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FIELD RELATIONS AND PETROLOGY OF THE RAINBOW RANGE SHIELD VOLCANO,

WEST-CENTRAL BRITISH COLUMBIA

ABSTRACT

The Rainbow Range is a Late Miocene shield volcano (30 km diameter, 370
km3) whose stratiform flanks surround a complex central vent zone. Over a
time span of 1-2 m.y., extrusion of highly fluid comendites and comenditic
trachytes, along with minor mugearites and hawaiites, built up the gently
sloping flanks. The viscosity of the peralkaline lavas was so low that their
eruption produced a shield vqlcano rather than a composite cone.

Comenditic trachytes (65.5 percent SiOp) are the lowest flows exposed on
the north flank of the Rainbow Range. Chemical traits include high Najy0 + K90
(11 percent), moderately high Al703 (15 percent), low total iron as Fey03 (5
percent), and high Ba (300-1000 ppm). Thin flows of mugearite (54.9 percent
Si0y) rest on the comenditic trachytes. Comendites (68.7 percent Si02) uncon-
formably overlie the mugearites and account for at least 75 percent of the
volume of flows within the flank zone. These lavas are distinguished by lower
A1503 (13 percent), higher total iron as Fep03 (7 percent), and extremely
depleted Sr (1-10 ppm) and Ba (10-100 ppm).‘ The termination of flank volcanic
activity ié recorded by the eruption of capping flows and related feeder dikes
of hawaiite (50.1 percent SiOjp).

Comenditic trachytes contain phenocrysté éf anorthoclase (0Orss5_27), heden-
bergite, and iron-titanium oxides in a groundmass of alkali feldspar, quartz,
acmite, iron-titanium oxides, aenigmatite, and arfvedsonite. Comendites bear
the phenocryst assemblage sanidine (Or34_37) + hedenbergite + fayalite +
arfvedsonite sef in a pilotaxitic groundmass of alkali . feldspar, quartz, acmite,

iron-titanium oxides, aenigmatite, and arfvedsonite.
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Continuous variation in major and trace element trends and feldspar
compositions suggests that the hawaiite-mugearite-comenditic trachyte-
comendite suite was derived from an alkali basalt parent, tapped several times
as it underwent prolonged fractional crystallization in an intracrustal magma
chamber. A best-fit mathematical model for the origin of the suite involves
step-wise derivation of the lavas:'in the order hawaiite — mugearite —>
comenditic trachyte —> comendite, with the main phéses:precipitating out in
the order olivine, clinopyroxene, plagioclase, iron-titanium oxide,»and
alkali feldspar. Strontium isotopic evidence indicates that the peralkaline
lavas were erupted soon after differentiation.

The Rainbow Range and other peralkaline and alkaline volcanic centers of
the Anahim volcanic belt are coeval with calc—alkéline volcanic centers of
the Pemberton volcanic belt. Together these belts outline the orientation
and extent of the subducted Juan de Fuca plate during Late Miocene time.
Volcanic activity in the Anahim belt may be related to a) an "edge effect"
of the subducted Juan de Fuca plate, b) movement of the North American plate
over a mantle hot spot at a rate of 2-3 cm/year, or c¢) an east-west trending

rift zone.
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INTRODUCTION

Location and Access

The Rainbow Range shield volcano lies in the southern part of Tweeds-
muir Provincial Park (Figure 1), along the boundary between the Coast Moun-
tains and the Interior Plateau in west-central British Columbia.

A good gravel road (Highway 20) that runs between Bella Coola and Anahim
Lake comes within 20 km of the field area, but no adequate access for person-
nel and gear exists beyond this point. Helicopters provide the easiest means
of entering the area. Transwest Airways maintains a small helicopter in Bel-

la Coola during the summer months.

Purpose

This project was undertaken as a combined field and laboratory study of
the Late Miocene volcanic rocks of the Rainbow Range. Specific objectives
were!

1) to map in detail the rock units comprising the north flank of the
Rainbow Range shield volcano and work out the structure and eruptive
history of the volcano,

2) to characterize the mineralogy and chemical composition of lavas
from the Rainbow Range,

3) to determine the genetic relations between the lavas, and

4) to establish the connection, if any, between volcanism and plate
tectonic setting.

The field work was conducted in collaboration with Brian Apland, a grad-

uate student in Archaeology at Simon Fraser University, who was investigating,
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Figure 1. Map of British Columbia showing location of the Rainbow Range.
Lined area is Tweedsmuir Provincial Park.



under contract to the National Museum of Canada, the nature and extent of
obsidian sources in the region, as well as obtaining samples of source

material used by prehistoric peoples (Apland, in press).

Present Investigation

Field work was carried out during part of July and August, 1976. Four
and one-half weeks were spent mapping flows exposed on the northern flank of
the shield volcano on 1:50,000 scale National Topographic Map Series Maps
(No. 93€¢/12 (Tusulko River) and No. 93C/13 (Ulkatcho)).

Laboratofy work was done at the University of British Columbia: Whole-
rock chemical analyses of major-element oxides and selected trace elements
were obtained by X-ray fluorescence spectrometry, and mineral chemistry was
determined by electron microprobe analysis. K-Ar dates and Sr isotopic
ratios were determined by a combination of atomic absorption spectroscopy;

X~-ray fluorescence spectrometry, and mass spectrometry.

Previous Work

Volcanic rocks of the Rainbow Range were first studied by H. W. Tipper
(1969) of the Geological Survey of Canéda as he mapped the (19 X 20) Anahim
Lake sheet at a scale of 1" = 4 miles. Descriptive notes published with the
map state that the central part of the Rainbow Range is composed of vari-
colored andesitic to dacitic flows.and fragmental rocks, while the outer con-
ical flanks are composed of later eruptions of basalt flows which flatten and
merge with late Tertiary plateau lavas. Anahim Peak, a small isolated moun-
tain on the northeast flank of the Rainbow Range, is described as a basaltic

neck surrounded by flat-~lying flows,



REGIONAL SETTING

Late Miocene volcanic rocks that make up the Rainbow Range are underlain
on the west by Jurassic Hazelton Group and on the east by Miocene plateau
lavas (Figure 2). The Hazelton Group consists mainly of volcanic breccias,
waterlain tuffs, varicolored andesites and basalts, and rare sedimentary
rocks derived from the volcanic rocks (Baer, 1973).

South and east of the Rainbow Range lie the extensive (>4750 ka)

Miocene plateau lavas., These consist of flat-lying basalts and basaltic
andesites for which few vent areas are known. South of the Ralnbow Range
these flows have been upwarped to the west, indicating that the Coast Moun-
tains were still rising after the Miocene (Tipper, 1963). The Rainbow Range
is far enough east of the Coast Mountains that it has not been noticeably
tilted or deformed.

Peralkaline rocks are also exposed west and east of the Rainbow Range.

At Tanya Lakes and Sigutlat Lake, intrusive bodies of syenite (10—350 kmz)

are exposed in north-east trending grabens. On King Island (100 km farther
west), a 13+2 m.y. syenite, east-west elongate, pluton is exposed:. Numerous
aegerine-augite and/or aenigmatite bearing dikes, along with small syenite
bodies, and basaltic dikes, occur on islands west of King Island. Baer
(1973) reports K-Ar age determinations of 14.5 and 12,5 m.y. for two of these
dikes.

Two other iarge, peralkaline shield volcanoes (Ilgachuz Range and Itcha
Range) lie east of the Rainbow Range. No detailed mapping has been done in
the Ilgachuz Range; however, geomorphological evidence suggests that it is

equivalent in age and composition to the Rainbow Range. K-Ar dates frOm
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Figure 2. Generalized geologic map of the western part of the Anahim volcanic
belt, showing distribution of Miocene-Quaternary volcanic centers (black),
Ccast Mountain plutonic rocks (uncolored), Mesozoic supracrustals (horizontal
bars), Jurassic sedimentary rocks (vertical bars), and Miocene plateau lavas
(diagonal bars). KI- King Island, RR- Rainbow Range, AP- Anahim Peak, IR~
Ilgachuz Range, ItR- Itcha Range, TL- Tanya Lakes, SL- Sigutlat Lake.




the central part of the Itcha Range range from 3.2 to 0.78 m.y. (J.E. Hara-
kal, unpublished determinations). The central part of the Itcha Range con=
sists of flows, domes, breccias.and tuff breccias, plugs, and shallow
intrusions of alkaline and peralkaline phonolites, trachytes, trachyande-
sites, and minor rhyolite, which have been strongly dissected by glacial
erosion.(B. Proffett, personal communication, 1978). Cinder cones and flows
of trachybasalt and basanite cap the differentiated volcanic suite.,(Nicholls
et. al., 1976). The basanites contain lherzolite nodules whereas the
trachybasalts contain large plagioclase xenocrysts.

These three shield volcanoes, along with many isolated cinder cones
and small flows, define a belt of Late Miocene-Quaternary volcanic centers
known as the Anahim volcanic belt.(Souther, 1977) that runs east-west across
British Columbia at approximately latitude 528N. Glaciation has partially
modified the form of all these volcanic centers.

Few documented faults are associated with these volcanic centers. Tipper
(1969) mentions east-west faults in the Ilgachuz and Itcha Ranges and depicts

northwest~trending faults in the southwestern quadrant of the Rainbow Range,

Late Miocene Tectonic Setting of West-Central British Columbia

During Late Miocene time, plate geometry off the coast of British
Columbia was similar to the present configuration (Figure 3); however, some
doubt exists as to the exact subdivisions between the Pacific, North American,
and Juan de Fuca plates and position of the.triple junction at.that time. Re-
views of the plate geometry of southwestern British Columbia have been given
by Barr and Chase (1974), Chase, Tiffin, and Murray (1976), Riddihough and

Hyndman (1976), and Riddihough (1977).
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Figure 3. Present plate tectonic setting of southwestern
British Columbia, showing extent of Anahim volcanic belt
(circles), Pemberton volcanic belt (squares), Alert Bay
volcanic belt (stars), Garibaldi volcanic belt (triangles),
and K-Ar ages in m.y. Lined area is the extent of Mio-
cene plateau lavas.(Souther, 1977). PP- Pacific plate,
EP- Explorer plate, NAP- North America plate, JdFP- Juan
de Fuca plate, Bp— Brooks Peninsula, PRfz- Paul Revere
fracture zone, Sfz- Sovanco fracture zone. Dashed line
is possible EP-~JdFP boundary (R. Hyndman, oral communi-
cation, 1978). Diagram modified from Riddihough and
Hyndman (1976).



A right-lateral transform fault (Queen Charlotte fault) separates the
Pacific and North American plates, while a subduction zone forms the boundary
between the North Americén and Juan de Fuca plateg. The Juan de Fuca-Pacific
plate boundary is a spreading ridge system (Barr and Chase, 1974). Subduc-
tion of the Juan de Fuca plate beneath the North American plate gives rise to
arc and back-arc volcanism. The Anahim volcanic belt lies near the projected
trace of the northern edge of the subducted Juan de Fuca plate, the position
of which is not well constrained during late Miocene time.

Movement in the position of the active spreading ridge makes magnetic
anomaly patterns difficult to interpret, and it is these patterns which are
used to determine relative motion between plates, and hence triple junction
pesition. During the last 10 million years the active ridge between the Juan
de Fuca and Pacific plates has repeatedly jumped between the Juan de Fuca,
Explorer, Dellwood Knolls, and J. Tuzo Wilson Kndlls sections (Riddihough and
Hyndman, 1976; R. Hyndman, oral‘communication, 1978) . The latest calculations
(Riddihough, 1977) place the triple jundtion off Brooks Peninsula on northwes-

tern Vancouver Island for the period 5 to 10 million years ago,

FIELD RELATIONS

2 of the northern flank of the Rainbow Range shield

Approximately 30 km
volcano was mapped in detail (Plate I). This area is dissected by radiating
glacial valleys which afford excellent exposure of the internal structure of

the volcano, and the terrain is suitable for backpatking. In addition; Anahim

Peak, on'the northeast flank of the volcano, can be reached on foot.



North Flank of the Rainbow Range

Structure, The Rainbow Range shield volcano has a diameter of 30 km and
volume of approximately 370km%0ver a timespan of approxima;ely 1 to 2
m.y., extrusion of highly fluid lavas built up the flanks of the shield
volcano. Individual flows can be traced for up to 3 km. Primary dips
range from 5° - 80. Flow thickness is related to chemical composition:
basic rocks form 1 - 4 m thick flows, while silicic flows range from

30 - 60 m thick, The stratiform flank zone surrounds a.central complex
of small domes, short, thick flows, and small intrusive bodies (Souther,
1977) that was not mapped in this study. No faulting or deformation has
occurred on the north flank of the volcano since the cessation of volanic
‘activity. As with other peralkaline volcanic complexes in British Colum~
bia-,. the morphology and structure of this volcano are similar to those
of trachyte shield volcanoes in the South Turkana region of the Kenya

rift valley (Webb and Weaver, 1975).

Stratigraphy. Alkaline and peralkaline lava flows from four volca-

nic episodes make up the 845 m section exposed on the north flank. They
are informally divided into the comenditic trachyte unit, the mugearite
unit, the comendite unit, and the hawaiite unit (Figure 4). With the
exception of the hawaiite unit, no source vents are found within the map

area.

Comenditic Trachyte Unit. Outcrops of the lowest unit exposed,
the comenditic trachyte unit, are restricted to the sides of the
westernmost valley in the field area. Much of the area of exposure
is covered with talus, and individual flows can be traced from as

little as 10 m to up to 2 km. A minimum of eight individual flows
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THICKNESS (m)

UNIT

CLITHOLOGY ~ DESCRIPTION

1]
11
1

(]

[

1]

L]

I
RERAEEE TR
i

Grey-green, orange-brown weathering, comendite
flows (30-60 m thick) with well-developed co-
lumns, chisel marks developed perpendicular to
columnar joints, glassy selvage (0.5-1 m thick)
at the base of some flows, flows stacked in
layers, some fill valleys, holocrystalline
with 10% phenocrysts of alkali feldspar and
clinopyroxene

> 460

COMENDITE

K-Ar date 7.9 %= 0.3 m.y. at top of exposed
section

UNCONFORMITY

Dark grey, red-brown weathering, mugearite
LI IIITIEE T 1) flows and flow-breccia; 30-50% flows with 0.5m
W§9% AR columns, holocrystalline with 10-157% phenocrysts
AC oL avAS ATCATA . . P
BT ATkl ps oA O of plagioclase,clinopyroxene, and olivine; 50-
ppfEaTEen bt PR, 707 breccia, angular to sub-angular clasts of

UNCONFORMITY red-brown scoria and grey mugear-

MUGEARITE
140

ite; minor air-fall tuff with an-
gular pumice; some comendite sills

.. Light green-grey, orangé—brown weathering,
comenditic trachyte flows{(30-60m thick), well-

COMENDITIC TRACHYTE

Q == developed columns that weather into 1-5 cm plates
Si ] perpendicular to columnar joints, 5-107 pheno-
] crysts of alkali feldspar and clinopyroxene.
= K-Ar date 8.7 * 0.3 m.y. at base of section
I e S . exposed
SCALE I: 5000

Figure 4. Schematic stratigraphic section of volcanic rocks from
the north flank of the Rainbow Range.
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are present. The base of the >245 m section is not exposed. The
unit consists of a sequence of 30 - 60 m thick flows of green-grey
comenditic trachyte that display well-developed columnar jointing.
Primary dips are 5° - 8° to the north. Columns are 1 - 2 m in dia-
meter and they weather int§ thin (1 - 4 cm) plates that form per-
pendicular to the cooling joints. In many places up to 1 m of brec-
cia is present at the base of each flow. Flows are holocrystalline
throughout the unit. Pnenocrysts of alkali feldspar (1 - 2 mm) and

clinopyroxene (0.5 - 1 mm) make up 10 percent of the rocks.

