commonly spinel pyroxenites. The composition of pyroxenes in the layers 
is identical to that of pyroxenes found in the peridotite, but spinels 

which occur in the layers may have compositions entirely different from 
primary peridotite spinels, possible due to recrystallization.

68
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Typically9 mafic layers of the tectonic type do not contact sharply with 
the peridotite, but grade into it. Peridotite adjacent to the layers is 
often depleted in refractory phases, usually being a harzburgite or dun- 

ite in composition. These features result from the deformational segre
gation of peridotite phases and their subsequent recrystallization 
(Dickey, 1970).

Magmatic-type Mafic Layers
Magma tic-1yp e mafic layers are attributed to partial fusion of 

mantle peridotite as it rises toward the surface from depth and the sub
sequent in situ fractional crystallization of the partial fusion product 
(Obata, 1977). These layers commonly range from a centimeter to several 
meters in thickness and contact sharply with the surrounding peridotite. 
Mineral grains within magmatic mafic layers are typically coarse and 
unstrained, although the layer may exhibit a gneissic texture in some 

instances. The peridotite immediately adjacent to magmatic mafic layers 
is usually dunitic or harzburgitic in composition, changing gradually to 
a Iherzolite with increasing distance from the layer (Dickey, 1970).

The composition of magmatic mafic layers is constrained by the 
physical and chemical parameters which affect the peridotite during par
tial fusion (Ito and Kennedy, 1967; Green and Ringwood, 1967; Obata, 
1977). The bulk compositions of these layers range from basaltic to 

ultramafic, and mineralogically they range from a gabbro to a garnet 

pyroxenite. High-pressure assemblages of clinopyroxene, orthopyroxene, 
garnet, and spinel appear to be the most abundant type of magmatic mafic
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layer, suggesting that they originate at great depth (Obata, 1977). 
Mineralogically zoned magmatic mafic layers have been reported at sev
eral localities (Ave^Lallement* 1967; Kornprobst, 1969; Dickey, 1970; 
Obata, 1977)« Zoning in these layers may or may not be centrsymmetric. 
Kornprobst (1969) calls upon mineral zonation and high-pressure miner
alogy in magmatic mafic layers as evidence for in situ fractional crys
tallization from partial fusion products of peridotite at great depth.

Hydrothermal-type Mafic Layers 
Hydrothermal-type mafic layers are the result of the influx of 

disequilibrium fluids into fractures in the peridotite, their subsequent 
reaction with the peridotite, and the ultimate filling of these frac
tures with minerals derived from fluid species. Disequilibrium fluids 
in fractures will react with the peridotite to form products whose com
position is a function of the fluid and the peridotite compositions, as 
well as the ambient temperature, pressure, and other physical and chem
ical parameters within the peridotite body. Disequilibrium phenomena 
are often observed in hydrothermal-type mafic layers.

Reactions may be observed as a simple partial replacement of 
individual grains in the layer or as complex metasomatic alteration sel
vages adjacent to filled fractures (MacKenzie, 1960; Lipman, 1964; 
Carswell et al., 1974; Evans and Trommsdorff, 1974; Dungan and Ave/ 
Lallement, 1976; Labotka and Albee, 1978). Alteration selvages are sym
metrically zoned about the central axis of the fracture and may exhibit
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systematic compositional changes in solid-solution minerals with dis

tance from the fracture.

MacKenzie (1960, p. 308) has observed amphibole-rich and 

pyroxene-rich mafic layers in which pyroxene grains are replaced by am- 
phibole. He postulates that pyroxene-rich layers formed by reaction of 
fluids with the peridotite at high temperatures and then underwent fur
ther reaction with fluids at a lower temperature (about 660°C at 1 kb) 
to produce secondary amphibole. Lipman (1964, p. 214) and Dungan and 
Ave' Lallement (1976) have observed secondary dunite "dikes" which re
place primary peridotite. Both advocate a secondary hydrothermal ori
gin for these dunite "dikes", and, Dungan and Ave* Lallement (1976) 
emphasize a metasomatic mechanism by which unstable pyroxene is replaced 

by olivine at temperatures below 700°C.
Symmetrically zoned mafic layers postulated to be of a hydro- 

thermal metasomatic origin have been observed in several peridotite 

bodies. Carswell et al. (1974) describe a symmetrically zoned sequence 
with central chlorite, bounded by monominera11ic zones of tremolite, 

anthophyllite, and enstatite, respectively. On the basis of the mineral 

assemblage, these layers are thought to have formed at a temperature of 

700 + 20°C at a 0 of 2 kb or greater. Evans and Trommsdorff (1974) 
discuss vein metasomatism of a metaperidotite (talc + forsterite) in

volving COg as a major fluid constituent. A zoned sequence with central 

anthophyllite, bounded by a zone of talc + magnesite, is developed in 

veins which crosscut the ultramafic body. Labotka and Albee (1978)



72
describe composite mafic layers consisting of chrysotile veins bordered 
by symmetrical serpentinite (antigorite + magnetite + brucite) zones.

