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The Columbia River Basalt (CRB) display significant variations

in major and trace element and Sr isotopic compositions. These comp-

ositions reflect complex and variable origins for the CRB magmas.

Among the most varied is the Saddle Mountains Basalt (SNB) in which

Sr ratios vary from 0.7078 to 0.7147 + 0.0002. The higher ratios

reflect contamination through consistent correlations with major

element compositions. Modeling suggests contamination by assimila-

tion of 4.4 to 9.4 wt. percent of radiogenic crustal rocks. High

d180 values (up to +7.68 per mil) support the model. Age and field

relations suggest that the contaminated flowrocks are not the result

of progressive contamination of a single magma, but rather reflect

the contamination of independent magmas during their ascent. The

Pomona and Elephant Mountain Basalts (SMB) (Sr ratio = 0.7078-0.7081)

reflect mantle values. These basalts erupted from the Chief Joseph

dike swarm along with the Grande Ronde (GRB) and Wanapum Basalts.



Together, the GRB and SMB indicate a mantle source with Sr ratios

varying from 0.7043 to 0.7081. Disequilibrium fusion as an expla-

nation for the high and variable ratios is discounted because the

high diffusion rates at mantle temperatures continuously homogenize

the Sr ratios of adjacent mineral phases. Further evidence for

mantle heterogeneity comes from consideration of the trace element

geochemistry of the GRB. This formation is divided into the high-

Mg, T-1, T-2, and low-Mg chemical types on the basis of incompatible

major and trace element content. Significant variations in trace

elements occur, particularily in the LREE ((La/Sm)n = 1.87 - 2.31

+0.07). Chondrite-normalized REE plots display uniform slopes and

no Eu anomalies. Olivine fractionation of 40% is required to

account for the different levels of REE enrichment. Such an amount

is inconsistent with small major element variations and large (La/Sm)

variation. The latter requires 60+% removal of garnet-clinopyroxene

assemblages, inconsistent with the limited range of Cr, Sc, and Yb.

Melting models require a LREE-enriched garnet-bearing source. Pro-

ducing the (La/Sm)n variation by variable melting of a homogeneous

source requires a variation of 15 to 30% melt. This would result in

marked differences in (La/Yb)
n

; this is not observed. Differences

in mineral abundance cannot totally account for observed (La/Sm)n

variation; different levels of trace element enrichment in the source

is required. The unfractionated HREE patterns and small variation

in (Laftb)nsuggests that garnet is nearly or completely consumed



during melting. Melting beyond garnet's disappearence can explain

the uniform pattern of the REE and the different levels of REE

enrichment because melting beyond garnet uniformly dilutes the REE

in the liquid. Modeling using varying mantle mineralogies, levels

of source REE enrichment, and differing melting proportions indicates

independent magma genesis for the chemical types of the GRB, with

the high-Mg and T-1 magmas produced at greater depths through two

stage melting (>25%), while the low-Mg and T-2 magmas were produced

at shallower depths (< 25%) with garnet still in the residuum.

These four magma types ascended independently and erupted contempo-

raneously.
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STRONTIUM ISOTOPIC AND TRACE ELEMENT GEOCHEMISTRY

OF THE SADDLE MOUNTAINS AND GRANDE RONDE BASALTS

OF THE COLUMBIA RIVER BASALT GROUP

INTRODUCTION

The Columbia River Basalt (CRB) is a very large outpouring of

continental tholeiitic flood basalts having an outcrop area of about

220,000 square kilometers (Yoder, 1976). Typical flood basalts, the

CRB vented from linear vent systems (fissures), some exceeding 100 km

in length (Swanson et al., 1975), now seen as three major dike swarms

(Fig. 1). The largest swarm is the Chief Joseph dike swarm

(Taubeneck, 1970) in northeast Oregon-southeast Washington, formerly

the Grande Ronde and Cornocopia dike swarms of Waters (1961),

occurring over an area of approximately 200 by 450 km (Swanson

et al., 1975) and reportedly containing over 21,000 dikes

(Taubeneck, 1970). Other fissure systems include the Monument dike

swarm between Monument and Kimberly in north-central Oregon (Waters,

1961) and the Ice Harbor dike swarm near Pasco in south-central

Washington (Swanson et al., 1972 and Swanson et al., 1975). Waters

(1961) originally described a fourth possible feeder system, the

Tieton dike swarm in the central Cascades of Washington. Swanson

(1967) has since shown that the Tieton dikes, exposed along the

Tieton River, are andesitic and predate the CRB. Recently,

Taubeneck (1978) has identified two additional regions in Idaho
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Figure 1. Index map showing localities discussed in text.
The solid line encloses the area covered by the Columbia River

Basalts; the dot-dash lines enclose the Chief Joseph dike swarm.

Other localities are (C) Clackamas River, (BC) Butte Creek, (M)

Monument dike swarm, (P) Prineville basalt locality, (IH) Ice

Harbor dike swarm, McDougall's (1976) (V) Vantage, (RS) Rattle-

snake, and (GR) Grande Ronde sections, (BM) the approximate axis

of the Blue Mountains uplift, (CR) Columbia River, (SR) Snake

River, and (T) the Toe section.
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where feeder dikes to CRB flowrocks are exposed.

Some individual members within the CRB have volumes exceeding

1500 cubic kilometers and cover areas exceeding 40,000 square kilo-

meters (e.g. the Roza member, consisting of one to three flow units

(Swanson et al., 1975)). Geochemical correlations suggest that some

basalts of the Grande Ronde and Wanapum formations of the CRB flowed

from their vents in the Chief Joseph swarm to the Portland, Oregon

area (Beeson and Moran, 1979; Beeson et al., 1976) and possibly to

the coastal regions (Beeson and Perttu, 1976, personal communication;

c.f. Snavely et al., 1973). That such large volume flowrocks repre-

sented significant energy release from the earth's mantle is shown

by the calculations of Swanson et al. (1975) indicating that the

energy released during the eruption of a single Roza cooling unit

(not necessarily the largest of the CRB) was approximately 2-3 x

10
28

ergs, two orders of magnitude greater than that estimated by

Nakamura (cited by Swanson et al., 1975) to be released annually by

volcanism on the earth's surface, and two to three times the energy

estimated to be released yearly as heat flow (Lee and Uyeda, 1965;

Von Herzen, 1974).

A significant geologic feature of North America, the CRB has

attracted the attention of geologists for more than 85 years (since

the description of the "Columbia Lavas" of Russell, 1893). Current

research interests fall within two overlapping fields. The first

involves the definition of the chemical variation within the CRB



and the delineation of the geographic extent and stratigraphic

relations of the chemical types defined. The second field of

research deals with the petrogenesis of the basalts and an assess-

ment of the various petrologic and geochemical processes that may

have operated to produce the variations and differences between and

within chemical types. A logical extension of the petrogenetic

approach is the attempt to evaluate the nature of the subcontinental

mantle, a region much less understood than its suboceanic counter-

part. Basaltic magmas provide a means of estimating the composition

of the mantle with which the magma equilibrated (Ringwood, 1975;

Gast, 1968; Green and Ringwood, 1967; Yoder, 1976; O'Hara, 1967 and

1968; Schilling, 1971; and many others), a technique that will be

applied in a later section of this paper.

The CRB once was thought to be rather uniform in composition;

recent studies (e.g. Wright et al., 1973; Nathan and Fruchter, 1974),

however, have demonstrated that significant chemical variations exist

within the CRB. Initially, flowrocks of ages ranging from Eocene to

Recent and extending from the Snake River plain to northeast Cali-

fornia were grouped together under the term Columbia Lavas (Russell,

1893). Russell (1901) later coined the term Columbia River Basalt,

applying the term to all basaltic flowrocks of the Pacific Northwest.

Other workers (e.g. Merriam, 1901; Smith, 1901; Lindgren, 1901)

preferred restricting the term to flowrocks of approximately the

same age (i.e. Miocene). The term Yakima Basalt, first applied by
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Smith (1901), was essentially synonomous with Columbia River Basalt

until the early 1960`s.

In a definitive paper, Waters (1961) summarized many of the

stratigraphic relations of the CRB (using 28 measured sections) and,

using petrographic and limited chemical analyses, proposed a twofold

division of the basalt. The older flowrocks were termed the Picture

Gorge Basalt. These rocks, exposed along the southern and south-

eastern portion of the Columbia River plateau (Fig. 1) are overlain

by the more voluminous Yakima Basalt. Waters (1961) noted that the

only "significant" variation in the "remarkably homogeneous lavas"

of the Yakima Basalt was a later more basic variant. Subtle

differences in mineralogy were discussed by Waters who commented

that it was difficult at best to distinguish between Yakima and

Picture Gorge Basalts in the field. Chemical analyses proved more

useful, through which Waters (1961) was able to demonstrate that the

Picture Gorge Basalt was higher in A1203, MgO and CaO, and lower in

SiO
2'

K
2
0 and TiO

2
than the Yakima Basalt.

Waters (1961) made the significant observation that there was a

complete lack of transitional flowrocks between the Picture Gorge and

Yakima types, and was led to the conclusion that these different

basalts were not derived from the same magma, but rather developed

independently from separate mantle source regions.

Probably the most significant paper in terms of its contribution

to the knowledge of the compositional variation within the CRB is
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that of Wright et al. (1973). Based on over 300 chemical analyses

(Brock and Grolier, 1973) and extensive field work, these authors

further divided the CRB into the older units, the Picture Gorge

Basalt (Waters, 1961) and the lower basalt of Bond (1963), overlain

by the Yakima Basalt, subdivided into the lower Yakima, middle Yakima

(including the Frenchman Springs, Roza, and Priest Rapids members of

Mackin (1961)), and upper Yakima (including the Pomona, Elephant

Mountain, and Ward Gap flowrocks of Schminke (1967), and the Ice

Harbor flowrocks occurring near Ice Harbor Dam in south-central

Washington (Swanson et al., 1972; Grolier and Bingham, 1971)).

Wright et al. (1973) introduced the term "chemical type" as applied

to the basalts to emphasize the variation of major element composi-

tion within the CRB. The chemical types suggested by Wright et al.

(1973) are given in Table I. The nameswere meant to be applied to

flowrocks having similar composition regardless of stratigraphic

position. Although there is generally a close correspondance between

chemical type and stratigraphy, the important implication is that

composition is not necessarily a function of stratigraphic position;

chemical types may in fact be independent of one another. This

implication was supported by the fractionation models of Wright

et al. (1973) which were unsuccessful in attempts to relate chemical

types by shallow fractionation. Studies of the variations of trace

element concentrations within the CRB supported the conclusions of

Wright et al. (1973). An early study by Osawa and Goles (1970)
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Table I. Chemical types of the principle stratigraphic units of the
Columbia River Basalt (Wright et al., 1973).

Upper Yakima Basalt

Ice Harbor
Elephant Mountain

Pomona

Middle Yakima Basalt

Umatilla
Priest Rapids

Roza
Frenchmen Springs

Lo lo

Lower Yakima Basalt

High-Mg
Low-Mg

High-Ti

Lower Basalt

Little Salmon
Rock Creek

Picture Gorge Basalt

High-Mg
Low-Mg
High-Ti

demonstrated significant differences between the Yakima and Picture

chemical types and within the Picture Gorge Basalt. Nathan and

Fruchter (1974) designed a trace element study to include the known

compositional types as defined by Wright et al. (1973). They found

that the trace element concentrations or concentration patterns

("fingerprints") of certain elements (Sc, Cr, Th, and La) were

distinctive in most of the chemical types. An important result of

Nathan and Fruchter's (1974) work was the clear demonstration that

the pre-Yakima basalts (Picture Gorge and lower basalts) were
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significantly different in their compositions and were not

genetically related. Detailed major and trace element studies of

the pre-Yakima Basalt of the northeast Oregon-southeast Washington-

western Idaho region, termed the Imnaha Basalt by Hooper (1974),

have further demonstrated the differences between the Imnaha and

Picture Gorge Basalts (Hooper, 1974; Holden and Hooper, 1976;

Hooper et al., 1976; Hooper et al., 1976, unpublished data) and have

revealed the existance of several chemical types (e.g. the American

Bar, Rock Creek, Frenchmen Springs, and Picture Gorge) within the

Imnaha Basalt (Hooper et al., 1976; Hooper et al., 1976, unpublished

data). An additional chemical type whose main occurrence is in the

Crooked River Gorge south of Prineville, Oregon (Fig. 1) has been

described by Uppuluri (1975). Although the Prineville chemical type

is for the most part separated from the rest of the CRB these flow-

rocks are locally interlayered with the Grande Ronde Basalts

(Yakima Basalt) in sections of the southwestern plateau (e.g. the

Butte Creek and Tygh Ridge sections of Nathan and Fruchter (1974))

and in the upper Clackamas River drainage (Fig. 1) in western Oregon

(Anderson, 1978; Beeson and Moran, 1979).

An important contribution to the development of stratigraphic

relations and for correlation between measured sections has been the

application of magnetic polarity measurements. Following early

applications of Reitman (1966) and Kienle (1971), Watkins and Baksi

(1974) measured the paleomagnetism in flowrocks from nine sections of
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the CRB, providing data regarding the paleomagnetic character of a

significant portion of these rocks. Nathan and Fruchter (1974),

using a portable fluxgate magnetometer in the field, were able to

correlate magnetic polarities with chemical types. Although other

methods of correlation within the CRB have been used (e.g. Siems et

al., 1974), the combine tools of composition and magnetic polarity

have proven to be the most useful in determing stratigraphy and

structure and extending the boundaries of compositional types

(Swanson et al., 1975; Beeson and Moran, 1976 and 1979).

The ages of the major formations within the CRB have been deter-

mined by K-Ar analyses (Holmgren, 1970; Evernden and James, 1964;

Watkins and Baksi, 1974; McKee et al., 1977). Uncertainties

associated with these analyses prevent the K-Ar method from being a

useful tool in determining detailed stratigraphic relations within

such formations as the Grande Ronde, Imnaha, Picture Gorge and

Wanapum Basalts (Swanson et al., 1975).

Considerations of composition and magnetic polarity of basalts

of the CRB has led Swanson et al. (in press) to develop the detailed

stratigraphic column and nomenclature given in Table II. A com-

parison of formational names between those suggested by Swanson et

al. (in press), Wright et al. (1973) and Waters (1961) is given in

Table III for clarification of terminology between Swanson et al.

(in press), used in this report, and the earlier literature.
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Table II. Stratigraphic column, age, and magnetic polarity (N =
normal, R = reversed, and T = transitional) for the Columbia River
Basalt (Swanson et al., in press).

Formation/members Age (m.y.) Polarity

Saddle Mountains Basalt
Lower Monumental Member 61 N
Ice Harbor Member
Ice Harbor 2 chemical type 8.51 N
Ice Harbor 1 chemical type 8.51 R
Basin City chemical type 8.5 N

Flows of Buford Creek
1

R
Elephant Mountain Member 10.51 N
Pomona Member 12.0 R
Esquatzel Member N
Intracanyon Basalt (Central Ferry)' R-T
Weissenfels Ridge Member? N
Asotin Member N
Wilbur Creek Member N
Umatilla Member N
Basalt of Eagle Lake N

Wanapum Basalt
Priest Rapids Member R
Roza Member T-R
Frenchman Springs Member? N

Grande Ronde Basalt 14-16.52 N2
R2
N
1

R
1

Picture Gorge Basalt 14.6-15.82
R5

N
Imnaha Basalt

R5

R6

1. McKee et al. (1977)
2. Watkins and Baksi (1974)
3.. Informal designation - this paper only
4. Stratigraphic position uncertain
5. Equivalent to R1
6. Swanson, Taubeneck and Nelson, 1976, unpublished data
7. A further subdivision of this member exists (Swanson et al.,

in press)
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Table III. Comparison of terminologies of Waters (1961), Wright et
al. (1973), and Swanson et al. (in press) as applied to the prin-
ciple stratigraphic units of the Columbia River Basalt Group.

Waters (1961) Wright et al. (1973) Swanson et al. (in
press)

Late

Yakima

Upper Saddle
Yakima Mountains
Basalt Basalt

Middle
Yakima
Basalt

Wanapum
Basalt

Yakima
Lower Grande
Yakima Ronde
Basalt Basalt

Picture Picture Lower Picture Imnaha
Gorge Gorge Basalt Gorge Basalt
Basalt Basalt Basalt

As indicated above, the earliest chemical data from the CRB

(Waters, 1961) suggested that the CRB could not be described as a

series of cogenetic basalts. From the outset, the data suggested

a more complex model of independent magma generation. Considerable

modeling of major and trace element compositions (e.g. Osawa and

Goles, 1970; Helz and Swanson, 1976; Wright et al., 1976; Goles and

Leeman, 1976; Nelson et al., 1976; Hooper et al., 1976; Nelson,

1978) and Sr isotopic studies (McDougall, 1976; Nelson et al., 1976;

Nelson, 1978) continue to support a petrogenetic model for the CRB
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involving independent generation and evolution of magmas beneath

the Columbia River plateau.

The present study was initiated to help clarify stratigraphic

relations and to devlop a petrogenetic model for the CRB using Sr

isotopic compositions. Early in the project it became apparent that

consideration of trace elements, in particular the transition metals

and the rare earth elements, would greatly contribute to the study,

especially in formations where the variation in the initial

87Sr/86Sr ratio was small (e.g. the Grande Ronde Basalt).

Previously unpublished data presented and used in this study

include 87Sr/86Sr ratios determined by me at the Oregon State Labor-

atory, limited trace element data from the Esquatzel and Central

Ferry basalts of the Saddle Mountains Basalt (analyzed by Sue Timms

at Portland State University) and for the basalts along the Roza

vent system of southeast Washington (analyzed by John Latta at

Portland State University), and extensive major and trace element

data determined in the U. S. Geological Survey laboratories and

provided by D. A. Swanson and T. L. Wright. Oxygen isotopic anal-

yses were performed on selected samples of the CRB by Joshua D.

Cocker at the University of Alberta laboratory at Edmonton. All

analyses performed by individuals other than myself are described

by footnotes in appropriate tables. In addition, I have drawn

heavily on the Sr isotopic data of McDougall (1976) in some of the

models presented below.
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These data suggest significant differences in compositions both

between and within formations and major element chemical types. The

principle concern of this paper is to explain these differences. By

this it is meant that the compositional differences between related

basalts are quantitatively evaluated (i.e. modeled), through the use

of appropriate equations, in terms of currently accepted petrologic

processes that might be expected to operate during magma genesis and

ascent. Because of the large diversity of compositions in the CRB,

only a portion were selected for detailed modeling, the isotopically

distinct (in terms of Sr) Saddle Mountains Basalt where the data

suggest a possible contamination model, and the voluminous Grande

Ronde Basalt where trace element data suggest independent magma

generation from a heterogeneous source.
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PRESENTATION OF DATA AND DISCUSSION OF ERRORS

As a result of on-going research projects under the directions

of D. A. Swanson and T. L. Wright (U. S. G. S.), samples of the

CRB are routinely analyzed for major element (by XRF) and trace

element (by INAA) compositions. The major element compositions for

the Grande Ronde Basalt of the Toe section (Fig. 1), discussed

extensively in later chapters, are given in Table IV. Wright et al.

(1973) originally recognized three compositional types within the

Grande Ronde Basalt, a high-Mg, a low-Mg, and a high-Ti chemical

type. In terms of most major elements (e.g. Mg0 and K20) and on the

basis of trace element concentrations (e.g. La, total rare earth

elements, and Sc), and as a result of trace element modeling

discussed below, I have found it useful to distinguish four chemical

types within the Grande Ronde Basalt: the high-Mg and low-Mg as

before, and two transitional compositions (in that these flowrocks

have compositions transitional between the high-Mg and low-Mg

varieties), designated in this report as T-1 and T-2 chemical types.

For reasons discussed in detail below, it is believed that the T-1

and T-2 compositional types are independent and are genetically

related to the high-Mg and low-Mg chemical types, respectively.

Normative mineralogies were calculated using procedures given

by Washington (1917). Analyses were recalculated water-free with

total iron as Fe0 (= 0.9Fe203).



15

Table IVa. Major element composition and normative mineralogy of the
high -Mg Grande Ronde Basalts of the Toe section.

Sample:
I

74-271 74-272 74-283 74-285 74-286 74-281

Oxide2(wt, %)

52.40 52.69 52..80 53.71 54.00 52.92Si02
A1203 13.89 13.93 13.79 14.26 14.17 14.08
Fe203 11.88 11.92 12.34 12.31 12.07 12.28
MgO 5.28 5.26 4.90 4.65 4,86 5.08
CaO 9.32 9.06 8.68 8.46 8.43 8.66
Na20 2.75 2.65 2.87 2.77 3.06 3.14
K20 1.02 1.17 1.10 1.32 1.36 1.02
Total H2O 1.91 1.60 2.19 1.11 0.90 1.19
TiO2 1.69 1.69 1.66 1.69 1.68 1.65
P205 0.29 0.29 0.29 0.27 0.29 0.25
Mn0 0.190 0.182 0.173 0.190 0.190 0.186
Total 100.62 100.44 100.79 100.74 101.01 100.46

Mg no. 3 51 47 44 43 44 45

Normative Mineralogy
4. \

Qz 0.0 0.0 0.0 0.1 0.0 0.0

Or 5.61 6.47 6.11 7.28 7.45 5.63
Ab 22.98 22.26 24.26 23.24 25.49 26.30
An 20.99 21.21 20.21 21.10 19.41 19.91
Di 20.27 19.09 18.54 16.48 17.65 18.64
Hy 15.93 17.98 18.41 24.40 17.53 12.61
Wo 0.0 0.0 0.0 0.0 0.0 0.0
01 5.83 4.87 4.54 0.0 4.77 9.06
Ne 0.0 0.0 0.0 0.0 0.0 0.0
Lc 0.0 0.0 0.0 0.0 0.0 0.0
Ap 0.57 0.58 0.58 0.54 0.57 0.51
Il 2.74 2.76 2.73 2.75 2.72 2.68

1. The sample numbers (with a DSTW prefix) are the same as those
used by Swanson and Wright and are included here for reference
to past and future analyses on the same rock powders.

2. Major element analyses by L. Espos, U. S. Geological Survey.
3. Mg/(Mg + Fe) using atomic abundances.
4. Calculated water free and with Fe0 = 0.9Fe203
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Table IVb. Major element composition and normative mineralogy of
the transitional T-1 Grande Ronde Basalt of the Toe section.

Sample:
1

74-279 74-280 74-282 74-284 74-288

Oxide2(wt. %)

Si02 53.72 52.58 53.22 53.25 53.24
A120.3 13.50 13.19 13.79 13.84 13.65
Fe203 13.16 14.22 13.73 13.63 13.58
Mg0 4.42 4.04 4.22 4.37 3.97
Ca0 7.89 7.80 7.79 7.61 7.36
Na20 3.14 3.29 3.09 3.22 3.44
K20 1.17 1.41 1.52 1.36 1.40
Total H2O 1.40 1.33 0.77 0.92 1.56
TiO2 2.03 2.24 1.93 1.98 1.94
P205 0.34 0.45 0.40 0.38 0.32
Mn0 0.210 0.215 0.212 0.194 0.220
Total 100.98 100.77 100.67 100.75 100.68

Mg no. 43 36
, \

Mineralogy
4%;)

38 39 37

Normative

Qz 0.0 0.0 0.0 0.0 0.0
Or 6.43 7.86 8.43 7.53 7.82
Ab 30.40 27.87 26.03 27.11 29.22
An 15.90 16.09 18.08 18.10 16.72
Di 18.47 17.64 15.73 14.98 15.85
Hy 10.53 12.95 19.01 20.10 16.46
Wo 0.0 0.0 0.0 0.0 0.0
01 9.67 8.60 4.85 4.46 6.13
Ne 0.0 0.0 0.0 0.0 0.0
Lc 0.0 0.0 0.0 0.0 0.0
Ap 0.68 0.90 0.80 0.76 0.64
Il 3.30 3.68 3.15 3.23 3.20

1. The sample numbers (with a DSTW prefix) are the same as those
used by Swanson and Wright and are included here for reference
to past and future analyses of the same rock powders.

2. Major element analyses by L. Espos, U. S. Geological Survey.
3. Mg/(Mg + Fe) using atomic abundances.
4. Calculated water free and with Fe0 = 0.9Fe

2
0
3

.
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Table IVc. Major element compo sition and normative mineralogy of
the low-Mg Grande Ronde Basalt of the Toe section.

Sample:
1

74-276 74-277 74-278 74-291 74-29274-273 74-274 74-275

Oxide2(wt.

Si02 53.91 52.96 53.62 54.67 54.57 54.83 56.02 55.73
A1203 13.20 13.29 13.31 13.34 13.61 13.41 13.34 13.31
Fe203 13.43 14.05 13.36 12.49 12.84 13.06 12.40 12.98

NO3 3.74 3.86 3.30 3.52 3.44 3.47 3.12 3.27
Ca° 7.31 7.10 6.76 7.05 6.95 7.02 6.63 6.77
Na20 2.97 3.18 3.01 3.17 3.15 3.13 3.15 3.04
K20 1.70 1.73 1.94 2.01 1.92 2.08 2.07 1.91

Total H2O 1.44 1.67 2.14 0.95 1.02 0.95 0.99 0.95
TiO2 2.26 2.42 2.23 2.32 2.16 2.22 2.12 2.06
P205 0.49 0.45 0.44 0.48 0.43 0.41 0.32 0.39
MnO 0.196 0.202 0.229 0.195 0.196 0.200 0.184 0.188
Total 100.65 100.91 100.34 1 00.20 100.29 100.78 100.24 100.51

Mg no. 3 36 35 33 36 35 34 33 46

Normative Mineralogy
4

(%'.)

Qz 1.81 0.0 2.15 1.88 2.07 1.37 4.94 4.17
Or 9.52 9.70 11.00 11.25 10.76 11.58 11.59 10.66
Ab 25.29 27.07 25.99 26.96 26.82 26.52 25.96 25.78
An 16.70 16.00 16.41 15.38 16.43 15.45 15.73 16.09
Di 14.61 14.64 13.09 14.78 13.61 14.86 13.47 13.79
Hy 23.71 21.39 23.48 21.27 22.47 22.04 20.80 22.09
Wo 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
01 0.0 2.66 0.0 0.0 0.0 0.0 0.0 0.0
Ne 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Lc 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ap 0.98 0.91 0.89 0.97 0.87 0.83 0.64 0.60
Il 3.73 3.99 3.73 3.83 3.57 3.64 3.50 3.39

1. The sample numbers (with a DSTW prefix) are the same as those
used by Swanson and Wright and are included here for reference
to past and future analyses of the same rock powders.

2. Major element analyses by L. Espos, U. S. Geological Survey.
3, Mg /(Mg + Fe) using atomic abundances.
4. Calculated water free and with Fe0 = 0.9Fe203.
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Table IVd. Major element composition and normative mineralogy of
the transitional T-2 Grande Ronde Basalt of the Toe section.

Sample:
1

74-287 74-289 74-290 74-293 74-294 74-295 74-296

Oxide2(wt.