Mugearite Unit. The second cycle of volcanic activity pro-

duced a 140 m thick series of thin (1 - 4 m) mugearite flows and
discontinuous lenses of flow breccia that unconformable overlie the
thicker comenditic trachyte flows (Figure 5). Dips range from 150 -
25° to the north. This unit is exposed only along the sides of the
westernmost valley in the field area. Flow breccia accounts for up
to 70 percent of the section. Individual flows are hard to follow
for more than 0.5 km due to the large proportion of discontinuous
breccia zones. Some breccia zones are incorporated within flows.
All the flows are columnar-jointed. At 64 m above the base of the
unit a 2.5 m thick, medium to dark yellow-grey, banded air-fall tuff
is present. The layer is not traceable for more than 20 m in any
directionj it lenses in and out and is therefore not suitable for
use as a marker bed. The tuff is composed of sub-angular pumice frag-
ments that range in size from 0.1 - 10 mm. Slight rounding of the
pumice fragments is possibly due to abrasion during and after depo-= .
sition., "

The light to medium-grey mugearite lavas are characterized by
their predominantly porphyritic nature. Phenocryst content increases

up section from 10 to 25 percent, with plagioclase feldspar (0.5 -



Figure 5. A series of mugearite flows unconformably
overlies comenditic trachyte flows in the western-
most part of the field area. Scale - 1 km across
the photo

Figure 6. Thick (30-60 m) comendite flows crop out on
a ridge northwest of Tsitsutl Peak. Scale - 1 km across
the photo.
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1 cm) greatly predominant over clinopyroxene (1 - 4 mm). The brec-
cla consists of cldsts of red scoria and pahoehoe fragments of

mugearite that range in size from 5 - 20 cm,

Comendite Unit, Voluminous eruption of comendite lava flows

was the next phase of volcanism on the north flank of the shield
volcano (Figure 6). The stratigraphic section is a minimum of 460
m thick. These flows acéount for 75 percent of the volume of lava
exposed within the flank zone., The flows spread out unconformably
over the mugearite unit at slopes of 5° - 8° and build up the
shield as it is seen today. Sills of comendite are found within
the mugearite unit, The flows are relatively thick (30 - 60 m)
compared to basic flows from the volcano. Even so, they were em=-
placed in a highly fluid condition compared to most silicic flows
since individual flows as much as ! km wide can be traced down a
slope of 5° for at least 3 km. Forty comendite flows have been
mapped on the north flank of the volcano, and more are thought to
exist under talus. It is possible that some of.the flows may be
correlative across valleys, but since they are identical in morpho—
logy, mineralogy, and chemical composition, attempts at correlgtion
have been unsuccessful. The maximum measurable section is 460 m
thick and consists of approximately thirteen flows. Tsitsutl Peak
(2973 m), the highest peak in the Rainbow Range, is at the top of
this section. It is unknown how much of the stratigraphy has been
stripped off by glaciers, but because the original shield-like
shape of the volcano is still preserved, it appears that not much
of the section is missing. Some flows as much as 90 m thick fill
valleys, but for the most part the flows are stacked in layer-cake

fashion. All of the flows show well-developed columnar jointing
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(2 = 4 m wide) with chisel marks perpendicular to the jointing. At
the base of most flows the contact with the underlying flow is
abrupt, little brecciation is present, and a 1 m thick glassy sel-
vage is well~developed. This black vitrophyre bears alkali felds-
par and clinopyroxene phenocrysts.

The comendites are green-grey massive lavas, some vesicular in
nature, that bear phenocrysts of alkali feldspar (1l - 3 mm) and
red weathering clinopyroxene (0.1 - 0.5 mm). Except for lavas at
the very base of the section, most comendites also contain sparse

phenocrysts of olivine (0.1 = 0.5 mm).

Hawaiite Unit. During the waning stages of volcanic activity,
hawaiite lavas erupted from at least five centers scattered across
the north flank of the shield volcano. The hawaiites crop out as
plugs, dikes, and flows that cap the comendite unit,

On the western slope of Tsitsutl Peak at least seven plugs
appear as "hoodoos" or pinnacles (Figure 7). The plugs are spher-
oidal knobs approximately 20 m in diameter, composed of 1 m wide
columns that fan out in all directions. At the base of these plugs
are breccias consisting of angular to subangular fragments of
hawaiite, comendite, and altered red, green, yellow, and grey vol-
canic rock fragments. The breccia does not show any bedding and it
is poorly sorted, with fragments ranging in size from 0.5 - 500 cm.
Underlying comendite lavas are altered for 0.5 km in all directions
from these plugs. At two localities, hawailtes crop out as vertical
to near vertical dikes traceable laterally for 10 - 20 m. One of
these dikes contains vesicles filled with zeolites.

Erosional remnants of capping flows can be seen in two places.



Figure 7. Close-up view of hawaiite plugs that crop
out on the west side of Tsitsutl Peak. The large
plug on the right is 20 m across.

Figure 8. West side of Anahim Peak (2 km long), showing
flat-lying flows and plug dome.



One 10 m thick flow crops out over an area of approximately 1 kmz.
At the base of the flow is a zone of oxidized lava 1l -~ 3 m in thick-
ness. Columnar jointing is well-developed throughout the flow.

Most hawaiites are porphyritic, containing 15 percent euhedral
plagioclase feldspar (0.3 - 1 cm long) and clinopyroxene (1l - 2 mm)
phenocrysts in a dark grey aphanitic matrix. At the base of a plug
situatednone ridge west of Tsitsutl Peak, clots of xenocrystic
plagioclase feldspar and orthopyroxene up to 8 cm acroés are present

in the hawaiite.

Anahim Peak

Structure. Anahim Peak (Plate I) is situated on the flank of the
Rainbow Range shiéld volcano 10 km northeast of Tsitsutl Peak. Total
area covered by the peak is slightly more than 2 kmz.

The vent for the Anahim Peak flows appears to have opened up
through a topographic high of older volcanic rocks. Below present tree-
line on Anahim Peak, vegetation is dense and only where trees have been
uprooted does one see pieces of a white flow-banded 'rhyolite' that bears
quartz and alkali feldspar phenocrysts. Tipper (1969) mapped this unit
as being lithologically identical to the Cretaceous (?) - Tertiary Ootsa
Lake Group that lies to the northwest.

Before the first flow erupted from the Anahim Peak vent, a friable
volcaniclastic sandstone covered the white rhyolite. The altitude of
this sandstone is not known. The contact between these two rock types is
not exposed, and in fact if is not known if there are other units present.
The presence of broken crystals of sodic hedenbergite (a clinopyroxene
characteristic of peralkaline rocks from the Rainbow Range) in the sand-

stone indicates that erosion of the flanks of the shield volcano was



taking place before Anahim Peak became a center for volcanic activity.

At the beginning of the first eruption, cinders and spatter spewed
out and disrupted the top 20 cm of the sandstone near the vent prior to
a lava flow spreading out over the area. Subsequent to this flow at
least six other flows were erupted from the vent, all preceded by spatter
(and minor bombs) thrown from lava fountains. Near the vent, a layer of
agglutinate up to 2 m thick is present at the base of most flows.

All the flows are flat-lying and appear to have been constrained
in areal extent when erupted. Anahim Peak hawaiites are almost identical
in chemical composition to Rainbow Range hawaiites (Table X) yet Anahim
Peak flows are four to eight times as thick as Rainbow Range hawaiite
flows. Examination of thin sectlions from the base tand upper portion of
several Anahim Peak hawaiite flows sﬁows that the lower portions of flows
have a significantly coarsef—grained groundmass and higher percentage of
phenocrysts than the upper portions of flows. These two lines of evidence
suggest that the flows were ponded during eruption and cooling, probably
as lava lakes within a pyroclastic cone, all trace of which has now been
removed by erosion.

The volcanic conduit is plugged by a trachyte dome which brecciated

and altered the immediately surrounding lavas.

Stratigraphy.

Flows. Seven hawaiite flows with an outcrop area of approxi-
mately 1 kmzﬁ each make up the 335 m thick section exposed on
Anahim Peak (Figure 8). Flo&s range in thickness from 30 - 80 m
but an average thickness is 45 m., Columnar jointing is well-devel-

bped? in all the flows. The joint faces commonly have chisel marks
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on them. Spheroidal weathering is seen on the sides of some of
the columns,

The hawaiites contain phenocrysts of plagioclase feldspar and
clinopyroxene, both 0.1 - 0.8 mm long. The rocks are commonly
coarser—grained than most basaltic lava flows. This characteristic,
along with the fact that the flows are rather thick for basic lavas,
suggests that the flows were ponded during cooling.

Plug Dome. The plug dome créps out over an area of about 1/8
kmZ. The plug is a light~grey metaluminous trachyte with sodic
plagioclase feldspar and clinopyroxene phenocrysfs.’ Thick, poorly
developed columns (4 - 5 m diameter) are present and fan out toward
the margins of the plug. Where the plug contacts the surrounding
flows, there is a zone of alteration and brecciation. The breccia
is yellow and contains angular to sub-angular fragments of massive

hawaiite, scoria, white 'rhyolite'", and rare granite.

Age of Volcanism

Four lavas from the north flank of the Rainbow Range and Anahim
Peak were dated by the potassium-argon method. Samples include a comenditic
trachyte from the westernmost valley in the field area, a comendite from
Tsitsutl Peak, a hawaiite from 2,5 km north-east of Tsitsutl Peak,»and a
hawaiite from Anahim Peak. Location of the samples and their calculated dates
are given in Table L. Stratigraphically the comenditic trachyte represents
the lowest flow that has been mapped on the north flank of the volcano, while
the comendite from Tsitsutl Peak is topographically the highest flow exposed
on the north flank: The hawaiite from 2.5 km northeast of Tsitsutl Peak is

from a flow that caps the comendite unit. The hawaiite from Anahim Peak is



- 19 -

from the first flow that issued out of the vent.

Calculated K~Ar dates iﬁdicate that the Rainbow Range shield vol-
cano was active during Late Miocene time. The hawaiite flows that were
extruded from the Anahim Peak vent are younger than the flows on the north

flank of the Rainbow Range.

PETROGRAPHY

Thin sections of samples from all units exposed on the north flank
of the Rainbow Range shield volcano and Anahim Peak were examined. A summary

of the mineral assemblages is given in Table II.

Hawaiite

Hawaiites from the north flank of the Rainbow Range and from Anahim
Peak are petrographically similar. Most samples are highly porphyritic (15 per-
cent phenocrysts) but a few from the shield volcano have only 1 - 2 pefcent
phenocrysts. Plagioclase, pyroxene, and olivine are found as phenocrysts; micro-
phenocrysts of magnetite, ilmenite, apatite, and biotite occur in trace amounts.

Plagioclase (An_ ). is found as fragments of euhedral crystals, some

59
of which exhibit normal zoning. Most crystals are albite twinned but a few
crystals have pericline and Carlsbad twins. Commonly the phenocrysts are poik-
ilitic, enclosing small crystals of augite and opaque oxides. Glomeroporphyri-
‘tic:.clots occur in most;samples. Pink to pale brown phenocrysts of titan-
augite have rims of opaque granules and fibrous orthopyroxene (?), showing

that they are out of equilibrium with the rock. The clinopyroxene poikilitical-
ly encloses magnetite. In some samples (R-36, R-117), xenocrystic ortho-

pyroxene is present as anhedral macrophenocrysts surrounded by a fibrous rim

of clinopyroxene. Forsterite occurs as euhedral phenocrysts in the Anahim
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Peak hawaiites but only as altered microphenocrysts in the Rainbow Range
hawaiites.

The groundmass is a crystalline mosaic of twinned plagioclase laths
with intergranular augite and opaque oxides. In some samples (R-36, R-117),

the groundmass is hyalopilitic.

Mugearite

The mugearites contain 10 - 25 percent phenocrysts (plagioclase,
olivine, and clinopyroxene) set in a pilotaxic or trachytic groundmass of
twinned plagioclase and alkali feldspar laths which enclose equant grains of
augite and granules of opaque oxides. Plagioclase phenocrysts (Angs) occur
in gglomefoporphyritic clots, olivine phenocrysts have been partially to
totally altered, and pinkish augite occurs as rare subhedral phenocrysts.
Magnetite and ilmenite phenocrysts are very scarce. One sample (R-107) has

a trace of quartz in the groundmass.

Comenditic Trachyte

In a typical comenditic trachyte, phenocrysts of gridiron and Carls-
bad twinned anorthoclase, and hedenbergite compose 5 - 10 percent of the rock,
with anorthoclase by far the most abundant phenocryst type (Figure 9). Heden-
bergite phenocrysts are weakly pleochroic (o = green; B = pale green; Yy, =
brownish—yellow)a Sparse ilmenite and magnetite grains are also present.

The groundmass consists of sub-parallel laths of alkali feldspar
and varying proportions of intergranular acmitic pyroxene, opaque oxide, aenig-
matites. arfvedsonite, and Quartz. In some samples, acmitic pyroxene occurs

as poikilitic grains. Aenigmatite (pleochroic dark-brown to opaque) is found



Figure 9. Photomicrograph of gridiron twinned anortho-
clase phenocryst in comenditic trachyte. Groundmass

is mainly alkali feldspar laths with ferromagnesian
minerals and quartz in the interstices. Scale - 3 mm
across the photo.

Figure 10. Photomicrograph of hedenbergite, fayalite and
sanidine phenocrysts in comendite. Groundmass is composed
of alkali feldspar and quartz with acmitic pyroxene, arfved-
sonite, and aenigmatite filling the interstices between
grains. Scale - 3 mm across the photo.
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in clots surrounding magnetite and ilmenite grains where it has grown as a
reaction product of these oxides. Sparse clusters of arfvedsonite (o = deep

green - blue; B = greyish violet; Yy = blue green) are present in some samples.

Comendite

Comendites from the north flank of the Rainbow Range are holocrystal-
line and contain approximately 10 percent phenocrysts. Grounémass mineralogy
and textures remain constant whereas two phenocryst assemblages are found.
Sanidine and hedenbergite phenocrysts are found in all comendites while faya-
1ite and arfvedsonite are found in comendites from the top two-thirds of the
stratigraphic section (Figure 10).

Sanidine phenocrysts are generally euhedral and commonly exhibit
Carlsbad twinning. Glomeroporphyritic clots of sanidine are present. Euhed=
ral to subhedral hedenbergite phenocrysts ( @ = green; B = pale green; y =
pale yellow-green) are included within sanidine laths and mechanically inclu-
deded within the clots. In the lavas that contain arfvedsonite phenocrysts,
some hedenbergite crystals are mantled by arfvedsonite. Ilmenite and magne-
tite phenocrysts are rare. Most fayalite (o =y = pale yellow; g = yellow)
has an opacite rim or is surrounded by a thick corona of arfvedsonite. Rare
arfvedsonite phenocrysts (d = deep green-blue; B = greyish-white; y = brown-
blue) are always corroded.

Laths of alkali feldspar and patches of anhedral quartz grains
form over half the groundmass. Ferromagnesian minerals (acmitic pyroxene,
aenigmatite, and arfvedsonite) in the felted groundmass occur as mossy,

fern-like aggregates that envelope alkali feldspar and quartz.
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Trachyte

Trachyte (AP-12) that forms a plug dome at Anahim Peak contains 8 -
10 percent phenocrysts of plagioclase and pyroxene. Calcic oligoclase (An29)
occurs as poikilitic phenocrysts that show patchy extinction and enclose
hedenbergitic pyroxene and opaque oxides. Titan-augite phenocrysts are pink
to pale brown, show hourglass zoning, and are encircled by opacite rims.

iAugite. magnétite, and ilmenite are found in the interstices between
plagioclase and alkali feldspar microlites of the intergranular groundmass.

Rare, light blue hexagonal grains .of an isotropic mineral with streaks of

minute inclusions, probably haﬁyne, are found in the trachyte.

MINERAL CHEMISTRY

Introduction

Along the north flank of the Rainbow Range shield volcano, four
distinct stratigraphic episodes of volcanic activity produced a suite of
lavas ranging in composition from hawaiite to comendite. These lavas can be
distinguished on the basis of mineralogy and chemical composition. In the
oversaturated peralkaline rocks most phases are high in Na and Fe and low
in Ca and Mg, whereas mineral phases found in the basic rocks do not show
such extremes in composition. The minerals are examined with respect to the
insight they provide into petrogenesis of the lavas.

Reviews of the mineralogy of oversaturated peralkaline rocks
include those by Carmichael (1962), Nicholls and Carmichael (1969), Sutherland

(1974), and Bryan (1976).
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Methods

An ARL-SEMQ electron microprobe was used for approximately eighty anal-
yses of minerals from fourteen rocks. The accelerating voltage used was 15
KV; the sample current was about 40 nannoamperes. Spot size was 10 - 15 mic-
rometers for phenocryst analyses and 1 - 3 micrometers for groundmasé grain
analyses. The correction procedure was that of Bence and Albee (1968) and
Albee and Ray (1970). Ferric iron contents of pyroxenes and amphiboles were

calculated following Papike et. al. (1974).

Olivine

Fayalitic olivine is present in minor amounts as phenocrysts in the co-
mendites, while forsteritic olivine occurs as phenocrysts in mugearites and
microphenocrysts in hawaiites. Representative analyses of olivines are
presented iﬁ Table III.