The zoned mafic layers observed in the Seiad Ultramafic Complex 
are remarkably similar in configuration to mafic layers described above, 
particularly those observed by Carswell et al. (1974). Unzoned mafic 
layers in the complex are also mineralogically very similar to those 
described by MacKenzie (1960). However, previous workers in the Seiad 
Ultramafic Complex have failed to suggest a possible hydrothermal meta
soma tic origin for mafic layers observed in the peridotite body.



METASOMATIC ORIGIN

Evidence for a Hydrothermal Metasomatic 
Origin of Mafic Layers in 

the Seiad Ultramafic Complex
Thin mafic layers observed in the peridotite of the Seiad Ultra-

mafic Complex display many characteristics which suggest a hydrothermal
metasomatic origin:

1) The mineral zonation is symmetric about the center of the mafic 
band.

2) The minerals observed in mafic layers are significantly higher 
in Al, Fe, Ca, Na, K, and H^O than the host peridotite.

3) The phases in monominerallie bands surrounding the central core
represent a step-wise compositional gradation between the core 
zone and the peridotite. Amphiboles show a gradational change 

in composition away from the center of the layer corresponding 
to a decrease in elements associated with the core zone (Al,
Fe, Na, Ca, K, Ti, and H^O) and an increase in elements associ
ated with the peridotite (Mg, Si, Cr).

4) The width of the central core zone is highly variable from sam
ple to sample, while the widths of the surrounding monominerallic 
bands are fairly consistent. Variations in the width of the 
central core zone may result from varying degrees of metasoma

tism, since the core will increase in width with time. But the 
consistency of the thicknesses of the surrounding monominerallic

73
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bands indicates that the degree of metasomatism is much the 
same in all of the samples studied. It is likely that at least 
part of the core zone is produced by metasomatism of peridotite, 
but by analogy with the surrounding monominera11ic bands, the 
metasomatically produced portion of the core zone should also 
show a consistent thickness from sample to sample. This sug
gests that the core zone is, in part, a fracture filling, sur
rounded by a reaction selvage comprised of the metasomatically 
produced portion of the core zone and the adjacent monomineral- 

lic bands.
5) Mafic layers exhibit a texture and structure which is markedly 

different from the texture and structure exhibited by primary 

cumulate chromite layers. This indicates that the mafic layers 
are not a primary phenomenon, but rather are related to a pro
cess which took place after the initial formation of the 

peridotite.

Mineralogical evidence suggests that the hydrothermal fluids 

which produced the mafic layers in the peridotite body were probably de
rived from the surrounding amphibolite unit: central core zone of the
zoned mafic layers, which is presumed to represent, in part, a fracture 
fill, is composed of pargasitic amphibole + plagioclase. This indicates 
the influx of Si,. Al, Ca, Fe, Na, Mg, K, Ti, and I^O into the peridotite. 

A fluid originally in equilibrium with the amphibolite unit would most 
likely contain these elements. Unfortunately, no fluid inclusions were
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observed in the mafic layers within the Seiad Ultramafic Complex, so 
no quantitative analysis of the fluid was possible. However, it is 
reasonable to infer that the unreacted fluid contained Si, Al, Ca, Fe, 
Na, Mg, K, and Ti as aqueous species.

Not all layers observed have a central core of amphibole + 
plagioclase. Veins with a core zone consisting solely of amphibole and 
veins with a core zone consisting of orthopyroxene + clinopyroxene + 
amphibole have also been observed. These mineralogies probably result 
from fluids which have already undergone substantial chemical interac
tion with the peridotite.

Fluids derived from an amphibolite source will be in disequilib
rium with a rock of peridotitic composition. These fluids will undergo 
physical and chemical changes to reach equilibrium with the peridotite 
under the prevailing conditions. Anhydrous peridotite in contact with 
a water-rich fluid creates an extremely steep gradient in the chemical 
potential of H^O. In response to this gradient, fluid diffuses into the 

peridotite along Intergranular networks, enhancing a metamorphic "inter- 

granular fluid" that is probably the primary medium by which elements 
from the amphibolite and the peridotite diffuse in response to their own 

chemical potential gradients and simultaneously react to form alteration 
phases. This metasomatic process may be viewed as a simple exchange 

reactions
amphibolitic aqueous species + peridotite ------- ►

alteration phases + peridotitic aqueous species
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An aqueous species will diffuse from an area of high chemical potential 
to an area of lower chemical potential in an attempt to achieve an 
equilibrium state.