SiO2 54.53 52.66 54.64 53.44 53.88 54.75 52.67
A1203 13.59 13.62 13.74 13.29 13.38 13.75 13.36
Fe2O3 13.15 13.46 12.66 13.95 14.03 12.35 13.09

3.71 3.96 4.03 3.73 3.57 3.88 4.27
CaO 7.11 7.66 7.62 7.12 7.0 7.35 8.10
Na20 3.38 2.96 3.08 3.09 3.41 3.03 2.77
K20 1.55 1.53 1.55 1.50 1.56 1.58 1.40
Total H2O 1.07 1,66 0.59 1.38 1.28 0.76 1.97
TiO2 2..01 2.01 1.99 2.11 2.24 1.96 2.09
P2O5 0.33 0.35 0.30 0.36 0.43 0.30 0.33
Eno 0..188 0.193 0.201 0.215 0.204 0.189 0.194
Total 100.51 100.06 100.40 100.19 101.01 .99.90 100.24

Mg no. 3 36 37 39 35 33 38 39

Normative Mineralogy
4(

%;)

Qz 4.60 0.0 1.17 0.92 0.0 2.62 0.0
Or 8.63 8.64 8.56 8.43 8.72 8.79 7.86
Ab 28.60 25.34 25.95 26.37 28.91 25.72 23.64
An 16.34 18.44 17.87 17.09 15.65 18.15 18.90
Di 14.88 15.61 15.73 14.28 14.60 14.41 17.25
Hy 23.27 22.25 22.95 25.13 23.39 22.87 23.77
Wo 0.0 0.0 0.0 0.0 0.0 0.0 0.0
01 0.0 1.78 0.0 0.0 0.53 0.0 0.14
Ne 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Lc 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ap 0..66 0.71 0.59 0.73 0.87 0...61 0.67

3.39 3.34 3.25 3.50 3.68 3.22 3.46

1. The sample numbers (with a DSTW prefix) are the same as those
used by Swanson and Wright and are included here for reference
to past and future analyses of the same rock powders.

2. Major element analyses by L. Espos, U. S. Geological Survey.
3. Mg /(Mg Fe) using atomic abundances.
4. Calculated water free and with Fe0 = 0.9Fe

2
0
3

.
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Trace element concentrations for the high-Mg, T-1, low-Mg, and

T-2 compositions within the Grande Ronde Basalt of the Toe section

are given in Table V. The chondrite-normalized values (e.g. Lan)

are normalized to (i.e. divided by) the chondritic values of Wakita

et al. (1970).

In Table VI are reported the measured 87Sr/86Sr ratios of

selected samples of the CRB analyzed in this study. Because of the

young ages of these rocks (less than 16 m.y.) and the low Rb/Sr

ratios, age corrections to convert measured ratios to initial ratios,

(87Sr/86Sr)0, are in the fifth decimal place (see McDougall, 1976).

As a result, the measured Sr ratio, truncated to the fourth decimal

place is used as (87Sr/86Sr) in this report.

In later sections of this report considerable importance is

given to the observation that certain flowrocks have trace element

concentrations or Sr isotopic compositions that are significantly

different from one another. It is apparent that before any level of

significance can be attached, the analytical uncertainties

associated with the data must be evaluated. Trace element data are

reported (Table V) with uncertainty at the 68 percent confidence

level (i.e. 4. one standard deviation). Errors are based on counting

statistics alone. Although such computation of uncertainty does not

consider systematic errors, it does account for a significant (in

this case) proportion of the random error associated with the

measurement. Because we are dealing with differences between



Table Va. Trace element concentrations of the high-Mg Grande Ronde Basalt of the Toe section.
Analyses by INAA (L. J. Schwarz, U. S. Geological Survey, analyst). Values represent the average

of two counts. Numbers in parentheses are one standard deviation, based on counting statistics,
propagated by equations given in text. The n subscript indicates the value has been normalized
to chondritic abundances (Wakita et al., 1970). All values in ppm.

Sample:
1

74-271 74-272 74-281 74-283 74-285 74-286

Element

Co
Cr

40.35(.57) 39.85 56) 39.25(56) 37.30(.53)
98.60 5.58)113.80 6.65) 23.85(3.33) 22.50(2.81) 26.85 8.00) 40.25 7.37)

Hf 3.70 .10) 3.65 .15) 3.55(.15) 3.45(.15) 3.75 .16) 3.75 .16)

Rb 29.50 19.21)26.50 16.04)22.00(13.69)29.00(13.41)45.50(31.03)46.00(26.06)
Ta 0.74 .11) 0.74 .09 0.70(.11 0.70(.09 0.93(.06) 0.64 .19)

Th 3.40 .27) 3.65(.34) 3.45(.31) 3.70(.31) 3.30(.82) 3.60 .58)
Zn 138.00(1.96)140.50 1.99)131.00 1.86)132.00(1.87)127.50 2.94)133.50 3.09)

Ce
La

36.53 .51 34.84 .49) 35.47(.50) 34.90 .49) 35.04 .50)

37.0o 1.86) 39.50(2.24) 36.50 2.14) 35.50(1.79 35.50(2.44 38.00(2.15
17.50 .38 19.00 .27) 16.50 .82) 17.50(.25) 17.50 .25) 18.50 .26)

se

sm
21.50(3.04) 22.00 3.26) 20.00(3.78Nd

Eu
5.55 .20) 5.40 .24) 5.25 .11) 5.35 .12)

1.70(.07 1.67 .o4) 1.62 .04) 1.66(.05 1.73 .12) 1.70 .05)

Tb
Yb

0.95(.06

Lu 0.53(.09) 0.57 .09
2.60(.19) 2.45 .18

Yb
Smn

59.38(.84
28.32 1.03) 28.32(1.03)
13.68 .99 12.90(.94)

Lan

(La Sm)n 1.93(.08 2.10(.01
(La/Yb)n 4.00(.30 4.60(.34

1. The sample numbers (with a DSTW prefix) are the same as those used by Swanson and Wright
and are included here for reference to past and future analyses of the same rock powders.

0.84(.07
2.30(.17
0.49(.07

27.55 1.23)
12.11 .89)
1.87(.12)
4.26(.38)

0.89(.06
2.35(.18
0.48(.06

54.69(.77
26.79(1.60)
12.37(.95
2.04(.13
4.42(.35

0.93(.11)
2.50(.24)
0.50 .06

54.69 .77
26.79 .58
13.16(1.24)
2.04(.05)
4.16(.40

0.90(.09
2.65 .27
0.49 .06

57.81 .82
27.30 .61
13.95(1.44)
2.12(.06)
4.15(.43)



Table Vb. Trace element concentrations of the transitional T-1 Grande Ronde Basalt of the Toe
section. Analyses by INAA (L. J. Schwarz, U. S. Geological Survey, analyst). Values represent
the average of two counts. Numbers in parentheses are one standard deviation, based on counting
statistics, propagated by equations given in text. The n subscript indicates the value has been
normalized to chondritic abundances (Wakita et al., 1970). All values in ppm.

Sample:
1

Element

74-279 74 -280 74-282 74-284 74-288

Co
Cr
Hf
Rb
Ta
Th
Zn
Sc
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Lan

Smn
Y
(La Sin

b(La/Yn

42.40 .60)
21.80 2.89)
4.15 .15)
24.00 10.18)

3.775 .05)

144.50 2.05)

35.17 .50)
19.00 .27)
39.00 1.94)
23.00(4.02)
6.05(.28
1.75 .07

0.99 .07
2.95 .17
0.55 .06

59.38 .84
30.87 1.43)
15.53 .87
1,92 .09
3.82 .22

38.95(.55)
19.90(2.57)
4.30p5)
28.00(17.13)
0.77 .01

.31

146.50 2.08)
35.51 .50)
21.00 .30)
43.50 1.84)
26.00(3.13)
6.6o(.19)
1.92(4.21)
1.10(.08
3.30(.26
0.60 .05

65.63 .93
33.67 .96
17.37 1.35)
1.95(.06

03.78(.30

38.65(.55)
16.25(3.28)
4.20(.15)

30.00 15.48)
0.74 .21
3.80 .42)

152.00 2.16)
36.51(.52)
21.00(.30)
44.50(2.52)
26.50(3.94)
6.60(.35)
2.00(.04

.253 .18

0.62 .08
65.63 .93
33.67 1.76)
17.11(.96)
1.95(.11)
3.84 .22)(

39.30(.56)
14.45(2.45)
4.25(.18)

37.50(22.13)
0.93(01
4.20(.39

137.00(3.16)
35.48(.50
20.00(.28)
41.00(3.57)
21.00(3.00)
5.80(.18
1.88(.04
1.02(.11
3.00 .39(

0.59(.08
62.50(.93
29.59(.94
15.79(2.06)
2.11(.07)

3.96).52)

39.50(.56)
13.75(3.17)
4.25(.15)
40.50(23.86)
0.64(.12)
3.75(.50)

127.00(1.80)
32.80(.46)
20.00 .28)
42.00 2.07)
24.00 3.00)
6.00 .19)
1.91(.04)
1.19 .12
3.00 .28
0.57 .06

62.50 .88
30.61(.96
15.79(1.49)
2.04(.01

1. The sample numbers (with a DSTW prefix) are the same as those used by Swanson and Wright
and are included here for reference to past and future analyses of the same rock powders.



Table Vc. Trace element concentrations of the low-Mg Grande Ronde Basalt of the Toe section.
Analyses by INAA (L. J. Schwarz, U. S. Geological Survey, analyst). Values represent the average
of two counts. Numbers in parentheses are one standard deviation, based on counting statistics,
and propagated by equations given in text. The n subscript indicates the value has been normalized
to chondritic abundances (Wakita et al., 1970). All values in ppm.

Sample:
I

74-273 74-274 74-275

Element

74-276 74-277

Co
Cr
Hf
Rb
Ta
Th
Zn
Sc
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Lan
Smn
Yb

41.05 .58)

9.20 2.25)
4.80 .14)
39.50 15.70)

0.99 .10)
5.3(.51)

149.50(2.12)

26.00 .37
54.00 1.96
30.00(4.08)
7.30(.21
2..13(.03

1.07 .08
3.35 .19
0.63 .10

81.25 1.15
37.25 1.35
17.63 1.02

37.95 .54)
14.85 2.75)
4.95 .14)

44.50 19.40)
0.88 .11
5.40 .38

148.00 2.10)
32.38 .46
24.50 .99)
54.00 2.29
29.00 4.18)
7.20 .26
2.07 .03
1.16 .07
3.20 .18
0.61 .07

76.56 3.10)
36.74 1.34)
16.84 .95)

35.15(.50)
9.75(2.04)
5.10(.14)
44.00 13.38)
0.91 .10
5.80 .30

147.0(2.08
30.01 .42
27.50 .39
56.50 1.60)
31.50 3.82)
7.65 .25
2.19 .07
1.16 .08
3.45(.17

.07)

85.94 1.22)
39.03 1.25)
18.16(.90)

38.55(.55)
12.75 2.54)

5.25 .15)
46.00 17.28)
0.97 .10)
5.75 .41)

158.00 2.23)
32.87 .46
28.50 .40)
59.50 2.52
35.00(3.26
8.00(.18
2.26(.03
1.28(.09
3.75(.21
0.67 .09
89.06 1.26)
40.82 .93)
19.7 1.10)

33.95(.48)
14.20 2.56)
4.70 .13)

48.50 13.70)
0.91 .08)
6.25(.40)

142.00 2.01)
30.92 .41
27.50 .39
54.50 2.31)
28.50 4.44)
7.30 .27
2.15 .05
1.05 .07
3.00 .22
0.55(.08)
85.94 1.22
37.25 1.36
15.79 1.15

(La
/Sm)n

2.18(.08) 2.08(.11) 2.20(.08) 2.18(.06) 2.31(.01
(LaYbn 4.61(27) 4.55(32 4.73(.24 4.51(26 5.444

1. The sample numbers (with a DSTW prefix) are the same as those used by Swanson and Wright
and are included here for reference to past and future analyses of the same rock powders.



Table Vc continued:

Sample: 74-278 74-291

Element

Co
Cr
Hf
Rb
Ta
Th
Zn
Sc
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Lan
smn
Yb
(Lajsin
(La/Yb n

36.65(.52)
10.95(2.10)

4.75(.17)
38.00
0.88 .08)
6.35 .32)

139.00(1.97)
31.34(.44)
27.00(.38)

54.50(1.91
31.50(4.34)
7.30(.33
2.03(.04

3,15 .20
0.58 .07

37.25 1.68
16.58 1.03
2.27 .11)
5.09 .33)

37.5.53)
8.10 1.49)
36.50(.52)

60.50 34.23)
0.90 .13)
5.40(.31)

134.00(4.37)
30.09 .43 )

24.50 .35)
53.00 4.89)
31.50 5.38)
6.95 .22
2.04 .06
1.04 .09
3.45(.37
0.60(.05

35.46 1.10
18.16 1.93
2.16(.07)
4.21(.45)

74-292

10.20(3.87)

49.00 24.95)
0.90 .16)

5.55(.48)
134.50(4.42)
30.52 .4
23..00 .33

1

48.50 4.12)
29.00(6.06)
6.70 .21
2.00 .06
1.15 .10
3.20 .36
0.56 .06

35.20 1.08
71.88 1.01

18.16 1.93
2.04 .07

3.95(.42



Table Vd. Trace element concentrations of the transitional T-2 Grande Ronde Basalt of the Toe
section. Analyses by INAA (L. J. Schwarz, U. S. Geological Survey, analyst). Values represent
the average of two counts. Numbers in parentheses are one standard deviation, based on counting
statistics, and propagated by equations given in text. The n subscript indicates the value has
been normalized to chondritic abundances (Wakita et al., 1970). All values in ppm.

Samples
1

74-287 74-289 74-290 74-293 74-294

Element

Co
Cr
Hf
Rb
Ta
Th
Zn
sc
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Lan

Smn
ybn
(Laism)n
(La/Yb)n

38.45(.54)
5.30(3.22)
4.95(.18)

48.00(21.46)
0.82(.13)
3.95(.42)

134.00(1.90)
32.62(.46)
22.00(.31)
46.00(3.56)
26.00(2.02)
6.45(.09
1.99(.05
1.08(.09

.363.20

.060.57

68.75 .97
32.91(.47
16.84(1.87)
2.09(.04)

4.08(.46)

37.90(.54)
10.90(2.65)
4.55(.19)

48.00 25.00)
0.69 .22

3.85 .35)
131.50 1.86)
33.67 .48)
21.00 .30)
44.50 4.01
27.00 3.38
6.40 0.20
1.97(.06)
1.01 0.09)
3.05 .31
0.58 .o6
65.63 .93

16.05 1.63)
2.01 .07
4.09 .42)

40.90(.58)
10.95(3.63)
4.60(.20)
45.00 25.46)
0.82 .14
4.45 .40)

122.50(3.84)
33.21 .47
21.50 .30
46.00 3.64)
29,00 5.51)
6.40 .20
1.88 .09
1.18 .17

3.25 .37
0.51(.04)
67.19(.95)
32.65(11
17.11(1.94
2.06(.07)

3.93(.45)

38.50(.54)
17.20(3.72)
4.95(.18)
50.00 43.87)
0.85 .19
4.30 .51)

137.00(4.95)
33.09 .47
22.00 .31
47.50(3.72)
30.50(5.63)
6,90(.21
2.11(.08
1.21(.16

3.45(.37
0.57 .04
68.75 97)
35.20 1.04)
18.16 1.94)
2.08 .07
4.04(.53

38.80(.55)

14.50(5.63)

5.30(.19)
40.00 20.93)
0.81 .14)
4.50 .52)

142.50 4.70)

23.50 .33
51.50 3.61
34.50(6.69
7.45(.27)
2.26 .07
1.23 .09
3.85 .36
0.63 .05

73.44(1.04)
32.65 .72)
15.00 1.87)
2.11 .06)
4.58 .62)

1. The sample numbers (with a DSTW prefix) are the same as those used by Swanson and Wright
and are included for reference to past and future analyses of the same rock powders.



Table Vd continued:

Sample:
I

74-295 74-296

Element

Cr
co

Hf
Rb
Ta
Th
Zn
Sc
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu

Lan

Smn
Y
La,Sm n
La/Yb n

11.30 2.45)
4.8o .17)

18

30.58)
0.87 .)
5.25 .50)

117.00(4.09)

30.95(.44)
22.00(.31)
46.40(3.62)
26.50(3.00)

1.87 .07
1.00 .09
2.85(.38
0.51(.05

68.75(.93)
32.65(.72)
15.00(2.10)
2.11(.08)
4.58(.62)

40.45(.57)
35.30(8.45)
4.65(.18)

0.88 .17)
3.80 .82)

124.50(3.53)
34.06(.48)
21.00(.30)
46.00(4.26)
26.50(3.37)

1.96
1.17 .11
3.4T36
0.55 .08)
65.63(.91
33.9
17.90
33.93 .77

1.90)

1.93 .05

3.67(.39)
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Table VI. Measured Sr isotopic compositions for selected basalts of
the Columbia River Basalt Group, normalized to Sr-88/Sr-86 of 8.3752
and corrected to standard SRM-987 value of 0.71014. Uncertainties
given are within run precision, reported as one standard error of
the mean (see text).

Sample Number

DSTW 71-17

DSTW 73-20

DSTW 73-18

DSTW 73-22

C -77

DSTW 73-361

DSTW 73-349

DSTW 72-150

DSTW 72-216

DSTW 74-292

DSTW 72-335

DSTW 74-276

DSTW 74-280

DSTW 74-271

DSTW 72-51

DSTW 74-50

DSTW 72-292

DSTW 72-334

Chemical type/Formation 87
Sr/

86
Sr

Elephant Mountain/Saddle Mountains 0.70807 + 7

Elephant Mountain/Saddle Mountains 0.70772 + 13

Pomona/Saddle Mountains 0.70780 + 6

Esquatzel/Saddle Mountains 0.71471 + 13

Esquatzel/Saddle Mountains 0.71449 + 17
0.71094 + 7Lower Monumental/Saddle Mountains
0.71076 + 4

Central Ferry/Saddle Mountains 0.71310 + 10

Roza/Wanapum 0.70498 + 6

Lolo/Wanapum 0.70439 ± 9

Low-Mg Grande Ronde/Grande Ronde 0.70454 + 12

Low-Mg Grande Ronde/Grande Ronde 0.70491 + 8

Low-Mg Grande Ronde/Grande Ronde 0.70738 + 51

T-1 Grande Ronde/Grande Ronde 0.70478 + 6

High-Mg Grande Ronde/Grande Ronde 0.70552 ± 10

High-Mg Grande Ronde /Grande Ronde 0.70509 + 5

High-Mg Grande Ronde/Grande Ronde 0.70502 + 4

High-Mg Grande Ronde/Grande Ronde 0.70523 + 11

Picture Gorge/Picture Gorge 0.70384 + 5

1. Sample contamination suspected.



27

concentration levels rather than absolute concentrations, and

because all the analyses that were directly compared (e.g. the

Grande Ronde Basalts in the Toe section) were performed in the same

laboratory by the same analyst, and were irradiated at the same time

and therefore under the same neutron-flux, the random error is the

most significant component to the uncertainty of the data. Further

support for this conclusion comes from the observation that the

variations in the reported concentrations of all flowrocks of a

specific chemical type (e.g. the high-Mg) are generally within the

random error uncertainty.

Each reported value in Table V represents the average of two

independent analyses, each with an associated random error. The

error associated with the average value (R = (x1 + x2)/2) was

propagated by using the equation

2 2 i
(s

x1
+ s

x2
)2 (1)

where s represents one standard deviation. The error associated

with a trace element ratio (r = R/y, e.g. La/Sm) was propagated by

use of the equation

sr = r( (sR/502 (s/Y)2)i (2)

The errors associated with the Sr analyses require special

mention here because of the way in which such errors are commonly

reported. The systematic error associated with a Sr analysis is

evaluated by analyzing a standard such as the Eimer and Amend Sr
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standard, or the Bureau of standards SRM-987 Sr standard, and

comparing the measured value to an accepted average (0.70800 and

0.71014, respectively). The random error associated with an

individual analysis is generally determined in the following

manner. The determination of a
87
Sr/

86
Sr ratio of an individual

sample involves taking n repeat measurements (n = 10 in this study)

of this ratio over a certain time interval during a single analysis.

The mean, )1, of these measurements is calculated

5c" = E x.

n
(3)

The deviation from the mean for each individual ratio determination

is calculated,

d
1
= - x

1

d
2
= - x

2

dn = - xn

and the standard deviation (s) is calculated from

(4)

(5)

The uncertainty frequently reported is the standard error of the

mean (s
m
), calculated from

s = s/((n - 1)1) (6)
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This value (s
m) permits the prediction of how close R is to the

true value of x. Obviously, the greater is the value of n, the

smaller s
m will be. Published values of s

m are on the order of

+0.00001, and separate samples are considered significantly

different on the basis of s
m

. Is s
m an appropriate measure of the

uncertainty that should be attached to an individual measurement?

We are concerned not with accuracy here (which we evaluate by the

comparison with the standard), but precision, our ability to

reproduce the value through duplicate analyses of the same sample.

This should be a more reliable measure of the uncertainty

associated with the Sr isotopic analysis of a particular sample.

The precision (which is a function of experimental procedure

including sample dissolution, sample mounting, run temperature,

etc., see Appendix I) is best evaluated by duplicate analysis of the

same sample. This can be accomplished (with the exception of

evaluation of error associated with variations in the routine of

sample preparation) by repeat analyses of the standard. Consider

the data reported herein. With regard to individual analyses, n

was 10 and s
m for an individual analysis is on the order of

4.0.00004 to +0.00013 (Table VI), comparable to that routinely

reported by other laboratories. Replicate analyses of SRM-987,

performed in blocks over a period of four years, yielded a s
m

associated with the mean of the standard analyses of +0.00009 to

+0.00013. However, the standard deviation associated with an
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individual measurement of SRM-987 varies from +0.00018 (n = 15) to

+0.00026 (n = 5). The latter values are probably a more realistic

measure of the uncertainty of the Sr analyses and it is these values

that were used when the isotopic compositions were compared in this

report.
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THE APPLICATION OF STRONTIUM ISOTOPIC COMPOSITION TO PROBLEMS

OF CORRELATION OF VOLCANIC ROCKS

The use of (
87
Sr/

86
Sr)

o
ratios in whole-rock samples of vol-

canic rocks as aid in correlation is based on the assumption that

within a closed magma system there are nondectable differences in

the isotopic composition of Sr in different portions of the magma.

If magma genesis, magma ascent, and eruptive cycle occur over a time

span that is short relative to the long half-life (",50 b.y.) of

87
Rb, the 87Sr/86Sr ratio of the lavas erupted will be the same.

Crystallization during the eruptive sequence and during final cooling

cannot separate the isotopes of strontium owing to their near

identical chemical behavior; the isotopes differ only in nuclear

properties and atomic mass. The electron configuration, the Z

number, the effective nuclear charge, and therefore the ionic radii

are nearly identical, and no isotope of Sr has a measurable advantage

in competition for lattice sites. Consequently Sr taken up in the

formation of solids will have a composition identical to that of Sr

dissolved in the magma or lava. All uncontaminated cogenetic lavas

8687sr/sr\have, therefore, the same )
o

ratio. The application of

Sr to correlation is based upon the uniformity of this initial

ratio. Samples of flowrocks from different locations that have

(87sr/86sr.identical )
o
ratios: (1) may be from the same flowrock;

(2) may be different flowrocks that are cogenetic; or, (3) the

the flowrocks are unrelated and the identical Sr ratio is
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fortuitous. Volcanic rocks having different initial ratios cannot

be from either the same or cogenetic flowrocks. Although the above

discussion has been aimed at closed systems, it is likely that Sr

isotopic compositions can be used for stratigraphic correlations of

single flowrocks derived from a contaminated magma if the magma was

well mixed or the erupted lava represented a small portion of the

magma.

The greatest application of Sr isotopes to correlation within

the CRB would appear to be in differentiating between respective

formations (Table II). McDougall's (1976) reconnaissance study of

the 87Sr/86Sr ratios of the CRB, supplemented by this study (Table

VI) and the data from Leeman (1976, unpublished data) yields the

intraformational variations summarized in Table VII.

Table VII. The range of measured
87
Sr/

86
Sr ratios of formations of

the Columbia River Basalt (McDougall, 1976; Leeman, 1976, unpublished
data; this report). Errors at the one standard deviation level are
approximately +0.0002.

Saddle Mountains Basalt 0.7067 - 0.7145

Wanapum Basalt 0.7045 - 0.7054

Grande Ronde Basalt 0.7043 - 0.7059

Picture Gorge Basalt 0.7033 - 0.7038

Certain basalts within the Saddle Mountains Basalt have unique

Sr ratios (e.g. the Umatilla (0.7092) (McDougall, 1976), the Lower

Monumental (0.7109), the Central Ferry (0.7131), and the Esquatzel
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(0.7145) Basalts) and may be recognized by their ratios. For

example, the Central Ferry intracanyon flowrock was initially

thought to belong to the Wanapum Basalt because the major element

composition resembled the Frenchman Springs chemical type of Wright

et al. ( 1973). The very different 87Sr/86Sr ratio (0.715 vs.

0.7052) however, precludes the Central Ferry basalt being cogenetic

with members of the Wanapum Basalt. The Sr ratios do not rule out

the possibility that the Central Ferry composition could be con-

taminated Frenchman Springs Basalt, however the age difference

(Table II) do not support such a model. In addition to the isotopic

evidence, the trace element composition and field relations confirm

that the Central Ferry basalt is not correlative to flowrocks of the

Frenchman Springs chemical type (Swanson et al., 1977).

Other than the four flowrocks mentioned above, basalts within

the Saddle Mountains, Wanapum, Grande Ronde, and Picture Gorge

Basalts cannot be distinguished from other flowrocks within their

respective formations (e.g. Pomona from Elephant Mountain; Roza

from Frenchman Springs, etc.) through use of initial Sr isotopic

composition (at least at the present level of precision). There is

also a considerable overlap of ratios within the Wanapum and Grande

Ronde Basalts; it is not possible to determine whether a particular

flowrock belongs to the Grande Ronde or Wanapum Basalt on the basis

of Sr ratios alone. The Picture Gorge and Saddle Mountains Basalt,

however, can be distinguished from one another and from other
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formations within the CRB because the observed variations of these

respective formations do not overlap with any other formation of

the CRB (Table VII). It should be pointed out that the variation

of the Sr isotopic composition within the Imnaha is not well known,

although limited analyses by McDougall (1976) yielded values

(0.7043 - 0.7044) similar to those of the Grande Ronde Basalt.

Fundamental to the use of the initial Sr ratio in correlation

is that there is no intraflow variations as a result of hetero-

geneities in the flowrock or due to compositional changes that took

place during the outpouring of the lava. It has been demonstrated

that significant variations exist in major and trace element

composition within a single flowrock (Watkins et al., 1970; Hart

et al., 1971; Gunn and Watkins, 1976). It is considered unlikely

that the processes that lead to compositional variations within a

lava flow (e.g. uneven distribution of minerals or the migration of

late-stage fluids) would lead to the fractionation of the isotopes

of Sr. This is substantiated by the work of Hart et al. (1971) in

their analysis of a single Icelandic flowrock. The Rb varied

markedly (1.3 - 7.0 +0.5 ppm). Remaining constant, however, were

the Sr contents (306 - 309 + 3 ppm) and the isotopic composition of

Sr (0.70348 - 0.70341 + 0.0001). In the CRB several flowrocks

having distinctive Sr ratios, major and trace element compositions

(e.g. the Pomona, Elephant Mountain, Roza, and Esquatzel Basalts)

were analyzed in this study and by McDougall (1976) from widely
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separate regions (greater than 10 km apart). In all analyses, the

values of the Sr ratios obtained for similar chemical types were

identical within analytical uncertainties.

Two examples of the application of Sr isotopes to correlation

problems will be discussed. The first involves possible Picture

Gorge flowrocks north of the Blue Mountain uplift (Fig. 1), and the

second, the occurrence of Saddle Mountains Basalt in the eastern

plateau region.