Fayalite has been reported as phenbcrysts in many peralkaline, silicic
rocks (e.g.Carmichael,‘1962; Becker, 1976; Bryan, 1976). Compositionally, the
fayalite that occurs in comendites from the Rainbow Range is extremely iron-

rich, Fa The manganese oxide content of the fayalite averages about 3

94.5°
weight percent (Figure 11) which is much higher than the whole~rock manganese
oxide content, Becker (1976, Table II) reports fayalite from a comendite in
Big Bend National Park, Texas, that is almost identical in composition to that
from the Rainbow Range. |
Forsterite from hawaiites and mugearites has an average composition of
FO63' Phenocrysts are usually zoned, have half the calcium and one-tenth the

manganese of the fayalites, and the range of compositions probed is from

Fo.,,-Fo

78" F05,, - Basaltic rocks associated with oversaturated peralkaline rocks

on Isla Socorro in the east Pacific (Bryan, 1976, Table 5) contain forsterite
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Figure 11, Triangular diagrém for olivine with end members tephroite (Tph), forsterite (Fo), and fayalite
(Fa) (mol. %), showing Mn enrichment of fayalite. Symbols: hawaiite- Ml , mugearite- A , Anahim Peak tra-.
chyte~ [ , comendite- @ . . :
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similar in composition. One forsterite crystal (1 mm diameter) analyzed
from the trachyte plug at Anahim Peak shows an extreme compositional varia-
tion, from Foy,-Fo3y (normal zoning). The crystal occurs in a clot of plag-

ioclase and pyroxene microlites that appears foreign in origin.

Pyroxene Phenocrysts

Calcic pyroxenes are typical of the Rainbow Range lavas, and range from
aluminous augite through ferro-—augite to hedenbergite and sodic hedenbergite
(Table IV). When plot;ed in the pyroxene quédrilateral (Figure 12) they lie
on. a trend of iron-enrichment close to that of Nandewar volcano in Australia,
a center of mildly alkaline lavas with associated oversaturated differentia-
tion products (Abbott, 1969). Bryan (1976) also reports a suite of pyroxenes
from Isla Socorro in the east Pacific that embodies the same compositioﬁal

range as those from the Rainbow Range.

Diopsidic augites from the hawaiites are distinguished by their moderately
high TiO, (1.61-2.45 percent), Na,0 (0.39-0.65 percent), and Al,04 (3.02-5.68
percent) contents. Comparatively, ferro-augite (found only in the Anahim
Peak trachyte) is lower in these elements and contains about 5 weight percent
more total iron.

Highly aluminous (6.72 weight percent Al,03) hypersthene (Enyg) is found
as megacrysts in some hawaiites. Most orthopyroxene megacrysts reported in
the literature are aluminous bronzite (EnSO—Engo) (Binns, et. al., 1970).
High aluminum content in orthopyroxene is a phenomenon that is favored at
high pressure (Boyd and England, 1960, 1963). Experimental studies of basal-
tic compositions (for example, Green and Ringwood, 1967; Green and Hibberson,
1970) have shown that orthopyroxene + clinopyroxene with compositions similar

to those of megacrysts are near-liquidus phases at pressures of approximately
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Figure 12. Compositions of pyroxene phenocrysts plotted on the pyroxene quadrilateral (mol. %). Trend
from Nandewar volcano shown for comparison (Abbott, 1969). Symbols: hawaiite- i} , mugearite- A, Anahim
Peak trachyte-([d , comenditic trachyte- () , comendite- @ .
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10 - 20 kb: The Ralnbow Range orthopyroxene megacrysts have a vitreous
appearance in hand sample, a tendency toward conchoidal fracture rather
than cleavage, and an absence of exsolution lamellae, typical of megacrysts
(Irving, 1974): Reaction of megacryst rims with the host rock indicates that
the orthopyroxene and host rock were not in equilibrium at the time of
extrusion.

Clinopyroxenes found as phenocrysts in the peralkaline rocks are sodic
hedenbergites, with compositions close to W045.5Fs47.5En7 in comenditic tra-

chytesanﬁ1W044FsssEnl in ceomendites. Variation in composition of pyroxenes
from comenditic trachytes and comendites parallels trends seen in whole-rock

composition of these rocks: NaZO and Fe203 are high while MgO and Ca0 are

low. Compared to augitic pyroxenes found in basic alkaline rocks, the sodic

hedenbergites are high in Na, O and total iron, and low in Ti10 A1203, and

2 2°

MgO.

Groundmass Pyroxene

Groundmass pyroxenes from the peralkaline rocks are near pure end~member
acmite (NaFe+3SiZO6) in composition, with small amounts of hedengergite in
solid solution. They are chemically distinct from the pyroxene phenocrysts,
being higher in Fe203uand Na20, and lower in Ca0 (Figure 13). The pyroxene
crystallization trend in these rocks is toward extreme iron enrichment before

sodium becomes enriched. Because thevgroundmass pyroxenes are very small,
reliable analyses were difficult to obtain. For comparison, one analysis of

a groundmass pyroxene from the Burro Mesa '"Riebeckite" Rhyolite (Becker, 1976),
a crystalline comendite flow from Big Bend National Park, Texas, is listed

in Table IV and plotted in Figure 13, One qualitative analysis of a ground-

mass pyroxene from a Rainbow Range comendite shows the same relative amounts



ACMITE
Na

~Groundmass pyroxene analysis
' from Becker (1976)

~2Groundmass pyroxene,
this study

_62._

Mg L v Py 3 v ooy S\FePliwn
DIOPSIDE HEDENBERGITE

Figure'13. Triangular diagram for pyroxene in terms of acmite, diop;
side, ahd hedenbergite (mol. %). One groundmass pyroxene analysis from
the Rainbow Range is only semi~-quantitative; one analysis from Becker

(1976) is shown for comparison. Symbols as in Figure 12,
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of oxide components. TiO2 and A1203 contents are higher in the groundmass
pyroxenes, while MnO is higher in the phenocrysts. Nicholls and Carmichael
(1969) note the same inverse relationship between Ti and Mn in pyroxenes
from New Zealand comendites.

The poikilitic habit of the acmitic pyroxene is‘evidence for a low pres-
sure origin, i.e. after extrusion of the lava, at 1 atm. pressure. Experi-
mental work shows that acmite has a low thermal stability with respect to
other silicate minerals. Bailey and Schairer (1966) found that pure acmite
melts at 9759 + 5°C at 1 atm,

The presence of acmite does indicate that the liquid was highly peral-
203— Fe203—8102,

Bailey and Schairer (1966) found that acmite crystallizes in the presence

kaline at the time of extrusion. In the system NaZO-Al

of quartz + liquid only from a liquid bearing normative sodium silicate.

Amphibole

Amphibole is found 6nly in peralkaline silicic rocks from the Rainbow
"Range. It occurs primarily as a groundmass mineral and rarely as phenocrysts

or as mantles around fayalite phenocrysts. Microprobe analyses show that two
F +2 - +3
0:2° 4.6 0.2

Ti )Si 0 - (OH,F) ]and katophorite [(Na K )(Ca Na_ )(Mn FetZ pet3
0.1°778 22 2 0.9 0.1 1.5 0.5°% 0.1 2.8 1.6

AlO.STiO.I)SiBOZZ(OH’F)2] (Table V). The one analyzed katophorite is from

amphiboles are present: arfvedsonite [(NaO.SKOaZ)(CaO.SNal.S)(Mn

the groundmass. Arfvedsonite is the amphibole .expected in peralkaline sil-
icic volcanic rocks because it is stable to a higher temperature than rie-
beckite (Ernst, 1962). Arfvedsonite has been reported as a groundmass com-
ponent in many peralkaline silicic volcanic rocks (e.g.vNicholls and Carmi-
¢hael, 1969; Sutherland, 1974; Becker, 1976).

The amphibole forms irregular patches of poikilitic grains in the
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groundmass, suggesting that it formed after extrusion, as did the acmite.
Hydroxyl amphibole is not stable as magmatic liquidus temperatures and low
pressure, but fluorine has been found to staﬁilize amphibole at low pressure
(Troll and Gilbert, 1974). Although fluorine was not determined in Rainbow
Range amphiboleé, it has been reported in most arfvedsonites from peral-
kaline silicic volcanic rocks (e.g. Nicholls and Carmichael, 1969; Sutherland,
1974; Becker, 1976), and it seems likely that fluor-arfvedsonite is the ampHi-

bole’. . present in the Rainbow Range peralkaline lavas.

Aenigmatite

Aenigmatite (NaQFe5TiSi6Cbo) is a common constituent of the comenditic
trachyte and comendite lavas from the Rainbow Range, where it is found exclu-
sivélyiyasc an interstitial groundmass phase. The mineral has Eeen found in
a number of peralkaline volcanic rocks (e.g. Abbott, 1967; Nash et. al., 1969;
Nicholls and Carmichael, 1969; Sutherland, 1974; Yagi and Souther, 1974;
Marsh, 1975; Becker, 1976; Self and Gunn, 1976; Barker and Hodges, 1977; and
Larsen, 1977).

Two analyses of groundmass aenigmatite grains from Rainbow Range comen-

dites are given in Table VI. One of these (R-44-1) was provided by B. Prof-
fett of the University of Calgary. An analysis of aenigmatite from Mt.
Edziza (Yagi and Souther, 1974, Table 4, #2) is shown for comparison:
Because the mineral grains are very small reliable analysis were difficult to
obtain. The composition of the Rainbow Range aenigmatite is similar to those
reported for groundmass aenigmatite in other peralkaline volcénic rocks (e.g.
Nicholls and Carmichael, 1969).

In the Rainbow Range peralkaline lavas aenigmatite crystallized after

extrusion, as evidenced by its interstitial nature. This indication of late
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stage formation is consistent with experimental results (Lindsley, 1971) that
show the maximum thermal stability of synthetic aenigmatite to be below 900°C.
Aenigmatite always surrounds small grains of Fe~-Ti oxide, and appears to have
fofmed by a reaction that consumed the oxide phase. This petrographic feature
has been observed by Lindsley et. al. (1971), Marsh (1975), and Becker (1976).
Becker (1976) suggests that a possible reaction for the formation of aenig-

matite is:

FeTi0O, + Na,S$i0. + 2Fe,Si0, + 2Si0, = Na,Fe_TiSi

3 25104 2510, 2 oFegTisig0,,

ilmenite + liquid + fayalite + silica = aenigmatite

Fayalite is not necessarily specifically involved in the reaction; however,

the liquid reacting with ilmenite must be rich in iron and silica.

Feldspar

Feldspar is the most prevalent phenocryst phase found in Rainbow Range
lavas. A suite of analyzed feldspar phenocrysts ranges from plagioclase in
basic rocks to alkali feldspar‘in peralkaline silicic rocks (Figure 14). The
compositional range covered by these feldspar phenocrysts is similar to that
of analyzed feldspar suites from two oceanic islands, Isla Socorro (Bryan,
1976) and Terceira in the Azores (Self and Gunn, 1976).

Microprobe analyses of 17 feldspar phenocrysts are given in Table VII.
Labradorite is the plagioclase feldspar most often found in hawaiites and
and mugearites, although one hawaiite (AP-11) contains calcic andesine.

The trachyte plug.at Anahim Peak béars large phenocrysts of oligoclase.
Zoning in plagioclase phenocrysts can be either normal or reverse, and nowhere

exceeds 3 mol. percent. Anorthoclase from comenditic trachytes ranges from

Ory9-0rsg (mol. percent) which is slightly more sodic than the range for



Figure 14, Triangular diagram for feldspar in terms of
albite (Ab), anorthite (An), and orthoclase (0r) . (mol. %).

Symbols as in Figure 12.
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peralkaline trachytes cited in Sutherland (1974), but corresponds well to one
analysis from Pantelleria (Villari, 1970, p. 361). Alkali feldspar from
Rainbow Range comendités ranges from Or34—0r37, within the observed range

from other reported localities (Sutherland, 1974). All alkali feldspars anal-
yvzed have less than 1l weight percent Ca0O. The maximum zonation found between
end members in any crystal is 1 mol. percent.

Experimental work on alkali feldspar in peralkaline liquids has concen-
trated on determination of the location of the thermal valley under varying
experimental conditions (e.g. Carmichael, 1962; Carmichael and MacKenzie,
1963; Bailey and Schairer, 1964; Thompson and MacKenzie, 1967; Bailey and
Macdonald, 1969; and Roux and Varet, 1975). Bailey (1974) presents an over-
view of experimental work on feldspars in oversaturated, peralkaline systems.

Alkali feldspar:phenocrysts ffom Rainbow Range peralkaline lavas are pre-
sumed to represent the first feldspar to precipitate from a liquid of thg
rock composition, because there is little range in. composition of alkali feld-
spar from any one rock, and the phenocrysts are not obviously xenocrystic.

In order to determine where the Rainbow Range peralkaline liquids and
feldspars lie with respect to a '"thermal valley" and a quartz-feldspar field
boundary, the normative constituents Q + Ab + Or were recalculated to 100
percent and plotted, along with coexisting feldspar compositions, on Carmi-
chael and MacKenzie's (1963, Figure 4) composite liquidus diagram for the sys-
tem NaAlSiBO8—KAISi308—SiOz-HZO with different percentages of additional
acmite and nosean (Figure 15). The absence of quartz phenocrysts in the
rocks indicates that the intersection of the thermal valley with the quartz-
feldspar field boundary was not reached by the liquids while phenocrysts were

still crystallizing. The bulk rock compositions must have been near the bot-

tom of the thermal valley to produce the restricted range of feldspar
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Figure 15. Compositions of Rainbow Range comendltlc trachytes (open circles) and comendites
(solid circles) and their coexisting feldspars (open and solid squares, respectively) (mol. %)
plotted on Carmichael and MacKenzie's (1963, Figure 4) composite liquidus diagram for the sys-
tem NaAlS1305-KA1S130g-810,-H,0 plus different percentages of additional acmite and nosean.

A, B, and C represent the thermal minimum for A- no acmite or nosean, B- 4.5% acmite + 4.5%
nosean, and C- 8.3% acmite + 8.3% nosean.
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compositions.

Experimentally, the minimum has been seen to move towards the Or-Q join
with increased peralkalinity (Carmichael, 1962). The Rainbow Range comendite
trend lies parallel to Carmichael and MacKenzie's curve C for 8.3 percent
nosean. Rainbow Range comendites have about 5 percent normative acmite and
] percent normative nosean. While the Rainbow Range comenditic trachyte trend
is not as distinc;, it is displaced towards a lower Or content. The comen-
ditic trachytes have approximately l percent normative acmite and lack norma-
tive nosean.

Carmichael and MacKenzie's data are for PH o= 1 kb, -yet oversaturated,
2

peralkaline ;ocks are generally thought to be dry (anhydrous) and rich in
halogens (Nicholls and Carmichael, 1969; Roux and Varet, 1975). The variations
of the liquidus surface under. varying confining pressures and vapor composi-
tions are not known: Preliminary experiments by J. T. Iiyama (see Roux and
Varet, 1975) show that the minimum is shifted towards K-rich compositions in
the.presence of an alkali chloride vapor at 1 kb. The Rainbow Range data are

consistent with this observation.

Iron-Titanium Oxides

Iron-titanium oxides are found in all Rainbow Range lavas. In hawaiites,
mugearites, and the Anahim Peak trachyte, titanomagnetite and ilmenite are
found as discrete phenecrysts, microphenocrysts, groundmass granules, and
occasionally as inclusions in plagioclase and clinopyroxene, Titanomagnetite
and ilmenite in the comenditic trachytes and comendites occur-primarily as
groundmass granules and microphenocrysts; in comendites the oxiae phase has
always partially reacted to form aenigmatite.

Analyses are given in Tables VIII and IX. Composition of the oxide
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phases varies with rock type. Mg0O is enriched in oxide phases from the

basic lavas and depleted in oxide phases from the peralkaline lavas, while
MnO displays the opposite trend. Analysed oxide phases from peralkaline acid
lavas in Pantelleria and eastern Australia also show high MnO and low MgO
concentrations (Carmichael, 1967; Ewart et. al., 1976). Analyses have been
recalculated according to the method described by Carmichael (1967), and plot-

ted in terms of FeO, Fe203, and TiO, in Figure 16. Ulvospinel content in tit-

2
anomagnetites ranges from 50 to 87 percent, while coexisting ilmenites contain

2 to 7 percent R Iron-titanium oxides from Rainbow Range lavas vary in

203.
composition with coexisting ferromagnesian silicates, a characteristic noted
by Carmichael (1967). Oxide phases from Rainbow Range peralkaline lavas are
lower in R203 and higher in ulvospinel than oxide phases from Rainbow Range
alkaline lavas.

The temperature and log fOZ'Of equilibration of coexisting titanomag-
netite and ilmenite can be obtained using the methods of Buddington.:and Lind-
sley (1964). The analyzed oxide phases are all from the groundmass and hence
equilibration temperatures should represent solidus temperatures. In Figure
17, coexiSting oxide pairs from six Rainbow Range lavas ranging from hawaiite

to comenditic trachyte are plotted on a log f. -T diagram according to the

02
curves of Buddington and Lindsley (1964). Estimated temperatures and oxygen

fugacities of Rainbow Range lavas fall along or close to the QFM buffer.