Assumptions
Any attempt to semi-quantitatively model a metasomatic process 

such as the one previously described requires that certain assumptions 
be made in order to simplify the problem. It will be assumed that be
sides vein fractures, the porosity of the peridotite is controlled only 
by intergranular space, since no side fractures from the major veins 
were observed. Zoned mafic layers traced over great distances display 

individual monominerallic bands of nearly constant width, suggesting 
that diffusion is almost entirely intergranular, and statistically may 
be considered a one-dimensional process.

The production of the metasomatic selvages observed requires 

that the fluid be out of equilibrium with the peridotite for a prolonged 
period of time. This can be explained by a fluid, whose composition is 
initially in equilibrium with the amphibolite unit, flowing through frac
tures. Since the fluid flux may be far greater than the diffusion- 
limited reaction rate with peridotite, the composition of a fluid at a 
fixed point in the vein may be maintained in disequilibrium with the 
peridotite* It is convenient, then, to consider the peridotite itself 

as an open system upon which the chemical potentials of some components 

are externally imposed by the fluid.
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Finally9 it is also assumed that the temperature and pressure 

remained constant throughout the metasomatic process.
The assumption of local equilibrium may be very useful in quan

titatively modeling open-system reactions. Stated simply: any part of
a reacting system can be treated as being in internal equilibrium, if 
that part of the system is made sufficiently small, Thompson (1959) 
emphasized several important consequences of local equilibrium in dif
fusion metasomatism:

1) A reaction between two disequilibrium assemblages proceeds by a 
series of compositionally distinct zones separated by sharp com
positional discontinuities. This may be viewed as a step-wise 
compositional gradation between the two assemblages.

2) Metasomatism reactions tend to reduce the number of phases in 
an assemblage. This is a consequence of the migration of com

ponents in response to their chemical potential gradients within 

the reacting system. Korzhinskii (1936, 1959) presented a modi
fied version of the phase rule derived by Gibbs (1928), which
is applicable to open systems:

F ■ Ctotal ' P - Cmobile + 2 i  0

where F = variance or degrees of freedom, P = the number of 

phases in the system, Ctota  ̂= the number of independent compo

nents needed to define all phases, in the system, and cinô i^e = 
the number of components whose chemical potentials are external
ly imposed on the system. The relationship above assumes
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arbitrarily fixed values for temperature, pressure, and chemical
potential of mobile components.

Assuming local equilibrium and arbitrary temperature and pres
sure, F >_ 2, therefore:

P < C "■ c = c—  total mobile inert

That is, in an ideal system, the maximum number of phases resulting from 
a metasomatic reaction at arbitrary temperature and pressure is equal 
to the number of inert components. If all components in the system are 
mobile, at least one component must be considered fixed as a reference 
frame. Thus, only a single-phase product would result in a reacting sys
tem where all components involved are mobile.

Korzhinskii (1970, p. 115) has pointed out another important 
consequence of local equilibrium. He stated that "minerals must con
tinuously change their composition with that of the intergranular re
gion, as the zones develop, if their compositional variations may be 
expressed in terms of a linear combination of the diffusing components." 
If a monominera11ic zone produced by metasomatism is composed of a miner
al exhibiting solid solution, then its composition reflects the composi
tion of the intergranular fluid at that point, constrained by the 
maintenance of electroneutrality in the crystal. Thus, diffusion gra
dients of components may be "frozen" into solid-solution minerals which 

can accommodate changes in those components.



Amphiboles
Clinopyroxene9 orthopyroxene9 and plagioclase are all solid- 

solution minerals9 but none have the variety of compositional ranges 
exhibited by amphibole. The general formula of the amphibole group may 
be expressed:

A0-1X2Y5Z8022(°H)2

Each site has a distinctive coordination number and size, thus admitting 
cations largely as a function of their ionic radius:

A site - 8-12 fold coordination— Na, K
X site - 6-8 fold coordination— Na, Ca, Mg, Fe+ ,̂ K
Y site - 6 fold coordination— Al, Fe+ ,̂ Cr, Ti, (Mg, Fe^)
Z site - 4 fold coordination— Si, Al

(Boyd, 1959; Deer et al., 1966, p, 154). This ionic substitution, coup

led with the maintenance of electroneutrality, determines the composi

tion of the amphibole.
Amphibole can accommodate all of the important diffusing species 

involved in the vein metasomatism. Within the constraints imposed by 
the maintenance of electroneutrality and the limitations of site capac
ity, amphibole is useful in that it can show the gradients of diffusing 

species. In a local equilibrium system, the composition of metasomatic 
amphibole is controlled by the composition of the intergranular fluid, 
which is itself controlled by the intergranular diffusion rates of 
ionic species. Thus, the concentration profiles of elements in metaso- 
matically produced amphibole reflects intergranular diffusion profiles.
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One of the problems in dealing with amphiboles is the determina

tion of the relative quantities of ferric and ferrous iron from micro
probe analyses giving only the total iron content. Papike et al. (1974) 
have presented an algorithm by which their proportions may be approxi
mated on the basis of site occupancy and charge balance constraints.
All amphibole analyses presented in this study have been recalculated 
using this algorithm, which is discussed in detail in Appendix 2.