Interlayering of Picture Gorge and Grande Ronde Basalts

In central Oregon the major areas of outcrop of the Yakima

Basalt (particularily the Grande Ronde Basalt) and the Picture

Gorge Basalt are separated by the northeast-trending Blue Mountains

uplift (Fig. 1). This structure existed as a physical barrier to

these formations during the Miocene (Nathan and Fruchter, 1974),

remaining active, with the locus of uplift migrating northeast at

least into the time period during which the Saddle Mountains Basalt

poured out (Swanson, 1974, personal communication). Apparently,

topographic lows existed through which the Grande Ronde Basalt flowed

south (Wilcox and Fisher, 1966) and Picture Gorge Basalt flowed

north (Wright et al., 1973). At Butte Creek, north of the uplift,

these compositional types (Picture Gorge and Grande Ronde) occur

interlayered (Wright et al., 1973). Nathan and Fruchter (1974)

analyzed flowrocks of the Butte Creek section (Fig. 1) and found
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that their interpretation of the trace element concentrations was

consistent with the conclusion of Wright et al. (1973) based on

field and major element data. The lower part of the section consists

of high-Mg Picture Gorge Basalt and the upper part consists of

interbedded low-Mg Grande Ronde and low-Mg Picture Gorge Basalts. A

single flowrock of Prineville chemical type (Uppuluri, 1975) also

occurs near the top of the section. Nathan and Fruchter (1974)

interpret these rocks as representing a valley fill caused by the

local breeching of the Blue Mountains divide by the Picture Gorge

Basalt that then flowed down a valley whose northward trend approx-

imates the present position of the John Day River. Although the

investigations described above argue convincingly for Picture Gorge

compositions north of the uplift, an additional test was made in

which representatives of the flowrocks having Grande Ronde and

Picture Gorge compositions in Butte Creek were analyzed for their

87Sr/86Sr ratios. As described above, the isotopic compositions

of Sr in the Picture Gorge Basalt is significantly different from

the Grande Ronde Basalt (Table VII). As can be seen in Table VI,

the Picture Gorge chemical type (DSTW 72-334) has a Sr ratio

significantly different from the value obtained for the Grande

Ronde chemical type (DSTW 72-335); both values fall within the

known range of 87Sr/86Sr of their respective chemical types. These

results are most important in indicating that the Picture Gorge

and Grande Ronde Basalts represent different erupted sequences
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(Waters, 1961) and of further significance, that the periods of

eruption of these two sequences overlapped in time.

Saddle Mountains Intracanyon Basalts

The second correlation problem involves intracanyon flows than

occur along the Snake River between Devils Canyon and the Asotin,

Washington region. These intracanyon flowrocks, of which there are

at least five chemical types (Swanson et al., 1975), occupy canyons

of the ancestral Snake River that locally are cut as much as 300

meters into the Wanapum Basalt. These flowrocks therefore postdate

much of the subsidence that occurred in the plateau region (which is

centered about the Pasco, Washington region). For this reason, these

basalts were considered at one time to be much younger than the

basalts of the Columbia River Group, possibly of Pleistocene age.

The work of Swanson et al. (1975) based on K-Ar ages, chemical

composition, petrography, paleomagnetic data, stratigraphic position,

and the association with a distinctive tuffaceous unit, suggested

that the intracanyon flowrocks were related to the CRB, having

compositions similar to the Saddle Mountains Basalt. Further

correlation arguments suggested an equivalence of two of the intra-

canyon flowrocks with the chemical types of the Saddle Mountains

Basalt that occur in section (i.e. conformable overlie older basalts)

in the western part of the plateau in central Washington -- the

Pomona and Elephant Mountain flowrocks.
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Although the field and chemical arguments made by Swanson et

al. (1975) are very convincing, the lack of outcrops that would

provide direct evidence for continuity between the two occurrences,

and the strikingly different nature of the occurrences (e.g. con-

formable in the west, unconformable in the east), left the

correlation in some doubt. At Swanson's suggestion, an additional

test was made to evaluate the correlation hpothesis. The intra-

canyon basalts were analyzed for Sr isotopic composition for

comparison with flowrocks of similar chemical type as they occur

in section in the central plateau region. These data (DSTW 71-17,

DSTW 73-20, and DSTW 73-18 in Table VI) were compared to the data

of McDougall (1976) for the Elephant Mountain (0.7078) and Pomona

(0.7077 - 0.7078) chemical types occurring in section in central

Washington (the Vantage section in Fig. 1). The agreement between

the Sr ratio of the Elephant Mountain and Pomona chemical types as

they occur in section or as intracanyon flows is well within

analytical uncertainties. It is significant to note that of all

other CRB flowrocks, only the Ward Gap compositional type (Elephant

Mountain member, Saddle Mountains Basalt) has an isotopic composition

(0.7082) similar to the Elephant Mountain (0.7078 - 0.7081) and

Pomona (0.7078) flowrocks (McDougall, 1976). Such agreement strongly

supports the conclusion of Swanson et al. (1975) that the intra-

canyon basalts are remnants of portions of the Saddle Mountains

Basalt that flowed westward through topography devloped on the
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Wanapum surface, partially filling the subsiding basin to the west.

The source region (i.e. feeder dikes) for a major portion of

the Saddle Mountains Basalt, therefore, is not the central plateau

region as it is for the Ice Harbor Basalts, but rather lies at the

eastern margin of the plateau, very likely within the Chief Joseph

dike swarm (Swanson, 1977, personal communication). A further

conclusion of petrogenetic significance is that the mantle beneath

the Chief Joseph swarm (Fig. 1) is markedly heterogeneous with

respect to
87sr/86sr; flowrocks derived from these sources vary

from 0.7043 to at least 0.7082. Occurrences of Saddle Mountains

Basalt in the eastern plateau region have been described previously;

Gibson (1969) described flowrocks with compositions similar to the

Umatilla chemical type and Walker (1973) compared the Wenaha Basalt

of Northeast Oregon to the Late Yakima-Ellensburg flowrocks of

Waters (1961). The arguments of Swanson et al. (1975), however,

coupled with the isotopic data, represent the strongest arguments

that the Saddle Mountains Basalt vented in part from this area.

The results of the correlation arguments further emphasize the

differences between the Wanapum and Saddle Mountains events. Not

only was there a change in magma composition and reduction in volume,

but also a change in tectonic environment. The Wanapum Basalt was

principally presubsidence, while the Saddle Mountains Basalt was for

the most part, postsubsidence.
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EVALUATION OF ISOTOPIC EQUILIBRIUM AND DISEQUILIBRIUM

HYPOTHESES AS APPLIED TO MAGMA GENESIS1

The widespread use of Sr ratios as indicators of source and

evolution of magma is based on the assumption that during partial

melting of parental rocks, and subsequent crystallization of the

liquid formed, the solid residuum, the liquid, and the solids which

may separate from the liquid will have the same 87Sr/86Sr ratio as

the parent rock. Constraints are that during the various processes

there is no contamination by Sr of different compositions, and that

the steps are short relative to the long (#1050 b.y.) half-life of

87Rb.

From the above premise we would interpret the observed vari-

ations in the initial Sr ratios between formations of the CRB and

within formations (e.g. within the Grande Ronde Basalt, Table VI)

as indicating that these rocks were derived from different source

rocks. The assumptions, however, that the isotopic compositions of

Sr in magmas is the same as the source rocks from which they were

derived has been challenged.

Gast et al. (1964) suggested as a possible explanation for the

variability of the Sr ratio in volcanic rocks of Ascension and Gough

1. This chapter is an expanded and updated modification of the
previously published paper "Disequilibrium of strontium isotopes
between mineral phases of parental rocks during magma genesis -
a discussion", Nelson, D. 0., and Dasch, E. J., 1976, Jour.
Volcan. Geotherm. Res., v. 1, p. 183-191.
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Islands, mantle inhomogeneities of Sr isotopes on the scale of

mineral grains, which might persist through episodes of partial

melting. In the same paper, these authors rejected this possibility,

mainly on the basis of U/Pb, Th/Pb, and Rb/Sr ratios, in favor of

regional mantle inhomogeneities as the source of the variation.

More recently, Graham and Ringwood (1971), O'Nions and Pankhurst

(1973 and 1974), O'Hara (1973 and 1975), Sigvaldason et al. (1974),

Sleep (1974), Flower et al. (1975), and others, have questioned

the assumption of the isotopic equilibrium between parent rock and

partial melt. Specifically, it is suggested that minerals within

the source rock have developed unique isotopic compositions, owing

to the variable relative productions of radiogenic nuclides, and

that these variations persist between solid and liquid during

melting. The isotopic composition of the melt would be a function

of the phases which participate in the melting and the degree of

melting.

Support for the disequilibrium fusion hypothesis is derived

from work on some ultramafic xenoliths which have a mineralogy

indicative of mantle origin. Recent studies (e.g. Steuber and

Ikramuddin, 1974, Dasch and Green, 1975, Burwell, 1975, and others,

see Hofmann and Hart, 1978) reveal that minerals of many of these

xenoliths indeed have different isotopic compositions.

O'Nions and Pankhurst (1974) suggest that within the low-

velocity zone, where diapiric upwelling begins, with consequent
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increasing melting, such unique mineral isotopic compositions can

develop prior to and persist during partial melting. The influence

of clinopyroxene (carrying much of the Sr) as an early contributor

to the melt would result in initial liquids with Sr ratios lower

than the parent rock. Sigvaldason et al. (1974) and Flower et al.

(1975) suggest that the variability (in this case between rocks of

Iceland and the Reykjanes Ridge) results from disequilibrium fusion,

with phlogopite (contributing Sr more radiogenic than the parent)

as the critical constituent. O'Nions and Pankhurst (1975) consider

that the mantle may contain five percent refractory phlogopite

which remains in the solid residuum throughout the degree of partial

melting (at least 20%) required to produce tholeiitic magmas.

Hofmann and Hart (1975 and 1978) point out that five percent phlo-

gopite would require a mantle K content of approximately 4000 ppm,

five times chondritic abundances. Arguments by Gast (1960 and 1968)

and Wasserburg et al. (1964) suggest that the upper mantle (beneath

the ocean basins) is depleted in K relative to chondritic abundances

rather than enriched as O'Nions and Pankhurst's arguments would

require. The low K content of oceanic basalts, considering that K

is an incompatible element during basalt genesis, and therefore the

K content of these basalts should be greater than their mantle source

rocks, would suggest further that the K content of the source

regions of basaltic magma beneath the ocean basins is less than

chondritic (Hofmann and Hart, 1978). These authors suggest that
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given the chondritic abundance (m1,800 ppm), a maximum of one per-

cent phlogopite is possible for the suboceanic upper mantle, and

that this small amount would be consumed early in the melting

event. In addition to variable Sr isotopic compositions, Sun et

al. (1975)-has noted significant Pb isotopic variations in basaltic

rocks of the sea floor. Phlogopite contains little Pb, and there-

fore is not capable of simultaneously accounting for the observed

parallel variations of Sr and Pb isotopic compositions. If a minor

source phase can account for Pb as well as Sr isotopic variations

during melting, intergranular or grain boundary material may be

more reasonable. In Australian lherzolite nodules this material

is enriched in U (Kleeman et al., 1969) as well as Rb (Dasch and

Green, 1975).

Implications for a Heterogeneous Mantle

Arguments that the observed 87Sr/86Sr variation in basaltic

rocks of the ocean basin reflects a heterogeneous mantle (Gast et

al., 1964) rather than a homogeneous mantle undergoing disequilibrium

fusion (O'Nions and Pankhurst, 1974; Flower et al., 1975) have been

given by Hofmann and Hart (1975 and 1978). They point out that the

difference between the 87Sr/86Sr ratios of the MORB basalts (0.7025-

0.7035) and volcanic rocks of the oceanic islands (0.7035-0.708) is

clear-cut evidence of inhomogeneity within the mantle on some scale.

Arguing for equilibration of Sr isotopes on a local (grain to grain)
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scale, Hofmann and Hart (1975 and 1978) cite the observations of

equilibrium attainment in experimental systems within a few hours

to a few days, the observation of local equilibrium during meta-

morphism and the relatively rapid diffusion rates, experimentally

determined, at high temperature (see further discussion below).

Arguing against disequilibrium fusion, Hofmann and Hart suggest

that the observed uniform Sr ratios of basalts in the same region

(e.g. the active spreading zones of Iceland) in spite of large

variations in trace constituents (e.g. K varying from 150 to 2000

ppm with similar significant variations in Rb, Cs, and Ba) and

significant variations in major element compositions (e.g. tholeiitic

to alkaline basalts) is difficult to reconcile through disequilibrium

fusion. Further, it is difficult to envision how disequilibrium

fusion could simultaneously produce small intra-island variations

and large inter-island variations within the ocean basins (Hofmann

and Hart, 1975 and 1978).

Diffusion Considerations: Mechanisms and Pressure

Randomization (i.e. equilibration) of Sr isotopes between

coexisting phases results from diffusion. Disequilibrium fusion

therefore, must be considered in terms of diffusion at the high

temperature and pressure conditions existing during and prior to

magma genesis.



Fick's first law of diffusion expresses the flux (J) of

material in terms of the concentration gradien (dc/dx) and the

diffusion coefficient (D).

J = - D(dc/dx)
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(7)

Armstrong et al. (1959) derived the following expression for D,

Di = nfid(ai/aI(1 (dln ai/dln ci)))exp( -AGi/RTi) (8)

where n is the number of paths available for migration (depending

upon the diffusion mechanism and the lattice structure), fi is the

frequency of passage of the activated complex of species i across a

potential barrier, di is the jump distance (also dependent upon the

diffusionmechanismandlatticestrtxture),a.and ai are the

activities of the diffusion species i and the activated complex of

species i, respectively, ci is the concentration of i,AGi is the

free energy of activation of i, and Ti is the absolute temperature

at which i is diffusing. Obviously the complex portion of equation

(7) is the diffusion coefficient D, depending on many factors; the

relation of these factors, their relative significance, and their

variation with changing T and p are not completely understood. The

diffusion coefficient is normally experimentally determined, and

care must be taken to insure which D (e.g. tracer or intrinsic, etc.)

is being determined and whether cooperative effects are being

observed (e.g. contributions from grain boundary and lattice

diffusion). Of first order significance to D (lattice) is the
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diffusion mechanism. The mechanism by which Sr diffuses through the

lattice, whether through vacancies, as an interstitial ion, or by a

less probable mechanism, is uncertain. Equally uncertain is the

significance of the diffusion mechanism to disequilibrium fusion.

Ions that are large relative to those for which they substitute

(a common case for mantle Sr) are constrained to move by the

vacancy mechanism, because of the lattice distortion that would be

required to accomodate them interstially. The amount of distrotion

would vary with lattice structure (e.g. less in the open structured

olivine than in the closer packed pyroxenes (Birle et al., 1968)).

Diffusion of Sr by the vacancy mechanism depends on the appearence

of a vacancy at an adjacent lattice site. This would be a random

process because Sr has the same charge as the ions for which it

commonly substitutes (Ca, Mg, and Fe), and there is, therefore, no

tendency for an associated charge-compensating vacancy.

Ions that move by the interstitial mechanism can diffuse more

readily owing to the greater number of potential jump sites (n in

equation 8) and lower energy requirements (the energy of vacancy

formation is not required). If Sr can diffuse by the interstitial

mechanism, the potential for randomization is clearly higher.

At all temperatures, atoms possess a vibrational energy, the

magnitude of which is temperature dependent. The higher the temp-

erature, the greater the vibrational frequency and magnitude of

displacement about mean nuclei positions. At temperatures well
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below melting, displacements are such that atoms can move between

adjacent lattice sites at rates of about once per microsecond

(Lazarus and Nachtrieb, 1963). At temperatures near the solidus,

lattices become flexible networks, continually distorted by thermal

fluctuations (Huntington, 1951; Ubbelohde, 1965). At melting

temperatures, vibrational displacements are such that positional

disordering characteristic of a melt is reached (Ubbelohde, 1965).

Thermal expansion of the lattice (Smyth, 1973; Smyth and Hazen,

1973) will lead to a more open structure and facilitate interstial

diffusion. Smyth (1973) reported nearly equal expansion of all

unit cell edges of orthopyroxene, with the expansion increasing at

higher temperatures. Most of the expansion was the result of

lengthening of the cation-oxygen bond (^#0.25%/100°C); the silicon-

oxygen bond showed zero or negative expansion (Smyth, 1973).

Similar results were obtained for olivine (Smyth and Hazen, 1973).

It follows that at temperatures near the solidus, the lattices of

minerals involved are flexible enough to accomodate Sr inter-

stitially.

At temperatures of incipient melting, the concentrations of

vacancies may contribute significantly to the diffusion of Sr by

the vacancy mechanism. At low temperatures, the vacancy concen-

tration is essentially temperature independent (Harrison, 1969).

At higher temperatures, Harrison (1969) gives the following

expression for the equilibrium concentration of vacancies:



n/N = Ae
-W/kT
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(9)

where n is the number of vacancies, N the number of lattice sites

(actually N n, because the addition of a vacancy increases the

total lattice volume by one site (Harrison, 1969)), A is an entropy

term expressing the effect of changes in lattice vibrations arising

from the formation of the vacancy, and W is the energy of formation

of the vacancy. Rooymans (1969) has expressed the temperature-

pressure dependence of the equilibrium vacancy concentration as

Cp = Coe
-PAVAT

(10)

where C is the vacancy concentration at pressure P, C
o

is the

concentration at atmospheric pressure, and AV is the change in

partial molar volume involved in the creation of the vacancy.

From equations (9) and (10), an increase in temperature will result

in a higher concentration of vacancies. Equation (10) reveals an

offsetting pressure effect; the equilibrium concentration of

vacancies decrease with increasing pressure.

The deformed fabric of many mantle fragments (Boyd and Nixon,

1973; McGregor, 1974) may partly compensate for the pressure effect;

the tectonite fabric, however, may have formed late in the history

of the rocks (Goetze, 1975). Dislocations may serve as sources

(or sinks) for vacancies (Huntington, 1951; Harrison, 1969; Nabarro,

1947), a deformed specimen having a higher concentration of vacancies

than an equivalent undeformed rock. As n/N approaches and surpasses
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10-3, interaction with neighboring defects may introduce cooperative

action between defects, reducing W, and giving an autocatalytic

character to the formation of any type of defect in a crystal in

thermal equilibrium as the temperature increases (Ubbelohde, 1965).

Rates of migration are influenced by repulsive forces on an

atom during its motion from one site to another and by the avail-

ability of adjacent jump sites. Consequently an increase in

pressure would decrease diffusion rates through a reduction of

vacancies (eqn. 10) and a decrease in interatomic distance

(Hanneman et al., 1965). Such a reduction in diffusion rate is

suggested by experimental work (Liu and Drickamer, 1954; Hanneman,

1969) although the mechanism is not clear. The pressure dependence

of D at constant temperature may be stated as (Hanneman, 1969;

Lazarus and Nachtrieb, 1963)

(alnDRP)T = - AV* /RT (alnd2.VC/aP)
T

(11)

where d. is the effective distance per diffusive jump, V is the

vibrational frequency, C is a correlation coefficient depending on

the mechanism of jump and crystal structure, and AV is the

activation volume, defined as (Rooysmans, 1969; Tomizuka, 1969)

= (c)ziG/p),r (12)

where AG is the free energy associated with the formation and

movement of the defect. The activation volume is not temperature

dependent, but may be pressure dependent; with increasing pressure,
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ApV is positive, and of the same order of magnitude as the molar

volume of the diffusing constituent (Lazarus and Nachtrieb, 1963),

leading to a decrease in the diffusion rate.

We might generally conclude that any diffusion process that did

not result in an increase in volume (interstitial (?)) would be

favored by higher pressure. Rooymans (1969) however, warns of

interpreting AV in terms of real volume (see also Lazarus and

Nachtrieb, 1963). If 1SV is independent of temperature (Lazarus

and Nachtrieb, 1963) and pressure (Hanneman, 1969), equation (11)

indicates a reduction of D with increasing pressure. The slight

pressure dependence of AV* noted by Lazarus and Nachtrieb (1963)

would have the same effect.

Hanneman et al. (1965), investigating the effect of high

pressure on the Fe-V system, found that increased pressure had

different effects on the two species; at one atmosphere, Dv) DFe;

at 40 kb, D.. 1.-DV
DFe.

Further, the effect of increased pressure at

40 kb was equivalent to lowering the diffusion temperature by

100°C (Hanneman et al., 1965; Tomizuka, 1969). Misener (1974)

found a similar decrease (a factor of 10) in the value of inter-

diffusion coefficients of Fe
2+

and Mg
2+

in olivine at 35 kb. At

high pressure, grain boundary diffusion probably will be curtailed

as a result of increased grain contact points and restriction of

paths (Rooymans, 1969).
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Diffusion Considerations: Temperature

The temperature dependence of D (and therefore J) is given as

D = D e( -Q1 T)
(13)

T o

where D
o
is a temperature-independent factor that represents D

T
at

0°K (i.e. the intercept of the temperature dependence curve on the

\
D
T

axis at 0 °K), Q is the activation energy for diffusion, k is the

Boltzman constant, and DT is the diffusion coefficient at absolute

temperature T. Thus with increased temperature, the diffusion rate

(J) will increase markedly (eqn. 7).

The exchange of Sr isotopes across grain boundaries involves

migration of an ion through the lattice until it encounters a grain

boundary, along which it may move until once again entering a lattice.

At low temperatures, lattice diffusion is the limiting factor in

this exchange, being much slower than grain boundary diffusion.

This apparently is not the case at high temperatures. Both lattice

and grain boundary diffusion coefficients increase with temperature

(eqn. 13), but lattice diffusion coefficients appear to increase at

greater rates (McLean, 1965). In polycrystalline material, lattice

diffusion exceeds the diffusion rate along grain boundaries at

temperatures on the order of 2/3 that of melting (Manning, 1974).

Thus at temperatures of incipient melting, Sr ions may move toward,

through, and away from grain boundaries at rates sufficient to

homogenize the adjacent phases rapidly (in a geologic sense) and
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continuously.

Ralkova and Saidl (1967) published on the diffusion of 90Sr

through minerals typical of basalt. Their data, consisting of

three values of D (cm2/sec) at temperatures of 785, 815, and 885°C

are plotted in Figure 2. Also plotted are the diffusion coefficients

,

for
45

Ca,
133

Ba, and
85
Sr (Hofmann and Magaritz, 1977) in a basaltic

melt, Ca in a mugearite melt (Medford, 1973), and for Rb in ortho-

clase (Foland, 1974a). The difference in DCa between the basaltic

and the_mugearitic melt may result from a compositional dependence

(D
Ca

increasing with Ca0) of the diffusion coefficient (Medford,

1973). I have also shown data for the diffusion of Ca through

olivine at 727°C (Anderson and Buckley, 1974) and through plagioclase

at 1150°C (Albarede and Bottinga, 1972). Data for the activation

energy (Q) of diffusion for these phases are not available, conse-

quently the slope of the line passing through the points describing

the variation of D with temperature for each phase is not known.

However, a line drawn between these two points is nearly the same

slope, and yields D values of the same order of magnitude, as the

other plots, suggesting that Dsr in plagioclase is not significantly

different from D
Sr

in olivine. At low temperatures (less than 800 °C)

the difference in diffusion rates in a melt and in the solid phases

is evident; at higher temperatures (1200°C) the diffusion coefficients

for both solids and melts converge to within an order of magnitude

(see also Hofmann and Magaritz, 1977), consistent with the arguments
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Figure 2. Temperature dependence of the diffusion coefficient (D)
for (1) Sr-90 through minerals typical of basalt (Ralkova and Saidl,
1967), (2) Sr-85 in a basaltic melt (Hofmann, 1975), (3) Ca in a
basaltic melt (Hofmann and Magaritz, 1977 and Hofmann, 1975), (4)
Ca in a mugearitic melt (Medford, 1973), (5) Rb in orthoclase
(Foland, 1974a), (6) Ca in plagioclase (Albarede and Bottinga,
1972), (7) Ca in olivine (Anderson and Buckley, 1974), (8) Sr-85
and (9) Ba-133 in a basaltic melt (Hofmann and Magaritz, 1977).
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regarding a flexible lattice at elevated temperatures.

The influence of temperature on the diffusion coefficient is

evident (Fig. 2). Values range from A.10-13 cm2/sec at A+800°C to

.10
-6

cm
2
/sec at 4,1400°C. Even after allowing for a pressure

correction (e.g. at 40 kb,
DT X DT-100 at

1 bar), diffusion is

several orders of magnitude more rapic in the low velocity layer

than in the upper lithosphere-lower crust.

The significance of these data becomes evident by considering

the models of Harrison(1969 and 1961) which are based on the coop-

eration of grain boundary and lattice diffusion. Of Harrison's

three models, two are perinent here. Both are time dependent, with

a limiting factor of a
2

g
/D
g

, where ag is the effective dimension of

diffusion (in general, equal to the grain diameter (Foland, 1974a

and 1974b)), and Dg is the lattice diffusion coefficient. The

a /D
g
term is related to the expression

g

T = ( A g)2/2D (14)

which describes the diffusion coefficient D with respect to the mean

square of the displacement of the atom in any one direction (X)

during time T. Equation (14) treats diffusion as random atomic

motions. The migration distance for an atom is the sum of the

contributions of the paths in the lattice and along grain boundaries

(Hart, 1957). For randomizations between phases, Sr atoms must

migrate through the lattice to boundaries where they can exchange
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with Sr atoms of neighboring phases. Because the motion of the ions

is random, we must calculate the time for possible equilibration (t),

by allowing a sufficient path length to insure the intersection of

the migration path with a grain boundary. For equilibration, t

must be much greater than aA (Harrison, 1969; Anderson and

Buckley, 1974). If t is greater than (a/Dg) x 105 the average

diffusing atom will wander sufficiently for it to spend significant

time in both the lattice and grain boundary regions (Harrison, 1969;

Harrison, 1961; Hart, 1957). If t is less than a
g

2A
g
the diffusion

distance is comparable to the scale of the dislocation network

(Harrison, 1969). One might assume, that radiogenic
87
Sr would have

an advantage over nonradiogenic Sr atoms in the lattice during

diffusion because the radiogenic Sr resides (initially) in the large

Rb site. The statements above, however, imply a long path for Sr

involving many steps. Therefore, although the radiogenic Sr in the

Rb site has an advantage on the first step (e.g. it more readily

leaves the Rb site, perhaps because of a lower value of Q, than a

Sr atom in a Ca site), after the atom enters the lattice as a

diffusing ion, it is indistinguishable from all other diffusing

Sr ions. It is difficult to envision that the advantage gained on

the first of what is probably millions of steps could lead to a

significant difference in the diffusion rate of
87
Sr(radiogenic).

Computing the limiting time factor ((a:/Dg) x 105) for
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randomization at 800°C (D = 10- 13cm2/sec) and at 1200°C (at 40 kb,

at 1 bar = 10
-8.5

cm
2
/sec), representing respectively,D

1200
= D

1100

the upper lithosphere-lower crust and conservatively, the low

velocity zone (assuming an oceanic geotherm and a depth to the

low velocity zone of 90 km (Green, 1975)), we find that in the

upper lithosphere (about 40 km) with grain size (a g) varying from

1 to 10 mm, the time required for randomization is 10
8.5

to 10
10.5

years (Fig. 3). At 1200°C, using the pressure correction, the time

required for similar grain sizes is 10
4

- 10
6
years (Fig. 3).