This is consistent with the mineralogy of the rocks.

Other Accessory Minerals

Apatite is commonly present as small needles in the matrix of all Rain-~
bow Range lavas, whereas stout microphenocrysts filled with parallel inclusion

trains occur in the Anahim Peak hawaiites. Rare groundmass red-brown biotite
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Figure 16.
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Compositions of titanomagnetite and ilmenite (mol. %) plotted in terms of Ti0;,

FeO, and Fe,03. Tie-lines comnect coexisting oxide pairs. Symbols as in Figure 12,
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Figure 17. Log foz— T diagram in which are plotted maximum values
of T ( C) and £, for equilibration of oxide phases in Rainbow
Range and Anahim Peak lavas, using the curves of Buddington and
Lindsley (1964). HM- hematite-magnetite buffer (Eugster and Wones,
1962), Ni-NiO - nickel-nickel oxide buffer (Eugster and Wones,
1962), WM - wiistite-magnetite buffer (Eugster and Wones, 1962),
QFM - quartz-fayalite-magnetite buffer (Wones and Gilbert, 1968).
Symbols as in Figure 12.
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and light blue haﬁyne (?) are also present in the Anahim Peak trachyte.
Quartz occurs as minute anhedral grains throughout the groundmass of the

comendites and comenditic trachytes.

WHOLE ROCK CHEMISTRY

Introduction

Major and trace element data are used to interpret the nature of source
rocks for the Rainbow Range lavas, and the role of various processesvin magma
genesis an& differentiation. Thirty-two samples of Late Miocene volcanic
rocks from the Rainbow Range and Anahim Peak (Plate II) were analyzed by
X-ray fluorescence for major element oxides SiOj, TiO,, Al;03, FeyO3, MnO,
Mg0, Ca0, Nay0, K70, and P505, and the trace elements Nb, Rb, Sr, Ba, and Ni.
Anhydrous analyses, recalculated to 100 percent, are presented in Table X.

Samples were preparéd following the method of Norrish and Hutton (1969).

'Concentrations of major element oxides, . except Naj0, were determined from
glasses diluted with a commercially prepared flux (Chemplex Grade III, #925,
composition: 16 percent lanthanum oxide, 47 percent lithium tetraborate, and
37 percent lithium carbonate); trace elements and Na,0 concentrations were
determined from undiliited preésed powder pellets., Data were reduced using

the procedures of Watters (1976):

Normative Mineralogy

Normative minerals (Table X) for all samples. were calculated using a
computer program; The Fe203/FeO ratie of the volcanic rocks has not been

determined analytically. In order to calculate normative mineral compositions,
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iron was partitioned according to the method of Carman et. al. (1975). A
factor (R) for each rock type was determined from Fe203/FeO ratios in the
same rock types found in the literature. The formulas used for the partition

of iron are Fe203' = Fe203/(}+l.1113R) and Fe0Q' = Fe203'/R, where R = Fe203/

FeO of the same rock pre. The R values used were: .32 for hawaiites (Nock-
olds, 1954), .38 for mugearites, metaluminous trachytés, and comenditic tra-
chytes (Irvine and Baragar, 1971; Macdonald, 1974), and .43 for comendites
(Macdonald, 1974).

| The proportions of ferromagnesian minerals in the norm are dependent on
the oxidation state of the iron. For example, when all the iron in a peral-
kaline rock is in the +3 state,vsodium is used to form acmite, and sodium
metasilicate is absent. Ferrosilite and nosean become important phases when
ferrous iron is added, and hematite and sphene disappear while ilmenite

increases.

Rock Classification

Lava flows from the Rainbow Range represent a compositionally bimodal
suite of basic alkaline and silicic peralkaline rocks. Peralkaline rocks
account for at least 80 volume percent of the rocks exposed on the north
flank of the shield volcano.

Basic to intermediate rocks are classified according to Thompson et. al,
(1972) using the Thornton and Tuttle (1960)differentiation index (D.I.).
Alkali olivine basalts have D.I. < 35, hawailites 35-45, mugearites 45-65,
benmoreites 65-75, and trachytes > 75,

By, .definition (Shand, 1951), peralkaline rocks have a molecular excess

of (N320+K20) over Al2 3 Oversaturated peralkaline rocks have been divided
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into two groups, pantellerites and comendites. The two types differ mainly
in chemistry and not in mineralogy. Comendites are mildly peralkaline, while
pantellerites are more extremely peralkaiine. Originally the distinction was
based on‘the fact that pantellerites have a higher proportion of femic min-
erals. Lacroix (1927) chose 12.5 percent normative femic minerals as his
division between the two,.aware that since a complete chemical transition
existed between the two groups any division would be arbitrary. A classi-
fication scheme based on normative femic minerals and normative quartz was
ised by Macdonald and Bailey (1973). This scheme included the peralkaline
trachytes as those rocks with less than 10 percent norﬁative quartz. Sub-
sequently Macdonald (1974) proposed a classification scheme based on iron
and aluminum contents. These elements were .chosen because they appeared to
be largely unaffected by post-—eruptive devitrification and hydration. 1In
Figure 18, oversaturated, peralkaline volcanic rocks from theTRainbow Range
are plotted on both of the classification schemes. Macdonald and Bailey's
(1973) scheme separates the lower unit and upper unit of Rainbow Range lava
flows into comenditic trachytes and comendites, respectively. In Macdonald's
later scheme, analyses that previously plotted as comendites are scattered
around the intersection of the field boundaries, plotting as comenditic tra-
chytes, comendites, and pantellerites.

Peralkaline volcanic rocks from the Rainbow Range do not fit unambig-
uously into either classification scheme. They are high in A1203 (indicating
trachytic affinities) and low in'normative femic minerals compared to crys-
talline pantellerites (Macdonald, 1974). Based on a combination of petro-
graphic and chemical variations, volcanic rocks from the lower unit are named
comenditic trachytes, and volcanic rocks from the upper unit are named

comendites.
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Compositionél Changes in Silicic Peralkaline Rocks as a Result of Post-

Eruptive Processes

Silicic peralkaline volcaﬁic rocks are particularly susceptible~to
changes in chemical composition due to a variety of post-eruptive processes,
because of their peralkaline nature. The most common change is a loss of
sodium from crystalline rocks or hydrated glasses. This has been attributed
to devitrification.(Lipman, 1965; Noble, 1965; Ewart et. al., 1968), primary
crystallization (Noble, 1968; Macdonald and Bailey, 1973), and ground water
leaching (Lipman, 1965; Macdonald and Bailey, 1973). Macdonald and Bailey
(1973) show that 2 wt. percent Na20 can be lost from the crystalline in-
terior of a flow. KZO is usually lost or gained (Lipman, 1965; Noble et.
al., 1967).

Halogens can be lost during primary crystallization, devitrification,
and hydration (Noble, 1965, 1968; Noble et. al., 1967; Macdonald and Bailey,
1973). 1In fact Noble et. al. (1967) report that half the fluorine and four-
fifths of the chlorine in peralkaline volcanic rocks can be lost during
primary.crystallization. Fluorine and chlorine contents of Rainbow Range
peralkaline volcanic rocks were not determined; however, their presence has
been wéll documented in many silicic, peralkaline volcanic rocks (Nicholls
and Carmichael, 1969; Macdonald and Bailey, 1973) and it is probable that
some halogens were lost from Rainbow Range peralkaline lavas after eruption.

It has been suggested that only non-hydrated obsidians represent the
true composition of the original peralkaline liquid (Noble, 1966; Macdonald
and Bailey, 1973). All analyzed peralkaline volcanic rocks from the Rainbow
Range are from holocrystalline la;a flows. ©None of the samples analyzed are
significantly hydrated (maximum loss on ignition was 1.88 weight percent).

There is good agreement between sodium and potassium contents from analyzed
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samples of any one rock type, indicating that alkalis were not lost in great
amounts, Rainbow Range peralkaline lavas do not appear to have changed
enough in chemical composition since extrusion to have originally been

pantellerites.

Chemical Variation Between Flows

Major Element Oxides. Concentrations of major element oxides are

shown in Harker diagrams (Figure 19). These diagrams show important chemical
variations between different rock types from the Rainbow Range. All oxides
except NaZO and K20 decrease 'with increasing silica content. Although iron
displays a decreasing trend, it is enriched in the most silicic rocks. For
lavas from the Rainbow Range there is a complete gap in silica content between
56.30 and 64,80 weight percent. Only the Anahim Peak trachyte has a silica
content within this gap.

Comenditic trachyte and comendite analyses from the Rainbow Range are
similar in major element chemistry to Macdonald's (1974. Table 1) "averége
crystalline comenditic trachyte' and "average crystalline comendite." These
silicic, peralkaline rocks have higher contents of total iron and NaZO, and
extremely lower contents of Mg0O and Ca0 than the average calc=alkaline rhyolite
(Carmichael et. al., 1974).

Suites of volcanic rocks with similar major element oxide trends include
those from Aden (Cox ets al., 1970), Erta Ale in the northern Afar (Barberi
and Varet, 1974), Mt. Edziza in northwéstern British Columbia (Souther and
Symons, 1974), eastern Australia (Ewart et. al., 1976), Isla Socorro in the
eastern Pacific (Bryan, 1976), Terceira in the Azores (Self and Gunn, 1976),
and the Trans-Pecos of weét Texas and Kenya (Gregory) rift in east Africa

(Barker, 1977).
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,Txapg;ﬁ}ements. Samples from the Rainbow Range volcanic suite were
analyzed for five trace elements- Nb, Rb, Sr, Ba, and Ni (Table X). The
five show a variety of trends and serve té emphasize the relevance of trace
element data to problems of magma genesis. Trace elements and trace element
ratios are ploted in Harker diagrams (Figures 20 and 21) analogous to those
used for major element oxides.

Rainbow Range peralkaline rocks have trace element contents within the
range of values compiled by Macdonald and Bailey (1973) for peralkaline
oversaturated obsidians, although rﬁbidium contents are somewhat low. In
addition, the trace element contents of the Rainbow Range peralkaline rocks
show the characteristic pattern of extreme enrichment in some trace elements
and particularly low contents of others,

Nickel content decreases with increasing silica content. This is an
expected trend, indicating incorporation of Ni into the lattices of pyroxene,
olivine, ilmenite; and magnetite in the more basic rocks. Niobium is con-
centrated in the siliceous peralkaline rocks where it is thought to follow
zirconium (Cox et. al., 1970).

Rubidium, strontium, and barium are all related and will be discussed
together. These three elements have large ionic radii ( 1.16&) and are
‘partitioned into the feldspar phase. Rb/Sr ratios increase radically with
differentiation. Rubidium steadily increases with increasing acidity, fol-
lowing calcium; Strontium values for comendites are extremely low, ranging
from 1,4 to 10.9 ppm, significantly lower than the 450 ppm average for mugear-
ites. This may indicate a different parent magma for the comendites, although
a common primary magma is implied by the smooth rubidium trend .(Self and Gunn,
1976). K/Rb ratios appear unaffected by differentiation, except at the

silica-rich end where they show a slight decrease. The average K/Rb ratio.
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of Rainbow Range comendites is 594, unusually high for salic igneous rocks
(Ferrara and Treuil, 1974). Korringa and Noble (1972) noted similar high
K/Rb ratios and (and low Rb contents) in silicic peralkaline rocks from
Pantelleria,

Barium builds up to a maximum aﬁd falls sharply off in the most silicic
members of the suite. This inflection point in the barium trend is due to
the onset of alkali feldspar crystallization (Ferrara and Treuil, 1974).
Enormous ‘increases in'K/Ba and Rb/Ba at the inflection point.also support
this conclusion.,

Other basic alkaline-silicic peralkaline volcanic rock suites that show
these same trends are from San Pietro and Pantelleria (Barberi, et. al.,
1970), eastern Australia (Ewart et. al., 1976). and Isla Socorro (Bryan,

1976).

Stpontiumulsotogic Data

sr87/5r86 ratios for eight Rainbow Range volcanic rocks, covering the
range of compositions described from the shield volcano and including two
samples from Anahim Peak, range from .7031 to .727 (Table XI). The ratios
fall into two distinct groups: ratios from basic rocks cluster around .7032
(Rb/Sr = .028 to :204) while ratios from silicic peralkaline rocks range from
.7042 to .727 (Rb/Sr = 2.28 to 74.4). Other basic alkaline-silicic peralka-
line suites that display similar spreads in strontium isotopie ratios include
those from Aden_(.7038~.7072), Cox et. al., 1970; Erta Ale (.702-704), Bar-
beri and Varet, 1970; eastern Australia (.7038->.71), Ewart et. al.; 1976;
the Trans-Pecos field of west Texas (.7032-.7254), Barker et.. al., 1977; and
and the Stikine. volcanic belt of northwestern British. Golumbia (.7026->.714),

Armstrong et. al., 1977.
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An isochron plot of all eight samples (Figure 22) shows a very good cor-
relation between Sr87/Sr86 and Rb87/Sr86 ratios, and regression of thé data
' according to the method of York (1967) gives an age of 6.9 + 1.0 m.y. and
initial Sr87/Sr86 ratio of .7032 + .0001 for the suite. The age is in good
agreement with K-Ar age determinations from the shield volcano (Table I).

The calculated initial ratio is equivalent to that of the most primitive lavas
known from the shield volcano, hawaiites, whose Sr87/Sr86 ratios have not
changed significantly since ‘eruption because of their low Rb/Sr ratios.

Many explanations have been given for the differences in Sr87/Sr86 ratios
in suites of cogenetic volcanic rocks.. The.first:!is .thatithe isotopic vari-
ations reflect variations in the Rb/Sr and Sr87/Sr86 ratios of magma source
material in the mantle. Mantle Rb/Sr ratio may vary laterally and with
depth. A second explanation is that different Sr87/Sr86 ratios will be
generated as a result of different Rb/Sr ratios in different portions of
a long-lived magma chamber (Artemov and Yaroshevskiy, 1965). The third ex-
planation is that the isotopic variations were caused by contamination of
thenmagmas with radiogenic strontium by bulk assimilation or wall-rock
reaction (Green and Ringwood, 1967).

In order to assess which of these explanations appears to account for
the high strontium isotopic ratios of the differentiated members of the
Rainbow Range volcanic suite, initial Sr§Z%Sr§6 ratios were calculated (Table
XI) ﬁsing measured Sr87/Sr86 and.iRb/Sr ratios and known K-Ar dges or esti-
mated ages based on relative stratigraphic position. With the exception of
one sample (R-29), éalculated initial Sr87/Sr86 ratios are, within lo error
limits, equal to the initial ratio calculated for the isochron, and all
agree within 20, Decay of Rb87 to Sr87 since the time of eruption can ac-

count for the higher Sr87/Sr86 ratios of the peralkaline lavas.
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MORPHOLOGY OF THE RAINBOW RANGE SHIELD VOLCANO

The Rainbow Range shield volcano is unique in that even though a high
proportion of the lavé is silicic, ranging from 64 to 71 weight percent $i09,
the volcanic edifice is a shield volcano, intermediate in size between Ice-
landic and Hawéiian.shield volcanoes. The broad, low slopes of the volcano
indicate that the viscosity of these lavas was unusually low during eruption.
Lavas with the same silica content and average viscosity would normally build
a composite cone. Peralkaline shield volcanoes havé been reported in the
literature only from one other locality outside éf British Columbia - the
South Turkana regionsof the Kenya rift valley (Webb and Weaver, 1975).

The viscosity of a silicate liquid is dependent on the extent of deve-
lopment of chains and networks of silica tetrahedra (Ringwood, 1955; Barth,

4’ Al+3

1962). Networking forming ions (e.g. Si+ . Ti+4) increase polymeriza-
tion of gilica tetrahedra in the magma if oxygen atoms are available to ﬁond
with them. When present in large quantities, network modifying ions (e.g.
Na+, K+) free oxygen atoms so that silica tetrahedra form independently from
one another. An increasg in independent silica tetrahedra corresponds to a
decrease in viscosity.

Schminke (1974) discusses the factors influencing the viscosity of per-
alkaline magmas and proposes that the combination of peralkaline composition
and high temperature together reduce the viscosity of peralkaline silicic
lavas below that of an average calc-alkaline silicic lava. Peralkaline lavas
are high in Na+, K+, Fe+3, and F~ (silicate network modifiers) and low in
A1+? (a silicate network former). Many peralkaline lavas are reported to have

low viscosities (Schminke and Swanson, 1967; Walker and Swanson, 1968; Sch-

minke, 1974; Scarfe, 1977). Liquidus temperatures calculated for silicic
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peralkaline lavas range from 900°C to 1050°C (Carmichael, 1967; Bailey et. al.,
1974; Barberi et. al., 1975). 1In contrast, Carmichael et. al. (1974) report
extrusion temperatures for "rhyolites" ranging from 735°C to 925°C.