Diffusion
The concentration profiles of amphiboles in zoned mafic layers 

explains a great deal about intergranular diffusion in the peridotite. 
Moving from the vein into the peridotite. Mg, Si, and Cr increase in 
concentration, while Ti, Al, and Fe decrease in concentration, indicat
ing that Mg, Si, and Cr diffused outward toward the vein, while Ti, Al, 
and Fe diffused inward from the vein. Na, K, and Ca all have relatively 
constant concentration profiles, indicating that they eliminated their 
chemical potential gradients, and thus ceased diffusing. (It is possible 
that the level concentration profile for Ca results from its completely 
filling the X site in the amphibole all the way across the zones, thus 
obscuring any gradient). Since Na, K, and Ca are virtually lacking in 
the primary peridotite phases, they must have diffused inward from the 
vein. Diffusion of H^O probably occurred as OH” and H+ or as part of a 

hydroxyl complex (Curtis and Brown, 1969). It can only be said that H^O 

is also of vein origin. The presence of amphibole is direct evidence of 

H2O in metasomatism.



+2Helgeson (1969) has demonstrated that Fe is the dominant iron
i 2species in solution at elevated temperatures» Thus, part of the Fe 

is oxidized to Fe+  ̂during the production of metasomatic amphibole.
The systematic compositional variation of amphibole across the 

layer and the development of monominer a11ic bands as a metasomatic pro
duct suggest that all of the major components involved in metasomatism 
were mobile components. Deviations from an ideal monominerallic product 

probably result from kinetic effects, where the diffusion rate of a 
species exceeds the reaction rate (Curtis and Brown, 1969),

The development of metasomatic selvages around hydrothermal veins 
in the Seiad Ultramafic Complex can be considered as the result of an 
exchange reaction between the vein and the peridotite.

The elements showing the largest change in their concentration 
in amphibole concentration profiles are Si, Al, Fe, and Mg, so they are 
the most important elements to be considered in an exchange reaction,
A simplified metasomatic reaction for the formation of the monominerallic 

bands is:
Al + Fe + peridotite  ---- — ►
alteration + Si + Mg

The concentration profiles of Si + Mg and Al + Fe in amphiboles 

are shown in Figures 16 and 17, Their net changes in concentration are 
nearly equal and their slopes are opposing, indicating that this reac

tion represents the major exchange during diffusion metasomatism.
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Figure 16. Comparison of the (Mg + Si) and (A1 + Fet;ot;â ) Contents of
Amphibole Grains Analyzed in Sample SC-5A. —  Note the near 
equal exchange between (Mg + Si) and (A1 + Fet:ot-a )̂ across
Zones B, C, and D. Amphibole grains in Zone A have been al
tered, thus deviating from the trend observed across the 
other zones.
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Variations in Bulk Composition 
Figure 18 shows the mineralogy of the peridotite, amphlbolite, 

and monominerallic bands as represented on the triangular diagram SiC^- 
(AI2O3 + Fe^O^y-CMgO + FeO) as projected from CaO. Fe+  ̂ and A1 exhibit 
similar chemical behavior in the phases observed, as do Fe^ and Mg, so 
they are each paired as a single oxide component. K, Cr, and Ti are 
minor elements which occur in small concentrations in all phases, and so 
are ignored in the construction of this diagram. Na occurs in signifi
cant proportions in plagioclase and amphibole. Due to the complexity 
of amphibole solid solution, it is not possible to determine an NasAl 
ratio by which the Na component can be eliminated from the diagram in 
the manner described by Winkler (1967, p. 47). Since Na occurs in only 
minor amounts in c1inopyroxene, orthopyroxene, and olivine and in rela

tively small amounts in amphibole, it is most useful to ignore Na as a
minor component also. CaO was chosen as the projecting component due to
its apparently constant chemical potential. Microprobe analyses of the 
minerals plotted in Figure 18 are presented in Table 12.

