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ABSTRACT

Hawaiites are intermediate-to-mafic volcanic rocks,
dominated by plagroclase, that have been erupted in conti-
nental and oceanic settings. Those from the Northern It-
cha Mountain Range, British Columbia, are associated in
space and time with nearly aphyric alkali olivine basalts
and basanites. The hawaiites are strongly porphyritic with
plagioclase phenocrysts; they usually carry plagioclase
megacrysts that have a calcic overgrowth on a relatively
Na-rich core. They also contain sparse, partly digested
granitic xenoliths. In contrast, the type hawaiites are ty-
pically aphy'ic and do not carry xenoliths of any kind. The
presence of granitic xenoliths in the ltcha Mountain
hawaiites and their high concentrations ofphenocrysts and
megacrysts require a period of crystallization and probable
reaction lryith the country rocks prior to eruption, likely in
the crust. Therefore, the hypotheses proposed in the
literature to explain the origin of hawaiites, either by
primary melting in the mantle or solely by fractionation
of basalt magma, are likely invalid for the ltcha Moun-
tain Range rocks although they may account for the origin
ofthe oceanic varieties, As a hypothesis for the origin of
tlle Itcha Mountain Range hawaiitc, assimilation of granitic
rocks combined with olivine and augite fractionation from
an alkali basalt magma meet the requirements of mass-
and energy-balance calculations.

Keywords: volcanic rocks, Itcha Mountain Range, British
Columbia, hawaiite, assimilation, crystal fractionation,
mass balance, energy balance.

SoMtr{arns

Les hawaiites sont des roches volcaniques, variant d'in-
term6diaires d mafiques, i plagioclase dominant, mises en
place en milieu continental ou oc€anique. Celles de la chaine
nord des monts Itcha, en Colombie-britannique, sont spa-
tialement et chronologiquement assocides d des roches pres-
que aphyriques: basaltes alcalins i olivine et basanites. Les
hawaiites, nettement porphyriques d ph6nocristaux de pla-
gioclase, renferment commun€ment des m6gacristaux de
plagioclase plut6t sodique ir surcroissance calcique. Elles
contiennent €galement de rares x€nolithes granitiques par-
tiellement digdr6s. Par contre, les hawaiites de la localit6
type sont aphyriques, sans nul x€nolithe. La pr6ence, dans
les hawaiites des monts ltcha, de xdnolithes granitiques ainsi
que I'abondance des ph6nocristaux et megacristaux impli
quent une p€riode pr6-6ruptive de cristallisation, voire de
r6action avec les roches encaissantes, et ce, vraibemblable-
ment dans la crotte. Les hypothdses 6mises dans la litt6ra-
ture pour expliquer la formation des hawaiites, soit par
fusion primaire dans le manteau ou par fractionnement d'un
magma basaltique, paraissent invalides dans le cas des

hawaiites des monts Itcha quoiqu'elles puissent expliquer
les hawaiites oc6aniques. Notre hypothbse sur I'origine des
hawaiites des monts ltcha, assimilation de roches graniti-
ques avec fractionnement d'olivine et d'augite du niagma
basaltique alcalin, satisfait aux exigences du calcul des bilans
de masse et d'6nergie,

(Traduit par la R6daction)

Mots-clds: roches volcaniques, monts Itcha (Colombie-
britannique), hawaiite, assimilation, fractionnement de
cristaux, bilan de masse, bilan d'6nergie.

INTRoDUCTIoN

A hawaiite is defined as a rock with a moderate
to high color index, usually of basaltic habit, with
modal and normative andesine, and with Na2O:K2O
great€r than 2:l (Macdonald 1960). Rocks that fit
this definition occur in both oceanic (e.9., Hawaii,
the type localit$ and continental regions (Best &
Brimhall 1974, Bevier 1978, Nicholls et al.1982).Hy-
potheses concerning the origin of these rocks include
derivation by crystal fractionation from an alkali
olivine basalt parent (Macdonald 1968, Bevier 1978)
and by direct partial melting of mantle rocks (Best
& Brimhall 1974). ln this paper we examine the
following hypotheses for the origin of a group of
hawaiites from western Canada: (1) derivation by
direct partial melting of mantle rock, (2) derivation
by crystal fractionation from a parental basaltic or
basanitic magma, (3) derivation by assimilation of
granitic material in a basaltic or basanitic magma,
and (4) derivation by a combination of these pro-
cesses. The viability of these hypotheses is tested
against petrographic observations and calculations
of mass and energy balance. The data are most com-
patible with the last hypothesis, crystal fractionation
and assimilation combined.