Using the method of Shaw (1972), viscosities were calculated for peral-
kaline lavas from the Rainbow Range and compared with calculated and exper-
imentally determined viscosities of calc-alkaline rhyolite, pantellerite, tho-
leiitic basalt, and alkali basalt (Table XII). Results show that Rainbow
Range peralkaline lavas are 10 to 30 times less viscous than calc-alkaline
rhyolite at the same temperature and water content, In addition, the results
are in agreement with experimentally determined viscosities of a pantellerite
from Fantale in Ethiopia (Scarfe, 1977). Théleiitic and alkalic basalts are
1000 times less viscous than peralkaline silicic lavas at 1200°¢ (approxi-
mate liquidus temperature of basalt).

During eruption, the actual viscosity of the Rainbow Range peralkaline
lavas would have differed from the calculated values for a number of reasons.
The presence of crystals in a melt would raise its viscosity (Shaw, 1965, 1969;
Murase and McBirney, 1973), whereas dissolved volatiles would reduce its vis-
cosity (Shaw, 1963, 1972). Rainbow Range peralkaline lavas contain 5 - 10
percent crystals, thé presence of which would be unlikely to increase the
viscosity of the melt more than a factor of 1,3 - 1.8 (Shaw, 1965). Peralka-
line lavas are known to be rich in halogens (Nicholls and Carmichael, 1969;
Bailey and Macdonald, 1975). The effect of F and Cl1 on the viscosity of
melts of geologic interest is not known, but studies of glass systems sug-
gest that Ff is an important melt depolymerizer (Hirayama and Camp, 1969).
Therefore, the possibility exists that upon eruption, Rainbow Range peralkaline

lavas were considerably less viscous than the calculated values.
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ORIGIN OF OVERSATURATED, PERALKALINE VOLCANIC ROCKS

Several theories have been proposed for the origin of oversaturated,
peralkaline volcanic rocks. The most common of these are partial fusion of
lower crustal material and fractional crystallization or partial fusion of a
basic parent. Another process. currently being discussed in the literature is
the modification of the above mechanisms by volatile transfer in an open
system.

In a study of non—hydrated{ aphyric, peralkaline obsidians (i.e. rocks
most representative of peralkaline liquid compositions) from different con-
tinental and oceanic localities, Béiley and Macdonald- (1970) found that con-
tinental oBsidians clustered in composition around the quartz-feldspar minima,
while oceanié obsidians scattered along the thermal valley between Ab and Or.
They concluded that continental peralkaline magmas must form by partial
melting of lower crustal material in order to have such tightly clustered
compositions at the quartz-feldspar minima, while oceanic peralkaline magmas
form from fractionél crystallization of trachytes.

Rowever, initial Sr87/Sr86 ratios of peralkaline lavas indicate that
these rocks are mantle-derived. Peralkaliﬁe volcanic rocks from Pantelleria
have strontium isotopic ratios ranging from .7029 to .7032 (Korringa and
Noble, 1972). Ferrara and Treuil (1974) report a range of .703 to .707 for
most young peralkaline volcanic rocks from the Kenya rift.

In his classic paper, Yoder (1973) .showed that hydrous meltingvof a rock
composed of olivine énd clinopyroxene at high pressure (10-15 kb) could pro-
duce contemporaneous basalt and "rhyolite'". This "rhyolite" could differen-
tiate towards peralkaline composition by alkali feldspar fractionation.

The most commonly invoked mechanism for origin of oversaturated, peralka-
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line magmas is by fractional crystallization of an alkalic basalt. Liﬁdsey
and others (1971) showed unequivocally that a peralkaline residuum could form
from fractional crystallization of basalt, in their study of pegmatitic seg-
regations found in a flow of Columbia River basalt. Indeed, alkalic basalts
are often spatially related to areas of peralkaline vol;anic activity (Bar-
beri and Varet, 1970; Barberi et. al., 1975; Bryan, 1976; Self and Gunn, 1976).

This process is envisaged in several steps. Fractionation of plagic-—
clase and ferromagnesian minerals depletes the residual liqhid in Ca, Mg, Al,
Fe, Cr, Sc, V, and Sr, and enriches the fesidual liquid in Si, alkalis, Nb,
Th, Y, and Zr. When the magma becomes low in Ca, continued crystallization
of plagioclase (the "plagioclase effect" of Bowen, 1945) drives the liduid.
toward peralkaline compositions by depleting the aluminum content of the
magma with respect to alkali content. Subsequent crystallization of alkali
feldspar increases the excess of alkalis over aluminum. The Na/K ratio of
alkali feldspar is lower than that of the liquid, so alkali feldspar frac-
tionation raises the Na/K ratio of the residual liquid (the "orthoclase effect"
of Bailey and Schairer, 1964).

Experimental studies (Carmichael and MacKenzie, 1963; Bailey, 1967;
Bailey and Maédonald, 1969; Roux and Varet, 1975) also. support the theory that
oversaturated peralkaline magmas are derived Sy feldspar fractionation.

Numerous experiments document that peralkaline rock compositions lie in the
low temperature thermal valley between Ab and Or in the system Q-Ab-Or, indi-
cating that the magmas were derived by feldspar‘fractionation from liquids of
trachytic composition.

Many field and petrologic studies also point towards fractional crystal-
lization of an alkalic basalt parent for the derivation of oversaturated,
peralkaline lavas. Barberi et,.él. (1975) describe a most convincing example-

a ‘basalt to pantellerite suite with continuous variation in major and trace



element composition, from the Boina Center in Ethiopia. Noble (1965, 1968)
argues for prolonged fractional crystallization based on the radically
enriched and extremely depleted trace element contents found in oversaturated,

peralkaline rocks. Similar reasoning is employed by Gass and Mallick (1968),
Noble et al,.(1969), Barberi and Varet (1970), Ewart et. al. (1976), and Self and
Gunn (1976).

As more precise trace element data become available for oversaturated,
peralkaline rocks, increasing evidence suggests that crystal fractionation or
parial fusion cannot tot;lly explain observed trace element trends. Presence
of an alkali and/or halogen-rich volatile phase is claimed necessary for the
deviation of trace element contents from those predicted by crystal-liquid
equilibria (Bailey and Macdonald, 1969, 1975; Bailley, 1973; Bailey et. al,

"1975).

In a study of peralkaline obsidians from Eburru volcano in Kenya. Bailey
and Macdonald (1975) found that trace element abundances were not compatible
with a closed system evolutionary.process controlled by crystal-liquid equi-
libria. However, they found high correlation of F with Zr and Rb, and Cl with
Nb and Yt, and suggested that in an open system partitioning of metal-halogen
complexes between a volatile phase and silicate melt would depend on condi-
tions at the time of differentiation, such as volume of vapor and melt,
variations .in composition of vapor and melt, pressure, and température.

Martin (1970) showed experimentally that the presence of water as a
volatile phase was responsible for the separation of a peralkéline liquid
fraction from a basaltic parent, especially through the mobilization of silica
and alkalis. Orville (1963) also demonstrated alkali transfer between alkali
feldspars and alkali chloride-water solutions experimentally.

The derivation of oversaturated, peralkaline volcanic rocks is by no
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means a simple process:  Their close association in space and time with basic
alkaline rocks indicates that fractional crystallization-erpartial fusion of
a mafic parent is almost assuredly necessary for their genesis. Several
studies show the importahce of a volatile phase in altering the final com-
position of these rocks, and emphasize the need for additional experiments in -
the presence of a volatile phase to determine .the extent of its influence on

evolution of the peralkaline condition.

ORIGIN OF LAVAS FROM THE RAINBOW RANGE AND ANAHIM PEAK

Continuous variation in major and trace element trends and feldspar com-—
positions for the hawaiite-~mugearite-comenditic trachyte—éomendite suite from
the Rainbow Range suggests that the differentiated rocks were derived from
the same parent magma, tapped several times as it. was undergoing fractional
crystallization in a high-level magma chamber. In addition, the magma
chamber‘may have been éompositionally zoned prior to eruption to produce the
sequence of alternating basic and éilicic, peralkaline lava flows. The
Rainbow Range shield volcano lies near the western edge of the Late Miocene
plateau basalt province of south-central British Columbia, suggesting that
these basalts are perhaps the ultimate source for the differentiated suite
seen in the.Rainbow Range.

Leastlsquares mass balance equations were made using the computer pro-
gram MAGMIX (modified from Bryan and others, 1969) in order to determine
whether the major element composition of one lava could be derived from the
composition of anothér by fractionation of the phenocryst phases present.
Compositions of fractionated phases are actual phenocryst compositions from
the parént lavas. Mass balance calculations for trace elements were made

using the results of major element models and equation 1 of Gast (19€8) for
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Rayleigh (surface) equilibrium. Data of Drake and Weill (1975), Ringwood
(1975), andvAfth (1976) have been used to estimate partition coefficients for
trace elements,

Because no obsidians were found within the field area compositions of
porphyritic volcanic rocks were used in the models. It is not known whether
the phenocrysts (1l to 2 percent in basic rocks and up to 10 percent in silicic
rocks) represent cumulate material or whether they crystallized from the
differentiated liquid., Disequilibrium features such as reaction rims are
rarely seen in the rocks, suggesting that the phenocrysts are iﬁ equilibrium
with the bulk rock composition,

Seven models were tested, Hawaiite, -the most primitive rock type found
on the north flank of the Rainbow Range, was used as parental ma;erial to all
;he more differentiated rock types. It is presumed to have been derived from
approximately 30 percent fractional crystallization of alkali olivine basalt
in a manner similér to that discussed by Fiesinger and Nicholls (1977, pages
34-35). Mugearite was tested as parenﬁal material to comenditic trachyte and
comendite, and comenditic trachyte was evaluated as a possible parent of
comendite. In addition, hawaiite from Anahim Peak was modelled as a parent
to tﬁe Anahim Peak trachyte. The phases subtracted from basic parents were
olivine, plagioclase, augite, magnetite, ilmenite, and apatite, while anor-
thoclase and hedenbergite were subtracted from comenditic trachyte. Results
of calculations yielding'the lowest residuais are shown in Tables XIIL
through XIX.

Increasing degrees of crystallization (71, 86, and 37 percent) of a
hawaiite parent can account for the major element compositioﬁ of mugearite,
comenditic trachyte, and comendite, respectively, Major element compositions

of comenditic trachyte and comendite can also be matched by fractional



crystallization of a mugearite parent. However, trace element calculations
bring to light serious defects in some of these models. If hawaiite or
mugearite are used as parental liquid for the defivétion of comendite,
calculated Ba concentrations are unreasonable. There is no satisfactory way
to resolve this discrepancy except by the fractionation of a Ba-rich phase,
presumably alkali feldspar. Comendite can be derived from comenditic tra--
chytebycrystallization of 40 percent of the parent as anorthoclase and hed-
enbergite, and thé Ba discrepancy is reduced.

A small center on the northeast flank of the shield volcano, Anahim Peak,
produced ;even hawaiite flows béfore a metaluminous trachyte plug filled the
vent, Major and trace element contents of the trachyte, except for Sr, can
be derived by 59 percent crystallization of hawaiite. The strontium dis-
crepancy can be rectified by assuming a KD of 6.0 for strontium in plagioclase.

Mathemétically, the series of models which most accurately reproduce the
compositions of the more differentiated lavas is hawaiite —> mugearite —>
comenditic trachyte —> comendite. In order of appearance, the main phases
crystallizing are olivine, clinopyroxene, plagioclase, iron-titanium oxides
and alkali feldspar. In this manner, crystallization of alkali feldspar
from a liquid of comenditic trachyte composition can account for the trace
element contents of comenditic liquid, for they are incompatible with frac-
tionation of phases found in more basic lavas. The same crystallization

sequence was reported by Barberi et. al. (1975) for the Boina center in
Ethiopia.

From oldest to youngest, the stratigraphic sequence of lavas erupted
from the Rainbow Range center is comenditic trachyte-mugearite-comendite-
hawaiite. Unfortunately the base of the section is not exposed within the

study area. Two explanations are offered for the production of this sequence:
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a) each pulse of basic magma introduced beneath the volcano differentiated
for a different amount of time before erupting, or b) a zoned magma chamber
existed beneath the volcano, and liquids at different depths were tapped at
different times.

Derivation by crystal fractionation provides a simple and reasonable
model for generation of the differentiated rock suite found in the Rainbow
Range. However, trace element contents becdme harder to model as the rocks
grow progressively more differentiated., This is partly due té the lack of
accurately known distribution coefficients. It may also indicate open system
behavior of trace elements by a volatile traﬁsfer mechanism when only small
amounts of residual liquid remain. Data on halogen contents of the diffefen—
tiated lavas and the. relationship of residual trace elements (Rb, Nb, Zr, Y,

Zr) to halogens are needed to examine this process.

ORIGIN OF THE ANAHIM VOLCANIC BELT

The Anahim volcanic belt runs east-west along approximately latitude
520 N. and consists of at least 37 Quaternary volcanic centers plus some
Miocene and Pliocene centers (Souther, 1977). Compositionally the volcanic.
rocks range from alkali basalts through peralkaline, silicic differentiateé.
This east-west trend of highly alkaline volcanic centers is at a high angle
fo the.Pemberton volcanic belt, é group of middle to late Miocene sub-vol-
canic plutons of calc-alkaline composition which parallel the continental
margin of southwestern British Columbia. Together these belts outline the
orientation and extent of the subducted Juan de Fuca plate in middle to
Late Miocene time (Figure 3).

This pattern of paired volcanic belts of contrasting chemical types is

repeated two other times within the late Cenozoic record in the Canadian

Cordillera (Figure 23). The calc-alkaline Wrangell volcanic belt, generated
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400

'ALERT BAYA
BELT

Figure 23. Late Cenozoic volcanic belts of the Canadian Cordillera,
The Wrangell, Pemberton, and Garibaldi belts were the site of calc~
alkaline volcanism, whereas the Stikine, .Anahim, and Alert Bay belts
were the site of alkaline to ‘peralkaline volcanism. i
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by subduction of the Pacific plate beneath Alaska, is at an acute angle to,
and separated from the alkaline to peralkaline Stikine volcanic belt of north-
western British Columbia. Volcanoes from both of‘these belts range in age
from Mioceng through Quaternary. The. calc-alkaline Garibaldi volcanic belt,
formed from subduction of the Juan de Fuca plate beneath southwestern British
Columbia (Riddihough and Hyndman, 1976; Green, 1977),. lies at a high angle to
the Alert Bay volcanic belt on Vancouver Island, and the Anahim volcanic belt.

Continental alkaline to peralkaline volcanic suites are found in ten-
sional settings, for example, the Stikine volcanic belt of northwestern
British Columbia (Souther, 1970, 1977), the East Africa rift, Great Basin of
the western United States, and Trans-Pecos of west Texas. There is little
evidence for major faulting and offset along the trace of the Anahim volcanic
belt, although east-west trending normal faults have been documented from
the Ilgachuz Range (Tipper, 1969) and Itcha Range (Tipper, 1957).

Souther (1970, 1977) proposed that volcanic rocks of the Anahim volcanic
belt were erupted from magma risiﬁg in deep fractures along the northern
edge of the subducted Juan de Fuca plate. ;n Late Miocene time, while calc-
alkaline volcanism was occuring in a belt parallel to the ancient continental
margin (Pemberton volcanic belt) and indicating subduction of the Juan de
Fuca plate beneath the North American plate, the northern edge of the subducted
Juan de Fuca plate was sufficiently competent to disrupt the upper mantle,
causing diaéirism and subsequent partial melting of peridotite to produce
alkali basalt. Thus, volcanic activity along the Anahim volcanic belt is an
"edge effect” related to subduction of the Juan de Fuca plate. The tectonic
setting is similar in many ways to that of the Samoan islands in the south-
west Pacific, in which the Pacific plate is being buckled beneath the

Australian plate along a transform fault at right angles to the Tonga trench.
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The Samoan islands are constructed of alkaline lavas (thought to be derived
from viscous shear melting of the upper mantle) which are erupted along the
trace of this transform fault (Hawkins and Natland, 1975).