Several assumptions concerning the compositional range of amphib
ole coexisting with the other phases were necessary before Figure 18 

could be constructed:
1) Clinopyroxene and orthopyroxene were observed to coexist with 

amphiboles ranging in composition from aml (Figure 18) to a 
composition about midway,between ^ 1  and am2. It is assumed
that both pyroxenes coexist with all amphibole compositions.
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FLAG
,ALM

AM

MgO
FeO

AM
Si02 CPX OL

Figure 18. Phase Relationships Observed in Mafic Layers. —  Flag =
plagioclase, aim = almandine, am = amphibole, cpx = clino- 
pyroxene, opx = orthopyroxene, ol = olivine.



86
Table 12. Microprobe Analyses of Minerals Used in the Construction of

Diagrams. : :
WEIGHT. PERCENT OXIDES

Am 1 Am 2 'Zisa.-. Cpx 0£X Olivine
Na20 2.02 1.30 5.41 0.05 0.00 0.02
k 2o 0.26 0.21 0.09 ' 0.02 0.00 0.03
CaO 12.49 11.75 11.17 25.46 0.23 0.01
AlgOg . 16.91 7.85 28.47 1.83 1.11 0.00
Si02 40.61 50.06 55.98 52.17 56.57 41.48
MgO 13.87 21.98 0101 17.24 35.27 50.42
Ti02 0.99 0.12 0.00 0.06 0.00 0.02
Cr202 0.05 0.58 0.04v 0.14 0.03 0.00
FeO 5. 52a 0.21a 0.15 3.17^ 6.75 8.89^
FeoO'i 5.30a 4.74a ‘ — — — —— -
Total 98.02% 98.81% 101.32% 100.14% 99.96% 100.86%

IONS
Na 0.5637 0.3483 1.4011 0.0147 0.0000 0.0046
K 0.0477 0.0370 0.0155 0.0036 0.0000 0.0052
Ca 1.9261 1.7397 1.5976 3.9792 0.0347 0.0009
Al 2.8691 1.2788 4.4794 0.3145 0.1802 0.0000-
Si 5.8446 6.9171 7.4749 7.6166 7.8202 6.0102
Mg 2.9747 4.5263 0.0022 3.7513 7.2691 10.8912
Ti 0.1072 0.0125 0.0000 0.0066 0.0000 0.0026
Cr „ — — 0.0037 0.0164 0.0033 0.0000
Fe+2 0.5436% 0.0248% ■ ■■■■■' '- - -
Fe 0.6949a 0.4929% - - - ’ -
Fe —— —— 0.0170 0.3868 0.7802 1.0770
0 23.0000 23.0000 24.0000 24.0000 24.0000 24.0000

SC-5A-2 SC—5A—2 SC10-2 . TLSC-4C SC5A-3 SC5A-3
4—Am-5 4—Am—9 1-Plag-l 6-Cpx-2 4-0px-l 4-01-1

^Determined from microprobe data using an algorithm presented by 
Papike et al. (1974) (Appendix 2).
^FeO as total Fe
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2) Plagioclase was observed to coexist with amphibole of compo
sition only. This is assumed to be the only amphibole com
position with which plagioclase coexists.

3) Almandine garnet was not observed in the mafic layers themselves, 
but was occasionally observed in the amphibolite unit by Medaris 
(1965). Stable coexistence of almandine with amphibole is as
sumed for amphibole composition alI1l only.

In Figure 19, composition A represents the average bulk composi
tion of the central core of a compound vein (Zone A), which is assumed 
to represent a fluid initially in equilibrium with amphibolite. Compo
sition D represents the bulk composition of the unaltered peridotite.
If metasomatism proceeds by a simple gradational change in the bulk 
composition, the composition of the rock which was initially peridotite 
would move along line D-A and, in the model proposed above, produce the 
following mineral zonation:

1) Opz .+ 01 (peridotite)
2) Aim + Opx + 01 (olivine in decreasing proportions)

3) Am^ + Aim + Opx (amphibole in decreasing proportion)

4) Am^_2 solid-solution + Opx
5) Am-- 0 solid-solution + Cpxi—z
6) Flag + Cpx + Am^ (clinopyroxene in decreasing proportion)
7) Flag +• Am^ (central core zone - Zone A)

Instead of the continuous compositional gradation above, the 
mafic layers exhibit a discontinuous change in bulk composition. The
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tALM

MgO

FeOOLOPXCPX

Figure 19. Bulk Compositions of Mineralogical Zones. —  A = bulk com
position of Zone A, to B2 = bulk compositional limits of 
Zone B, C = bulk composition of Zone C, D = bulk composi
tion of unaltered peridotite.
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compositions of the observed zones are represented by points A, to 
B2> C» and D 9 where A = the average bulk composition of Zone A 5 B^ and 
^2 represent the compositional limits to the continuous variation across 
Zone (hornblendite)5 C = the bulk composition of Zone C (orthopyroxen- 
ite), and D = the bulk composition of unaltered peridotite. It is ob
vious that a simple, linear compositional gradient cannot account for 
the discontinuous zonation observed in the mafic layers.