The hawaiites occur in the Itcha Mountain Range
of south-central British Columbia, where Quaternary
volcanism has produced cinder cones and lava flows
on older Tertiary volcanic rocks @ig. l). The
youngest rocks are hawaiites, alkali olivine basalts
and basanites. A basanite (IM-2) and three alkali
olivine basalts (IM-11, IM-18 and IM-23) were
selected as the most likely representatices of primary
magmase possibly parental to the hawaiites (Nicholls
et al. 1982). These rocks are basic and nearly aphyric,
with less than l09o phenocrysts, and have Sr isotope
ratios less thaa0.7M. Olivine is the predominant and
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ubiquitous phenocryst in both rock types, whereas
plagioclase and augite are sporadically present as
phenocrysts (Table l). Although modal amounts
vary, the groundmass mineralogy of each of these
rocks includes olivine, augite, plagioclase and Fe-

TABLE 1. PETROGMPHIC AND CHEI'IICAL FEATURE5 OF POSSIBLE PAREI1TAL
MA@IAS TO 'I}IE 

ITCHA MOUNTAIII RANGE HAI{ATITES
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NORTHERN ]TCHA MOUNTAIN RANGE . BRITISH

Fig. l. Map of the Northern Itcha Mountain Range, British Columbia, showing the
distribution of Quaternary cinder cones and lava flows.
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Ti oxides. In addition, the basanites carry minor
amounts of groundmass leucite, rare groundm:rss
nepheline and lherzolite xenoliths. The latter are
probably of mantle origin (Nicholls et al. 1982).
Salient chemical and petrographic features ofthese
postulated parental magmas are given in Table l.

PsrnocRApHy AND CHEMrsrRy oF HAwATTTTES

The hawaiites from western Canada are typically
porphyritic, often extremely so (Bevier 1978, Nicholls
et al. 1982), and thus differ from the typically aphyric
Hawaiian varieties (MacDonald 1949, p. 1549).
Comparison of modal compositions of Hawaiian and
Itcha Mountain Hawaiites (Table 2) shows thate the
latter carry more olivine and plagioclase phenocrysts.
Phenocrysts of olivine occur in four of the five
specimens of Itcha Mountain hawaiite, and augite
phenocrysts occur in one, whereas the Hawaiian sam-
ple described in Table 2 has neither phenocrysts of
olivine nor of augite. In addition, plagioclase
megacrysts (An:: - An50) occur in several of the It-
cha Mountain hawaiites. These are more An-poor
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TABLE 2. CHEI.IICAL AND PETROGMPHIC FEATURES OF ITCHA I,IOUNTAIN
MNGE HAWAIITES a product solely of cry$tal fractionation of basaltic

magma. We are left with the hypotheses of assimila-
tion of granitic material alone or in combination with
crystal fractionation as the mechanisms for the for-
mation of the hawaiites. Such hypothesee postulate
an initial or parental magma; one of the problems
in devising tests ofthese hypotheses is identifying the
nature of the initial magma.