A second possible tectonic origin for the Anahim volcanic belt involves
the movement of the North American plate over a mantle hot spot. Available
dates from the Anahim belt (Figure 3) record eastward time transgression of
volcanic activity, suggesting that volcanism in the Anahim volcanic belt is

rélated to a mantle hot spot beneath British Columbia. Using the oldest
date known from various volcanic centers in the belt, one can calculate
that volcanic activity has moved eastward with time at a rate of 2.0 - 3.3
cm/year. This compares well with the 2.7 cm/year rate calculated for move-
ment of hot spots beneath Yellowstone, Wyoming, and Raton, New Mexico (Min-
ster et. al., 1974). In addition, the trend of the Anahim volcanic belt

along approximately latitude 52° N. is .a trend consistent with its being
along a small circle to Minster et. al.'s (1974) pole to the other Nérth
American hot spot traces.

The common association of continental alkaline to peralkaline volcanic
rocks with tensional environments leads one to speculate that lavas of the
Anahim volcanic.belt may have originated in a rift zone. The lack of normal
~ faulting (such as is well documented in the Stikine belt (Souther, 1970, 1977))
casts some doubt on this possibility. Furthermore, it is difficult to relate
an east-west trending rift zone with the probable tectonic setting at the
time the Anahim volcanic rocks were being erupted.

Field relations show that along the entire length of the Anahim volcanic
belt, basalt rose rapidly to the surface (as evidence by its primitive com-
position) through narrow conduits (as evidenced by the abundance of small

one-pulse centers) (Souther, 1977). Where batches of alkali basalt were
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trapped in long-lived magma reservoirs, salic differentiates had time to deve-
lop. This resulted in an evolutionary trend towards the establishment of more
complex central volcanoes, built up of strongly differentiated lavas.

As a whole, the age, petrologic, and isotopic variations along the
belt have not been systematically studied and are not well known. Alkali
basalts are found along the length of the belt, while salic differentiates are
reported only from-the larger volcanic centers. In addition to oversaturated
peralkaline volcanic rocks found in the Rainbow Range shield volcano, under-
saturated varieties have been reported from the central part of the Itcha Range
(B. Proffett, personal communication, 1977). Other peralkaline rocks are found
on King, Lake, Campbell, Price, and Bardswell Islands, and near Tanya and
Sigutlat Lakes.

Strontium isotopic studies suggest that the origin of these lavas is
related to upper mantle processes. In fact, strontium isotopic studies
combined with petrologic data show that volcanic rocks from the Anahim volcanic
belt are consistent with an origin by partial melting_of the upper mantle to
produce the alkali basalts (Fiesinger and Nicholls, 1977), while modification
by lovaressure crystal’ fractionation of the alkali‘basalt magma, trapped in

intracrustal magma chambers, produced the salic differentiates.
CONCLUSIONS

Eruptive History of the Rainbow Range Shield Volcano

Four petrologically distinct units make up the exposed stratigraphic sec-—
tion on the north flank of the Rainbow Range shield volcano:-
(1) Comenditic trachyte unit, characterized by thick greenish-grey
flows, slightly peralkaline chemistry, and phenocrysts of grid-

twinned anorthoclase (Or ), and hedenbergite.

25-27



(2) Mugearite unit, distinguished by thin dark flows with intercalated
flow breccia, and phenocrysts of plagioclase, olivine, and augite.

(3) Comendite unit, the most voluminous unit on the north flank of the
shield volcano, characterized by thick greenish-grey flows, peral-
kaline chemistry (including strongly enriched or depleted trace
element contents), and phenocrysts of sanidine (Or34_37) and
hedenbergite, + fayalite and arfvedsonite.

(4) Hawaiite unit; notable for its restricted occurrence as capping flows
and related feeders, primitive chemistry, and sparse phenocrysts of
plagioclase, olivine, and augite.

The Anahim Peak lava flows are hawaiites which erupted from a vent now
plugged by trachyte. These lavas are younger than those from the north flank
of the shield volcano.

Basaltic lavas found along the Anahim volcanic belt typically were fissure-
fed. A major constructional volcanic edifice formed only when a long-lived
magma reservoir was established at depth. Magma stagnating in the reservoir
had time to differentiaté, and repeated eruption of evolved lavas in one area
built the Rainbow Range shiled volcano._ Oversaturated, peralkaline lavas
are less viscous than calc-alkaline silicic lavas; hence the volcano has a

shield=like morphelogy.

Origin of Rainbow Range Lavas and the Anahim Volcaric Belt

Lava flows that built up the north flank of the Rainbow Range likely
originated by fractional crystallization of alkali basalt, a rock type common
along the entire length of the Anahim volcanic belt. -Data on volatile and
other residual trace element (e.g. Zr, Y) contents are needed to evaluate the

influence of a volatile phase on the distribution of trace elements between
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cumulate and residual liquid, when the mass of the liquid is very small.
The Anahim and Pemberton volcandic belts outline. the extent of the
subducted Juan de Fuca plate during Late Miocene time:. The Pemberton
volcanic belt parallels the>continental margin of southwestern British
Columbia, whereas the Anahim volecanic belt lieS'aléng the probable trace
of the northern edge of the subducted Juan de Fuca plate.
Three possible models have been suggested for the origin of the Anahim
_volcanic belt. These are: |
1) the volcanic rocks are derived from magmas generated along the
northern edge of the subducting Juan de Fuca plate.
2) the belt represents a surface trace marking the passage of the
North American plate over a mantle hot spot.
3) the magmas were generated in an east-west trending rift zone.

Insufficient data is available at present to favor any one of these models.



TABLE I. POTASSIUM-ARGON ANALYTICAL DATA FOR VOLCANIC ROCKS FROM THE RAINBOW RANGE.
40 b 40
X Rock o ) Arrad 100 Arra Calculated
Sample Location 7% K :
Type (x10_6cc/ ) 40Ar Date (m.y.)
g total
R-97 52 44'N, 125 52'W comenditic 4.20, 4.24 1.461 60.0 8.7+ 0.3
Northwest flank, Rainbow Range trachyte
R-29 52 47'N, 125 43'W comendite 4,21, 4.26 1.224 30.6 7.2°+.0.3
Tsitsutl Peak
R=25 52 45'N, 125 45'W hawaiite 1.26, 1.28 0.402 68.0 7.9°+.0.3 i
Northeast flank, Rainbow Range )
AP-15 52 45'N, 125 38'W hawaiite 1.37, 1.37 0.368 53.5 6.7 + 0.3 ]

Anahim Peak

a. Potassium analyses by M.L. Bevier using atomic absorption techniques; duplicate analyses are listed.

Aew= 0.585 x lO_lo/year;

B

A= 4,72 x 10—10/year; 40K/K =1.19 x 10-4 (atom..ratio).;.

Argon analyses by J. Harakal and M.L. Bevier using MS10 spectrometer; constants used in calculations are:




TABLE II. MINERAL ASSEMBLAGES OF VOLCANIC ROCKS FROM THE RAINBOW RANGE.

Sample
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Number :

Plag.

Aug,

Fo. Fa., Hed.

Alk,
Fs.

Opaques

Plag. Aui}X/

Arf

Alk.

. Aenig. Fs

Qtz.

Opaques

Glass

Hawalite

R-25
R-36
R-73
R-77 '

Mugearite
R-99
R-107
R-108
R-109

Comenditic

Trachyte
R-96
R-97
R~-102
R-106

Comendite

R-23
R-29
R-44
R-54
R-68

Anahim Peak

Hawaiite

AP-11
AP-15

" Anahim Peak

Trachyte
AP-12

R Rl

P4 e b

+

L]

ntr

tr

o )
R

E]
Ea T I

tr tr

PP X

P P4

tr -

P> D

o

tr

tr

PaPdDd A

e be e

PRopd e

tr

L]

MoK XN

-

L

tr

sl

o bopd e

e XX

SR
RS

tr

tr

L R ]

b4 X >

e

Do e B




- 70 -

TABLE III. MICROPROBE ANALYSES OF OLIVINE PHENOCRYSTS.

AP-11 R-25 AP-12 R-108 R-44 R-68 R-68

8 14 11 16 9 9 12
S5i0»p 37.04 37.10 37.52 37.42 26.43 28.77 29.28
TiO0% - 0.02 0.04 0.05 0.07 0.06 -
Al,03 0.06 0.08 0.05 0.04 0.05 0.03 0.02
FeO 27.73 29.90 25.08 27.20 65.69 66.15 65.92
MnO 0.37 0.41 0.30 0.36 3.03 2.89 2.80
MgO0 33.84 32.57 36.02 35.59 0.05 0.15 0.15
Ca0 0.18 0.27 0.20 0.25 0.54 0.52 0.52
Na»0 0.02 0.02 0.02 0.01 0.02 0.05 0.06
K20 - 0.01 0.01 - 0.03 0.03 - -
SUM 99.24 100.38 - 99.24 100.92 95.91 98.65 98.75
Cations based on 4 oxygens

Si 0.9987 0.9985 0.9983 0.9889 0.9503 0.9895 1.0015
Ti - 0.0004 0.0008 0.0009 0.0019 0.0015 -
Al 0.0020 0.0026 0.0015 0.0013 0.0022 0.0011 0.0009
Fe?t 0.6253 0.6731 0.5580 0.6012 1.9755 1.9030 1.8858
Mn 0.0085 0.0094 0.0068 0.0080 0.0923 0.0842 0.0811
Mg 1.3600 1.3066 1.4282 1.4018 0.0026 0.0077 0.0077
Ca 0.0052 0.0077 . 0.0058 0.0070 0.0209 0.0190 0.0191
Na 0.0011 0.0013 0.0009 0.0007 0.0012 0.0034 0.0039
K - 0.0003 0.0003 0.0002 0.0012 - 0.0013 -
IY 2.0021 2.0010 2.0015 2.0202 2.0959 2.0197 1.9985
Xz 0.9987 0.9989 0.9991 0.9898 0.9522 0.9910 1.0015
(atomic.'%)
Fo 68.03 65.43 71.45 69.46 0.12 0.38 0.39
Fa 31.28 33.71 27.92 29.79 94,46 94.49 94.59
Tph 0.43 0.47 0.34 0.40 4.41 4.18 4.07
La 0.26 .0.39 0.29 0.35 1.00 0.94 0.96
Mg + 68.21 65.69 71.66 69.70 0.12 0.38 0.39
Fe?" 31.36 33.84 28.00 29.89 95.42 95.40 95.50
Mn 0.43 0.47 0.34 0.40 4.45 4.22 4.11
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TABLE IV. MICROPROBE ANALYSES OF PYROXENE PHENOCRYSTS AND GROUNDMASS
GRAINS.
R-79 R-36 R-25 AP-11 AP-15 AP-12 R-97
3 9 22 21 29 12
Si0, 51.85 51.65 51.62 49.21 49.79 50.97 48.30
Ti0, 0.64 0.61 1.61 1.91 1.71 0.49 0.52
Al1,04 3.36 6.72 3.02 5.68 3.89 1.35 0.54
Fe;03" - - - 0.08 0.72 0.42 0.76
FeO 19.04 15.52 10.52 9.43 9.80 15.88 26.10
MnO 0.34 0.22 0.28 0.16 0.20 0.56 0.95
MgO 22.00 23.18 12.12 12.26 13.11 9.22 2.28
Ca0 1.82 1.58 20.24 20.37 20.00 20.56 20.22
Na,0 0.09 0.12 1 0.39 0.65 0.52 0.50 0.37
K,0 0.02 0.01 0.03 0.02 0.02 0.03 0.01
SUM 99.16 99.61 99,83 99.77 99.76 99.98  100.05
Cations based on 6 oxygens
Si 1.9236 1.8706 1.9331 1.8434 1.8741 1.9677 1.9718
Al 0.0764 0.1294 0.0669 0.1566 0.1259 0.0323  0.0260
Al 0.0704 0.1574 0.0663 0.0942 0.0466 0.0293 -
Ti 0.0179 0.0165 0.0454 0.0539 0.0484 0.0142 0.0160
Fe3t - - - 0.0021 0.0203 0.0122  0.0232
Fe2t 0.5909 0.4700 0.3294 0.2955 0.3083 0.5129 0.8912
Mn 0.0106 0.0067 0.0090 0.0050 0.0064 0.0182 0.0329
Mg 1.2164 1.2514 0.6767 0.6847 0.7354 0.5306 0.1387
Ca 0.0725 0.0614 0.8123 0.8177 0.8065 0.8506 0.8845
Na 0.0062 010084 0.0282 .0.0475 0.0378 0.0376 0.0292
K 0.0007 0.0064 0.0015 0.0007 = 0.0009 0.0013 0.0006
SXHY 1.9856 1.9782 1.9688 2.0013 1.9640 1.9776 2.0163
gz 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 1.9978
(atomic %)
Ca 3.84 3.43 44 .45 45.35 43,44 44,48 - 45,42
Mg 64 .35 69.93 37.03 37.98 39.61 27.75 7.12
Fe?t + Mn 31.82 26.64 18.52 16.67 16.95 27.77 47 .46
Na 0.34 0.48 2.70 4.60 3.47 3.42 2.67
Mg - 66.68 72.06 64 .86 66.30 67.60 48.27 12.70
Fe2t + Mn 32.98 27.45 32.44 29.10 28.93 48.31 84.62

ES

Iron partitiomed according to the method of Papike et. al. (1974).
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TABLE IV. CONTINUED
Groundmass
o
R-23 R-44 R-44 R-54 R-100b R-44 1504
15 18 20 16 14 2
Si0s 47.84 47.29 48.67 48.13 47 .94 62.15 52.58
TiOp 0.60 0.39 0.40 0.46 0.60 0.72 4.56
Al,03, 0.38 0.09 0.13 0.14 0.35 0.93. 0.70
Fe,03 0.59 3,52 2.88 3.01 1.47 6.16 25.46
FeO* 28.45 27.49 27.81 27.83 28.08 12.16 2.89
MnO 1.17 1.10 1.05 1.01 1.15 0.31 0.42
MgO 0.35 0.03 0.04 0.05 0.48 0.06 0.04
Ca0 20.06 17.60 18.37 17.57 19.06 4,84 0.18
Nay0 0.47 1.61 1.51 1.61 0.50 3.51 13.65
K,0 0.01 0.02 0.01 - - 0.41 -
SUM 99.92 99.14 100.87 99,81 99.63 91.25 100.48
Cations based on 6 oxygens
Si 1.9802 1.9930 2.0043 2.0048 1.9885 2.4691 1.99
Al 0.0185 0.0044 - - 0.0115 - 0.01
Al - - 0.0065 0.0069 0.0055 0.0436 0.03
Ti. 0.0188 0.0123 0.0125 0.0143 0.0187 0.0215 0.13
Fe3+ 0.0185 0.1116 0.0892 0.0942 0.0092 0.1841 0.73
Felt 0.9849 0.9691 0.9577 0.9692 1.0113 0.4039 0.10
Mn 0.0411 0.0391 0.0365 0.0356 0.0404 0.0103 0.01
Mg 0.0185 0.0016 0.0024 0.0034 0.0299 0.0036 -
Ca 0.8895 0.7949 0.8106 0.7841 0.8472 0.2060 0.01
Na 0.0376 0.1318 0.1207 0.1297 0.0406 0.2707 1.00
K 0.0004 0.0011 0.0003 - - 0.0206 -
TX+Y 2.0093 2.0615 2.0364 2.0374. - 2.0028 1.1643 2.01
rZ 1.9987 1.9974  2.0043 2.0048 2.0000 2.4691 2.00
(atomic %) '
Ca 45.99 44,05 44,85 43.75 43.92 33.02 8.33
Mg 0.96 0.09 0.13 0.19 1.55 0.58 8.33
Fe2t + Mn " 53.05 55.87 55.01 56.06 54.53 66.40 83.33
Na 3.47 11.55 10.80 11.40 3.62 39.32 90.09
Mg 1.71 0.14 3.27 0.30 2.66 0.52 -
Fe2t 4+ Mn 94,82 88.31 88.98 88.30 93,72 60.16 9.91

*

K%k
Analysis from Becker (1976).

Iron partitioned according to the method of Papike et. al. (1974).
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TABLE V. MICROPROBE ANALYSES OF AMPHIBOLE GRAINS.