Reference Frames
Metasomatic selvages around veins in the Seiad Ultramafic Com

plex are formed by a system of simultaneous multicomponent diffusion 
and reaction in which all of the components are diffusing. In this 
case, it is necessary to formulate a frame of reference relative to 
which the diffusion rates of components can be determined. If the ini
tial peridotite/vein boundary can be located, then the movement of zone 
junctions can be measured absolutely, and mass transfer across the boun
dary may be calculated, The Zone A/Zone B boundary may be a good choice 
for the original peridotite/vein contact, but it is very likely that at 
least part of Zone A was produced from rock which was originally perido

tite, This type of reference frame is not applicable in this case.
A second type of reference frame to be considered is the volume- 

fixed reference frame discussed by Lindgren (1918). This assumes that 
mass balance relationships may be written such that the volume of the 
metasomatic zones is equal to the volume of the peridotite from which 
they were produced. Calculations show that mass balance is not
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maintained assuming a fixed volume system, so this type of reference 
frame is also inapplicable.

A component-fixed reference frame may be useful in assessing 
mass balance in a system of multicomponent diffusion. A reference frame 
of this type describes the diffusion rates of each component relative to 
that of the slowest moving component; that is, the slowest moving com
ponent is the conserved component upon which mass balance calculations 
are carried out. This component is known as the "inert" component, 
while all others are known as "perfectly mobile" components (e.g., 
Korzhinskii, 1936, 1959; Thompson, 1970).

Several workers have suggested that A1 is commonly the slowest 
diffusing element in multicomponent systems (Carmichael, 1969; Fisher, 
1973). However, if the monominerallic bands have been produced from 
rock which was originally peridotite, a significant influx of A1 from 
the vein must have occurred. Both Mg and Si in amphibole show steep 
concentration gradients across the monominerallic zones. The steep gra
dient in Mg is due in large part to the difference in the quantity of 
Mg in the peridotite and the vein. Si, however, maintains its steep 
gradient despite its significant proportions in both the peridotite and 

the vein. For these reasons. Si was chosen as the "inert" component, 
and in subsequent calculations, it is used as the reference frame. While 
this is not the same as an absolute reference frame, it does provide a 
useful model for the study of this system.
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Chemical Model for Mafic Layers 
Figure 20 shows the compositions of phases based on the compo

nents (FeO + MgO) and (A^Og + with Si02 conserved. These com
ponents were chosen since they best represent the observed mineralogy. 
CaO is not included since, based on amphibole concentration profiles, 
its chemical potential appears constant. This diagram was constructed 
using the same data and assumptions used in the construction of Figures 
18 and 19.

From Figure 20, a p-p plot of (A1 + Fe+3) versus (Mg + Fe+2) was 

derived (Figure 21). For details in the construction of p-p diagrams, 
see Korzhinskii (1959).

Computing absolute numerical values for invariant points on a 
p-p diagram requires the knowledge of several factors:

1) It is necessary to know the chemical potentials of each of the 
phases under the prevailing physical conditions. This requires 
a knowledge of the temperature and pressure, and the availabil
ity of the appropriate thermodynamic data. Good approximations 
of chemical potentials can be made for olivine, orthopyroxene, 
clinopyroxene, and plagioclase using the existing thermodynamic 
data and an ideal solid-solution model. However, the thermo
dynamic data for Al-rich calcic amphiboles is virtually non
existent. Since the exact temperature and pressure of vein 
formation are unknown, and the existing thermodynamic data is 

inadequate, the chemical potentials of individual phases cannot 

be calculated.
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Figure 20. Compositional Diagram Showing the Compositions of Phases
Observed in Mafic Layers in Terms of the Components (MgO + 
FeO) and (A1203 + Fe203), balanced on Si02.
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Figure 21. Chemical Potential Diagram.
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2) The diagram is constructed on the assumption that yQaS and

Pr o are fixed. Their absolute values are unknown.

With such numerous unknown quantities, it was not attempted to 

compute the absolute locations of invariant points on the y-y diagram. 
However, the slopes of the univariant curves are defined by the stoichi
ometries of the phases represented on the diagram* and the geometry of 
the diagram may be resolved using Schreinamaker7s criteria (Korzhinskii, 
1959; Zen, 1966), The positions of the invariant points in Figure 21 
are arbitrary, but the geometry of the diagram is constrained by the 
mineral compositions used in its construction.