O'Nions and Pankhurst (1974) arguing for the plausibility of dis-

equilibrium fusion, use the suggestion of Harris et al. (1972),

based on the data of Paul (1971), that the difference between the

age given by an internal isochron in a xenolith, and the age of the

host rock, indicated that the mineral phases in the xenolith had

been in isotopic disequilibrium at temperatures of 600-1000°C for

a period of 350 x 10
6

(10
8.5

) years. If the average sustained

temperature in the region from which the xenolith was derived was

about 800°C for 108'5 years, it is not surprising that the minerals

have developed different isotopic ratios. Diffusion rates were too

slow to have prevented them from doing so. It is evident, however,

that isotopic disequilibrium (i.e. a mineral isochron) could not

develop or persist in the source regions for basaltic magma where

temperatures surely exceed 1200°C.
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Figure 3. Equilibration time (t) for Sr isotopes in solid phases
as a function of grain size (ag) and temperature. Time (t) is
calculated from equation t = (ag)2/D) x 105 (see text). D values
are estimates from Fig. 2. For 1200, 1000, and 800°C, D equals
10-8.5, 10-10, and 10-13 cm2/sec, respectively. The D value at
1200°C includes a pressure correction (see text).
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Hofmann and Hart (1975 and 1978) discussed the influence of

the concentration gradients of respective constituent grains (e.g.

clinopyroxene vs. olivine) and their distribution (e.g. adjacent

clinopyroxene and phlogopite vs. clinopyroxene separated from

phlogopite by olivine) on diffusion distances within rocks of the

mantle and concluded that while large scale homogenization (greater

than one km) is unlikely, equilibration on the scale of less than

a cm (i.e. adjacent grains) can occur in a few thousand years (see

also Hofmann and Magaritz, 1977).

Using a modification of equation (14),

= (Dt)2 (15)

and using D
Sr

= 10
-13

cm2/sec, Hofmann and Hart (1975) calculate an

equilibration time for a sphere with a diameter less than one cm of

less than 4 x 10
4

years. They further suggest that the presence of

a melt would enhance diffusion rates and promote equilibration

(although the presence of water does not seem to increase the

diffusivities significantly (Hofmann and Magaritz, 1977)).

The conclusion reached here is that at the temperature of the

source regions of basaltic magma (greater than 1200°C) there is

continuous exchange of Sr across grain boundaries. It is assumed

that when these grains were formed under mantle conditions, they

were in equilibrium with respect to the Sr isotopes and that the

random motion of Sr at these temperatures is sufficient to maintain

isotopic equilibrium; individual grains do not develop unique
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isotopic compositions as required by the disequilibrium fusion model.

Xenoliths whose constituent minerals are in isotopic disequilibrium

probably represent fragments of the low-temperature upper litho-

sphere incorporated by their host magmas.

Regional variations in
87
Sr/

86
Sr apparently occur in the upper

mantle as a result of regional variations in Rb/Sr. The time re-

quired for a Sr atom to move on a regional scale would result in

the persistance of isotopic inhomogeneities. Whether primary, the

result of partial melting and magma extraction, or introduced by

subduction or other kinds of mixing, such regional inhomogeneities

probably are characteristic of the upper mantle. The available data

suggest that the preservation of such inhomogeneities (Hofmann and

Hart, 1975 and 1978; Hofmann and Magaritz, 1977) and their involve-

ment in magma genesis, rather than disequilibrium fusion, determines

the isotopic variations found in many volcanic rocks.

Although disequilibrium fusion does not satisfactorly explain

isotopic variations in basalts in general, the process is possible

for rapid (less than 104 to 106 years) melting of mantle that had

remained cool (less than 800°C) for a long time (e.g. a surviving

plate). Finally, where magma ascends through upper lithosphere or

crust, production and extraction of a radiogenic partial melt,

produced by disequilibrium fusion, could alter the isotopic comp-

osition of the magma.
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CONTAMINATION MODELS FOR THE COLUMBIA RIVER BASALTS

In the previous section disequilibrium fusion was discounted as

a likely mechanism for producing a variation in 87Sr/86Sr values dur-

ing melting. Another process that has been suggested to explain iso-

topic variations is differential contamination of basaltic magmas by

crustal (i.e. more silicic) rocks during ascent. Contamination pur-

portedly has taken place in many cases (e.g. the Jurassic Ferrar

Dolerites of Antarctica and the Jurassic dolerites of Tasmania

(Compston et al., 1968); the Birunga volcanic field (Bell and Powell,

1969); the Jurassic basalts of the Queen Alexandra Range, Antarctica

(Faure et al., 1974); and the "evolved lavas" of the Snake River

Plain (Leeman and Manton, 1971)).

Silicic plutonic rocks (the Wallowa Batholith) and Precambrian

granitic and gneissic rocks in west-central Idaho (Armstrong, 1975),

exist in the areas of known vents of the CRB and could have affected

the mafic liquids as they ascended. Of the various formations with-

in the CRB, only the Grande Ronde Basalt and Saddle Mountains Basalt

show significant internal variation in their Sr ratios (0.7043 -

0.7059 and 0.7067 - 0.7145 0.0002 (1 s.d.), respectively).

McDougall (1976) noted an inverse relation between Sr content and

Sr ratio in the Grande Ronde, Wanapum, and Saddle Mountains Basalts,

which he believes "...could be explained by contamination of a

parental magma or magmas of relatively low
87
Sr/

86
Sr (4:0.7043) and
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Sr abundances greater than 300 ppm by material of much higher

87sr/86sr
(7 0.709) and lower Sr abundances (4L200 ppm), such that

might occur in continental crust". Permissive evidence that con-

tamination may have occurred was given by McDougall (1976) as rare

xenocrysts of quartz in the Grande Ronde Basalt and xenoliths of

siliceous igneous and metamorphic rocks in dikes in the Chief

Joseph swarm reported by Taubeneck (1970). McDougall (1976) also

noted that within the Grande Ronde Basalt the later eruptions have

higher Sr ratios, indicating to him, progressive contamination.

While further noting that the low K/Rb and higher Rb/Sr ratios and

the rare-earth data of Osawa and Goles (1970) are more similar to

continental crustal rocks than uncontaminated basalts from the

mantle, McDougall (1976) pointed out that there was no clear evidence

in the major element chemistry for significant contamination by

silicic crustal material and the concept of wholesale contamination

of such a large volume of magma was difficult to visualize. Although

not committing himself to the contamination model to explain the

isotopic variation, McDougall (1976) was obviously impressed with

8687sr/sr.
the tendency for an increase in ) with decreasing age of

the basalts. He considered such a relation unlikely if the ratios

represented the source regions.

McDougall's (1976) arguments regarding the inverse relation be-

tween Sr content and Sr ratio of the basalts is as follows: if

magmas of differing Sr contents are contaminated, those with the



62

lowest Sr concentrations will be affected the greatest amount (i.e.

a contaminant with 10 ppm Sr will produce a more noticable change in

the Sr ratio of a magma with 100 ppm Sr than in one having 1000 ppm

Sr). Bell and Powell (1969) demonstrated that a plot of initial Sr

ratio vs. Sr content for a contaminated sequence of rocks would

)
8687sr/sr\

define a hyperbola; a plot of against 1/Sr will be a

straight line2 (see Faure et al., 1970. Careful examination of

McDougall's (1976) figure 9, reproduced in modified forms in Figure

4a and 4b, which he believes is consistent with the hyperbolic

relation, indicates the inverse nature is defined by average values

for the given sequences. The range of values are larger than the

one standArd deviation bar shown in McDougall's (1976) figure.

Within individual formations, having Sr contents varying by as much

as 20 percent, and 87Sr/86Sr varying by more than three times the

one standard deviation uncertainty, there is no evidence of an in-

verse relation. This is particularily evident in the Saddle

Mountains Basalt. Strontium VS. initial Sr ratio for members of

this formation are plotted in Figure 4. It is obvious that an

inverse hyperbolic relation does not exist. In fact, the flowrock

with the highest initial Sr ratio, the Esquatzel Basalt, also has

a higher rather than a lower Sr content than most other members of

2. The hyperbolic function of concern here has the general form
of xy = k (where k is a constant) or, y = k/x. A plot of y against
the inverse_of the right hand side of the expression (x/k or k- x)
will yield a straight line (y = k-ix).
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Figure 4a. Strontium (Sr) plotted against initial Sr ratio (R )
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Basalts. Error bars are one standard deviation. Data from
McDougall (1976) and this study.
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the Saddle Mountains Basalt. It would appear, therefore, that the

inverse relation between Sr and initial Sr ratio exists only if the

Saddle Mountains Basalt are considered as one point and the Wanapum

and Grande Ronde Basalts as a second point. When the data are

considered individually, it is impossible to argue progressive

contamination of a single parental magma for these basalts.

For the Grande Ronde Basalts analyzed by McDougall (1976), one

finds that these rocks are relatively uniform in major element

composition (Table IV). These basalts do, however, display a sig-

nificant variation in their initial Sr ratios (0.7043-0.7059 +0.0002).

This range, coupled with a general trend of more radiogenic Sr with

time led McDougall to consider contamination. There. are several

tests that we might apply to evaluate whether this series of possibly

related flowrocks could be the result of progressive contamination of

a single magma.

1. As noted above, an inverse relation between Sr content and

(87sr/8
6Sr)

o
and the linear relation between the initial ratio and

1/Sr will develop in a series of related lavas if the common magma

is being progressively contaminated by rocks of a lower Sr content

and higher Sr ratio. Such a situation might occur when a basaltic

magma is emplaced in a more silicic crust. Returning to Figure 4a,

the Grande Ronde Basalt show relative uniformity in Sr contents

(compare the Elephant Mountain and Grande Ronde Basalts in Figure 4),

varying from 282 - 336 + 2Oppm (McDougall, 1976). These variations
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are even less if considered regionally. For example, in south-

eastern Washington-northeastern Oregon, Sr content varies from 290

to 336 + 20 ppm; in central Washington, the Sr content varies from

282 to 301 + 20 ppm. There is little correlation between Sr concen-

tration and initial ratio of Sr (Fig. 4a) and therefore little

evidence that these rocks evolved from a single magma that under-

went progressive contamination.

2. If the variation in the Sr isotopic composition is the

result of contamination by silicic crustal rocks, there should be a

correlation between bulk composition of the magma and the initial

Sr ratio (e.g. a positive correlation between Si02, K20, Rb/Sr, etc.,

and (87Sr/86Sr)
o

, and a negative correlation between this ratio and

such parameters as CaO, MgO, K/Rb, etc.). These elemental trends

are the same as those produced by progressive crystal fractionation.

Contamination requires melting of the country rock. The heat lost

by the magma during the fusion process is partially recovered from

the latent heat of crystallization of the melt. Because removal of

crystals and the assimilation of silicic country rocks produce

similar compositional trends, the element trends above may be

accentuated during contamination.

For a progressively contaminated magma, correlations between

major elements and the initial Sr isotopic composition should

define mixing lines. A very clear example is given by Faure et al.

(1974) for the Kirkpatrick Basalt, Queen Alexandra Range, Antarctica,



where positive correlations were demonstrated between (87sr/86sr)

and Si02, FeO, Na20, P205, Rb, and Sr (the latter requiring the

contaminant to have a Sr content greater than the magma), and a

negative correlation between Sr isotopic composition and Ti02,

A1203, MgO, CaO, and Mn0 (correlation coefficients not given). The

consistent interpretation of Faure et al. (1974) was that the

variation of Sr isotopic composition in the Kirkpatrick Basalt was

the result of progressive contamination of the magma during the

eruption sequence.

Application to the Grande Ronde Basalt of Northeast Oregon -

Southeast Washington

0
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In Figure 5 a and b, ( 87Sr/86Sr)0 is plotted against Si02 and

1/Sr, respectively, for the Grande Ronde Basalt of northeast Oregon -

southeast Washington. In Table VIII, the correlation coefficients

(r) between initial Sr ratio and several other parameters are given.

There are no discernable trends consistent with progressive contam-

ination in either Figure 5 or Table VIII. 3 From within this series

of rocks, basalts having indistinguishable initial Sr ratios exhibit

significant chemical variations (e.g. Si02: 51.3 - 54.9%; K: 0.82 -

1.77%; Rb/Sr: 0.086 - 0.172). The lack of variation of initial Sr

3. Although some of the correlations appear significant (e.g. Ca0
or Mg0 vs. initial Sr ratio) they are in the opposite sense to what
would be predicted during the contamination of a basaltic magma by
silicic crustal rocks.
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Figure 5a. Initial Sr ratio (Rsr) plotted against wt. % Si02 for
the Grande Ronde Basalts of central-northeast Oregon and southeast
Washington. Data from McDougall (1976) and this study. The error
associated with Rsr is + 0.0002 (one standard deviation).
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the Grande Ronde Basalts of central-northeast Oregon and southeast
Washington. Data from McDougall (1976) and this study. The error
associated with Rsr is + 0.0002 (one standard deviation).



70

Table VIII. Correlation coefficients (r) between the initial Sr
ratio and selected compositional parameters for the Grande Ronde
Basalt of central-northeast Oregon and southeast Washington.

Parameter r

Rb/Sr +.06

K/Rb +.41

Mg0 +.56

Ca0 +.66

K -.48

isotopic composition between these flowrocks suggest that the

compositional differences are not the result of contamination.

Application to the Grande Ronde Basalt of Central Washington

Within the Grande Ronde Basalt of central Washington (Vantage

section of McDougall, 1976), there is a positive correlation between

the initial Sr ratio and K (r = +.56; Fig. 6a) and between the

initial Sr ratio and Rb/Sr (r = +.70; Fig. 6b), and a weak negative

correlation between the initial Sr ratio and 1/Sr (r = -.41; Fig.

6c). If we examine Figures 6a-c carefully, we note that the trends

above are established primarily by four data points (labeled I in

the figures, corresponding to samples CR-7, CR-11, CR-13, and CR-15

of McDougall, 1976). Table IX gives correlation coefficients for

the entire Vantage section, the four flowrocks above (group I), and

the remaining flowrocks (group II) of the Vantange section. It is

evident that the group I flowrocks exhibit a high correlation be-

tween initial Sr ratio and K and Rb/Sr (and to a lesser extent, 1/Sr)
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Figure 6a. Initial Sr ratio (Rsr) plotted against wt. % K for the
Grande Ronde Basalts from the Vantage section of central Washington.
Those dat points labeled I correspond to the group I flowrocks of
Table IX. Data from McDougall (1976). One standard deviation
errors are + 0.0002 for Rsr and approximately + 7.0% for K.
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Figure 6b. Initial Sr ratio (Rsr) plotted against Rb /Sr for the
Grande Ronde Basalts from the Vantage section of central Washington.
Those data points labeled I correspond to the group I flowrocks of
Table IX. Data from McDougall (1976). One standard deviation
error associated with Rsr is + 0.0002.
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Figure 6c. Initial Sr ratio (Rsr) plotted against (1/Sr) x 105 for
the Grande Ronde Basalts from the Vantage section of central Wash-
ington. Those data points labeled I correspond to the group I
flowrocks of Table IX. Data from McDougall (1976). One standard
deviation error associated with Rsr is + 0.0002.
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Table IX. Correlation coefficients for compositional parameters
plotted in Figure 6a - c of the Grande Ronde Ronde Basalts of the
Vantage section, central Washington (McDougall, 1976). Group I
flowrocks represent samples CR-7, CR-11, CR-13, and CR-15; group II
includes the remaining flowrocks of the section.

Compositional Parameters All Flowrocks Group I Group II

87sr/86_r)
vs. K +.56 +.93 +.11

(87sr/86..r.)
b vs. Rb/Sr +.70 +.96 +.16

)
(87sr/86_r,0b vs. 1/Sr -.41 -.63 +.22

while there is virtually no co correlation between these parameters

for the remaining group II flowrocks. In addition to the above

correlations, the correlations within the group I flowrocks between

Si02 and MgO (r = -.98), Si02 and Ca0 (r = -.98), Si02 and Na20

(87sr/86sr) (r
+.98)(r = +.99), and SiO

2
and 0) are extremely high.

Jo

These compositional variations are consistent with crystal fraction-

ation with the important exception of Si02 and initial Sr ratio.

The combined correlations can best be explained by a mixing model

(i.e. contamination) between basaltic magma and radiogenic crustal

rocks. The positive correlation between initial Sr ratio and Rb/Sr

and negative correlation between initial Sr ratio and 1/Sr in the

group I flowrocks (Table IX) require that the contaminant have

higher Rb, Rb/Sr, and Sr contents than the magma (see discussion in

O'Nions et al., 1976). Although a contamination model may be

applicable to the group I basalts of central Washington, the lack

of correlation between compositional parameters of the remaining
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group II basalts (Table IX) suggests that group I and group II

basalts evolved independently.

If a series of basalts are derived from a single magma under-

going progressive contamination, this progressive character may be

reflected in a covariation of composition and eruption or emplacement

sequence (e.g. Foland and Friedman, 1977). For the Kirkpatrick

Basalt (Faure et al., 1974), the correlations mentioned are consis-

tent with the stratigraphy (i.e. the compositions change monotonically

between successive flowrocks through the sequence and the composition

of any one flowrock can be correlated with its position in the

sequence). In the Grande Ronde Basalt in the southeastern Wash-

ington-northeastern Oregon region, the correlations between the

composition of a flowrock and its stratigraphic position are much

less convincing (r = +.40 and -.75 for the correlation of initial Sr

ratio and stratigraphic position for two sections, the Grande Ronde

and Rattlesnake (Fig. 1) of McDougall (1976)). For the Grande

Ronde of the Vantage section (Fig. 1) where for some flowrocks

(group I basalts discussed above), there were discernable chemical

trends consistent with contamination, there are problems reconciling

the field relations with such a model. For these basalts to have

been the product of a single magma undergoing progressive contamin-

ation, the magma would have to have been contaminated differentially,

undergone little mixing, and would have to have been "tapped" at
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different isolated levels (e.g. the least (?) "contaminated" flow-

rock is "sandwiched" between more extensively "contaminated" flow-

rocks). While such arguments do not preclude contamination, they

are not persuasive.

Although contamination may have affected some magmas, such a

model does not appear to be a general explanation for the observed

compositional variability within the Grande Ronde Basalt. In a

later section, models based upon trace element and Sr isotopic

constraints will be used to demonstrate that much of the observed

variability was inherited from the source region(s).

Application to the Saddle Mountains Basalt

Contamination for the highly chemically variable Saddle

Mountains Basalt appears more likely. Measured 87Sr/86Sr values

range from less than 0.708 to greater than 0.714 (Table VI and

McDougall, 1976). Of particular significance are the highly radio-

genic intracanyon flowrocks, which, in ascending stratigraphic

order are (1) the "oldest" unnamed intracanyon flovrock (0.7131),

informally named the Central Ferry Basalt in this report for its

spectacular exposure near this Washington community, (2) the

Esquatzel Basalt (0.7145), and (3) the Lower Monumental Basalt

(0.7109). Derivation of these basalts from the mantle in a single

stage process may be problematical unless mica-rich mantle is vol-

umetrically important beneath the plateau. Phlogopite-rich mantle
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rocks with 87Sr/86Sr ratios greater than 0.710 do exist (Allsopp

and Barrett, 1974), and Barrett (1974) suggests that mica-garnet

peridotite with Sr ratios of approximately 0.707 - 0.709 may comprise

substantial mantle regions, with nodules of phologopitic material

with 87Sr/86Sr ratios up to 0.717. Melts derived from, or

incorporating portions of this material could yield a variety of

high Sr ratios (Barrett, 1974). It is unlikely, however, that such

mantle would be enriched in Rb only. Melts from such enriched

mantle should reflect this enrichment in levels of incompatible

elements (e.g. the rare earth elements, Th, Ba, K, etc.). The data,

introduced below, do not shop-' such enrichments, and therefore do

not support the direct derivation of these radiogenic flowrocks

from an enriched portion of the mantle.

If contamination is the mechanism for producing the highly

radiogenic flowrocks of the Saddle Mountains Basalt, two problems

are immediately apparent. First, how do we contaminate large

volumes of magma homogeneously (as is indicated by uniform isotopic

conditions in the flowrocks over distances greater than 20 km)?

Secondly, if we begin with a basaltic magma, is it possible to

contaminate the magma sufficiently to produce the observed increase

in the Sr ratio and still retain a basaltic composition? The first

problem may be partly alleviated if the volume that is being con-

taminated and subsequently homogenized is small. Field evidence

suggests that this is the case for the Esquatzel and Lower Monumental
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flowrocks, both having volumes of less than five cubic kilometers

(Swanson, 1976, personal communication). The second problem may be

alleviated in part if the contamination is selective or is produced

through disequilibrium partial fusion of highly radiogenic rocks

existing at relatively low temperatures in the crust.

It is difficult to model the selective contamination process in

which a single element (in this case Sr) migrates into a magma. It

is probable, however, that such a selective process is unlikely to

produce consistent trends between isotopic and major element data.

Such trends exist in the Saddle Mountains Basalt as discussed below.

I have argued that disequilibrium fusion in the mantle is

incapable of producing variations in basaltic rocks because diffusion

are rapid enough that unique isotopic compositions are not likely to

develop in adjacent mineral grains. Diffusion rates, however,

decrease rapidly with decreasing temperature (eqn. 13 and Fig. 2)

and at temperatures of less than 800°C, grains larger than two

millimeters would require more than 109 years to equilibrate (Fig. 3).

In the crust, where temperatures are even lower, diffusion rates are

too slow to keep pace with changing Sr ratios (as a result of 87
Rb

decay) of constituent minerals and isotopic heterogeneity on a

grain-tograin scale exists. Even with the increased diffusion rates

in a melt (Hofmann and Hart, 1978), melting would have to take place

over a period of around 106 years for equilibration to take place

between constituent grains (and coexisting melt). The type of
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melting we are considering here results from the crustal rocks

being invaded by basaltic magma with the heat of fusion provided by

the cooling magma. Considering the rapid decay of temperatures

way from the contace, and the cooling rate of the magma body (Shaw,

1974), the melting event probably does not last longer than 106

years. Consequently, the potential for disequilibrium fusion

during such melting of crustal rocks seems viable. Evidence that

such a process exists in nature is provided by Pushkar and Stoeser

(1975) who analyzed a partially fused quartz monzonite xenolith in

a basalt flow. The present Sr ratio of the quartz monzonite was

0.7058 + 0.0001; the glass (melt) in the quartz monzonite, however,

had a Sr ratio of 0.7229 + 0.0003. If disequilibrium does charac-

terize the near-contact melting process and the melt produced in the

invaded rock is considerably more radiogenic than the rock itself,

a smaller percentage of this melt would be required to produce a

given increase in the Sr isotopic composition in the invading

basaltic magma.

In modeling contamination, the mass balance equations of

Pushkar et al. (1972), Faure et al. (1974), and Boger and Faure

(1974) given below were used.

srm = (SrB)(1 /(P+1)) (SrC)(P /(P +1)) (16)

where SrB, SrC, and Sr
m represent the Sr concentrations in the

basalt magma (B), the contaminant (C), and the resulting mixture (M),
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respectively, allows the calculation of (P), the weight of the

contaminant per unit weight of the uncontaminated basalt magma

(Faure et al., 1970. The 87Sr/86Sr ratio (R) of the resulting mix-

ture is given by

Rm = RB(SrB/(SrB + PSr0)) + RC(PSrC /(SrB + PSr0)) (17)

As a possible contaminant, the 1500 m.y. old rocks of central

Idaho, described by Armstrong (1975) were chosen. These rocks in-

clude plutonic varieties (e.g. biotite adamellite and adamellite

K-spar porphyry) and metamorphic rocks (e.g. biotite adamellite

augen gneiss and gneissic biotite granodiorite) of variable meta-

morphic grade. Outcrops of the pre-belt metamorphic rocks, as well

as Mesozoic and early Cenozoic granitic plutons, occur in eastern

Washington (Armstrong, 1975) suggesting a possible continuity of

these rocks beneath the northeastern part of the Columbia River

plateau (see also Armstrong et al., 1977). These rocks are therefore

possible candidates for contaminants. Their potential is enhanced

by their radiogenic character (Armstrong, 1975). The melting re-

lations were assumed to be similar to the natural melting of a

granite intruded by a basaltic andesite plug (Al-Rawi and Carmichael,

1967). Melt (now glass) was produced in the granite up to about 10

meters from the contact. For the mass balance equations (see below),

the major element composition of a possible contaminating liquid was

taken as the composition of the glass produced in the granite 2.5
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meters from the contact (Al-Rawi and Carmichael, 1967). At this

point, the melt was approximately 25 percent of the rock. Modal

analyses, given by Al-Rawi and Carmichael (1967), of the unmelted

granite and this rock in various stages of melting suggested the

preferential consumption of biotite. From their data, I estimated

that biotite constituted about 20 percent of the melt.

Using equations (16) and (17), and the data from Armstrong

(1975) and. Al-Rawi and Carmichael (1967), I calculated the Sr content

of the liquid and its Sr ratio (assuming disequilibrium fusion) as

97 ppm and 0.812, respectively (Appendix II). A possible contami-

nating liquid whose major element composition (the composition of the

glass as given by Al-Rawi and Carmichael, 1967), Sr content, and Sr

isotopic composition was thus estimated.

For the possible parental magma, the average Sr contents and

Sr isotopic compositions of the more voluminous flowrocks of the

Saddle Mountains Basalt (217 ppm Sr;
87
Sr/

86
Sr = 0.7078),. the

Elephant Mountain and Pomona members were chosen. These values are

considered as primary values because the Elephant Mountain and

Pomona flowrocks differ markedly in their major element (Wright et

al., 1973) and trace element (Nathan and Fruchter, 1974) compositions

and are not genetically related, suggesting that they were derived

by varying melting conditions of mantle of similar isotopic com-

position. The possibility that these basalts have been contaminated

is considered unlikely because of close agreement of the Sr isotopic
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values (0.7077 - 0.7081 + 0.0002), a possibility that would even

be more fortuitous when the Sr content differences of over 15%

are considered. In addition, oxygen isotopic studies (J. D.

Cocker, unpublished data) indicate that the Sleb (SNOW) values

of the Elephant Mountain (+6.36) and Pomona (+6.24) members are

identical to the Picture Gorge value (+6.24) and fall within the

accepted mantle range of +5 to +7 per mil (Faure, 1977). Mantle

Sr ratios of approximately 0.708 have been suggested by other

studies (e.g. Leeman and Manton, 1971, for the Snake River Plain,

and Mark et al., 1976, for the Great Basin).

With the Sr contents and isotopic composition of a possible

contaminant and parental magma estimated, it is possible to deter-

mine the weight percent of the contaminant required to produce the

observed isotopic composition for each of the radiogenic flowrocks by

using equation (17). The amount of the contaminant required to

produce the Lower Monumental, Central Ferry, and Esquatzel Basalts

is 5.1, 8.4, and 10.6 weight percent, respectively. Converting

this to the P value for each flowrock, a possible major element

composition of the parent magma can be determined by rearranging

equation (16) to the form

XB = XN(P +1) - XCP (18)

where XB, X
M'

and XC represent the oxide compositions of the

parent basalt magma, the contaminated basalt flow, and the
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contaminant, respectively. These calculations were carried out

(Appendix II) and the results tabulated in Table X. The calculated

major element compositions of the uncontaminated "parent" magmas

fall within a relatively narrow range, and are consistent with the

average major element composition of the Elephant Mountain Basalt

as given by Wright et al. (1973), and within the range of reported

Elephant Mountain compositions (Brock and Grolier, 1973). It is

important to emphasize, however, that the Elephant Mountain Basalt

found at the surface cannot be the parent magma of the radiogenic

intracanyon flowrocks. Although the intracanyon flowrocks appar-

ently define good mixing lines for Si02, K20, CaO, and MgO, the

Elephant Mountain Basalt composition is not an endmember. Further,

the trace element concentrations are difficult to reconcile with

progressive contamination of a single Elephant Mountain magma.

Quantitative modeling of the trace element behavior is not possible

here because the conditions of melting (e.g. temperature, f02,

melting proportions), the mineralogy (particularily the presence

of accessory phases (e.g. see McCarthy and Kable, 1978)) and the

bulk composition of the source rock are not known. Consequently,

the bulk distribution coefficients are uncertain. We might assume,

however, that such elements as La, Rb (Arth, 1976), and Th (because

of its size), would behave as incompatible elements during the

melting of an intermediate to silicic feldspar-rich rock. The

resulting partial melt (here the contaminant) would therefore be



Table X. Calculated parent compositions of the Central Ferry (CF), Esquatzel (E), and Lower Mon-
umental (LM) Basalts, assuming disequilibrium fusion of granitic rocks to produce the contaminant
(C)(see text). Average Elephant Mountain Basalt (EM) composition given for comparison.