The usual procedure is to postulate a more basic
rock as representative of the parental magma, The
case for the correctness of the choice is considered
strengthened if such rock types form part of the
volcanic complex. In the Itcha Mountain Range,
alkali olivine basalts and basanites are candidates for
parental magmas; their chemical characteristics are
given in Table 1. The batch of magma that was the
immediate antecedent of a differentiate is destroyed
by the differentiation process. The best we can ex-
pect is a sample, in the form of a body of rock, of
the initial magma that segegated prior to differen-
tation. Much of the literature, at least in our view,
implies that such samples are avaiable. Considering
the state of knowledge of the mechanisms of magma
movement in the outer reaches of the earth, this is
an unsupported assumption. An alternate possibili-
ty involves the production of multiple batches of
similar magma. Some batches could differentiate at
depth, whereas other could come to the surface as
lava flows. Consequently, our postulated magma
compositions should be similar to those in Table, but
we would not necessarily expect an exact match. In
addition, the variation in the compositions in Table
I can provide a measrue of whether the postulated
magma composition is sufficiently dissimilar from
the listed compositions to warrant rejection of the
differentiation hypothesis.

Specifically, mass-balance calculations use a least-
squares technique to estimate the amounts of added
or subtracted phases required to change the composi-
tion of one magma into another (e.9., Chayes 1968,
Bryan et al, 1969, Stormer & Nicholls 1978). Once
these estimates have been calculated, the original
equations can be manipulated to give the composi-
tion of an initial magma that is an exact fit to the
equations with the estimated amounts of added or
subtracted phases. In this paper, we will call this the
perfect fit or ideal magma composition; it is this com-
position that is to be compared with the data in Table
l .

The results of a particular mass-balance calcula-
tion can be graphically summarized as in Figure 2.
The dots mark the concentrations of the indicated
oxides in the average basalt composition (Table 1).
The intersection of the vertical line labeled I and the
X axis marks the concentration of silica in the perfect
fit. The concentrations of the other oxides for a
perfect fit are given by the intersections of the ap-
proximately horizontal lines with line I. The distances
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6. Includes 1.0.8 megdcrysts
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than the phenocryst and groundmass plagioclase and
have more An.rich than theil cores, suggesting that
the cores of the megacrysts crystallized at a higher
pressure the mantles and phenocrysts. In one sam-
ple (IM-33), there is minor groundmass nepheline.

Of petrographic significance in the Itcha Moun-
tain Range hawaiites are spar$e, partly digested
granitic xenoliths. These fragments consist of quartz,
microcline and minor amounts of opaque minerals
in clusters that probably are relics of amphibole or
biotite.

The major and minor elements in the Itcha Moun-
tain Range hawaiites are within the ranges of con-
centration found in hawaiites from the Island of
Hawii (Macdonald & Katsura 1964). Compared to
the average for the Hawaiian rocks, the Itcha Moun-
tain harraiites are slightly richer in KrO and poorer
in TiO, (Table 2) and PrOr (cl, Macdonald 1968,
Table 8; Nicholls et al. 1982, Table 2).

ASSIMILATION AND
CRYSTAL FnacrroNerroN HPoTHESES

The porphyritic nature of the Itcha Mountain
hawaiites indicates a period of intratelluric
crystallization during which the megacrysts and
phenocrysts formed. In addition, the partial diges-
tion of xenoliths requires some interaction between
the original magma and the country rock, most prob-
ably within the crust. These features likely invalidate
the hypotheses that suggest formation of hawaiite
directly as a primary melt of mantle material or as
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Fig. 2. Diagram showing the calculated energy- and mass-balance for deriving the least phlric hawaiite (IM-33) from
the average Itcha Mountain Range basalt composition by fractionation of olivine and augite and assimilation of
Coast Range granodiorite ("granite"). Concentrations in weight percent.

between the dots and the intersections are a measure
of the lack of fit to the differentiation model. The
greatest variation within the possibly parental com-
positions (Table l) occurs with silica, which has a
maximum deviation from the mean of 1.490. If the
silica residual between the perfect fit and the model
composition (in this case, the average basalt com-
position) is greater than this number, we reject the
differentation hypothesis under discussion. The other
oxides generally contribute smaller residuals. To take
these into account, we use the following criteria from
mass-balance calculations for rejecting a particular
differentiation process: ifthe sum ofthe squares of
the residuals (S2) is less than 2.0, do not reject on
the basis of mass balance; if 2.0 < 52 < 3.0, the
test is equivocal and no conclusion can be reached;
if 52> 3.0. reiect the hwothesis. These numbers
were choseri asipproximdtions to the sum of squares

of the variations,between the oxides constituting the
compositions listed in Table 1.