While not quantitative. Figure 21 illustrates a number of impor
tant points. Figure 21 shows that a chemical potential gradient in the 
components (Mg + Fe+ )̂ and (A1 + Fe+ )̂ satisfactorily does so. Points 
A and D represent the composition of unreacted vein fluid and unreacted 

peridotite, respectively. A drop in y + Fe+3) and a rise in 

y + pe+2) along path A-D as observed in amphibole, could produce the 

metasomatic zoning observed in compound mafic layers. Thus, the produc
tion of zoned mafic layers can be accounted for by the juxtaposition of 
amphibolitic fluid with peridotite and the subsequent diffusion in re
sponse to chemical potential gradients. Moving into the peridotite, 
the relative chemical potentials of components change due to differences 
in gradient slopes, thus producing the observed mineralogical zoning as 

reaction takes place.
The mineralogies and configurations of unzoned mafic layers may 

also be accounted for by the model proposed above. Unzoned mafic layers



probably represent zoned mafic layers in which only Zones C and D are 
present, indicating that they have been produced from a fluid which has 
already undergone considerable reaction with the peridotite. A fluid 
moving through a fracture within the peridotite is constantly reacting 
with the wallrock, losing amphibolitic species (Al, Fe, Na, Ca, K, Ti) 
as reactants, and gaining peridotite species (Si, Mg, Cr) as products. 
Thus, considering the simple exchange model presented above, the compo
sition of a fluid may follow a compositional path similar to that of a 
fluid diffusing into the peridotite (e.g., path A-D in Figure 21). If 
the central core zone of mafic layers is indeed a vein filling, the ob
served mineral assemblage must have been deposited from a fluid which 
was in equilibrium with these phases. For example, if a fluid moving 
into the peridotite is changing composition along path A-D, a vein com
posed of orthopyroxene + amphibole will occur where the fluid path A-D 
intersects the Opx/Am univariant curve. Thus, by varying the composi

tional path of the fluid, all of the observed mineralogies of unzoned 

mafic layers can be obtained.



CONCLUSIONS

Based on structural9 mineralogical9 and geochemical evidence, it 
is apparent that zoned and unzoned mafic layers observed in the Seiad 
Ultramafic Complex are both produced by a contemporaneous event of hydro- 
thermal metasomatism. Disequilibrium fluids which invaded the perido- 
tite were probably derived from the adjacent amphibolite unit during a 
period of dehydration associated with amphibolite grade regional meta
morphism. This metamorphic event also provided the high temperatures 
at which the mafic layers were emplaced. Deformation which accompanied 
metamorphism is responsible for the transposed and isoclinally folded 
structural habit of the mafic layers.
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TECTONIC IMPLICATION

The study of mafic banding in alpine-type peridotite bodies is 
important in that it may provide information on the physical and chemi
cal environment into which the mafic bands were emplaced, and thus may 
further constrain existing models of the tectonic evolution of alpine- 
type peridotites. If indeed mafic layers in alpine-type peridotites 
have been produced by hydrothermal action, then they hold a number of 
important tectonic implications. Their compositions— commonly pyroxen- 
ite, dunite, or amphibolite— are indicative of emplacement at tempera
tures associated with high-grade metamorphism to amphibolite or perhaps 
even granulite grade. The prevalence of isoclinal folding of mafid lay
ers implies that the peridotite was impregnated by disequilibrium fluids 
when it was hot and evidently ductile. The production of mafic bands 
in peridotite by a hydrothermal process also requires a source for these 
disequilibrium fluids.

The emplacement of mafic bands in alpine-type peridotites re

quires a geologic environment with high heat flow in order to produce 
the grades of metamorphism necessary to produce the observed mineral 
assemblages. Coleman (1977, p. 121) has noted that metamorphosed 
alpine-type peridotite bodies in the Klamath Mountains region are often 
associated with basic rocks metamorphosed to amphibolite grade. He 

postulates that these mafic-ultramafic complexes are fragments of ocean
ic crust or subcontinental mantle which have undergone amphibolite grade 
metamorphism within an island-arc volcanic-plutonic environment. This
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model provides the necessary heat, and also a source for the disequilib
rium fluids needed to produce mafic bands»