Parameter
1

CF E LM C2
Calculated Parents3

Average EM
1CF E LM

Si02 51.52 53.00 49.60 72.73 49.60 50.70 48.40 49.o 50.73
A1203 12.97 13.50 13.62 12.34 13.00 13.60 13.70 13.4 13.27
Fe0 13.85 12.40 13.42 1.01 15.00 13.80 14.10 14.3 14.84
Mg0 4.05 3.75 4.88 0.12 4.4o 4.20 5.10 4.6 4.22
Ca0 7.75 7.50 8.49 0.38 8.4o 8.4o 8.90 8.6 8.50
Na20 2.72 2.68 2.74 2.68 2.70 2.70 2.70 2.7 2.64
K20 1.57 1.70 1.41 5.72 1.20 1.20 1.20 1.2 1.25
TiO2 3.21 2.90 2.86 0.17 3.50 3.20 3.00 3.2 3.47
P205 0.42 0.43 0.65 0.04 0.50 0.50 0.50 0.5 0.54
Mn0 0.19 0.19 0.21 0.04 0.20 0.20 0.20 0.2 0.22

Weight Percent Contaminant 8.42 10.60 5.1
87sr/86Sr

0.7131 0.7146 0.7109 0.84203 0.7078 0.7078 0.7078 0.7078 0.7079

262
4

355
4

97
3 217 214Sr - - 217 217

50
4

lib 32
4

4o63 - 8 12 31

35.9
1

33.8
1

16.76La 30.45 31.5 38.o 34.8 34.8 33.4

8.31Sm 7.475 8.3 7.01 2.54
6

7.9 8.93 7.3 8.0 9.4

Lu o.65 0.61 0.51 0.26
6

0.63 0.61 0.53 0.6 0.75

Sc 30.35 30.01 24.0
1

8.3
6

32.14 32.4o 24.8 29.8 33.o

Co 52.05 44.01 42.01 10.06 55.5 47.7 43.8 49.o 44.o

8.918.9 5.4
1

5.8
6Th 8.35 8.51 9.2 5.1 7.6 6.2

1. Wright et al., 1973 and unpublished data. 2. Al-Rawi and Carmichael, 1967. 3. Calculated
(see Appendix II). 4. Leeman, unpublished data. 5. Timms, unpublished data. 6. Bald Mountain
Batholith (Beeson, unpublished data). V
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enriched in these three elements. In contrast, the elements Ba

(Arth, 1976), Sr, and Eu (Irving, 1978 and references cited within),

would behave as compatible elements during such a melting event,

and the resulting liquid would be depleted in these elements. We

might predict, therefore, that progressive contamination of the

Elephant Mountain magma by such a liquid would be manifest as a

progressive increase in Rb, La, and Th, and a progressive decrease

in Sr, Eu, and Ba in the derivative basalts. Figure 7 is a plot

of these elements, normalized to Elephant Mountain abundances, as a

function of degree of contamination as required by the Sr systematics.

It is apparent that with the possible exception of Eu and Rb, the

trace elements do not conform to such a simple contamination model.

Similar arguments can be made for the additional trace elements

given in Table X. In terms of the 8180 values, the intracanyon

flowrocks are enriched relative to the Elephant Mountain composition

(e.g. Central Ferry = +6.46; Esquatzel = +6.28-6.79; and Lower

Monumental = +7.68 (all values per mil (SNOW) with associated one

standard deviation error = +.09 (J. D. Cocker, unpublished data))),

but not in the progressive sense predicted the the major element

and Sr isotopic modeling.

The above statements are not inconsistent with all contamination

arguments. The major and trace element compositions of the intra-

canyon basalts with initial Sr ratios greater than 0.710 may be

derived by contamination of magmas whose compositions were similar
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Figure 7. Concentrations of Sr (solid circles), Rb (open circles),
Eu (solid triangles), La (open triangles), Ba (solid squares), and
Th (open squares), normalized to average Elephant Mountain chemical
type (Table X), for the Lower Monumental, Esquatzel, and Central
Ferry Basalts, plotted against weight percent (Wt %) contamination
as required by the Sr systematics (see text)
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to the Elephant Mountain composition. The respective compositions

of the intracanyon flowrocks suggest, however, that these basalts

were derived from separate and independent magmas. This conclusion

is also necessitated by the age relations of the radiogenic intra-

canyon basalts and the Elephant Mountain Basalt (Table II). The

Esquatzel and Central Ferry Basalts preceded the Elephant Mountain

lavas on the plateau by about two million years, while the Lower

Monumental flows post-date the Elephant Mountain Basalt by about

four million years. The relative ages of Saddle Mountains Basalt

members therefore preclude their derivation from a common magma.

Their compositions, however, are consistent with their derivation

from similar mantle source regions (at different times) followed by

differential contamination by old radiogenic crustal rocks. It is

therefore quite probable that the respective parent magmas of the

radiogenic intracanyon flowrocks are not represented by rocks at

the surface.

Physical Models of Contamination

I wish to examine, within the constraints of temperature, time,

and conductivities, whether or not sufficient material can be

extracted from invaded country rocks to produce the observed chem-

ical variation within the radiogenic intracanyon basalts described

in the preceding section. There are three ways by which material

can move from country rock into the magma: (1) solid state diffusion,

in which the species diffuse through the crystal lattice; (2) inter-
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granular diffusion, in which the elements diffuse through a pore

solution; and (3) infiltration, in which material undergoes con-

vective transport due to motion of the pore fluid (Fletcher and

Hofmann, 1974). An obviously important constraint in these models

is time. Cooling rates for magmas depende upon conductivities,

magma body geometry, temperature gradients, and convection, among

other factors. These rates can be estimated from the equations of

Jaeger (1968). It is impossible, of course, to calculate exact

times without knowing the specific geometry of the magma chanber

and conductivities of the magma and country rocks involved, but

limiting values can be estimated. It is unlikely that many magmas

will remain substantially liquid for more than 106 years (see

calculations of Shaw, 1974). Further, because the thermal conduc-

tivity (about 10
-2

cm
2
/sec) is orders of magnitude greater than

chemical diffusivity (about 10
-8

cm
2
/sec), the solidus migrates into

the magma at a greater rate than the "chemical front". This is

particularily true if the magma is static. As a result, contamination

can have little effect on those liquids being tapped from the still

fluid portion of the chamber. Compositional gradients reported in

dikes have been attributed to post-consolidation processes (e.g. the

residence contamination of Fratta and Shaw, 1973).

In considering the role of solid state diffusion in contam-

ination by metasomatic processes, Shaw (1974) and Fletcher and

Hofmann (1974) use the equation



x = (Dt)7

89

(19)

where X is the distance migrated, D is the diffusivity at a given

temperature, and t is time (compare with eqn. 15). For D = 10
-8

cm
2
/sec, this distance is only about 10m in 10

6
years. Strontium

has a D value of approximately 10-12 cm
2
/sec at 800°C, corresponding

to only 5.6 cm in 10
6

years. Clearly, solid state diffusion into a

static magma is not capable of producing significant changes in a

magma.

Shaw (1974) noted that in a convective magma, the mass flux

into the magma may be greater as a result of a high chemical potent-

ial being maintained at the contact because the diffusing constit-

uents are continuously "swept away" by the convecting magma. Shaw

(1974) calculated that for a spherical magma body with a radius of

10 km, the total solidification time under static conditions would

be approximately 10
6

years. With convection, cooling would take

approximately 8 x 105 years, with convection occurring for 5 x 105

years until the viscosity exceeded 1010 poise (solid/liquid = 0.5).

The total time for chemical exchange was estimated by Shaw (1974)

to be about 2 x 105 years. Considering a basaltic magma (in the

magma chamber described above) the total amount of conctaminant

might vary from less than one percent to a "few" weight percent,

depending upon the chemical potential across the contact (Shaw,

1974). As pointed out by Shaw, such a process, coupled with
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fractionation may be capable of producing significant chemical

changes in a magma. Considering the magnitude of the Sr isotopic

differences, however, more than a few percent of contaminant are

required for the radiogenic flowrocks of the Saddle Mountains Basalt.

More probable modes of contamination are intergranular

diffusion and infiltration processes (Fletcher and Hofmann, 1974).

In the intergranular diffusion process, constituents diffuse through

a fluid medium (in this case a highly siliceous and probably vol-

atile-rich melt) owing to a chemical potential gradient. In infil-

tration, the constituents are transported by pressure gradient

convection.

Fletcher and Hofmann (1974) report that the coefficients for

intergranular diffusion through an aqueous electrolyte medium

varies from about 10-5 at 25°C to about 104 cm2/sec at 500-700°C.

Diffusion in a volatile-rich siliceous liquid produced through

partial melting of the country rocks in the vicinity of the contact

is probably slower. Diffusion coefficients for Ca and Sr in

/basaltic melts are less than 10
-10

cm
2/sec

for temperatures less

than 700°C (Hofmann, 1975; Medford, 1973). The flux, of course,

is strongly dependent upon the chemical potential gradient, a factor

that cannot be evaluated quantitatively with existing data.

Assuming a perhaps optimum condition of D = 10-4cm2/sec, one may

calculate a characteristic transport distance (eqn. 19) of

approximately 245 m over a solidification time of 200,000 years.
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Although 245 m of country rock is more than adequate to supply the

necessary amount of contaminant for the intracanyon basalts, the

more rapidly moving solidus (see above) would probably prevent

significant contamination to the magma(s) from which the intracanyon

basalts were derived.

A more likely mechanism of selective contamination is by in-

filtration, by which the contaminating constituents are transported

in a convecting medium (Fletcher and Hofmann, 1974). These authors

considered a combined diffusion-infiltration model for metasomatism,

and found it to be potentially effective on a regional scale. For

the improbable situation where the convecting medium does not react

with the solid, a penetration distance of about two km in 200,000

years was calculated for an aqueous fluid (not a siliceous melt)

with viscosity of 10-3 poise, permeability of the invaded rock of

3 x 10-7 darcy, and a pressure gradient of one bar per km. Fletcher

and Hofmann (1974) make the important point that any reaction between

the transporting medium and the solids through which the medium is

moving would reduce the transport distance (by as much as 10 as a

result of decreases in porosity and permeability). Reactivity would

likely characterize a mixing volatile-rich fluid. In addition, the

viscosity of a siliceous melt in the 700 - 1000°C range is probably

on the order of 10
9

- 10
11

poise (Murase and McBirney, 1973). Such

high viscosities seriously limit the effectiveness of the infiltration

process. A further difficulty is the imposed pressure gradient,
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which is probably in the opposite direction -- pressure decreasing

away rather than towards the intrusion. Taylor (1974) estimates that

the lithostatic pressures on the magma is about 2.5 to 3 times the

hydrostatic pressure on the fluids. Such pressure gradients limit

the transfer of material to solid or grain-boundary diffusion.

The arguments above would suggest that selective contamination,

involving the migration of radiogenic Sr ions through the lattice,

grain boundaries, or an existing fluid, and infiltration are not

likely mechanisms for contamination for the intracanyon basalts.

Consider bulk assimilation. During the emplacement process, the

magma may stope blocks of the invaded rock at the roof and walls of

the magma body. The extent of interaction between the magma and

the stoped blocks may vary from complete assimilation to limited

melting (prior to the settling of the block) and partial assimi-

lation. Incomplete fusion could approximate the disequilibrium

melting model previously described. Partial melting within the

xenoliths may proceed to a point where the block disaggregates and

the liquid (a product of disequilibrium fusion (?)) is taken into

the magma while the refractive minerals (with densities greater

than 2.6 g/cm3) settling in the less dense (less than 2.6 g/cm3)

magma (Murase and McBirney, 1973). It is assumed that the calc-

ulations given above for disequilibrium fusion represent the

extreme case for this process. At the opposite end of the spectrum

lies the total assimilation model. Rock types considered available
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as contaminants to the Saddle Mountains Basalt are adamellites and

granodiorites (Armstrong, 1975). For the modeling of contamination,

an average major element composition for biotite-adamellite -

biotite-granodiorite assemblage was calculated from data given by

Nockolds (1954.). This composition is given in Table XI and Appendix

II. Average Sr and Rb contents and average Sr ratios are taken

from Armstrong (1975) and represent whole-rock determinations of

Precambrian rocks of the plateau region. Calculations similar to

those above for the disequilibrium fusion model were performed and

the results are presented in Table XI. Surprisingly, it was found

that in this situation, bulk contamination was more effective in

producing a change in the isotopic composition of the contaminated

magma than was disequilibrium fusion. It is possible to produce

the Lower Monumental, Central Ferry, and. Esquatzel intracanyon

basalts by contamination with 4.4, 7.4, and 9.4 weight percent,

respectively, approximately 11 - 14% less than that required by

disequilibrium fusion (Table XI). The smaller amounts of contam-

inant required by the bulk assimilation model in spite of a lower

average Sr ratio results from higher Sr content in the bulk rock

as compared to the melt produced by partial fusion (during which Sr

would behave as a compatible element). As with the partial fusion

model, the calculated major element composition of the "parent(s)"

are consistent with the average Elephant Mountain chemical type.

The model emerging from the discussions in this section is
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Table XI. Calculated parental magmas of the Central Ferry (CF),
Esquatzel (E), and Lower Monumental (LM) Basalts of the Saddle
Mountains Basalt assuming bulk assimilation of a contaminant having
the composition (C) below. Bulk compositions of the CF, E, and
LM magmas are given in Table X. The average Elephant Mountain (EM)
composition is provided for comparison (see text).

Parameter C1 CF E LM EM2

Si02 70.00 50.04 51.23 48.70 50.73

A1203 14.89 12.81 13.20 13.57 13.27

Fe0 2.94 14.72 13.35 13.90 14.84

Mg0 0.95 4.29 3.20 5.06 4.22

Ca0 2.44 8.17 8.03 8.76 8.50

Na20 3.51 2.66 2.59 2.71 2.64

K20 3.91 1.39 1.47 1.23 1.25

TiO2 0.42 3.44 4.04 2.97 3.47

P205 0.18 0.44 0.45 0.67 0.54

Mn0 0.06 0.20 0.20 0.22 0.22

87sr/86sr
0.8353 0.7078 0.7078 0.7078 0.7079

4

Sr 1183 - 275 366 2145

3257Rb - 28 21 315

Weight Percent
Contaminant 7.4 9.4 4.4

1. Average of biotite adamellite and biotite granodiorite
(Nockolds, 1954).

2. Wright et al., 1973.
3. Armstrong, 1975.
4. McDougall, 1976 and this study
5. McDougall, 1976 and Leeman, unpublished data.
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one involving separate magma batches for the Lower Monumental,

Central Ferry, and Esquatzel chemical types. These magmas, perhaps

derived from separate, chemically distinct sources, followed inde-

pendent paths to the surface, undergoing variable degrees of con-

tamination. The mixing lines defined by the major elements may

be in large part fortuitous. Major element compositions of magmas

are not as sensitive as trace element compositions to mineralogical

differences that may exist in source rocks. Consequently, these

three chemical types may have had similar composition (major element)

when generated, and variable contamination, acting on separate

magmas, could yield approximate mixing line relations even if more

than one basaltic end member and more than one mixing line relation

is involved.
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TRACE ELEMENT MODELING OF THE GRANDE RONDE BASALT

Trace element variations within a sequence of apparently

uncontaminated basalts such as the Grande Ronde Basalts may be the

result of one or more of the following; (1) different amounts of

fractionation of a uniform basaltic magma; (2) different degrees of

melting or style of melting of a uniform mantle source; or (3) heter-

ogeneities in the mantle source.

Heterogeneities may result from different mineralogic makeup

of the source rocks or different trace element concentrations in the

same kinds of source rocks or both. Unlike major elements, trace

constituents are very sensitive to modal mineralogy in the source

region. The major elements are constrained by phase equilibria.

Melting in the upper mantle involves at least four mineral phases

(i.e. olivine, orthopyroxene, clinopyroxene, and an aluminous phase,

e.g. plagioclase, spinel, or garnet, depending upon the depth and

geothermal gradient), and where present, small amounts of hydrous

minerals such as phlogopite or amphibole, or carbonate minerals

such as dolomite or magnesite. Melting of the mantle probably

approximates eutectic-type melting (Yoder, 1976; Presnall, 1969;

O'Hara, 1968; Shaw, 1977); as long as all the major mineral species

exist in the residuum, the composition of the liquid under equi-

librium will change only in response to solid solution changes

within the solid phases. Eutectic melting is suggested by the
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relatively uniform compositions of basalts erupted from widely

separated vents such as the mid-ocean ridge basalts (Hofmann and

Hart, 1978). Over a considerable range in modal mineralogy, and

with varying degrees of melting (up to that degree required to

completely consume one of the solid phases), the major element comp-

osition of the liquid will remain relatively constant (Mysen and

Kushiro, 1977; Mysen and Holloway, 1977). Trace element distribu-

tions at low concentrations are described by distribution coeffi-

cients (Appendix III) rather than stoichimetric proportions. The

concentration of the trace element in the liquid is a function of

(1) the concentration in the bulk source rock, (2) the distribution

coefficients, themselves a function of temperature, pressure,

concentration, etc. (Appendix III), (3) weight proportions and

melting proportions of the phases present, (4) the degree of melting,

and (5) the style of melting. Trace element modeling has received

considerable attention in recent years and has proven successful

in providing viable models for petrogenetic arguments (Gast, 1968;

Schilling, 1971, 1974, and 1975; Kay and Gast, 1973, Leeman, 1976

and 1977; Brooks et al., 1976; O'Nions et al., 1976; Dickey et al.,

1977; Langmuir et al., 1977; Minster et al., 1977; Dostal and Zerbi,

1978; Gill, 1978; White and Schilling, 1978; Wood, 1979; and many

others).

Further constraints to petrologic models are provided by

heavy-element isotopic studies (especially those of Sr, Pb, and Nd);
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the combined use of isotopic and trace element data has been

particularily helpful in the further refinement of genetic hypo-

theses. In the following section, Sr isotopic composition and

trace element concentrations (particularily the rare-earth elements

(REE)) are used to constrain the origin and evolution of the Grande

Ronde Basalt.

Waters (1961) concluded that all of the basalts of the Columbia

River Basalt Group could not have evolved from a single magma.

Widely separated feeder dikes (e.g. the Monument, Ice Harbor, and

Chief Joseph dike swarms (Fig. 1)) suggest that different regions of

mantle had been tapped rather than a single central reservoir.

Markedly different compositions of the flowrocks from these swarms

suggest further that the mantle below the plateau is heterogeneous

on a regional scale.

The Grande Ronde Basalt (GRB) is the most voluminous and ex-

tensive formation within the Columbia River Basalt Group (compare

Figs. 1 and 8). Also shown in Figure 8 are some of the feeder dikes

for the GRB (Swanson and Wright, 1978), which make up a substantial

portion of the Chief Joseph Swarm (Fig. 1). Feeder dikes occur

over a region exceeding 18,000 km
2

; thus, a region of approximately

100 by 300 km of mantle has been partially sampled.

The isotopic composition of Sr in the GRB varies from 0.7043 to

0.7059 0.0002 (McDougall, 1976; Table VI). Although, as discussed

above, the higher values may have resulted from contamination, rocks
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Figure 8. Diagramatic illustration of the extent of the Grande
Ronde Basalt (solid line) and Grande Ronde feeder dikes (long dashed
lines) within the Chief Joseph dike swarm (from Swnason and Wright,
1978).
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The implication is that this variation reflects a heterogeneous

mantle. While it is difficult to conclude that chemical variation

results solely from heterogeneities in the source, it is equally

difficult to rule out such heterogeneities. To evaluate further the

hypothesis that the GRB were derived from a heterogeneous source and

to constrain the nature of these heterogeneities the REE concentra-

tions are considered.

The rare earth group of elements consist of 15 species from

lanthanum (z = 57) to lutetium (z = 71). It is customary to refer

to La through Sm (z = 62) as the light rare-earth elements (LREE)

and Gd (z = 64) through Lu as the heavy rare earth elements (HREE).

The rare-earth element electronic configurations are characterized

by the filling of the inner Lif orbitals. All the REE have filled

5s, 5p, and 6s orbitals; this identity in outer electron config-

uration leads to the marked geochemical coherence of the REE. All

the REE have a common oxidation state of 3+, generally the result of

losing the two 6s and one of the Lif electrons. The similar outer

electron orbitals, coupled with the increasing effective nuclear

charge from La to Lu, causes a progressive decrease in ionic radii.

The identity of other atomic properties makes the variation in ionic

radii the most significant difference between these elements, and

the factor primarily responsible for their differences in distribu-

tion. Their partitioning during geologic processes thus is pre-
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dictable, and REE abundances are useful in petrologic modeling.

The ionic radii of the trivalent REE decrease from 1.22 R

(La3+) to 0.99 R (Lu3+). In the most likely minerals of the upper

mantle source rocks, the major element for which the REE can

substitute is Ca
2+

(1.06 R) (e.g. Morris, 1975). The REE - 0 bonds

are more covalent than Ca - 0 bonds; also there are difficulties

in balancing the charges when the trivalent REE substitute in an

8-fold coordination site prevents classical capture of the higher-

charge REE in the residual liquid (Taylor, 1972). Smaller REE ions

(Gd34-- Lu3+) enter the Ca site preferentially, relative to larger

ions 3+- Sm3+). Crystallization of a Ca-bearing mineral will

tend to enrich the residual liquid in total REE concentration,

showing little fractionation among the HREE and increasing fraction-

ation (as a function of increasing radii) of theLREE. Crystalli-

zation of Mg
2+

and Fe
2+

minerals has the effect of markedly increas-

ing the level of REE concentration in residual liquids but produces

little fractionation between light and heavy REE. The reason for

this behavior is that the radii of divalent Mg (0.78 R) and Fe

(0.83 R) ions means the sites availabe are too small to allow ready

entry of any of the REE. These qualitative considerations are

quantitatively reflected in the distribution coefficients of the

REE between coexisting solid and liquid phases. These D values

represent the equilibrium distribution of a given trace element (i)

between a coexisting solid phase (s) and a liquid (1), and are
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DT/1 =Ci /Ci
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(20)

Relative abundances within the REE are subject to respective

nuclei stability, a function of whether the respective numbers of

protons and neutrons are even or odd (Oddo-Harkins rule). The

differences in nuclei stability result in a "saw-tooth" curve when

absolute abundances are plotted against atomic number (Z). To

simplify the data for graphical interpretation, Coryell et al. (1963)

suggested a normalization process: element by element abundances

are divided by corresponding abundances in meteoritic or sedimentary

rock averages. A common procedure is to normalize the REE to chon-

dritic abundances owing to probable similarity for some elements

between the earth's mantle and chondritic meteorites. Normalization

of data for basalts therefore provides a visual comparison with an

approximation of their source values.

Chondritic values used in this report are from Wakita et al.

(1970). Their averages from 29 analyses are given in Table XII.

The Grande Ronde Basalts were vented from within the regio of

exposure of the Chief Joseph dike swarm (Figs. 1 and 8) and therefore

have sampled a significant portion of the mantle. The observed ini-

tial Sr ratios imply that the different segments of mantle tapped by

the melting process were heterogeneous with respect to Rb/Sr. Mantle

heterogeneity can be further tested by considering trace element
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Table XII. Chondritic abundances used in normalizing the rare-
earth concentrations of the Grande Ronde Basalt. Values represent
the average concentrations in 29 selected chondritic meteorites
(Wakita et al., 1970). Abundances are given in ppm.

Element Abundance Element Abundance

La 0.32 Eu 0.071

Ce 0.86 Tb 0.048

Nd 0.59 Yb 0.19

Sm 0.196 Lu 0.033

variations within the Grande Ronde Basalts. Concentrations of REE

and other selected trace elements have been modeled for the Toe

section (Fig. 1), consisting of 26 flowrocks along the Snake River

west of Lewiston. The general pattern of the chondrite-normalized

REE is given in Figure 9. Several points of concern regarding these

models should be discussed. The patterns of all 26 flowrocks lie

within the dashed lines shown in the figure. Although such an

apparent grouping gives the impression of uniformity, the levels of

enrichment of the basalts near the upper boundary are significantly

greater than those plotting near the lower boundary. Further, most

plots are subparallel, with only minor deviations from an average

slope. A small but significant deviation does occur. Cross-over

patterns (Fig. 9, solid lines) occur between several pairs of

analyses. This pattern is produced when one basalt is enriched in

the LREE and depleted in the HREE relative to the other basalt; the

petrologic significance of this pattern will be discussed below.

Finally, no significant Eu anomaly is observed, suggesting that
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Figure 9. Chondrite-normalized values (Cn) of the rare-earth
concentrations of the Grande Ronde Basalt of the Toe section (26
flowrocks) plotted against atomic number (Z). All analyses fall
within the upper and lower dashed boundaries. Two individual
flowrocks (solid lines) exhibiting a cross-over pattern (see text)
are shown. Analytical uncertainties (Table Va-d), too small to be
easily illustrated in the figure are (chondrite-normalized) as
follows; La (+1.0 - 2.0); Ce (+1.9 - 5.7); Nd (+5.0 - 10.0);
Sm (+0.5 - 1.7); Eu (+0.4 - 1.7); Tb (+1.3 - 3.5); Yb (+0.9 - 2.0);
and Lu (+1.2 - 3.0).
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plagioclase fractionation has not been significant in the evolution

of these rocks.

The observed variations in trace element concentrations were

evaluated in terms of the most likely petrologic processes; (1)

magmatic differentiation by crystal fractionation within a single

magma chamber, (2) extraction of liquids produced by variable

degrees of melting of the same source, and (3) liquids produced

from heterogeneous mantle. The first two models are not consistent

with the Sr isotopic data, and the third supplies little infor-

mation regarding the evolution of the rocks unless further

constrained.

Crystal Fractionation Models

One feature of the trace elements requiring explanation is the

different levels of enrichment and subparallel plots. Such patterns

would seem to require the removal of a phase that discriminates

uniformly against all the REE; olivine is a likely candidate

(Appendix III). If we select the least enriched flowrock (Lan =

52) and the most enriched flowrock (Lan = 89) and use the Rayleigh

fractionation equation (Appendix III), we find that the amount of

olivine that would have to be removed from a magma having a chon-

drite-normalized La concentration of 52 to produce a derivative

magma having Lan = 89 would be approximately 42%. Such a large

amount of fractionation is inconsistent with major element variation

(e.g. EgO varies from only 5.28 to 3.52 wt. %). Such a Mg0
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variation is consistent with a maximum of five percent fractionation

(even with a low Mg-olivine of Fo60, Mg° = 40%). Clearly, olivine

fractionation is incapable of producing the observed trace element

variation. Other phases, having higher D values for La, would

require even larger amounts of fractionation to produce the Lan

variation.

Further evaluation of fractionation can be made by considering

the variation of the light to intermediate REE, expressed as the

chondrite-normalized La/Sm ratio. Within the Toe section, the

(La/Sm)n ratio varies from 1.87 to 2.31 (+0.07, 1 s. d.). Although

this appears to be a small variation, it significantly constrains

petrologic models. Both elements, La and Sm, are excluded by all

major phases in the mantle (Appendix III). If processes such as

crystal fractionation or melting of a homogeneous source (i.e.

(La/Sm)
n

is constant) are to produce the observed variations, they

must involve mineral phases that discriminate between the two

elements, as indicated by differences in the D values. Examination

of reported D values (Appendix III) show that olivine is incapable

of producing a change in the (La/Sm)n ratio. The influence of

orthopyroxene would be minor, clinopyroxene and garnet being the

two most likely candidates. Schilling (1971) first demonstrated

the relative effectiveness of fractionation of individual minerals

and mineral assemblages in producing changes in the (La/Sm)n ratio.