Beyond the fundamental impossibility of transfer-
ring heat from cool country rocks to hot magmas,
the amount of knowledge about the energy budgets
of magmas is meagre. Consequently, the criterion
for rejection on the basis of energy-balance calcula-
tions is simple: if heat is required by the magma from
the country rocks in order for the process to occur,
reject the hypothesis. The uncertainties in the energy-
balance calculations are discussed bj Nicholls &
Stout (1982) and suggest that any balance with an
absolute value greater than 100 J per 100 g of initial
magma is significantly different from zero. In the
following discussion, amounts crystallized or
assimilated according to the various mass-balance
calculations are quoted as percentages of the inital
mass of magma. In other words, the amounts are
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TABLE 3. SIJI.II.IARY OF MSULTS OF ITIASS- AND ENEROY-BALAI{CE
CALCUTATIONS

Nicholls & Stout (1982), The calculated balances of
energy do not vary greatly with pressure and
temperature (approximately 15 J per 100 degrees
change in temperature, I J for every kilobar change
in pressure for every gram of crystallized or
assimilated material). All calculations were done for
an estimated pressure of 5000 bars and an initial
temperature in the assimilated material of 500oC.
The initial and final temperature of the magma was
estimated to be l050oC. Owing to the lack of
available thermochemical data, energy calculations
for theassimilated material must be done using nor-
mative amounts of granitic material (quartz, anor-
thite, albite and orthoclase) in place of the actual
granodiorite and quartz monzonite compositions us-
ed in the mass-balance calculations. This introduces
a small error, as the normative constituents used ac-
count for only 8590 of the mass of the assimilated
material.

In this model, l5Vo granodiorite must be
assimilated by the average basalt to produce the
hawaiite 0M-33). The assimilation of l59o granitic
material requires more than 14210 J per 100 g of in-
itial melt. Crystallization of the 3.690 of plagioclase
megacrysts actually present in the hawaiite provides
only 960 J per 100 g of initial magma. The net
balance of energy for this model shows that approx-
imately 13250 J per 100 g of initial melt are required
from the external surroundings. This effectively
eliminates assimilation and concomitant precipita-
tion of plagioclase megacrysts as a viable mechanism
for the origin of IM-33. Because the derivation of
the other hawaiites from individual alkali olivine
basalt and basanite compositions by assimilation
alone gives unacceptable fits to the mass balance
(S2 > 6.0), no further evaluations ofthis hypothesis
by energy-balance calculations are required.

The assimilation + crysto I fractionat ion hypot hesis

Another geologically reasonable hypothesis is
assimilation of crustal material combined with crystal
fractionation of olivine and augite from the paren-
tal magma and concomitant crystallization of
plagioclase megacrysts. Deriving the same hawaiite
(IM-33) as in the previous example from the same
alkali olivine basalt (IM-23) gives a very close fit to
a mass balance (S2 : 0.16, Table 3). Assimilation
of l09o eranitic material and crystallization and frac-
tionation ofolivine and augite require 6140 J per 100
g of initial melt. Crystallization of plagioclase
megacrysts contributes less than 870 J per 100 g of
initial magma of the required energy. Therefore,
although this model is the best fit with respect to a
mass balance, it has an unrealistic energy-balance as
it also requires heat from an external source.

A basanite parent gives an acceptable fit to the
mass balances (S2 : 1.25) for the derivation of the

INt-33 IM-23 2.48
Il{-23 0.16
il4-2 1.25
Average 0.43

Ilt-g l i l-23 0.12
Itit-2 6.76

In-7 l i l-23 0.25
I|i l-2 6.48

It4-5 l i l-23 0.20
In-2 6.48

Ifi-8 IM-23 23.34
Il ' t-2 8.00
Average 0.15
li l-23 0.35

13250
5270

11560
-1030

-10660

-10080

-10670

-11390

15&
41 01 2% au L0%
6tr 01 177
5g ol 3Z au 5L

Bt ol 10U au 2
13% ol 67.