Dredging of mid-ocean ridges has yielded abundant information 
regarding metamorphism associated with divergent plate boundaries. Ser- 
pentinites, metabasites of up to amphibolite grade, and unaltered perido- 
tite from rift valleys have been collected by a number of workers 
(Melson and van Andel, 1966; Engel and Fisher, 1969; Miyashiro, Shido, 
and Ewing, 1970, 1971; Aumento, Loncarevic, and Ross, 1971; Bdnatti et 
al., 1971). These rocks show strong evidence for high-grade metamor
phism of mantle material and its associated basic rock in a spreading 
center environment. This environment is amenable to the emplacement of 
mafic layers, and it provides a direct link between the genesis of 
oceanic crust and mafic layers. This model implies a simpler tectonic 
history for alpine-type peridotites than does the model described pre
viously, since it avoids the major problem of explaining the mechanics 
of the emplacement of oceanic crust into an island-arc volcano- 
plutonic environment. It also explains the nearly ubiquitous nature of 
mafic bands within alpine-type peridotite bodies. If mafic layers of a 
hydrothermal nature originated in a spreading center environment, they 
are strong evidence for the mobility of volatiles in upper mantle 

environments.



APPENDIX 1

MICROPROBE ANALYSES

Electron microprobe analyses for this study were performed on 
The University of Arizona ARL Scanning Electron Microprobe Quantometer, 
equipped with a Tracor-Northern automation system for reduction of data, 
using the Bence-Albee correction program» Analyses were carried out at 
15 KV, using a tightly focused beam at 25 nanoamps sample current. Each 
element was analyzed for a 10 second interval to minimize volatilization.

Calibration for nine elements was carried out against the appro
priate silicate and oxide mineral standards:

Na - albite Mg and Si - diopside
K - orthoclase Cr and Fe - chromite
Ca and A1 - anorthite Ti - sphene

The instrument was calibrated frequently to assure maximum accuracy and 

precision.
Each polished section to be analyzed was scribed with an origin 

from which a coordinate system was derived. Target grains were selected 
petrographically and their coordinates carefully noted using a petro- 
graphic microscope equipped with a micrometer stage. Photographs were 
occasionally used to aid in locating target grains for microprobe 

analysis.
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APPENDIX 2

RECALCULATION OF AMPHIBOLE ANALYSES

The total iron content in microprobe analyses is presented as
+3FeO. For this study, it is essential to know the Fe content of the

amphibole grains analyzed» Papike et al. (1974) have presented an algo-
+3rithm by which an estimate of the range of the Fe content in amphibole 

may be determined from a microprobe analysis. Calculations were carried 
out by means of an iterative computer program, a brief synopsis of which 

is given below.
1) Data is fed in as weight percent oxide analyses as determined by 

microprobe.
2) Cations from the input analyses are normalized to 23 oxygens,

then distributed among the amphibole sites as follows:
Z site: All Si; Al if needed, such that (Si + Al)_ = 8.0 if  z

possible.
Y site: All left over Al, all Fe+  ̂and Fe+  ̂ (on successive

passes), and all Mg and Ti. If the total site occupancy
+2exceeds 5.0 cations, first Fe and then Mg will be

moved into the X site in attempt to reduce the Y site

occupancy to 5.0 cations.
+2X site: All Ca, and excess Fe and Mg from the Y site. Na is

added such that the total X site occupancy equals 2.0 

cations.
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A site All excess Na from the X site, all K.
The general formula for amphibole is: AX2Y^Zg022(OH)2»

3) Once cations have been allocated according to these criteria,
I n 4-3the Fe /Fe distribution is determined by considering the sub

stitutions in an ideal tremolite which alter the charge balance: 

Tremolite: CagCMg, Fe+^)^Sig022(OH)2
a) A site: vacancy -* Na or K +1

b) Y site: (Mg, Fe+2) *
+3Al or Fe +1

c) Y site: (Mg, Fe+2) ■+ Ti +2

d) X site: Ca -> Na -1

e) Z site: Si Al -1

By charge balance:
(N a ). + (K) +(A1) + (Fe+3)Y + 2(Ti) = (Na) +  (Al)A A Y 1 Y a  z
or:
Fe+3 = (Al)z + (Na)x - (Na>A -  (K>A - (Al)^ -  2 ( T i ) Y 

and:
4-? 4-3

Fe = Fetotal - Fe
4) Oxide weight percents are then recalculated,and the new FeO 

weight percent is compared.with the FeO weight percent deter

mined on the last pass.

The entire process is continued until the value of the FeO weight per

cents convergeo
Microprobe analyses may be recalculated in two ways: 1) by as

suming that all iron in the microprobe analysis is Fe+ ,̂ and 2) by
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+3assuming that all iron in the microprobe analysis is Fe . The results

of calculations determined by these two methods constitute a range of
+3 + 3 + 2the Fe content of the amphibole analyzed. The Fe and Fe values

in analyses presented in this study are a median value of the calculated

range.
Note that Cr is not accounted for in this algorithm. Since the 

Cr content of the amphiboles analyzed for this study is quite small, it 
probably does not significantly affect the accuracy of the calculations.
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