His work applied to abyssal and "plume-derived" basalts (Schilling,
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1973) illustrated the difficulty in applying crystal fractionation

as the explanation for the REE differences between the basalt types

mentioned above. Following Schilling's arguments, Figure 10

illustrates the change in (La/Sm)n with progressive removal of the

mantle phases of concern. I am concerned here not with explaining

the differences between the Grande Ronde Basalts and their source

regions, but rather differences between flowrocks within the GRB

sequence. Thus, the basalt with the lowest level of LREE enrich-

ment ((La/Sm)n = 1.87) is taken to be the least evolved magma,

representing the type of liquid from which the other basalts may

have evolved by crystal fractionation. Figure 10 indicates that

neither olivine nor orthopyroxene discriminates sufficiently between

La and Sm to produce the variation in the observed (La/Sm)n ratio.

Producing a variation in (La/Sm)n of 1.87 to 2.31 requires crystal-

lization and removal from a magma characterized by the lower ratio

of nearly 80% clinopyroxene or 55% garnet. Both values appear

excessive, particularily when considered with the observed vari-

ations of other trace elements (see below). The fractionating

phase or phase assemblage considered must be consistent with

preferred petrologic models that are in turn based upon experimental

studies of liquidus phases at various pressures. Experimental

studies (Green and Ringwood, 1967; Green, 1970 and 1973; Green T.

et al., 1967; Bultitude and Green, 1968 and 1971; Green and

Hibberson, 1970) indicate that the proportions of phases separating,
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Figure 10. A plot demonstrating the influence of fractionation of
olivine (e., orthopyroxene (b), clinopyroxene (c), and garnet (d) on
the (La/Sm n ratio of a liquid having an initial (La/Sm)n ratio of
1.87. F is the proportion of liquid remaining after fractionation.
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the order of crystallization and the actual mineral species involved

are a function of pressure and magma composition. The assumption

made here is that the "parental" magma(s) for the Grande Ronde

Basalts was an olivine tholeiite and the pertinent information re-

garding potential fractionation schemes is provided by the exper-

imental work of the above workers. From their work the following

estimates of fractionating assemblages have been made: at 5-12 kb,

01700px25Cpx5; at 12-20 kb, 0px700px30; at 20-30 kb, Cpx30Gt70;

and at 40 kb, Cpx50Gt50.

Figure 11 illustrates the change in the (La/Sm)n ratio with

progressive removal of the above assemblages. The diagram illus-

trates the following: the assemblages characteristic of fractionation

at 5-12 kb and 12-20 kb cannot produce the observed variation in

the (La/Sm)
n

ratio
4

. The variations can be produced by removal of

approximately 60% of the Cpx30Gt70 assemblage at 20-30 kb or approx-

imately 65% of the Cpx50Gt50 assemblage at approximately 40 kb.

These models can be evaluated by comparing the observed (La/Sm)n

with other trace elements that should be affected by crystal

fractionation. Figure 12 is a plot of (La/Sm)n against Sc. The

variation of Sc over the entire range of observed (La/Sm)n ratio is

39 - 30 ppm and an inverse relation (r = -.61) between the two para-

meters is noted. The distribution coefficients for Sc in the

4. Fractionation assemblages containing plagioclase are not
considered here because of the lack of a Eu anomaly in the rare-
earth patterns of the Grande Ronde Basalt.
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Figure 11. A plot demonstrating the influence of fractionating the
assemblages 01700Px25CPx5 (a), OPx70CPx30 (b), Cpx70Gt30 (c), and
Cpx5oGt50 (d) on the (La/Sm)n ratio of a liquid having an initial
(La/Sm)n ratio of 1.87. F is the proportion of liquid remaining
after fractionation.
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Figure 12. A plot of (La/Sm)n against Sc (ppm) for the Grande
Ronde Basalts of the Toe section. One standard deviation errors
are +0.07 for (La/Sm)n and +0.5 for Sc.
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assemblages are greater than one, dominated by the high D value for

clinopyroxene (Appendix III). Removal of the assemblages from the

magma should result in a progressive decrease in Sc while, as has

already been noted in Figures 10 and 11, showing a progressive

increase in the (La/Sm)
n

. The data in Figure 12, therefore, is

qualitatively consistent with such fractionation. Quantitatively,

however, the Sc variation is consistent with less than 30-35%

fractionation (assuming Rayleigh fractionation, Appendix III), far

less than that required to produce the observed (La/Sm)n variation.

A similar argument can be made for Cr (Fig. 13) where a 10-20 ppm

variation, inversely correlated (r = -.58) with (La/Sm)
n

, is

consistent with a maximum of 12% fractionation of the higher pressure

assemblage (Appendix III). Again, this value is inconsistent with

the more than 60% fractionation of these assemblages required to

produce the (La/Sm)
n

variation. Figure 14 is a plot of (La/Sm)
n

against the HREE Ybn. This element is particularily sensitive to

fractionation of garnet-bearing assemblages, as this mineral

preferentially includes Yb into its structure. Figure 14 indicates

virtually no relation (r = +.15) between (La/Sm)n and Ybn, precluding

significant contributions by garnet to a fractionation scheme. A

final argument against progressive fractionation of a homogeneous

magma is provided by Figure 15, a ternary plot of MgO, Feo (as total

iron), and (K20 Na20). All 26 basalts of the Grande Ronde Basalts

of the Toe section plot within the small field within the diagram.
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Figure 13. A plot of (La/Sm)n against Cr (ppm) for the Grande Ronde
Basalts of the Toe section. One standard deviation errors are
approximately +0.07 for (La/Sm)n and +3.0 for Cr.
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Figure 14. A plot of (La/Sm)n against Ybn for the Grande Ronde
Basalts of the Toe section. One standard deviation errors are
approximately ±0.07 for (La/Sm)n and ±1.5 for Ybn.



2.3

2.2

1 . 9 -

I

r = +.15

13 14 15 16 17 18 19 20

Y b n



F

50

115

Figure 15. A ternary diagram with coordinates: A - (Na20 + K20),
F - (Fe0 as total iron), and M - (Mg0), recalculated to 100 percent
for the Grande Ronde Basalts of the Toe section. All 26 flowrocks
fall within the small enclosed field in the diagram.
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Calculations suggest that the range in the major elements in Figure

15 is consistent with 10 - 12% fractionation of olivine-ortho-

pyroxene assemblages. Such a relatively small amount of fraction-

ation would produce an insignificant change in (La/Sm)n (see Appen-

dix III). Fractionation of the garnet-clinopyroxene assemblages

would probably not produce the level of iron enrichment indicated

in Figure 15 (Ringwood, 1976). Note that Figure 18 is consistent

with all 26 flowrocks having undergone some fractionation (the Mg

numbers (Table IV) also indicate this (see however, Wilkinson and

Binns, 1977)) to some extent, but that the difference in amounts

of fractionation between flowrocks probably does not exceed 15%,

a level far short of that required by the (La/Sm)n variation.

Variable Melting of a Homogeneous Mantle

Having demonstrated that simple fractionation cannot account

for the trace element compositions of the Grande Ronde Basalt, I

turn now to melting models. The equations used to generate the

models in this and the following sections assume nonmodal equili-

brium (batch) melting. Detailed discussion of the equations plus

limited treatments of fractional and dynamic (Langmuir et al.,

1977) melting and zone refining are given in Appendix III.

The first model considered will be variable melting of a

homogeneous (in terms of mineralogy and REE patterns) mantle. In

particular, I wish to determine whether or not it is possible to
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produce the observed trace element variations in the melts by pro-

gressive melting of, and liquid withdrawal from, a homogeneous

source. Figure 16 represents the change in the (La/Sm)
n

of the melt,

with respect to the source, with progressive degree of melting. The

plot indicates that the early melt fractions have a much higher

(La/Sm)n ratio than that of the unmelted source. The (La/Sm)n of

the melt approaches exponentially the (La/Sm)n of the parental

source with increasing melt production. The (La/Sm)n of the melt

changes rapidly for melt percentages less than 15%. For petrolog-

ically more reasonable melt percentage for tholeiitic magmas, the

change in (La/Sm)n with progressive melting is much less.

If, for the sake of argument, all Grande Ronde flowrocks in the

Toe section were produced through variable degrees of melting of a

source characterized by the same (La/Sm)n ratio, and that the flow-

rock having a (La/Sm)n ratio of 1.87 was produced by 30% melting of

the source, the range in degree of melting that is consistent with

the observed range of (La/Sm)n in the flowrocks can be estimated.

Figure 16 indicates that at 30% melt (F = .3), the ratio in the

parental source to that of the derived melt is approximately 0.95.

For a melt with (La/Sm)
n
of 1.87, this implies a parental source

ratio of 1.78. This source value gives a source to melt ratio for

the flowrock with the highest (La/Sm)n (i.e. 2.31) of 0.77. This

ratio is consistent with approximately 10 - 15% melt (Fig. 16). In

summary, these arguments suggest that if the variation in (La/Sm)n
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Figure 16. A diagram illustrating the change in the (La/Sm)n of the
melt (Rm) relative to its source (Rs), plotted as Rs/Rm, as a func-
tion of the degree of melting. Sources are garnet lherzolites
having the mineralogies (a) 0157-10px17-Cpx12-13t14, (b) 0148-Opx14-
Cpx25-Gt13, and (c) 0145-10px15-Cpx20-Gt20.
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of the Grande Ronde Basalt was produced by variable melting of a

uniform source, the degree of melting must have ranged from approx-

imately 15 to 30 percent.

The primary constraint on the variable melting model is the

chondrite-normalized REE patterns (Fig. 9); all 26 flowrocks of the

Grande Ronde Basalt have REE plots that have similar slopes. Figure

17 is a melting model for a garnet lherzolite with total REE con-

centration of 10 times the chondritic averages. From this model it

can be seen that the REE pattern of a liquid produced by 10% melting

of a garnet lherzolite is strikingly different from that produced by

30% melting. From this and other models calculated, it is apparent

that as long as garnet exists in the solid phases, the slope of the

REE plot is strongly dependent upon the degree of melting. Melting

within the garnet stability field to produce the basalts of the

Grande Ronde Basalt is indicated by the characteristic crossover

exhibited by several flow pairs in the sequence (Fig. 9). This

crossover is the result of the distribution coefficients for the

HREE (Tb - Lu) in garnet being greater than one (Appendix III).

This implies that as long as garnet exists, this phase will

fractionate the HREE, while preferentially retaining them relative to

the LREE. Consequently, the initial liquid produced will be depleted

in the HREE relative to the source. With progressive melting, the

concentration of the HREE will increase in the liquid as garnet is

consumed. With regard to the LREE, all solid phases have D values
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Figure 17. Chondrite-normalized concentrations (On) of REE plotted
against atomic number (z). Calculated values, assuming equilibrium
melting of a source (S) having REE concentrations 10 times that of
average chondrite abundances, having mineral proportions (Wi) and
eutectic melting proportions (Pi) as shown. Numbers by curves
indicate percentage of melt.
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less than one (Appendix III). Consequently, the initial liquid

will be greatly enriched in the LREE with respect to the source, and

with progressive melting, the concentration of the LREE decreases

through dilution. The simultaneous decrease in the LREE and in-

crease in the HREE with progressive melting produces the crossover

pattern, and is characteristic of garnet-bearing assemblages.

Figure 18 illustrates the REE patterns produced through progressive

melting of a spinel lherzolite. Crossover patterns are not pro-

duced. The absence of Eu anomalies in the Grande Ronde Basalts

suggests that plagioclase lherzolites were not important source

rocks for these basalts.

Can the Grande Ronde Basalts be derived from variable melting

of the same source? The variation in the observed (La/Sm)
n
ratio

would require considerable variation in the degree of melting.

Figure 17 and models discussed below indicate that the respective

patterns produced through variable melting have markedly different

slopes. This is contrary to the rather uniform slopes of the Grande

Ronde Basalt REE patterns. The model involving variable melting of

a homogeneous mantle is therefore not consistent with the observed

REE patterns of the GRB.

Heterogeneity in the Mantle Source Regions

The previous sections have shown that neither differentiation

of a single magma by crystal fractionation or extraction of liquids
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Figure 18. Calculated chondrite-normalized (Cn) concentrations of
REE plotted against atomic number (z), assuming equilibrium melting
of a spinel lherzolite source (s) having REE concentrations 10 times
average chondrite abundances, having mineral proportions (Wi) and
eutectic melting proportions (Pi) as shown. Curves represent the
calculated liquids derived by the percent melt shown.
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produced through variable melting of a single uniform mantle, acting

alone or with the other, is capable of accounting for differences

in strontium isotopic compositions or the REE abundances. Lateral

and/or vertical mantle heterogeneities (Hofmann and Hart, 1978)

yielding independent magma batches remains, therefore, as the only

viable model to explain the isotopic and trace element variations.

Using equation III-7 (Appendix III), computer-generated REE

concentrations were produced. Modal mineralogy and level of REE

enrichment were varied in an attempt to approximate the REE patterns

for the Grande Ronde Basalt (Fig. 9). Figure 9 indicates that the

Grande Ronde Basalt are highly enriched (relative to chondrites) in

total REE (Ybn = 12.9 - 20.3) and are enriched in light rare-earth

elements relative to intermediate rare-earth elements ((La/Sm)
n

=

1.87 - 2.31) and to heavy rare-earth elements ((La /Yb)n = 3.62 -

5.4r). The REE concentration (relative to chondrite) and pattern(s)

of the mantle source of the Grande Ronde Basalt must be capable of

producing the REE patterns of the Grande Ronde Basalt through

petrologically reasonable amounts (e.g. 10 - 30%) of melting.

Figure 17 illustrates that gross approximation of the LREE and HREE

can be achieved between 10 and 30 percent melting of a garnet

peridotite only if the REE abundance of the source is approximately

ten times that of chondritic abundances. Figure 17 further

demonstrates that if the source rock has a chondritic (flat)

pattern, it cannot produce the observed REE patterns of the Grande
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Ronde Basalt. This is most easily seen in terms of the (La/Sm)n

ratio. The range in this ratio for the Grande Ronde Basalt is 1.87 -

2.31 as discussed above. Such values can be derived from a

chondritic pattern (i.e. (La/Sm)fl = 1.0) only through limited (less

than five percent) partial melting (Table XIII).

Table XIII. Variation in the (La/Sm)n ratio of liquids derived
from a chondritic ((La/Sm)n = 1.0) source with REE abundances of
ten times average chondrite as a function of degree of melting
(see Fig. 17).

Degree of Melting (%) (La/Sm)n

5 1.86

10 1.42

20 1.15

30 1.05

The difficulties in producing tholeiitic basalts with less

than five percent melting (Kay and Gast, 1973; Mysen and Kushiro,

1977; Mysen and Holloway, 1977) coupled with the probable diffi-

culties in extracting such small melts (O'Hara, 1977) would seem

to preclude such a model. Dynamic melting models (Langmuir et al.,

1977) and modified zone refining models (Magaritz and Hofmann, 1978)

are capable of producing such LREE-enriched liquids from chondritic

sources, but also produce highly fractionated HREE-patterns, patterns

that are not observed in the Grande Ronde Basalt. Thus the Grande

Ronde Basalt source rocks must be LREE-enriched. Considering the



125

necessarily LREE-enriched mantle, Figure 19 illustrates the import-

ance of the interpretation that at least some of the observed cross-

over patterns in the Grande Ronde Basalt involve flowrocks related

to one another by small differences in melting of similar source,

the cross-over pattern suggesting that the mantle source is garnet-

iferous. Various authors (e.g. Frey and Prinz, 1978; Dostal and

Zerbi, 1978) have suggested that depletion of Ybn relative to Lan

(i.e. (La/Yb)
n

greater than 1.0) in itself implies a garnet-bearing

source. This is true if the source is chondritic, however, Figure

19 clearly demonstrates the source control on the REE pattern. The

Grande Ronde Basalt REE patterns can be duplicated (with the im-

portant exception of the cross-overs) by melting a LREE-enriched

spinel lherzolite of appropriate REE-enrichment (see analyses in

Frey and Prinz, 1978). Caution is therefore urged in using (La/Yb)n

as a sole argument for a garnet-bearing source. The relative level

of LREE will be evaluated below, however, the (La/Sm)n of the source

cannot exceed that of the Grande Ronde Basalt because the liquids

derived from the source always have higher (LaiSm)n ratios than

their parental sources. Models best matching the observed Grande

Ronde REE data have (La/Sm)
n

ratios slightly less than or equal to

that observed the basalts. Figure 20 is a melting model of a garnet

lherzolite having a (La/Sm)n ratio of 1.37. From the diagram, it is

apparent that although the intermediate REE (Sm-Tb) can be matched,

it is impossible to match simultaneously the LREE and the HREE to
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Figure 19. Calculated chondrite normalized concentrations (Cn) of
REE plotted against atomic number (z), assuming equilibrium melting
of a LREE-enriched spinel lherzolite source (S) with mineral propor-
tions (Wi) and melting proportions (Pi) as shown. Solid curves
represent the calculated liquids derived by the percent melt shown.
Dashed lines represent the range of observed Grande Ronde REE
patterns.
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Figure 20. Calculated chondrite normalized concentrations (on) of
REE plotted against atomic number (z), assuming equilibrium melting
of a LREE-enriched garnet lherzolite source (S) with mineral propor-
tions (Wi) and melting proportions (Pi) as shown. Solid curves
represent the calculated liquids derived by the percent melt shown.
Dashed lines represent the range of observed Grande Ronde REE
patterns.
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the Grande Ronde patterns. Values for the (La/Sm)n ratio of the

source rocks, determined through trial and error, between 1.71 and

2.11 have been used in subsequent models.

Recall that the REE patterns suggest that garnet was present

as a parental phase during most of the melting and because of the

similarity of patterns, similar degrees ( ±5%) of melting are

suggested. Figures 21a and 21b are plots showing the variation

of the (La/Sm)
n

ratio with melting of different mantle mineralogies

(all with (La/Sm)n = 1.91) modeled in this report. Olivine-

orthopyroxene proportions are not given in Figure 21a because their

proportions have littel effect on the (La/Sm)
n

ratios. The observed

(La/Sm)
n
ratio of the Grande Ronde Basalts of the Toe section is

also shown for reference. It would appear that for a limited

range of melting (e.g. 23 - 27%), much of the observed (La/Sm)

variation could be accounted for by a mantle whose mineralogy was

varied in terms of the proportions of clinopyroxene and garnet; note

that the amount of garnet varies from 10 to 20 modal percent.

Figure 21b indicates that for a given degree of melting, the (La/Sm)n

ratio is proportional to the (Cpx Gt)/(01 Opx) ratio. The

evaluation of the hypothesis that the observed (La/Sm)n variation

can be explained through significant variations in mantle mineralogy

can be made by examining the REE patterns.

Figure 22 is a model of the change in the REE patterns with

progressive melting of a garnet-rich (20%) lherzolite. Because of
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Figure 21a. Variation of (La/Sm)n as a function of melting for a
variety of garnet lherzolite mineralogies. Mineral proportions
(olivine and orthopyroxene not given) are (a) Cpx20-Gt20, (b) Cpx25-
Gt13, (c) Cpx12-Gt14, (d) Cpx14-Gt10, and (e) Cpx19-Gt12. Ca OUT
and GT OUT imply the point along the curve where clinopyroxene or
garnet, respectively, are completely consumed. Vertical line
represents the variation of (La/Sm)n in the Grande Ronde Basalt of
the Toe section.
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rocks. The degree of melting held constant at 20 percent.
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Figure 22. Calculated chondrite normalized concentrations (on) of
REE plotted against atomic number (z), assuming equilibrium melting
of a LREE-enriched garnet lherzolite source (S) with mineral propor-
tions (Wi) and melting proportions (Pi) as shown. Solid curves
represent the calculated liquids derived by the percent melt shown.
Dashed lines represent the range of observed Grande Ronde REE
patterns. Note that even after 30% melting, the liquids are still
strongly depleted in the HREE.
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the abundance of garnet in the solid, derived liquids remain heavily

depleted in HREE even after we have matched the LREE enrichment

levies near petrologically limiting (25-30%) degrees of melting.

Figure 23 is a model with less garnet (14%), but with garnet

exceeding clinopyroxene (12%). Once again, while garnet exists

in the solid up to the point where clinopyroxene is completely

consumed (25.5%), the HREE remain depleted relative to the Grande

Ronde Basalt while the LREE are at the approximate level of the

Grande Ronde Basalt. Note that as garnet approaches the point of

consumption, the HREE content rapidly increases, and, for this

model, an approximate match of both the LREE and HREE is reached

at 30+ % melting. Figure 24 shows a model of the progressive melt-

ing of a garnet lherzolite in which garnet occurs in lesser amounts

(12%) and is less abundant than clinopyroxene (19%). At 25% melting,

with garnet nearly gone, a reasonable match in both LREE and HREE

is reached. The actual mineralogy given in Figure 24 has only

approximate significance. The significance of the models, however,

is that all those single-stage models (i.e. melting up until one

phase disappears) that were successful in simultaneously matching

the LREE and HREE, given the melting proportions used here (see

Appendix III), and within reasonable amounts of melting (15-30%),

contained less than 15% garnet and with garnet less than clino-

pyroxene. Calculations assuming fractional melting (accumulated)

lead to the same conclusion (Appendix III), although for a
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Figure 23. Calculated chondrite-normalized concentrations (Cn) of
REE plotted against atomic number (z), assuming equilibrium melting
of a LREE-enriched garnet lherzolite source (S) with mineral propor-
tions (Wi) and melting proportions (Pi) as shown. Solid curves
represent the calculated liquids derived by the percent melt shown.
Dashed lines represent the range of observed Grande Ronde REE
patterns. Clinopyroxene is consumed at 25.5 percent melting, melt-
ing continues to 30.5% near the consumption of garnet. Note the
relatively unfractionated HREE pattern at this point.
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Figure 24. Calculated chondrite-normalized concentrations (Cn) of
REE plotted against atomic number (z), assuming equilibrium melting
of a LREE-enriched garnet lherzolite source (S) with mineral propor-
tions (Wi) and melting proportions (Pi) as shown. Solid curves
represent the calculated liquids derived by the percent melt shown.
Dashed lines represent the range of observed Grande Ronde REE
patterns. At 25 percent melt, garnet is nearly consumed and the
calculated liquid approximately matches observed values of the
Grande Ronde Basalt.
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(La/Sm)
n consistent with the Grande Ronde Basalt, the (La/Yb)

n
is

too high.

Ftrther indication that garnet was less abundant than clino-

pyroxene is given by consideration of the (La/Yb)n ratio with

progressive melting (Fig. 25). Here it is seen that the (Laftb)n

ratio changes rapidly with melting, primarily as a result of garnet's

early retention of Yb. It is significant, therefore, that in con-

trast to the relatively wide range in (La/Sm)n observed in the Grande

Ronde Basalt (Fig. 21) a rather narrow range in (La /Yb)n is observed.

For one stage melting, such a narrow range would place rather severe

restrictions on the mineralogy and/or melting variations (e.g. the

degree of melting would have to be a function of the garnet content).

Two stage melting models, however, indicate that the narrow range of

(La/Yb)
n is consistent with melting beyond the consumption of garnet.

Several models have been carried beyond the single stage melting

event (see Appendix III). Figure 25 demonstrates that the (La/Yb)n

ratio changes rapidly up until garnet is consumed (GT OUT in Fig.

25). Further melting does not change this ratio appreciably. In

contrast, melting beyond the consumption of clinopyroxene (Ca OUT

in Fig. 25) continues to produce marked changes in the (La/Yb)n

ratio. The narrow range, therefore, seems most consistent with the

two stage melting of a garnet lherzolite, with garnet being con-

sumed during the first stage. Such a model is more flexible with

regard to small variations in the degree of melting and mineralogy.
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Figure 25. Variation of (La/Yb)n as a function of degree of melt
for garnet lherzolites of different mineralogies. Mineral propor-
tions are the same as in Figure 21a. Vertical line indicates
observed variation of the (La/Yb)n ratio in the Grande Ronde Basalt.
Note that after garnet is consumed (GT OUT), the (La/Yb)n ratio is
nearly independent of degree of melting.
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The two stage model of melting provides, further, a possible

explanation for the observed different levels of overall enrichment

of the REE described above and illustrated in Figure 9. The

relative constancy of the (La /Yb)n ratio beyond the consumption of

garnet in the two stage melting model implies that the overall slope

of the REE pattern does not change significantly during the second

stage. The D values for the remaining solids, for all the REE, are

less than one (Appendix III). Consequently, with increased melting,

the REE concentration of the melt decreases through the dilution of

the early enriched melt. The result of the combined constant

(La/Yb)
n

coupled with progressive decrease in overall REE concentra-

tions can be seen in Figure 26. This figure displays the two stage

melting of a garnet lherzolite. In this particular model, garnet

is completely consumed at 27.6% melting. At this percent of melting,

the REE pattern is consistent with intermediate levels of REE

enrichment for the Grande Ronde Basalt. Melting beyond the

consumption of garnet does not appreciably change the slope (i.e.

the (La/Yb)
n
). Instead, the overall level of enrichment drops

uniformly. At the somewhat unreasonable degree of melting of

37.6%, the REE pattern matches the lower level of REE enrichment

observed in the Grande Ronde Basalt of the Toe section. The

variations in the (La/Sm)n and (Laftb)n ratios from 27.6 to 37.6

percent melt are 2.06 to 1.89 and 4.54 to 4.17, respectively.

Figure 27 is a hypothetical three stage melting of a phlogopite-
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Figure 26. Calculated chondrite-normalized concentrations (Cn) of
REE plotted against atomic number (z), assuming equilibrium melting
of a LREE-enriched garnet lherzolite source (S) with mineral propor-
tions (Wi) and melting proportions (Pi) as shown. Solid curves
represent the calculated liquids derived by the percent melt shown.
Garnet is consumed at 27.6 percent melting. Note cross-over
pattern developed from 25 to 27.6 percent melt. Second stage melting
continued to 37.6 percent melt. Note that during second stage melt,
the pattern of REE does not change appreciably, however the overall
level of enrichment drops uniformly. The dash-dot lines represent
the range of observed Grande Ronde REE patterns.
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Figure 27. Calculated chondrite-normalized concentrations (Cn) of
REE plotted against atomic number (z), assuming equilibrium melting
of a hypothetical LREE-enriched phlogopite-garnet lherzolite source
(s) with mineral proportions (Wi) and melting proportions (Pi) as
shown. Solid curves represent the calculated liquids derived by
percent melt shown. Phlogopite is consumed at 4.2 percent melt,
garnet is consumed at the end of the second stage of melting at
24.4 percent melting. Melting is carried into the third stage to
30 percent melt. Note that during the third stage, beyond the
consumption of garnet, the REE pattern does not change appreciably.
The overall enrichment of the REE, however, drops measurably and
uniformly. The mineralogies and melt proportions during the three
stages are given (see Appendix III). The dashed lines represent the
range of observed Grande Ronde REE patterns.
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garnet lherzolite. The modal abundances of phlogopite and the

melting proportions while phlogopite persists in the solid residuum

are approximations only. Once again it is observed that after the

disappearence of garnet at 24.4% melting (with (La/Sm)n = 1.94 and

(La /Yb)n = 3.89) further melting does not significantly change the

slope of the REE plot. At the end of the second melting stage

(garnet consumed), the liquid has a REE concentration approximatley

equivalent to the Grande Ronde liquids with the highest level of

REE enrichment. Further melting to 30 percent has the effect of

lowering the overall REE enrichment with little change in either

the (La/Sm)n ( = 1.90) or the (LaAb)n ( = 3.59). These models,

and the above discussion, constrain the mineralogy of the potential

source regions of the Grande Ronde Basalt. The cross-over patterns

require that melting occurs within the garnet stability field. The

relatively low (LaAb)n suggests that garnet is the minor phase

(with respect of olivine, orthopyroxene, and clinopyroxene) or at

least garnet is consumed more rapidly by the melting process (see

discussion below). Melting beyond garnet's consumption offers an

explanation for the uniform (La/Yb)n and the differing overall

enrichment levels of the REE. The relatively broad range in (La /Sm)n

ratio thus cannot be explained solely by mineralogical variations

within the relatively narrow limits of melting required by the REE

plots. It is conceivable that part of the REE variations reflect

primary variations in the source regions.
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An alternative to the two stage melting model as an explanation

for the different levels of REE enrichment might be found in the

zone refining process of Harris (1957). In the zone refining process,

as a zone of melt passes through a region, those elements whose bulk

distribution coefficients are less than one are enriched in the melt

according to the equation of Harris (1957); see also Shaw (1977. The

equation (Appendix III), however, was derived from the zone refining

process as applied to metals, where melting occurs at one temperature.