9g ol 9% au 3&
14X o1 8/.

9% 01 9g au 3%
14U ol 8X

rzl
149 ol 7I

see text
9t ol 1l.g au 3&

Abbrevlatlons are: ol = ollvine, au = auglte, Xlf = phases
fractionated and their percentages, Asslm = percent assinllated.
In all cases the asslnllated naterlal ls granodlorlte in conpo-
sltion. A negatlve energJ/-balance lndlcates that heat ls released
to the country rocks.

in mass units relative to 100 mass units of initial
magma.

A complete summary of the tests of several hypo-
theses for the derivation of hawaiites is given in Table
3. In the ensuing discussions, we will concentrate on
hypotheses for the derivation of IM-33, the hawaiite
with the smallest concentration of megacrysts, and
IM-8, the hawaiite with the largest amount. If a
hypothesis cannot be disproved for these two
samples, generally it cannot be disproved for the
other samples.

The assimilation hypothesis

The presence of partly digested granitic fragments
and plagioclase megacrysts suggests that the most
straightforward hypothesis for the origin of the
Itcha Mountain hawaiites is assimilation of crustal
material by a parental magma and concomitant
crystallization of plagioclase megacrysts to supply
the required energy. Because the granitic fragments
in the lavas are few, small and extensively altered,
it is not possible to obtain the composition of the
assimilated material directly. Average compositions
of granodiorite and quartz monzonite from the Coast
Range batholith were used as estimates of the com-
position of the assimilated material (Buddington
1927).

Derivation of the least phyric hawaiite (IM-33)
from one of the alkali olivine basalt compositions
0M-23) by assimilation alone gives only an equivocal
fit for the mass balance; the sum of the squares of
the residual is 2.48 (Table 2). To further evaluate the
validity of this hypothesis, energy-balance calcula-
tions were done using the methods described by
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hawaiite (IM-33) by assimilation of granodiorite and
fractionation of olivine. Assimilation of 179o granitic
material and srystqllizationbf olivine require approx-
imarely 12500 J per 100 g of initial melr. only 920
J per 100 g are released by the crystallization of
plagioclase megacrysts, so that heat would again be
required from the external environment (Table 3).

The same hawaiite (IM-33) can be derived from
the average basalt composition with an acceptable
mass-balance (S2 : 0.43) and a reasonable energy-
balance. The oxide plot (Fig. 2) illustrates the dif-
ferences between the composition of the exact fit and
the initial composition. The model requires frac-
tionation of augite and olivine and assimilation of
granodiorite. This produces approximately ?-?-0 J per
100 g of initial magma. The crystallization of
plagioclase megacrysts produces another 810 J, giv-
ing a total of 1030 J of heat per 100 g of initial
magma that would be lost to the surroundings.

The hawaiite under discussion contains the
smallest amount of plagioclase megacrysts, approx-
imately 390 by volume. Next we discuss the mass and
energy balances for the hawaiite with the largest
amount of megacrysts, IM-8n which contains ap-
proximately llgo megacrysts. This hawaiile super-
ficially has an excellent mass-balance with the
average basalt composition as parent (Table 3). The
unrestrained least-squares calculation, however, re-
quires the fractionation of granodiorite rather than
its assimilation to reach the minimum sum of the
squares ofthe residuals. Consequently, the average
basalt composition cannot act as a suitable parent
for IM-8. The hawaiite can, however, be derived
from one of the alkali olivine basalt compositions
(IM-23) by fractionation of olivine and augite and
assimilation of granitic materials (S2 = 0.35). This
produces approximately 8310 J of heat. Crystalliza-
tion of ll.49o plagioclase megacrysts produces an
additional 3080 J, giving a toral of 11390 J per 100
g of initial melt that must be lost to the environmenr.
Hence, this model, i,e,, the derivation of IM-8 from
a basalt parent (IM-23), cannot be ruled out by either
mass- or energy-balance calculations since heat is
released to the environment; it thus is a viabre
hypothesis. The basanite composition cannot be
representative of the parental magma for this
hawaiite (IM-8) because derivation of this hawaiite
from the parental basanite magma is eliminated by
mass-balance calculations (S2 : 8.0, Table 3).