R-54 R-54 R-54 R-68
23 24 28 19
$i0, 46.57 47.62 49,80 48,85
TiO, 0.57 0.46 0.46 0.33
Al1,04 0.15 0.18 2.01 0.17
Fe,03 " - 1.42 10.29 1.25
Fe0™ 35.04 33.76 16.08 34,04
MnO 1.23 1.20 0.53 1.14
MgO 0.10 0.08 0.06 0.05
Ca0 2.09 2.07 8.27 2.44
Na,0 7.64 6.65 7.59 7.06
K,0 1.48 1.32 0.72 1.23
SUM 94 .87 94.76 95.81 96.56
Cations based on 23 oxygens

Si 7.9144 8.0407 8.0516 8.0721
Al 0.0305 - - -
Al - 0.0352 0.3838 0.0339
Ti 0.0724 0.058 0.0561 0.0407
Fedt - 0.1847 1.2515 0.1552
Fel+ 4.9799  4.7676  2.1747  4.7036
Mn 0.1765 0.1713 0.0730 0.1601
Mg 0.0251 0.0193 0.0140 0.0117
Ca 0.3809 0.3746  1.4321  0.4326
Na 1.4175 1.3996 0.4809  1.3956
Nd 1.0988 0.7785 1.8970 0.8656
K 0.3202 0.2840 0.1495 0.2595
A 7.9449  8.0407 8.0516 8.0721
X 5.0523 5.0109 3.8660 4.9334
LY 2.0000 2.0000 2.0000 2.0000
oW 1.4190 1.0625 2.0465 1.1251
(atomic %)

Mg 0.86 0.75 0.37 0.43
Ca 13.03 14.56 37.45 15.99
Na 86.11 84.69 62.18 83.58

*Iron partitioned according to the method of
Papike et. al. (1974).
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TABLE VI. MICROPROBE ANALYSES OF

AENIGMATITE.
% %%
R-44 R~-54 2
1 26
Si0» 40.92 39.59 41.70
TiO, 8.18 7.91 6.95
Al,03 0.23 0.40 0.29
FeO 42.30 39.93. 42.30
MnO. 0.79 1.10 0.71
MgO - 0.06 0.11
Ca0 0.16 0.23 0.32
NasO0 7.67 4,78 7.20
Ko0 - - 0.11
SUM 100.08 94.00 99.69
Cations based on 20 oxygens

Si 5.827 6.0409 - 5.97
Ti 0.876: 0.9072 0.75
Al 0.040 0.0718 0.05
Fe2t  4.952 5.0955 5.01
Mn 0.096 0.1422 .0.09
Mg - 0.0131 - 0.03
Ca 0.025 0.0374 0.05
Na 2.119 1.4153 2.00
K - - 0.02
(atomic %)
100 x Ti
e T Ti 15.03 15.11 13.02

%
Analysis supplied by B. Proffett
(University of Calgary).

*%Analysis from Yagi and Souther (1974).
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AP-11 AP-15 R-25 R-25 R-36 R-108 R-108
1 5 1b 7 5 1 3
Si0,p 57.96 53.02 54.21 55.65 55.86 56.09 54.78
Ti0, 0.06 0.12 0.14 0.11 0.09 0.06 0.10
Al,04 26.45 29.62 29.86 28.20 27.95 27.76 27.94
FeO 0.26 0.55 0.56 0.57 0.32 0.50 0.52
MnO 0.04 - - 0.03 - 0.03 -
MgO 0.03 0.05 0.08 0.09 0.07 0.06 0.07
Ca0 9,03 12,45 11.24 11.26 10.49 10.31 10.58
Na,0 5.87 4.40 4.27 4,58 4.68 5.31 5.47
K50 0.46 0.36 0.27 0.35 0.41 0.37 0.41
SUM 100.16 100.57 100.63 100. 84 99.87 100.49 98.87
Cations based on 8 oxygens

Si 2.5942 2.3971 2.4309 2.4915 2.5148 2.5162 2.4822
Ti 0.0019 0.0041 0.0046 0.0039 0.0031 0.0022 0.0034
Al 1.3955 1.5785 1.5780 1.4884 1.4829 1.4680 1.4919
Fe 0.0097 0.0209 0.0209 0.0212 0.0119 0.0189 0.0197
Mn 0.0017 0.0001 - 0.0013 - 0.0012 -
Mg 0.0022 0.0003- 0.0056 0.0059 0.0048 0.0041 0.0049
Ca 0.4330 0.6021 0.5339 0.5400 0.5060 0.4955 0.5138
Na 0.5099 0.3853 0.3712 0.3976 0.4083 0.4618 0.4810
K 0.0262 0.0206 0.0156 0.0199 0.0234 0.0212 0.0239
AR 3.9916 3.9797 4.0135 3.9838 4.0008 3.9864 3.9775
X 0.9827 1.0293 0.9472 0.9859 0.9544 1.0027 1.0433
(atomic %)
An 44,68 59.73 57.99 56.40 53.96 50.64 50.44
Ab 52.62 38.22 40.32 41.52 43.54 47.19 47.22
Or 2.70 2.04 1.69 2.08 2.50 2.17 2.35
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TABLE VII. CONTINUED
AP-12  R-97 R-97 R-97 R-44 R-44 R-54
9 1 3 7 3 4 5
Si0, 62.17 67.46 66.64 66.41 69.17 68.98 67.64
Ti0, 0.01 - - 0.02 0.01 - -
Al,04 22.90 19.36 18.76 19.45 17.54 17.25 18.29
FeO 0.56 0.22 0.20 0.20 0.44 0.70 0.31
MnO 0.01 - 0.03 - 0.02 - -
Mg0 0.01 - - - 0.02 - -
Ca0 4.61 0.89 0.85 1.35 - - 0.15
Na,0 8.22 8.12 7.96 8.24 7.37 7.32 7.19
K»0 0.96 4,66 4.91 3.73 6.00 5.98 6.11
SUM 99.45 100.71 99.35 99.40 100.57 100.23 99.69
Cations based on 8 oxygens

1si 2.7807 2.9794 2.9885 2.9645 3.0615 3.0662 3.0246
Ti 0.0004 - - 0.0007 0.0004 0.0001 -
Al 1.2074 1.0079 0.9913 1.0232 0.9147 0.9037 0.9641
Fe 0.0208 0.0081 0.0074 0.0074 0.0164 0.0262 0.0116
Mn 0.0003 - 0.0011 0.0002 0.0009 0.0001 -
Mg 0.0009 - 0.0003 - 0.0015 0.0002 -
Ca 0.2208 0.0421 0.0408 0.0645 - 0.0002 0.0073
Na 0.7129 0.6953 0.6918 0.7130 0.6325 0.6310 0.6230
K 0.0547 0.2627 0.2811 0.2125 0.3386 0.3393 0.3484
Z 3.9885 3.9873 3.9798 3.9884 3.9766 3.9700 3.9887
X 1.0104 1.0082 1.0225 0.9976 0.9899 0.9971 0.9903
(atomic %) '
An 22.34 4.21 4,02 6.52 - 0.02 0.75
Ab 72.13 69.52 68.25 72.02 63.22 65,02 63.66
Or 5.53 26,27 27.73 21.46 34.87 34.96 35.60
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TABLE VII. CONTINUED

R-68 R-68 R100b

1 5 6
Si0» 68.46 67.56 68.27
TiO» 0.04 0.04 0.03
Al,03 ~18.39 18.33 17.54
FeO 0.46 0.24 0.29
MnO - 0.02 -
MgO - - -
Ca0 0.11 0.02 0.17
Nas0 7.15 7.02. 7.05
K50 6.00 6.28 6.41
SUM 100.61 99.51 99.76
Cations based on 8onygens

Si 3.0300 3.0254 3.0513
Ti 0.0014 0.0015 0.0008
Al 0.9591 0.9675 0.9240
Fe 0.0171 0.0009 0.0108
Mn - 0.0007 -
Mg - 0.0001 -
Ca 0.0052 0.0009 0.0082
Na 0.6139 0.6098 0.6110
K 0.3389 0.3590 0.3655
rZ 3.9905 3.9944 3.9761
X 0.9751 0.9714 0.9955
(atomic %)
An 0.54 0.09 0.83
Ab 64.08 62.89 62.05
Or 35.38 37.02 37.12
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MICROPROBE ANALYSES OF TITANOMAGNETITE.

TABLE VIII.

AP-11 AP-15 R-117 R-108 AP-12 R-97 R-23

12 24 20 21 18 17 9

Si0, 0.07 0.14 0.34. 0.11 0.12 0.24 0.27
Ti0, 17.26 19.50 24,53 21.32 21.30 23.67 28.39
Al,03 1.79 2.73 ©3.81 2.09 0.46 0.20 0.06
FeO 73.79 70.29 65.10 70.83 74.29 67.45 61.50
MnO 0.38 0.48 .0.41 0.54 0.88 1.07 1.25
Mg0 1.32 2,13 3.23 1.01 0.28 0.06 0.01
Ca0 0.06 0.01 0.04 - 0.05 - -
SUM 94.66 95.25 97.46 95.91 97.38 92.70 91.48
Recalculated Analyses, Ulvospinel basis
FeO 44.37  45.62  49.30  48.76  49.74  50.54  54.14
Fe,03 32.70 27.97 17.56 24,53 27.28 18.79 8.17
TOTAL 97.94 98.55 99.22 98.36 100.11 94.58 92.29
Mol. % Usp 50.08 56.08 69.86 61.62 60.71 71.61 87.46
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TABLE IX. MICROPROBE ANALYSES OF ILMENITE.
AP-11 AP-15 R-117 R-108 AP-12 R-97 R-54
11 26 14 22 20 16 9

510, 0.03 0.09 0.08 - 0.08 0.08 0.04
Ti0, 49,81 50.97 46.81 48.18 50.28 46.55 51.04
Al,04 0.14 0.17 1.43 0.33 0.05 0.12 0.01
FeO 47.75 44,53 42,08 47.47 48.08 44,22 46.48
MnO 0.48 0.61 0.58 0.37 0.63 1.10 2.05
MgO 2.00 3.47 3.41 2.87 0.92 0.05 0.01
Ca0 0.05 - 0.23 0.03 0.03 0.88 0.02
SUM 100.28 99.85 94,81 99.25 100.08 93.00 99.65

Recalculated Analyses, Ilmenite basis
FeO 43,12 41.02 38.18 41.18 44,68 41,21 44,72
Fe,04 5.14 3.91 4,33 6.99 3.74 3.34 1.96
TOTAL 100.79 100.25 95.24 99.95 100.42 93.33 99.85
3.74 5.32 6.76 3.55 3.49 1.87

Mol. % Ry03  4.89
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TABLE X. WHOLE ROCK MAJOR-ELEMENT VOLATILE-FREE ANALYSES RECALCULATED
" TO 100 PERCENT, VOLATILE-INCLUDED ORIGINAL SUMS, TRACE-ELEMENT
ANALYSES, AND NORMATIVE MINERALOGIES.

* ' Hawaiite Mugearite
Precision AP-11 AP-15 R-25 R-36 R-73 R-77 R-99 R-107
Si0p 1% 49.74 50.33 50.30 48.85 50.62 49.83 54.92 56.30
TiO, 27 1.76 2.29 1.98 2.18 2.79 2.37 1.71 1.63
Al,03 17 15.29 16.17 16.54 17.90 15.76 16.45 15.69 16.02
Fes03 17 12.91 12.84 12.89 12.60 14.61 13.25 11.41 11.00
MnO 1% 0.15 0.14 0.19 0.14 0.17 0.15 0.14 0.13
MgO 47 7.03 4.32 3.1& 5.18 3.51 4,87 2.69 2.14
Ca0 1% 8.19 8.01 8.52 8.12 6.79 7.68 5.75 5.35
Nao0 5% 23.41 4,16 = 4.43 3.51 3.52 3.58 4,57 4.21
K70 5% 1.13 1.57 1.46 1.15 1.80 1.42 2.60 2.80
P,05 *307% 0.38 0.17 0.51 . 0.36 0.44 0.40 0.52 . 0.44
L.O.I.** : 1.23  0.74 0.00 0.00 0.00 0.90 1.88 1.97
. ORIGINAL SUM 98.83 100.29 99.40 98.73 102.88 101.19 99.03 102.67
Rb 5% ©18.4 24.9 17.5 15.9 25.5 18.4 31.1 40.5 |
Sr - *5% 497.0 568.2 619.1 649.1 451.8 527.7 468.7 432.7
Ba 5% 329.0 431.9 1154.4 290.0 613.3 397.9 663.3 618.6
Nb *15% 24,7 33.5 23.8 26.9 27.6 28.2 42.7 46.0
Ni 5% 96.1 47.0 21.5 39.2 21.7 36.6 10.9 10.0
Rb/Sr 0.037 0.044 0.028 0.024 0.056 0.035 0.066 0.094
K/Rb .. 504 522 686 594 601 648 681 587
K/Ba 28.2 30.1 10.4 32.6 25.0 30.0 32.0 38.4
K/Sr 18.8 22.9 19.5 14.7 - 33.0 22.3 45.9 53.6
Ba/Sr 0.7 0.8 1.9 0.5 1.4 0.8 1.4 1.4
Ca/Sr. 117.8 100.8 98.4 89.4 107.4 104.0 87.7 88.4
Q - - - - - - 1.66 5.22
Or 6.68 9.28 8.63 6.80 8.39 8.39 15.36 16.55
Ab 28.85 34.62 35.61 29.70 29.79 30.29 38.67 35.62
An . 23.08 20.81 20.93 29.69 23.01 24.62 14.62 16.55
Ne - 0.31 1.02 - - - - - -
Ac ' - - - - - - - -
Ns - - - - - - - -
Wo 6.29 7.44 7.52 3.44 3.37 4,54 4.39 2.97
Di{En 3.62 3.68 3.12 1.84 1.44 2.33 1.87 1.14
Fs 2.39 3.62  4.43 1.49 1.93 2.10 2.53 1.88
Hy{En 6.37 - - 4.73 7.30 6.54 4.83 4.19
Fs 4.20 - - 3.84 9.82 5.89 6.55 6.91
01(Fo - 5.27 4,96 3.36 4.44 - 2.28 - -
Fa - 3.83 5.38 5.26 3.98 - 2.27 - -
Mt 4,19 4.16- 4.18 4.09 4.74 4.29 4,22 4.06
Ilm 3.34 4.35 3.76 4.14 5.30 4.50 3.25 3.10
"Ap 0.88 0.39 1.18 0.83 0.93 0.93 1.20 1.02
Cor - - - - - - - -

*
Precision is based on replicate analyses of U.S.G.S. rock standard AGV-1.
k% :

Loss on ignition at 1000°C.
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TABLE X. CONTINUED
Mugearite Trachyte Comenditic Trachyte
R-108 R-109 AP-12 R-96 R-97 R-102 R-106
Si0, 54.93 54.64 61.33 67.81 68.32 66.07 64.82
Ti0, 1.44 1.92 0.64 0.32 0.34 0.39 0.45
Al,03 18.69 15.25 17.31 14.51 14,97 15,00 16.25
Fe, 04 9.03 11.62 6.39 4.63  4.39 6.16 5.79
MnO - 0,12 0.15 0.11 0.10 0.07 0.14 0.14
MgO 1.86 2.46 0.56 0.00 0.03 0.00 0.01
Ca0 6.71 5.80 2.83 0.95 1.00 1.27 1.82
Na,0 4.66 5.04 6.18 6.61 5.88 5.70 6.19
K50 2.14 2.61 4.24 5.00 4.92 5.20 4,43
P,05 0.42 0.50 0.42 0.07 0.07 0.08 0.10
L.0.I. 0.00 0.00 0.00 0.00 0.75 1.15 0.54
ORIGINAL
“SUM 98.34 97.95 99.07 97.13 96.92 100.43 97.92
Rb 32.5 34.7 54.7 75.7 78.4 68.1 49.2
Sr 624,7 491.1 267.9 13.0 34 .4 7.4 155.5
Ba 579.1 616.0 1050.9 346.9 781.8 46.9 1002.5
Nb 39.0 42.3 44,5 79.9 73.6 55.5 65.6
Ni 13.5 11.1 12.6 10.7 8.9 15.0 9.0
Rb/Sr 0.052 0.071 0.204 5.823 2,279 9.203 0.316
K/Rb 535 611 635 532 504 635 730
" K/Ba 30.0 ° 34.4° 33.1° 116.0 50.5 921.6 35.9
K/Sx 28.4 44.0 131.1 3184.6 1184.2 5818.4 235.9
Ba/Sr 0.9 1.3 3.9 26.7 22.7 6.3 6.5
Ca/Sr 76.8 84.4 75.5 522.3 207.8 1226.6 83.7
Q 1.91 - 1.80 11.66 12.48 9.09 6.82
Or 12.65 15.42° 25.06 29.55 29.07 30.73 26.18
Ab 39.43 42.65 52.29 46.80 49.61 48.21 52.38
An 23.76 11.28 6.97 - - - 347
Ne - - - - - - -
Ac - - - 3.41 0.13 0.02 -
Ns - - - 1.22 - - -
Wo 2.83 5.94 1.81 1.78 1.88 2.41 2.05
Di{En 1.13 2.43 0.38 - 0.04 - 0.01
Fs 1.73 3.56 1.55 2.02 2.09 2.74 2.31
Hy{En 3.50 3.13 1.01 - 0.04 - 0.01
Fs 5.34 4.58 4,11 3.33 1.99 3.17 3.11
Fo - 0.40 - - - - -
01{F, - ok - - - - -
Mt 3.33  4.29 2.36 - 1.56 2.26 2.15
Ilm 2,73 3.65 1.22 0.61 0.65 0.74 0.85
Ap 0.97 1.16 0.97 0.16 0.16 0.19 0.23