Melting is essentially 1010 and the concentration in the liquid is

equal to that of the solid. In the mantle, melting occurs over a

range of temperature with the usual case being the separation of a

liquid representing a partial melt rather than a total melt. As a

consequence, incompatible trace elements are already enriched rela-

tive to the initial concentration of the source. In addition, it is

far from certain whether zone refining is a common mantle process

(Shaww, 1977; Hanson, 1977). As a result of these arguments, it is

uncertain what the extent of applicability of the zone refining

equation is to the Grande Ronde Basalts. Qualitatively, the bulk

distribution coefficient will influence the behavior of the elements.

.For a given trace element, i, if C3.- is less than Cs /D/1 (refer to

equation 20), the trace element i should move into the liquid,

thereby further enriching it. Because of the low D values for the

REE for most mantle minerals, the above described situation probably

characterizes magma ascent through the mantle (note however, that
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there is a limit to the amount of enrichment). Garnet-bearing

assemblages are exceptions. For the LREE, D is less than one, while

for the HREE, D is greater than one. With passage through a garnet

lherzolite, the REE plot of a reacting magma would steepen (i.e.

(La/Yb)
n

would increase). This is not observed in the Grande Ronde

flowrocks of the Toe section. Magma ascending through and reacting

with spinel lherzolite would tend to be enriched in all the REE,

with little variation in (L0b)n. Perhaps this modified zone

refining can contribute to the different levels of enrichment of

the REE. Explaining the entire variation through such a process is

difficult to envision, however, because to explain the total differ-

ence, the more enriched magma, for a given melt width, would have to

pass through a zone at least 20 times greater than the least en-

riched. The similarity in the initial Sr ratios is difficult to

reconcile with such different histories. Further, the zone refining

process does not appear capable of producing the significant (La/Sm)n

variation observed in the Grande Ronde Basalt (Appendix III). Fin-

ally, the mechanism by which this process operates is unclear; solid

state diffusion certainly limit its effectiveness (see discussion

above). It appears necessary, therefore, to return to variations in

the source to account for most of the observed compositional vari-

ations.

Approximations of the variation within the source region can be

made from considering Figure 16. If the approximate degree of melt-
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ing is in the range of 20 to 30 percent, this would imply a source

to melt ratio of the (La/Sm)n ratio of approximately 0.9. If melt-

ing has been rather uniform, and this value is representative of

the Grande Ronde Basalt, this implies that the (La/Sm)n ratio of

the mantle sources of the Grande Ronde Basalt may have varied from

1.70 to 2.10. In an attempt to determine the possible variations

in the mineralogy and REE enrichments within the parental mantle,

several arbitrary mantle mineral assemblages (Table XIV) were chosen

and "melted" in five percent increments to determine mantle models

capable of producing the Grande Ronde REE patterns. Potential models

were ones that simultaneously reproduced the approximate slope and

level of enrichment of the REE in the Grande Ronde Basalt, while

remaining within the observed (La/Sm)n and (La/Yb)n values. All the

assemblages in Table XIV were evaluated for six levels of REE

enrichment in the mantle, having (La/Sm)n and (La/Yb)n respectively

of 1.71/2.63, 1/71/3.23, 1.93/3.13, 1.93/3.75, 2.11/3.41, and

2.11/4.22. The value for La
n
varied from 15 to 23.2, while the Ybn

varied from 4.63 to 5.52. In addition, all models were evaluated

for two melting proportions, 0130px30px47Gt47 (Schilling, 1975) and

0130px3Cpx33Gt61 (estimated from the experimental work of O'Hara

and Yoder, 1967, and Davis, 1964), the former eutectic consistent

with deeper melting (greater than 40 kb), the latter with shallower

melting (less than 30 kb). Models were evaluated visually. It is

difficult to be specific with regard to the nature of the hetero-
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Table XIV. Mineralogies and frequency of success of hypothetical
source rocks used in REE modeling of the Grande Ronde Basalts.

Assemblage 01 Opx Cpx Gt Frequency of Success

A 0 45 35 20 0

B 30 20 35 15 io

C 60 20 10 10 10

D 30 30 30 10 7
E 50 19 19 12 9

F 48 14 25 13 11

G 57 17 12 14 5

H 45 15 20 20 4

I 50 30 10 10 6

J 60 24 8 8 3

geneities in the source region of the Grande Ronde Basalt magmas.

The discussions above, however, indicate that the compositional

variations of the Grande Ronde Basalt, particularily in the REE,

require the generation of independent magma batches from mantle

having at the least, different (LaiSm)n ratios. If these different

magma batches can be identified, it may be possible to constrain

the nature of mantle heterogeneity and the nature of magma gener-

ation. The Grande Ronde Basalt flowrocks were examined in terms

of major and trace element abundances (Table IV and V). Where

possible, celemental or oxide ratios of elements having similar

geochemical behavior were used instead of absolute abundances.

This because, as in the previous section, abundances are influenced

by processes of magma genesis and differentiation. Abundance

ratios of elements having similar geochemical behavior should be
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similar to the source (see further justification in Appendix III).

At least four compositional types (i.e. magma batches) are

recognized in the Grande Ronde Basalt sequence: high-Mg, low-Mg, and

two transitional types, T-1 and T-2. The chemical characteristics

of these batches are given in Table XV and their stratigraphic re-

lations are given in Table XVI. It should be noted that the differ-

entiation between the two transitional compositions is based

primarily upon stratigraphic relations and model considerations

below.

Plots of the chondrite-normalized REE concentrations of the

four magma types are given in Figures 28 and 29. Subtle differences

in the REE plots and trace element concentrations (Table V) within

the magma batches probably reflect small differences in degree of

melting or amount of crystal fractionation that occurred in the

magma during the eruption cycle.

Consideration of possible mantle models (Table XIV) capable of

producing these four magma batches yields three general models

regarding the nature of mantle heterogeneities in the source regions

and style of magma genesis for the Toe section Grande Ronde Basalts.

Model 1 - Mantle of Uniform Mineralogy

It is possible to reproduce approximate overall levels of REE

enrichment and (La/Sm)
n
and (La/Yb)

n
values by melting mantle of

uniform modal mineralogy having different REE characteristics.
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Table XV. Compositional characteristics of magma compositional types
in the Grande Ronde Basalt of the Toe section (Fig. 1). See Tables
IV and V for more complete compositional data.

Parameter High-Mg Low-Mg T-1 T-2

Mg0 (wt. %) 4.42 - 5.28 3.12 - 3.86 4.04 - 4.37 3.57 4.27

K20 (wt. %) 1.02 - 1.36 1.70 - 2.07 1.36 - 1.52 1.40 - 1.55

La (ppm) <19 > 24.5 20-21 20-23.5

Sc (ppm) >34.9 < 33.4 35.5-36.5 30.9-34.1

(La+Ce+Nd) ppm 73-81 101-123 81-92 93-110

Norm. Qtz 0.0-0.1 0.0-4.94 0.0 0.0-4.6

(La/Sm)n 1.87-2.12 2.08-2.31 1.95-2.11 1.93-2.11

REE enrichment Low High Intermediate Intermediate

K
2
0/P20

5

K/Rb

P
2
0
5

(wt. %)

Norm. 01

3.4-4.9
242-366

0.25-0.29

0.0-9.06

3.47-6.50

262-366

0.30-0.48

0.0-2.66

< 4.0 > 4.0

> 300 < 300

0.32-0.45 0.30-0.43

4.46-9.67 0.0-1.78

Table XVI. Stratigraphic column of the Grande Ronde flowrocks in
the Toe section (Fig. 1). Sample numbers are in descending strati-
graphic order. H = High-Mg; L = Low-Mg; T-1 and T-2 = transitional
compositions.

74-271 H 74-280 T-1 74-289 T-2
74-272 H 74-281 H 74-290 T-2
74-273 L 74-282 T-1 74-291 L
74-274 L 74-283 H 74-292 L
74-275 L 74-284 T-1 74-293 T-2
74-276 L 74-285 H 74-294 T-2
74-277 L 74-286 H 74-295 T-2
74-278 L 74-287 T-2 74-296 T-2
74-279 T-1 74-288 T-1
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Figure 28. Range of chondrite-normalized concentrations (Cn) of
the rare-earth elements in the high-Mg (enclosed by solid lines) and
T-1 (enclosed by dashed lines) compositions of the Grande Ronde
Basalt of the Toe section.
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Figure 29. Range of chondrite-normalized concentrations (Cn) of
the rare-earth elements in the low-Mg (enclosed by solid lines) and
T-2 (enclosed by dashed lines) compositions of the Grande Ronde
Basalt of the Toe section.
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Consider examples: a mantle of mineralogy E (Table XIV) could yield

the high-Mg, low-Mg, and transitional compositions by single stage

(low-Mg) and two stage (high-Mg and transitional) melting of 25 -

28% at approximately 40 kb. In this particular case, the REE

characteristics of the source must vary considerably (e.g. the

(La/Sm)n must vary from 1.71 to 2.11). Alternatively, it is

possible to produce the basalts from a mantle of more uniform (but

still variable) REE characteristics if melting occurs at different

depths. For example, mantle mineralogy F (Table XIV) is capable of

producing the low-Mg and transitional compositions at about 30 kb

through single stage (21-23%) and two stage (25-28%) melting respect-

ively, and the transitional and high-Mg compositions at about 40 kb

through single stage (28%) and two stage (30%) melting, respectively.

Model 2 - Mantle Heterogeneities in Modal Mineralogy with Melting

at the same Depth

Examination of the melting models indicates that it is possible

to produce the basalts of all four magma types through single and

two stage melting at the same depth of a markedly heterogeneous

mantle. Melting would necessarily vary by as much as 10 percent

(e.g. from 21 to more than 28 percent). This necessity probably

poses the biggest problem for this particular model. If melting

is in response to upwelling from a common level, such a variation

in amount of melting would require that the magma separate at

significantly different depths. Such a process should be reflected
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in compositional differences in the basalts (Ringwood, 1975).

Examination of Ringwood's (1975) Figure 4-7 suggests, for example,

that if upwelling initiated from a depth of 150 km, 20% melting

would be achieved by approximately 20 km and the liquid would

correspond to a high-alumina olivine tholeiite. Thirty percent

melting would not be achieved until near the surface, where the liq-

uid separating would be a tholeiitic picrite. The rather uniform

compositions of the Grande Ronde flowrocks are not consistent with

such variations.

Model 3 - Heterogeneous Mantle with Melting at Different Depths

From the melting models it can be seen that although, for

example, there are successful models for producing the high-Mg

basalts at shallow depths (30 kb), there were more successful models

at 40 kb, primarily involving two stage melting (note narrow range

of (La/Yb)
n

in Table Va and the lack of significant crossovers in

Figure 30), generally greater than 25 percent. At this greater

depth, the T-1 flowrocks could be produced through lesser melting,

involving either single or two stage processes. The two stage melt

model is preferred because of the narrow range of (La/Yb)n (Table Vb)

and lack of crossovers in Figure 30. Note that Figure 30 implies

that the high-Mg compositions were produced by more extensive melt-

ing than the T-1, which have a higher overall level of enrichment of

the REE. If both the T-1 and high-Mg compositions are the result of
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Figure 30. A plot of Lan and Ybn for the T-1 (dashed lines) and
high-Mg (solid lines) compositions within the Grande Ronde Basalt
of the Toe section. Lines connect values for the same flowrock;
one standard deviation uncertainties are approximately + 1.0 for
both values. Note the different level of enrichment of the REE
for the two compositional types and the lack of significant cross-
over patterns (see text).
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two stage melting (+25%) at 40 kb, this is consistent with a max-

imum of approximately 12 percent garnet in the source rocks.

With regard to the low-Mg compositions, although successful

models for producing these basalts at 40 kb exist, more success was

obtained at 30 kb, primarily through single stage melting with garnet

still in the residuum (note broad range of (LaAb)n in Table Vc and

extensive crossover development in Figure 31) of about 16 - 23

percent. At this depth, the transitional composition T-2 could be

produced by greater degrees of melting, through either single or

two stage melting. Single stage melting for the T-2 is preferred

because of the broad range in (La/Yb)n (Table Vd) and the development

of crossovers in Figure 31, indicating that garnet was still present

in the residuum. Note that the lower overall enrichment of the REE

in the T-2 composition (Fig. 31) implies that this composition was

produced by greater degrees of melting than the low-Mg. If both

the low-Mg and T-2 compositions are the result of single stage

melting at 30 kb and 20-23% melting, this is consistent with a

minimum of 14 percent garnet in their source rocks.

Figure 32 graphically displays the model(s) just discussed.

It is assumed that melting begins when the upwelling mantle, approx-

imating adiabatic cooling, intersects the solidus (Verhoogen, 1954

and 1973). In this particular model, it is assumed that upwelling

is initiated from a region at least 30 km in thickness. For purpose

of discussion, consider two mantle parcels, So and S1. Both parcels
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Figure 31. A plot of Lan and Ybn for the T-2 (dashed lines) and low-
Mg (solid lines) compositions within the Grande Ronde Basalt of the
Toe section. Lines connect values for the same flowrock; one stan-
dard deviation uncertainties are approximately +1.0 for both values.
Note the different level of enrichment of the REE for the two comp-
ositional types and the extensive development of crossover patterns.
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Figure 32. Schematic portrayal for the generation of the low-Mg
(LM), high-Mg (HM), and transitional T-1 (T1) and T-2 (T2) chemical
types within the Grande Ronde Basalt of the Toe section. Two mantle
parcels So and Si rise adiabatically from the geotherm (G), inter-
secting the dry solidus ($) at Mo and M3 respectively, where melting
begins. At Ni, a portion of the magma produced by melting of So is
tapped in the melt range of 25-28% (probably after the disappearence
of garnet from the solid residuum), and rises as an independent
magma of T-1 composition. After further melting (up to 30%), a mag-
ma of high-Mg composition separates at M2. The low-Mg composition
separates from the S1 crystal-liquid mush at ML after 16-23% melting
with garnet still in the residuum; the T-2 composition is produced by
more extensive melting (greater than 23%) of Si with garnet still in
the residuum. These magmas ascend contemporaneously and independent-
ly as is indicated by the interlayering of surface flowrocks of the
respective compositions (see Table XVI).



Figure 32

P

T



155

rise along the adiabat until each intersects the solidus, where

melting begins. Because of a greater amount of superheat, So will

have the potential of achieving a higher degree of melting (Ringwood,

1975). At Mo, So begins to melt. The slope of the temperature

trajectory curve lessens because of the required heat of fusion

(Verhoogen, 1973). At Mi, with a degree of melting corresponding

to approximately 25-28 percent melt, probably beyond the disappear-

ence of garnet from the solid residuum, a portion of the liquid

separates as the transitional magma T-1. The liquid-crystal mush of

S
o

continues to rise and melt. At greater degrees of melting (+30%),

liquids separating (e.g. at M2) will ascend as the high-Mg composi-

tional type. A similar history is suggested for Si, however with

lesser amounts of melting. At m3, ascending Si begins to melt.

Melting continues to M4 (16-23%) where a portion of the liquid

separates as the low-Mg compositional variety. Further melting

(23-i%) yields the transitional magma T-2. Separation of magmas at

similar depths will yield similar major element composition (i.e.

tholeiitic) in spite of different amounts of melt (Ringwood, 1975).

As was implied above, the compositions of the T-1 and T-2

flowrocks are similar. The model above, however, suggests different

histories, requiring the T-1 magmas being produced through more

extensive melting (25-28%) than the T-2 magmas (23). Trace

element data are consistent with such a suggestion (e.g. the T-1

is higher in the compatible elements (Sc and Cr) and lower in the
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incompatible elements (La, Hf, and Th) than the T-2 composition.

More convincing evidence of the melting relations and the genetic

relations between the low-Mg and T-2 and between the high-Mg and

T-1 compositions can be seen in a plot of the total LREE (La + Ce +

Nd in ppm) against wt. percent P205. Beswick and Carmichael (1978)

demonstrated a consistent relation between these parameters, pointing

out that with increased melting, the relative concentrations of the

LREE and P20
5
decrease proportionally. Figure 33 demonstrates that

the low-Mg and T-2 compositions define a linear trend that is

distinct from the trend defined by the high-Mg and T-1 compositions.

Further, the T-2 and high-Mg compositions lie at the lower concen-

tration ends of their respective trends. This is consistent with

the above conclusions that the T-2 and high-Mg compositions represent

higher degrees of melting of the same sources that yielded the low-

Mg and T-1 magmas, respectively, at lower degrees of melting.

O'Hara (1970) demonstrated that the field of olivine expands

at higher pressures, resulting in higher normative olivine content

of magmas derived from greater depths. The high-Mg and T-1 magmas

are olivine normative while the low-Mg and T-2 are quartz normative

(Table IV).

Above I have implied that the respective magma types separate

as large single batches. The crossover patterns and different

levels of REE enrichment within the respective chemical types

would suggest that the liquid withdrawal was progressive, with
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Figure 33. Total LREE plotted against wt. % P205 for the Grande
Rd Basalt of the Toe section. Solid lines enclose the composi-

0.5

on e
tional fields of the various magma types. Note that the high-Mg and
T-1 compositions define a separate trend from that of the low-Mg and
T-2 compositions (see text).
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separate magma bodies detaching from a common crystal-mush diapir

as melting proceeds.

Because the liquids were being generated contemporaneously, it

is natural that we find them interbedded at the surface (Table XVI).

Because we have sampled flows derived from feeder dikes whose exact

location is unknown, it is impossible at this stage to relate

possible source variations on a geographic basis.

The above model represents an expression of the nature of

mantle heterogeneities and the magma genesis process for the Grande

Ronde Basalt. It should not be taken too literally, however, with

respect to modal mineralogy, REE concentration, or degree of melting.

The parameters should be regarded as approximations only, unique

solutions do not exist. However, the general model of independent

magma batches being derived from an enriched and heterogeneous

mantle probably applies to other basalts of the Columbia River

Basalt (e.g. the Saddle Mountains Basalt).
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APPLICATION OF STRONTIUM ISOTOPES TO MANTLE EVENTS

In some areas, regional variations in initial Sr ratios in

volcanic rocks have been found to correlate with their respective

Rb/Sr ratios, defining lines with positive slopes (e.g. Brooks et

al., 1976; James et al., 1976). Where mixing line relations have

been demonstrated not to exist, these linear plots have been inter-

preted as mantle isochrons (Brooks et al., 1976), yielding signif-

icant age information regarding the source region. Supposedly, if

a mantle region is at some time (to) homogenized with respect to

87$r/86$r but not to Rb/Sr, the Sr ratio of different portions of

this mantle will change as a function of the respective Rb/Sr ratios

(analogous to the development of whole rock or mineral isochrons).

If at some time (t
1
) after homogenization, magma genesis occurs

independently throughout this mantle region, the magmas in effect

"sample" the different portions of the mantle with respect to Sr

ratios and, with lesser representation, Rb/Sr. Plotting the initial

Sr ratio against Rb/Sr of the magmas (now flowrocks) derived from

this mantle system yields a linear array of data points, analogous

to an isochron plot, whose slope provides a meaningful age that

represents the time elapsed between the event that homogenized the

mantle and the magma genesis event.

Frequently, such plots show considerable scatter, reflected in

the uncertainties attached to the age (see plots in Brooks et al.,
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1976). Contribution to this scatter may come from a variety of

sources. First of all, the basic assumption of the isochron plot,

that of initial uniform Sr ratios within the mantle source rocks

must be met; if this condition is not met ages will be meaningless.

However, the domain(s) of homogenization may be smaller than the

scale of magma genesis. If the difference in 87Sr/86Sr between

these mantle domains is not large, the data may still yield a

positive slope, but show scatter as a result of the different domains

involved. An additional contribution to the scatter of points may

come from the Rb/Sr ratio. It is generally assumed that, as with

the Sr ratio, the Rb/Sr ratio of the derived melt is identical to

the source rocks. The characters of Rb
1+

and Sr
2+

are sufficiently

different that this assumption is probably not valid except for

large amounts of melt. The distribution coefficients for these two

elements are quite different in mantle phases (e.g. for Ca pyroxene,

Dsr = 0.05-0.5, DRb 0.001-0.0041 (Irving, 1978)) and therefore the

Rb/Sr of the magma will vary as a function of the percent of melting,

and will only approach the source value at amounts of melting ex-

ceeding 30-40% (see similar discussion regarding La/Sm, Fig. 16).

Variations by only a few percent in the amount of melting may pro-

duce measurable variations in the Rb/Sr. Because this ratio is not

the same as the source rock and only indirectly related to the Sr

ratio of the source rock, the isochron plot will exhibit scatter.

Additional scatter may result if the period of magma genesis is
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long, or episodic over a long period. Because the
87
sr/

86
Sr of the

source is changing with time, magma produced from this source at

widely spaced time intervals (on the order of several tens of

millions of years) will not lie along the same isochron and will

appear scattered relative to a single line. It is therefore quite

possible that through "improper sampling" by magma genesis, either

spatially or temporally, and Rb/Sr ratios that are not representative

of the source rocks, meaningful ages may be obscured. Alternatively,

it is possible that pseudoisochrons (Brooks et al., 1976) may

develop in a rock suite by processes that are unrelated to, or

independent of any homogenizing event. The mixing of varying amounts

of two endmember components may yield a linear array in
(87sr/86sr)o

Rb/Sr space, the slope of which is meaningless in terms of an age.

This is probably the case for the marked correlation between initial

Sr ratios and Rb/Sr for certain Grande Ronde flowrocks in central

Washington (Fig. 6b and Table IX), where mixing between basalt magma

and crustal rocks (i.e. contamination) is suspected. Examination

of McDougall's data for the southeastern portion of the Columbia

River plateau (Table VIII) reveals no significant trend that can

be interpreted as an isochron. Brooks et al. (1976) report an age

for the Columbia River Group (including basalts, andesites (?), and

dacites (?)) of 290+80 million years, derived from the data of

Hedge et al. (1970). Examination of the data from the CRB proper,

excluding the highly radiogenic Lower Monumental, Central Ferry,
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and Esquatzel Basalts, indicates that several "mantle isochrons"

could be drawn, however, the lack of transitional data points would

reduce the lines to "two-point" isochrons, suggesting that they are

not meaningful. It would appear from Figure 34 that homogenization

of Sr isotopes within the mantle source regions of the CRB did not

take place on the scale of that represented by the dike swarms

(Fig. 1). This would be consistent with the limited mobility of

Sr in the mantle as indicated in an earlier chapter and as discussed

in detail by Hofmann and Hart (1978). Examination of a series of

flowrocks from a particular section (e.g. the three sections of

McDougall, 1976) indicates that mantle isochrons are not applicable

on the local scale either. As indicated previously, however, flow-

rocks making up a section may represent independent magmas. Further,

these basalts may have flowed considerable distance from their

respective vent areas. It is therefore not an a priori conclusion

that all the flowrocks in a section were derived from the same source

or, for that matter, that there is necessarily a geographical relation

between where the basalt is sampled and its respective source area

(i.e. establishing regional geochemical trends or lack of trends

(James et al., 1976) based on flowrock sampling is not justified).

It is suggested that testing for geochemical trends and for mantle

isochrons may be best accomplished by analyses of feeder dikes (e.g.

within the Chief Joseph swarm) where a spatial framework exists for

the interpretation of the data.
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Figure 34. A plot of initial Sr ratios against Rb/Sr ratios for
flowrocks in the Picture Gorge Basalt (PG), in the Grande Ronde
Basalt in the Vantage section (GRBv), the Rattlesnake Creek section
(GRBr), and the Imnaha Valley section (GRBi) (see McDougall, 1976),
in the Wanapum Basalt (WB), and the Saddle Mountains Basalt (SMB).

Bars indicate intraformational or within section variations. With

the exception of some analyses in the Saddle Mountains Basalt, all
data from McDougall (1976).
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CONCLUSIONS

1. The Sr ratios determined in this study for the Columbia River

Basalt vary from 0.7038 (Picture Gorge) to 0.7147 (Esquatzel).

2. The Sr ratios of the Picture Gorge (less than 0.704) and Saddle

Mountins Basalt (greater than 0.707) are unique to these respective

formations. The Sr ratios of the Grande Ronde (0.7043-0.7059) and

Wanapum (0.7043-0.7054) Basalts overlap and cannot be used to dis-

tinguish them.

3. Correlation arguments based on initial Sr ratios document that

the Elephant Mountain and Pomona chemical types of the Saddle Moun-

tains Basalt, previously recognized only in the central plateau

region, occur as intracanyon basalts along the Snake River.

4. Recognition of the fact that in addition of the Grande Ronde

and the Wanapum Basalts, the Elephant Mountain and Pomona chemical

types also vent from within the Chief Joseph Swarm indicates that

the variation of Sr ratios of magmas produced beneath this major

dike swarm varied from 0.7043 to 0.7082 (+0.0002).

5. Independent evolution and overlapping eruptions of the Picture

Gorge and Grande ronde Basalts were indicated by apparent inter-

bedding of these two major chemical types. Analyses of these inter-

bedded rock types for their respective Sr ratios yielded values of

0.7038 (Picture Gorge chemical type) and 0.7049 (Grande Ronde chem-

ical type), consistent with the earlier interpretation.
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6. The suggestion that the variation of Sr isotopic composition may

be the result of disequilibrium melting (i.e. the Sr ratio of the

melt is not the same as the source from which the melt is derived)

rather than reflecting a heterogeneous source region is not supported

by the available experimental data. Producing a melt that has a Sr

isotopic composition equal to the source region requires that all

solid phases have equal Sr ratios. Such equilibration is the result

of diffusion. The rate of diffusion is influenced by concentration

and chemical potential gradients, the mechanism(s) of diffusion,

pressure, and most importantly, temperature. The diffusion coeffi-

cient varies from about 10 13cm2/sec at 800°C to about 10-6cm2/sec

at 1400°C. Calculations of equilibration times for these diffusion

coefficients as a function of grain size indicates that at 1200°C

(minimum temperature for the source region of basaltic magmas) equi-

libration between grains less than one cm in diameter will equili-

brate in less than 106 years, whereas at 800°C (characteristic of the

lithospheric mantle), equilibration between mineral grains greater

than one mm will require more than 10
8.5

years. The implications

are that within the source regions for basaltic magmas, disequili-

brium between adjacent mineral grains do not develop. Under these

conditions, the melt produced will have a Sr isotopic composition

equal to its source. In the mantle and crust of the lower tempera-

ture lithosphere, diffusion is too slow to continuously randomize

Sr ions and disequilibrium of Sr ratios will prevail between co-
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existing mineral phases. Under these conditions, the melt produced

may have a different Sr ratio than the source region.