Sunaueny

In the assimilation hypothesis, we find that the
hawaiites cannot be derived from eithor the average
basalt composition or basanite composition by
assimilation alone. Mass-balance calculations
eliminate the basanite composition as a parental

magma and provide, at best, equivocal fits for the
basalt parent. Energy-balance calculations eliminate
the basalt as a parental composition since the
assimilation of granitic material requires more treat
than can be provided by the crystallization of the
megacrysts.

The remaining hypothesis, combined assimilation
and crystal fractionation, can be eliminated for some
compositions but cannot be disproved for others.
Deriving the hawaiite with the fewest megacrysts (ap-
proximately 3Vo in IM-33) from a particular basalt
parent requires assimilation of l09o eranitic material
and crystallization of approximately l09o augite,
olivine and plagioclase, a ratio of one to one in
assimilated to crystallized masses. This model gives
an exceUent mass-balance, but heat is required from
the surrounding rocks, an unlikely source. Deriva-
tion of IM-33 from a basanite parent can be ac-
complished by assimilation of 170/o granitic material
and crystallization of approximately l09o olivine
phenocrysts and plagioclase lnegacrysts, a ratio of
approximately two to one. This would again require
energy from an external source, which invalidates
the hypothesis. The most likely hypothesis for the
origin of IM-33 involves a basalt with approximately
the average composition. Assimilation of approx-
imately 5Vo granitic material, fractionation of olivine
and augite and crystallization of plagioclase
megacrysts, with the total amount crystallized be-
ing approximately I l9o, gives a good mass-balance.
The ratio of assimilated to crystallized material is ap-
proximately one to two, which provides a small
amount of excess heat for release to the external
surroundings.

Mass-balance calculations eliminate both the
basanite and the average basalt compositions as
parent magmas for the hawaiites with the largest
amounts of plagioclase megacrysts (approximately
ll%o in IM-8). However, these hawaiites can be
derived from a particular alkali olivine basalt parent
(IM-23). The model requires approximately 390
assimilation of granitic material and crystallization
of approximately 3090 olivine, augite and plagio-
clase, a ratio of I to l0 in assimilated to crystallized
masses. The energy-balance calculations show that
this model would release approximately I1390 J per
100 g of initial magma to the surrounding rocks.

A rough estimate of the effect of the calculated
amounts of heat released by these latter models can
be made. Fyfe et ol. (1978) cited a value of approxi-
mately 2300 J of heat as the energy required per grirm
of HrO released during metamorphic dehydration
reactions. Applying this value, we calculate that only
a very thin rind would be produced by the release
of 600 J per 100 g of initial melt, but a rhermal
anomaly with a volume equivalent to that of the in-
itial magma could be produced by the release of 8000
J per 100 g of initial melt.
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CoNcLUsIoNs

A ratio of assimilated material to crystallized
material of more than one to two will generally re-
quire heat from an external source. Energy calcula-
tions allow further evahiation of hypotheses and
place addilional constraints on otherwise acceptable
mass-balance calculations. Using only mass-balance
calculations, we find that some Itcha Mounlain
Range alkali olivine basalts and basanites will not
produce any ofthe associated hawaiites. Evaluation
of the energy balance as well shows that: l) the
average basalt composition will not produce all of
the hawaiites, and 2) the basanite compositions are
not suitable parental compositions for any of the
hawaiites. Therefore, if the hawaiites are derivatives
of primary magmas, they are derived from alkali
olivine basalt magmas that were variable in mmposi-
tion. The derivatives likely formed by combined pro-
cesses of assimilation of crustal material and crystal
fractionation of olivine and augite with concomitant
crystallization of plagioclase megacrysts. Available
data suggest that chemically heterogeneous magmas
gave rise to chemically heterogeneous derivative lavas
with different amounts of heat released to the ex-
ternal environment.
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