Cor
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TABLE X. CONTINUED
Comendite
R-18 R-22 R-23 R-24 R-27 R=29 R-40 R-44 T R-47
$i0, 66.18 66.85 67.00 69.87 70.08 66.37 67.43 69.77 67.24
Ti0, 0.42 0.42 0.42 0.44 0.44 0.41 0.42 0.42 0.38
Al,04 14 .42 14,57 13.85 12,71 12.17 12.78 13.53 11.74 14.40
Fe,03 6.63 7.24 6.83 6.64 7.92 7.58 7.41 7.86 6.71
MnO 0.13 0.10 0.13 0.16 0.15 0.14 0.16 0.16 0.18
MgO 0.00 0.00 0.00 0.00 0.00 1.51 0.00 0.00 0:00
Ca0O 1.29 0.37 0.93 0.39 0.30 0.93 0.81 0.51° 0.73
Na,0 5.63 5.19 5.68 4.72 4.05 5.32 5.22 4.68 5.10
' K50 5.21 5.20 5.10. 5.01 4 .84 4.90 4.95 4.81 5.20
P,0g 0.08 0.06 0.06 0.06 0.06 0.06 0.07 0.05 0.06
L.O.I. 0.39 1.48 0.52 1.31 1.88 0.49 1.11 1.59 0.76
ORIGINAL
SUM 102.26 101.92 99.33 101.27 101.19 101.41 103.18 99.77 102.33
Rb 55.7 66.4 62.3 80.5 79.2 77.9 59.6 100.0 62.6
Sr 6.3 7.6 6.6 10.9 8.5 3.6 5.5 9.5 10.4
Ba 76.1 25.2 80.5 33.4 39.1 34.2 92.1 17.8 18.6
Nb 53.1 66.0 64.2 81.8 98.1 80.6 73.0 94 .4 66.1
Ni 7.5 8.6 9.5 9.3 8.3 9.6 9.1 9.4 12.2
Rb/Sx - 8.841 8.737 9.439 7.385 9.318 21.639°10.836 10.526 6.019
K/Rb 792 661 674 521 512 528 710 397 704
K/Ba 579.9 1741.4 521.5 1256.9 1037.7 1203.3 459.4 2232.8 2368.3
K/Sr 6847.4 5665.3 6398.2 3805.8 4714.7 11270. 7452.0 4192.3 4140.0
Ba/Sr 12.1- 3.3 12.2 3.1 4.6 9.5 16.8 1.9 1.8
Ca/Sr 1463.4 348.0 1007.1 255.7 252.3 1846.3 1052.6 383.7 501.7
Q 10.38 13.27 12.34 21,99 24.34 12.63 15.02 22,46 13.95
Or 30.79 30.73 30.14 29.61 28.60 28.96 29.25 28.42 30.73
Ab 45,17 43.92 42,85 34.71 34.27 38.46 42.04 33.61 43,15
An 1.10 - - - - - - 1.04
Ne - - - - - - - -
Ac 2.18 - 4.59 4.61 - 5.78 1.88 5.28 -
Ns - - - - - - - -
Wo 2.45 0.14 1.76 0.64 0.15 1.76 1.49 0.92 0.91
Di{En - - - - 0.56 - - -
Fs 2.79 0.16 2.00 0.73 0.17 1.27 1.69 1.04 1.04
Hy{En - - - - 3.20 - - -
Fs 3.75 6.29 5.42 6.54 6.99 7.26  5.57 7.62 5.11
Fo - - - - - - - -
o1{, - - - I - I =
Mt 1.59 2.93 0.47 0.37 3.20 0.16 2.06 0.53 2.71
Ilm 0.80 0.80 0.80 0.84 0.84 0.78 0.80 0.80 0.72
Ap 0.19 0.14 0.14 0.14 0.14 0.14 0.16 0.12 0.14

Cor
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TABLE X. CONTINUED
Comendite
R-48 R-51 R-54 R-71 R-76 R-81 R-88 R-116
Si0»p 69.00 67.02 69.03 68.79 65.43 66.34 68.12 71.66
" TiO» 0.41 0.41 0.37 0.36 0.40 0.41 0.39 0.41
Al-503 12.25 14.07 12.77 13.56 14.49 16.15 13.67 11.83
Feo03 7.69 7.00 6.29 6.16 7.48 5.32 6.47 6.00
MnO 0.13 0.15 0.12 0.12 0.13 0.10 0.13 0.08
MgO0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca0 0.35 0.71 0.51 0.49 1.17 1.26 0.50 0.25
Na»0 5.31 5.48 5.89 5.60 5.51 5.05 5.77 5.04
K50 4,82 5.11 4.96 4,85 5.31 5.29 4.90 4.68
P,05 0.06 0.06 0.06 0.05 0.08 0.08 0.06 0.05
L.0.I. 1.48 0.92 0.45 0.38 1.15 1.68 0.49 0.00
ORIGINAL
SUM 100.42 100.59 . 98.94 103.06 98.36 102.15 101.26 99.95
Rb 70.1 62.8 87.0 81.6 59.8 61.3 85.4 81l.5
Sr 10.5 3.8 2.7 2.5 10.3 7.4 1.2 3.3
Ba 15.8 30.3 11.4 9.7 65.5 61.3 10.3 14.3
Nb 98.3 62.7 77.5 79.8 42.4 53.7 83.5 90.4
Ni 8.7 9.5 7.5 8.4 8.7 8.5 9.2 8.3
Rb/St 6.676 16.526 32.222 32.640 5.806 8.284 74.430 24.697
K/Rb 572 678 467 507 723 729 481 475
K/Ba 2536.4 1404.6 3566.2 4268.0 659.9 729.4 3987.3 2709.8
K/Sr 3800.9 11134. 15211, 559.3 4268.6 5919.1 34250. 11743,
Ba/Sr 1.5 8.0 4.2 3.9 6.4 8.3 8.6 4.3
Ca/Sr 238.2 1335.4 1350.0 1400.8 811.8 1216.9 2977.9 541.4
Q 19.61 12.87 18.17 16.27 9.41 12.14 14.70 25.09
Or 28.48 30.20 29.31 28.66 31.38 31.26 28.96 27.66
Ab 36.18 43.92 38.07 42.75 44.97 42,73 43.03 34.80
An - - - - 5.73 - -
Ne - - - - - - -
Ac 6.22 2.16 5.06 4.09 1.46 - 5.10 4.83
Ns 0.39 - 1.40 - - - - 0.55
Wo 0.56 1.31 0.89 0.88 2.21 - 0.87 0.38
Fs 0.64 1.48 1.01 1.00 2.50 - 0.99 0.43
En - - - - - - -
HY{FS 8.09 5.46 6.09 5.72 4,67 4.62 6.28 6.18
Fo - - - - - - -
0L{, - - T I T
Mt 1.75 - 0.45 2.30 2.15 0.07 -
Ilm 0.78 0.78 0.70 0.68 0.76 0.78 0.74 0.78
Ap 0.14 0.14 0.14 0.12 0.19 0.19 0.14 0.12
Cor - 0.02 -




TABLE XI. STRONTIUM ISOTOPIC DATA.d

Sample Si0,° Rb®  sr? Rb/St Sr87/Sr86b 5r87/5r86 K-Ar Date

: (wt.Z) (ppm) (ppm) ° (m.y.)
AP-12  60.76  54.7  267. 0.204%37  .7032 + ,00015 - -
AP-15. 50.48 24.9  568. 0.044+£37 .7032 £ .00015 - -
R-25 50,00 17.5 619. 0.028+3% .7032 = ,00015 - -
R-108  54.02 32,5 624, 0.052+3% .7031 = .0003 - -
R-97 66.22 78.4 34. 2.279i3% .7042 £ ,0003 .7034+.0004 8.7
R-23 66.55 62.3 6. 9.44+15% .7060 = .0003 .7029+.,0005 7.9€
R-29 67.31 77.9 3. 21.64+15% .7081 + .0003 .7017£.0006 7.2
R-88 68.98 85.4 1. 74.43£207 727 * .0023 .7025+.011 8.0°¢
a. Si0,,.Rb, Sr done by X-ray fluorescence spectrometry by M.L. Bevier.

b. Sr87/Sr®® measured on mass spectrometer by M.L. Bevier and K.L. Scott.

c. These ages are estimated on the basis of stratigraphic position.

d. Precision of Rb/Sr based on replicate analyses of Rb and St." Error in measured

Ssr87/sr8® ratios is 1 o.

bination of errors in Rb/Str, Sr87/sr8®, and dates.

P

Error in calculated Sr87/Sr8® ratios represents the com-



TPABLE XII. CALCULATED AND OBSERVED VISCOSITIES (n).

Temperature 950°C 950°C 1200°¢ 1200°C Reference

Water Content (wt. 7%) 0 1 0 0

Comenditic trachyte (3)a 1.1 x 107 1.5 x 10° 9.4 x 10% 1.2 x 10* This studyb

Comendite (4.)a 1.5 x 107 = 2.0 x 10° 1.2 .x 105 1.7 x 10* This studyb

Pantellerite - - - 6.3 x 10% Scarfe, 1977%
Calc-alkaline rhyolite (10)% 7.8 x 108 4.5 x 107 3.3 x 108 4.4 x 10°  Schminke, 1974°

Hawaiian tholeiite - - 4 x 102 - Shaw, et..al., 1969°¢
Ne-bearing alkaline basalt - - 4 x 102 - Bottinga and Weill, 1972°¢

a. Number of analyses averaged for calculating viscosities.

b. Calculated using the method of Shaw (1972).

c. Determined experimentally.
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FROM HAWAIITE.

LEAST-SQUARES MASS BALANCE CALCULATION DERIVING MUGEARITE

Observed Calculated

Parent Daughter Daughter Variable Wt. Fraction

R-36 R~99
SiO2 48.92 55.00 54.94 Olivine 15.86
TiO2 2.18 1.71 1.68 Plagioclase 65.37
A1203 17.93 15.71 15,72 Augite 8:27
Fe203 12.62 11.53 11.40 Magnetite 7.52
MgO 5.19 2.69 2.70 Ilmenite 2.05
Ca0 8.13 5.76 5.77 Apatite 0.92
Na20 3.52 4,58 4,57
K20 1.15 2.60 2,80
P205 0.36 0.52 0.44

Zr2= 0.0504

Rb 15.9 31.1 49.9
Sr 649.1 468.7 463.1
Ba 290.0 663.3 705.2
Ni 39.2 10.9 10.2

Mass of New Magma Relative to 0ld = 29.29 weight percent
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TABLE XIV. LEAST-SQUARES MASS BALANCE CALCULATION DERIVING
COMENDITIC TRACHYTE FROM HAWAIITE.
Observed Calculated

Parent Daughter Daughter Variable Wt. Fraction

R-36 R-97
510, 48.92 68.04 67.88 0Olivine 14.84
TiO2 2.l§ 0.32 AO.28 Plagioclase 63.90
A1203 17.93 14.45 14,45 Augite 9.39
Fe203 12.62 4.61 4.58 Magnetite 8.97
MgO 5.19 0.00 0.00 Ilmenite 1.74
Ca0 8.13 0.95 0.96 Apatite 1.15
Na20 3.52 6.58 6.57
K20 1.15 4.98 5.20
P205 0.36 0.07 0.02

Ir = 0.0645

Rb 15.9 78.4 96.5
Sr 649.1 34.4 203.4
Ba 290.0 781.8 1082.3
Ni 39.2 8.9 3.9

Mass of New Magma Relative to 01d = 14.04 weight percent
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TABLE XV. LEAST-SQUARES MASS BALANCE CALCULATION DERIVING COMENDITE

FROM HAWAIITE.

v Observed Calculated

Parent Daughter Daughter Variable Wt. Fraction

R-36 R-48
SiO2 48,92 69.08 68.97 Olivine 15,10
TiO2 2.18 0.41 0.34 Plagioclase 65.22
A1203 17.93 12.26 12,23 Augite 8.15
Fe203 12,62 7.70 7.64 Magnetite 8.18
Mg0 5.19 0.00 -0.01 Ilmenite 2.04
Ca0 8.13 0.35 Q.36 Apatite 1.31
Na20 3.52 5.32 5.46
K20 1.15 4,83 5.12
P205 0.36 0.06 -0.10

r’= 0.1515

Rb 15.9 70.1 103.8
Sr 649.1 10.5 173.7
Ba 290.0 15.8 -1433.8
Ni 39.2 8.7 3.9

Mass of New Magma Relative to

01d = 12,90 weight percent
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TABLE XVI. LEAST-SQUARES MASS BALANCE CALCULATION DERIVING

COMENDITIC TRACHYTE FROM MUGEARITE.

Observed Calculated
Parent Daughter Daughter Variable Wt. Fraction

R~-99 R=97
SiO2 55.00 68.04 68.02 Olivine 10.14
TiO2 1.71 0.32 0.31 Plagioclase 57.08
A1203 15.71 14 .45 14,45 Augite 14.50
Fe203 11.43 4.61 4.60 Magnetite 15.71
Mg0 2.69 0.00 0.00 Ilmenite 0.31
Ca0 .5.76 0.95 0.96 Apatite 2.26
NaZO 4,58 6.58 6.58
K20 2.60 4,98 5.07
PZOS 0.52 0.07 0.11

Zr2= 0.0101

Rb 31.1 78.4 64.3
Sr 468.7 34.4 517.9
Ba 663.3 781.8 1204.3
Ni 10.9 8.9 7.9

Mass of New Magma Relative to 0ld = 48.02 weight percent
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TABLE XVII. LEAST-SQUARES MASS BALANCE CALCULATION DERIVING
COMENDITE FROM MUGEARITE.
Observed Calculated

Parent Daughter Daughter Variable Wt. Fraction

R-99 R-48
8102 55.00 69.08 68.89 Olivine 11.89
Ti02 1.71 0.41 0.29 Plagioclase 64 .60
A1203 15.71 12.26 12,17 Augite 7.30
Fe203 11.43 7.70 7.59 Magnetite 11.07
MgO 2.69 0.00 -0.03 Ilmenite 2,01
Ca0 5.76 0.35 0.38 Apatite 3.13
Na20 4.58 5.32 5.84
KZO 2.60 4.83 5.14
P205 0.52 0.06 -0.22

£rl= 0.5286

Rb 31.1 70.1 67.2
Sr 468.7 10.5 453.8
Ba 663.3 15.8 1336.8
Ni 10.9 8.7 8.6

Mass of New Magma Relative to

01ld = 44.32 weight percent
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TABLE XVIII. LEAST-SQUARES MASS BALANCE CALCULATION DERIVING

COMENDITE FROM COMENDITIC TRACHYTE.

Observed Calculated

Parent Daughter Daughter Variable Wt. Fraction
R-97 R~48

SiO2 68.04 69.08 69.07 Anorthoclase 97.80
TiO2 0. 32 0.41 0.48 Hedenbergite 2.20
A1203 14,45 12,26 11.81

Fe203 4.61 7.70 7.36

MgO 0.00 0.00 ~-0.02

Ca0 0.95 0.35 0.57

NaZO 6.58 5.32 5.54

K2Q 4,98 4,83 5.10

P205 0.07 0.06 0.09

srl= 0.4973

Rb 78.4 70.1 114.9

Sr 34.4 10.5 26.1

Ba 781.8 15.8 375.7

Mass of New Magma Relative to 0l1d = 59.63 weight percent
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TABLE XIX. LEAST-SQUARES MASS BALANCE CALCULATION DERIVING ANAHIM
PEAK TRACHYTE FROM ANAHIM PEAK HAWAIITE.

Observed Calculated

Parent Daughter Daughter Variable Wt. Fraction

AP-15 AP-12
SiO2 50.40 61.40 61.39 Olivine 11,17
TiO2 2,30 0.64 0.64 Plagioclase 48.01
A1203 16.20 17.33 17.29 Augite 28.33
FeZO3 12.86 6.40 6.40 Magnetite 10.66
MgO 4.32 0.56 0.55 Ilmenite 1.79
Ca0 8.02 2,83 2.84 Apatite 0.04
Na20 4,16 6.18 6.50
K20 1.57 4,24 3.99
PZOS 0.17 0.42 0.41

Ir’= 0.1731

Rb 24.9 54.7 58.9
Sr 568.2 267.9 652.9
Ba 431.9 1050.9 1050.6
Ni 47.0 12.6 15.9

Mass of New Magma Relative to 0ld = 40.54 weight percent
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