7. Within the Grande Ronde Basalt, the lack of general correla-

tions between the initial $r ratio and Sr content, 1/Sr, Si02, K,

MgO, CaO, Rb/Sr, and K/Rb, the observations that flowrocks of marked-

ly different compositions (major element) have identical Sr ratios,

and the lack of a correlation between Sr ratio and stratigraphic

position (erupted sequence), do not support a contamination model

to explain variations in the Sr ratio within most of the Grande

Ronde sequence.

8. Several of the flowrocks within the Grande Ronde Basalt of central

Washington define mixing lines (r = .9+) between initial Sr ratio

and K and Rb/Sr, and between Si02 and MgO, CaO, Na20, K20, and ini-

tial Sr ratio. Such impressive covariations between isotopic comp-

osition and major and trace elements are consistent with contamina-

tion of mafic magma.

9. The relatively high initial Sr ratios of the Pomona (0.7077 -

0.7078) and Elephant Mountain (0.7078 - 0.7081) Basalts of the Saddle

Mountains formation are representative of the mantle source regions.

This conclusion is supported by the uniform Sr ratios in spite of

significant variations in major element and trace element composition

18
(including differing Sr concentrations) and the low 4180 values

(+6.24 - +6.36) (SMOW), identical to values measured for the Picture

Gorge Basalts (+6.24).
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10. In contrast to the uncontaminated Pomona and Elephant Mountain

compositions, the highly radiogenic Saddle Mountains flowrocks (i.e.

the Esquatzel - 0.7145; the Central Ferry - 0.7131; and the Lower

Monumental - 0.7109) define excellent mixing lines when initial Sr

ratio is plotted against Si02, K20, Mg0, and Ca0 and probably repre-

sent contaminated lavas. Assuming a continuation of radiogenic

Precambrian crustal rocks from western Idaho-eastern Washington

beneath the plateau, calculations indicate that contamination of

magma(s) having Elephant Mountain Sr isotopic and major element

compositions could produce, through increasing amounts of contamina-

tion, the Lower Monumental, the Central Ferry, and the Esquatzel

flowrocks by incorporation of 5.1 to 10.6 weight percent of a melt

produced by disequilibrium fusion in the country rocks, or by direct

assimilation of 4.4 to 9.4 weight percent of the invaded country

rocks. High ('180 values (+6.28 - +7.68) in the intracanyon basalts

are consistent with contamination. However, these data combined

with a lack of mixing relations in terms of trace elements and a

marked age difference (6 m.y.) suggests that contamination acted on

independent magmas derived from beneath the plateau. The composi-

tions of the Saddle Mountians Basalt reflect differing amounts of

contamination (from insignificant for the Elephant Mountain and

Pomona to as much as 10 percent for the esquatzel) acting on

independent magmas.

11. The apparently uncontaminated basalts of the Grande Ronde
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Basalt vary in initial Sr ratio from 0.7043 to 0.7055, are enriched

relative to chondrites in total REE (Ybn = 12.1 - 19.7 +1.0) and are

LREE enriched ((La/Sm)n = 1.87 - 2.31 +.07).

12. The chemical types in the Grande Ronde Basalt, recognized

earlier on the basis of major element composition (e.g. the high-Mg

and low-Mg chemical types) are reflected in the trace elements. The

high-Mg has La 19.0, Yb 2.65, Sc 34.8, (La + Ce + Nd) = 73-81,

and up to nine percent normative olivine. The low-Mg has La > 24.5,

Yb > 3.0, Sc 33.4, (La + Ce + Nd) = 101-123, and up to five percent

normative quartz. In addition, major elements and trace elements

require the existance of two transitional compositions, T-1 and T-2,

whose overall compositions lie between the high- and low-Mg values,

differing from one another in terms of REE patterns, LREE content,

and normative mineralogy.

13. Chondrite-normalized REE plots display significant differences

in the overall level of REE enrichment, rather uniform slopes within

the diagram, the development of crossover patterns between pairs of

flowrocks, and no Eu anomalies.

14. Models attempting to explain the compositional variation of the

Grande Ronde Basalt through progressive Rayleigh fractionation of a

single magma chanber were unsuccessful. The amount of olivine

fractionation required to produce the overall enrichment of REE

is 40+ %. Such a large amount is inconsistent with the small range

of Mg0 (5.28 - 3.52 %) observed. Further, olivine fractionation
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cannot produce the observed La/Sm variation. The only minerals

capable of producing the observed variations by fractionation are

clinopyroxene or garnet or an assemblage containing both. Some 60-

65% fractionation is required, however, and is not consistent with

the small variations in Sc, Cr, or Yb.

15. The crossover pattern in the REE plots require that melting

occurred in the garnet stability field.

16. The high (La/Sm)n ratios require that the source region of the

Grande Ronde Basalt was LREE enriched.

17. Variable melting of a uniform mantle to account for the trace

element variations requires varying the amount of melt from 10-15%

to 25-30%. Such a variation would produce a significant range in

the slopes of the REE plots. This is not observed.

18. Trace element modeling suggests that heterogeneities exist in

the mantle both in terms of mineralogy (with garnet up to 10-12%

and with garnet less than clinopyroxene) and level of trace element

enrichment. Variations in initial Sr ratios confirm this.

19. The relatively unfractionated HREE patterns and small variations

in (La/Yb)
n

suggest that garnet is nearly or completely consumed by

the melting process. Two stage melting beyond the consumption of

garnet changes the slope of the REE plots very little, but may

significantly lower the overall level of total REE enrichment. Such

a model is consistent with the different levels of total REE

enrichment.



170

20. Modeling using varying mantle mineralogy, levels of REE enrich-

ment in the source, and differing eutectic melting proportions,

indicate that the high-Mg and T-1 magmas could be produced by two

stage melting (28-30% and 25-28%, respectively), while the low-Mg

and T-2 magmas could be produced by melting at shallower depths

and lesser amounts (16-23% and 23+ % melt, respectively) with garnet

still in the solid residuum. It is suggested that these four magma

types erupted approximately contemporaneously, interbedding at the

surface.
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APPENDIX I: ANALYTICAL PROCEDURES

Many of the samples analyzed in this study were powder splits

from samples previously analyzed by the U. S. Geological Survey and

provided by Don Swanson (Menlo Park, Calif.) and Tom Wright (Reston,

Va.). Most of these samples were examined in thin section at Menlo

Park, those that exhibited extensive alteration or secondary mineral-

lization were rejected from Sr analysis. Samples collected during

this study were carefully chosen to be as representative of the bulk

rock as possible and to be devoid of weathered surfaces. Whenever

possible, samples were obtained from the lower portions of the colo-

nade. Samples were split approximately five to ten mm size; frag-

ments with weathered surfaces were discarded. Approximately 50 -

100 g of the rock chips, handpicked to be representative and as

fresh as possible, were ground to less than 150 microns (-100 mesh).

About 500 milligrams of the well-mixed powder of the sample was

placed in a teflon beaker with 30 ml of double-distilled HF. The

solution was heated and allowed to reflux at sub-boiling temperatures

with a teflon cover. The cover was then removed and the solution

was evaporated to dryness. To the dry residue was added 30 ml of

Hf and 4 ml of HC10
4'

The resulting solution was allowed to reflux

as above and then taken to dryness. To this residue, was added

30 ml of 6N HC1. Normally the sample would be taken into solution

at this point. If a residue remained or a precipitate formed, the

previous step was repeated. Problems were generally the result of
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insufficient HC10
4 to convert the sample to perchlorates, or the

HF-HC104 solution was not taken completely to dryness. The HC1

solution was allowed to reflux and then taken to dryness. The

resulting residue was taken into solution (sometimes with the aid of

a few drops of HC1) in 30 ml of double-distilled water.

For the purpose of Sr separation, ion exchange columns were

prepared using teflon tubing with an inner diameter of one centimeter

filled with approximately 35 cm of Dowex 50 (8x) resin. The columns

were stripped with 150 ml of 6N HC1 and then backwashed and allowed

to settle in double-distilled water.

The sample, dissolved in distilled water, was loaded on the

column, taking care to disturb the settled resin as little as possi-

ble. The columns were eluted according to the procedure outlined

below. The aliquot containing the Sr was determined by qualitative

atomic absorption analysis. After the exchange columns were thusly

calibrated, the elution procedure was duplicated for each sample,

saving the same aliquot for Sr analysis.

Elution Procedure:

1. 200 ml 1.0 N HC1 - discard

2. 200 ml 2.0 N HCl - discard

3. 100 ml 2.0 N HCl - save for analysis

The 100 ml aliquot was taken to dryness. Approximately 2 ml of

HC104 were added (to remove the resin) and the solution was refluxed

and taken to dryness. Three ml of HNO
3

was added to the residue,
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the solution allowed to reflux and evaporated to dryness. This step

was then repeated. The final residue was taken into a solution of

approximately 200 microliters of 2% HNO3.

Five microliters (approximately 2.5 micrograms of Sr) of the

solution was placed on each of two previously baked-out rfenium

filaments. The sample solution on each filament was evaporated

under a heat lamp by passing a current through the filament. The

sample filaments were then mounted in a sample block equidistant from

a centrally located ionizing filament.

The sample block was loaded into a single focusing, solid

source spectrometer with a 30.5 cm radius of curvature, 90 degree

extended flight path analyzer tube at the mass spectrometer at

Oregon State University (see Senechal and Dasch, 1974).

Run procedures were duplicated as closely as possible for each

sample to minimize errors resulting from variations in experimental

procedures. The run procedure is enumerated below.

1. Set ionizing filament to 1700°C, sample filaments to

approximately 0.6 amperes.

2. At five minutes, the sample filaments are turned up evenly

to a detectable
88

Sr signal. The grid signal was then adjusted to

approximately 30 mV, all adjustments accomplished by increasing the

current to the side (sample) filaments.

3. At ten minutes, the Sr-88 peak was centered and rough

focused. Sample filaments were turned up so that the grid signal
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was approximately 100 mV.

4. At 15 minutes, the grid signal, generally growing slowly,

was adjusted, if needed, to 150 + 10 mV. The peak (Sr-88) was fine-

focused at this point.

5. At 20 minutes, the Sr-88 peak was centered and, if necessary,

the grid signal was adjusted to 200 + 10 mV.

6. At 25 minutes, the grid signal was generally 225 + 25 mV.

The peak (Sr-88) was centered and baseline information was taken.

7. At 30 minutes, the peak centering was checked and data

acquisition begun.

During the early portions of this study, data acquisition was

entirely operator controlled. The 88 mass position was located by

adjusting the gaussmeter; switching to different mass positions was

accomplished by varying the magnet power supply through offset

potentiometers. The operator controlled the mass signal to be

measured by physically switching from one mass position to another.

The analog voltage signals were displayed on an expanded scale strip

chart recorder. The 88, 87, and 84 mass positions were measured

relative to the 86 mass signal and were acquired in symmetrical

blocks (i.e. the sequence and number of ratio pairs measured were

five 88/86, five 87/86, ten 84/86, five 87/86, and five 88/86).

During the operator-controlled period of data acquistion, the mass

signal was measured over a period of 30 seconds then switched to the

other mass position being measured for 30 seconds. The sequence
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for the 88/86 block, for example, was 86/88/86/88/86/88/86/88/86/

88/86. This allowed the direct comparison of the 88 signal and the

86 signal at the same time by reading the 88 signal directly and

measuring the 86 signal at that instant indirectly by extrapolating

between adjacent 86 peaks.

Within run isotopic fractionation was corrected for by normal-

izing the 88/86 ratio to a value of 8.3752. After accounting for

variations in mass differences (e.g. the 87-86 mass difference is

half the 88-86 mass difference), a correction factor was applied

to the 87Sr/86Sr ratio.

During some sample runs, Rb was detected (generally manifest as

a high rapidly decaying grid signal early in the run). The amount of

87
Rb in the 87 mass position was evaluated by measuring the signal

in the 85 mass position (Sr does not have a naturally occuring

isotope with a mass of 85) and calculating the amount of the 87 mass

signal that is 87Rb from the relation 87Rb = 0.38562(85Rb). The

85 signal was measure immediately before and after the 87/86 block

and a linear vaiation of the 85 signal through the block was

assumed.

During the latter part of this study, the mass spectrometer was

interfaced with a Hewlett-Packard computer (HP-9830) whereby the

data acquisition (including baseline information and Rb corrections

as required) was computer controlled and the data converted to

digital output. Digitization is accomplished by converting the
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analog voltage signals to a frequency, which is proportional to the

strength of the analog signal, and the frequency in turn, is con-

verted to digitized output. Data acquisition is accomplished in

five ratio pairs, in the same block symmetry as before. Each peak

value is the average of ten signal counts made after a delay of

15 seconds after peak switching to allow for stabilization of the

signal.

During both phases of data acquisition, peaks (signals)

showing marked instability or a sudden high intensity signal (spike)

were rejected from data consideration.



APPENDIX II: ASSUMPTIONS AND CALCULATIONS PERTAINING

TO CONTAMINATION MODELS

1. The Pomona and Elephant Mountain Basalts represent

uncontaminated flowrocks derived from the subcontinental mantle

(i.e. a portion of the subcontinental mantle beneath the plateau

is characterized by having a 87Sr/86Sr ratio of 0.7078).

199

2. The Precambrian basement rocks exposed in western Idaho

(Armstrong, 1975) are possible contaminants to ascending mafic magma.

Assumptions Applicable to the Disequilibrium Model:

3. Contamination is accomplished by melting 25 percent of the

country rock. Because the temperature of the country rock is less

than 800°C it is further assumed that the melt is extracted without

equilibration of melt and solid residuum (see text).

4. The major element composition of the extracted melt is

represented by the analyses of Al-Rawi and Carmichael (1967).

5. Based upon the observations of Al-Rawi and Carmichael

(1967), the 25 percent melt contains 20 volume percent biotite

(i.e. of the 25% melted, 5% was biotite).

From these assumptions and the data of Armstrong (1975), the

Sr concentrations and Sr ratio of the contaminating liquid can be

calculated from the equations of Pushkar (1972), Faure et al. (1974),

and Boger and Faure (1974).
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From the equation

SrM = srs(p/(p+i)) + SrB(1/(P4.1)) II-1

where S
M'

Sr
S'

and Sr
B represent in this case the Sr concentrations

of the mixture (i.e. the contaminant), biotite, and the country rock

(Armstrong, 1975), respectively. P corresponds to the ratio of the

weight of the biotite per unit weight of the uncontaminated melted

/ Ncountry rock (density equals about 2.6 g/cm3). The density of

biotite is approximately 3.0 g/cm3. Assuming 20% of the melt is

biotite, for every cm3 of melt, o.6g consists of biotite. P there-

fore is calculated as

P = 0.6g/2.6g = 0.23

substituting this value and the average values from Armstrong (1975)

for Srs (biotite Sr content = 7.75 ppm) and SrB (country rock Sr

content = 117.25 ppm) into equation (II-1) yields

SrM = 97 PPm

The 87Sr/86Sr ratio of the contaminating mixture can be calc-

ulated using the equation

(87sr/86,_) SrwR (87sr/86,r) PSr /87
Sr/

/86
Sr)

C 11-2SrwR PSr0 Sr
WR

PSr
c

where the subscripts M, WR, and C correspond to the contaminating

mixture, whole rock, and biotite values, respectively (averaged from

Armstrong, 1975). In addition to the values already given, the

87Sr/86Sr ratio of the whole rock and biotite are 0.835 and 1.49,
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respectively. Direct substitution yields

(87sr/86sr)14
= 0.842

Using these calculated characteristics of the contaminant and

the averaged characteristics of the Pomona and Elephant Mountain

Basalts (McDougall, 1976 and Table VI), the weight percent of the

contaminant required to produce the Sr ratio of the flowrocks in

question can be calculated.

For the Lower Monumental Basalt (Sr ratio = 0.7109), using

the Pomona and Elephant Mountain values (Sr ratio = 0.7078 and

Sr content = 217 ppm), P can be calculated from equation (I1-2)

by appropriate substitution.

0.7109 = 217 (0.7078) + P(97) (0.842)
217 + P(97) 217 + P(97)

P = 0.054

Recall that P corresponds to the ratio of the weight of the

contaminant (here the country rock, corresponding to approximately

2.6 g/cm3) to the unit weight of the uncontaminated magma. The

density of the Columbia River Basalt at 11000C is approximately

2.62 g/cm3 (Murase and McBirney, 1973). Because these densities

are the same, P corresponds to the approximate weight percent of

the contamination. Consequently, the Lower Monumental isotopic

composition could be explained by 5.4 weight percent contamination

of a magma having the characteristics of the Pomona and Elephant

Mountain magmas by the contaminant described. Similar calculations
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suggest that the Central Ferry Basalt (0.7131) requires 9.2 weight

percent contamination (P = .092) and the Esquatzel Basalt (0.7145)

requires 11.9 weight percent contamination (P = .119).

The composition of the hypothetical parent magma can be cal-

culated from the mass balance equation

x
parent Xmix(I) 4. 1) xcOntp n-3

where X
mix

and X
cont refer to the composition of the mixture (i.e.

the contaminated magma) and the contaminant, respectively. The

results of such calcualtions were given in Table X.

Assumptions Applicable to the Bulk Assimilation Model

6. Contamination occurs by stoping of blocks of the country

rock that are then completely digested by the magma.

7. The composition of the country rock is approximated by

the average of a biotite adamellite and biotite granodiorite from

analyses given by Nockolds (1954). This composition is given in

Table XI.

The contaminant in this model is the country rock itself, having

a Sr concentration of 118 ppm and a Sr ratio of 0.835 (Armstrong,

1975). Calculations using equation 11-2 indicated that the Lower

Monumental Basalt would require 4.6 weight percent (P = .046), the

Central Ferry Basalt 8.0 weight percent (P = .08), and the Esquatzel

Basalt 10.4 weight percent (P = .104) assimilation. The major ele-

ment composition of the parent magma (from 11-3) is given in Table XI.
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APPENDIX III: TRACE ELEMENT MODELING

Partition Coefficients

Trace element modeling of petrologic processes has an advantage

over major element modeling because the trace elements occur in such

low concentrations (i.e. they represent a dilute solution) that

their activities are proportional to their respective mole fractions

(Drake. and Weill, 1975). This ideal behavior is described by Henry's

Law

a. = k.X.
1 1

whereaiandX.are the activity and mole fraction of component i

in the solution. The Henry's Law constant, k., is independent of

Xi. It is however, a function of pressure and temperature (O'Nions

and Pankhurst, 1977). In addition, the activity of component i is

a function of the sites available, extent of polymerization of the

liquid, and charge balancing required during exchange reactions

(Kerrick and Darken, 1975).

The partitioning of a trace element between coexisting phases

is described by the Nernst distribution coefficient Di,

D?/1 = (C?/C)

whereCiandC.1 are the concentrations of trace element i in phases

s and 1 (solid and liquid, respectively).

The relation of D to the fami]iar equilibrium constant K can be
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seen in the expression

In K = ln((a
productsMareactants ))

At low concentrations, the activities are proportional to concentra-

tions and therefore D is proportional to K (see discussions in

O'Nions and Pankhurst, 1977; Wood and Fraser, 1977; and Arth, 1976).

The relation between D and K implies that D may not be constant

during changing conditions (because K has been demonstrated to be

a function of temperature and pressure). Consequently, D also may

vary with temperature and pressure (Irving, 1978; Long, 1978;

Mysen, 1978a; and Navrotsky, 1978). In addition, the D values of

various trace elements may vary as a function of oxygen fugacity

(Drake and Weill, 1975), the sites available in the magma (Burns,

1973; Ryerson and Hess, 1978; and Irving, 1978) and in the crystal

structure (Burns, 1970; Mysen, 1978a; Onuma et al., 1968; Higuchi

and Nagasawa, 1969; Jensen, 1973; and Kerrick and Darken, 1975),

site distortion (Burns, 1973), and possibly dislocation densities

in the crystalline phases of interest (Buseck and Veblen, 1978 and

Navrotsky, 1978).

Another parameter that has been demonstrated to influence the

value of D and one that is currently receiving considerable attention

is the composition of the phases present. Irving (1978) reports

that certain compositional characteristics of the melt (e.g. alkali

content, alkali/A1, Mg/Fe, Si /0, P, H20, C12, and others) strongly
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influence the D value in that they effect the polymerization of the

liquid (see also Ryerson and Hess, 1978). Long (1978) notes that the

partitioning of Rb, Sr, and Ba between alkali feldspar and a

synthetic granitic melt was influenced by the composition of the

feldspar and the concentration of other minor and major elements.

Mysen (1978a) interpreted such behavior as the result of competition

between the element of concern and an additional element for the

same lattice site.

Drake and Weill (1975) suggested that the partitioning of an

element between a melt and an alumino-silicate solid phase could be

described by the equilibrium equation below, where M is the element

of concern.

0(1) + Al
2
0
3(1)

2SiO
2(1)

= MA1
2
Si

2
0
8(s)

The equilibrium constant for this reaction is expressed as

(MA12Si208)s

(MO)
1
(Al

2
0
3

)
1
(SiO

2
)
2

Recalling that the distribution coefficient is proportional to K,

it is apparent that the partitioning of M between the coexisting

solid and liquid phases is a function of the activities of alumina

and silica in the liquid (Drake and Weill, 1975). With respect to

the REE, these authors suggest that D does not vary significantly

over the compositional range of ordinary rocks. Irving and Frey

(1978) demonstrated, however, a difference of a factor of ten in
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the D values of the REE in garnet (particularily with respect to the

LIME) as a function of bulk composition. An earlier paper by these

authors (Irving and Frey, 1976) reported significant variations in

the D values for Sm and Yb as a function of SiO
2

content. With

increasing Si02 from basanite through hawaiite to andesite, these

authors report a variation in D
Sm

from 0.10 to 1.28 and in D
Yb

from

from 6.5 to 56 (all with respect to garnet). Such a large variation

in silica content is not observed in the Grande Ronde Basalt,

consequently such variations in D values are not expected. In

addition, the D values of the REE do not demonstrate significant

variations over the range of magmatic temperatures (Drake and

Weill, 1975). It has been further noted that the range of constant

D (i.e. Henry's Law behavior) is extended at higher temperatures

(Mysen, 1978a). Consequently, the concentration range over which

the D values for the REE are constant should be greater for basaltic

rocks (higher liquidus temperatures).

Several authors have demonstrated a dependence of D on the

concentration of the trace element in the coexisting phases (e.g.

Shaw, 1977; Long, 1978; and Mysen, 1978a). With respect to the REE,

Mysen (1976 and 1978a) noted a general decrease in D
Sm

for olivine

and orthopyroxene with increase in Sm concentration in the system.

Given the uncertainties associated with reported D values

(see Shaw, 1977 and Drake and Holloway, 1978), it is apparent that

care must be exercised in interpreting models in which D values have
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been applied. Certainly it is imperative that the D values used are

consistent with the temperature-pressure-composition characteristics

of the system investigated. It will be demonstrated below, however,

the uncertainties in D values pose less problems when one deals with

element ratios (e.g. (LaiSm)m) or overall REE patterns.

The D values used in the majority of the models generated in

this report are those compiled by Arth and Hanson (1975) and are

given in Table XV. It is considered unlikely that the actual D

values varied significantly because of the lack of evidence for

significant temperature variation and the small variation in major

and trace element composition in the Grande Ronde Basalts. For

example, Mysen (1976) found little variation in Dsm for olivine and

orthopyroxene at concentrations less than 20 ppm. The concentration

range of Sm in the Grande Ronde flowrocks is 5 - 8 ppm.

In an effort to evaluate the effect of variable D values on

the models used in this study some of the models were calculated

using first the D values of Arth and Hanson (1975) (Table XV), and

then using the D values compiled by Leeman et al. (1977) (Table XVI).

The results of these comparison calculations will be discussed

individually below.

Crystal Fractionation

It is assumed that crystal fractionation is accomplished by

crystals growing and immediately sinking through the magma (i.e.

are prevented from further equilibration with the magma). Thus
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Table XVII. Distribution coefficients (solid/liquid) for the rare
earth elements for mantle phases (from Arth and Hanson, 1975).

REE Olivine Orthopyroxene Clinopyroxene Garnet

La
*

.007 .020 .05 .014

Ce .007 .024 .07 .028

Nd .007 .033 .12 .068

Sm .007 .054 .18 .29

Eu .007 .054 .19 .49
*

Tb .009 .12 .21 1.8

Yb .014 .34 .16 11.5

Lu .016 .42 .13 11.9

* Estimated by the author for use in this report.

Table XVIII Distribution coefficients (solid/liquid) for the rare
earth elements fro mantle phases (from Leeman et al., 1977).

REE Olivine Orthopyroxene Clinopyroxene Garnet

La .007 .005 .069 .004

Ce .007 .006 .098 .008

Nd
*

.007 .008 .120 .050

Sm .007 .013 .260 .210

Eu .007 .014 .260 .420

Tb .009 .021 .310 1.60

Yb .014 .056 .290 9.30

Lu .016 .068 .280 10.5

* Estimated by the author for use in this report.
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the fractional crystallization process is described by the Rayleigh

Law (Allegre et al., 1977; Gast, 1968; and Arth, 1976) given as

C
1

= C
o
F(D 1)

where F is the proportion of liquid remaining, C1 and Co are the

concentrations in the liquid atfter and before fractionation,

respectively. D is the distribution coefficient for the phase(s)

separating. If more than one phase is involved, than D represents

the bulk distribution coefficient D
b
where

Dx-y
W DX/1 W

D5././1

x i y

in which W
x

and W represent the weight proportions of phases x and

y,respectively,andp.x/1 and Di/1 represent the solid/liquid dis-

tribution coefficients for trace element i in phases x and y.

In the text, the Cr and Sc variations in the Grande Ronde

Basalt were used to evaluate the amount of fractionation possible in

these flowrocks. D values used were as follows:

Cr Sc

5 - 10 kb (Allegre et al., 1977) 5-10 kb (Allegre et al.,1977)

Do1/1

D°13x/i= 2.8

DcPx/i= 15

D
ot /1

= 0.35

D
opx/1

= 1.2

D
cpx/1

= 3.1
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13.5-20 kb (Rinwood, 1975) 13.5-20 kb (Allegre et al., 1977)

D
cpx/1

18 D
cpx/1

D
opx/1

=

40 kb (Ringwood, 1975)

D
cpx-gt/1

= 7.0

D
opx/1

1.2

An example of the modeling can be seen from the consideration

of how much of the intermediate pressure (13.5-20 kb) assemblage

(Opx70Cpx30) must be removed to produce the observed Sc variation.

The bulk distribution coefficient is calculated as follows:

opx-cpx/1 px px
D
b
Sc

= W D° + W Dc
opx Sc cpx Sc

= 0.7(1.2) + 0.3(3.1)

= 1.77

Using the Rayleigh Law, and assuming Co = 40 (highest concentration

of Sc in the Grande Ronde Basalt) and C
1
= 30 (lowest concentration

in the Grande Ronde), F can be calulated as follows

30 = 40F(1.77 1)

yielding

F = .69

implying that 31 percent of the magma must be removed as the

assemblage modeled to account for the observed Sc variation.

If we are instead concerned with the change in the ratio of

two elements (e.g. La/Sm) during fractionation an expression can

be derived by first expressing La and Sm in terms of the Rayleigh
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Law.

Lai = La
o
F(DLa 1) (III-1)

Sm1 = Sm
o
F(DSm 1) (III-2)

Dividing the first by the second and rearranging yields

(La /Sm)1 = (La/Sm)0F((pLa- 1) - (DS m-
1) )

(III-3)

If we apply equation (III-3) to the previous example, we can

determine what effect the 31% fractionation of the assemblage

Opx
70
Cpx

30
would have on the La/Sm ratio of the liquid.

Assuming (La/Sm)0 = 2.00 (chondrite normalized), F = .69, and

calculating appropriate Db values for La and Sm, substitution yields

(La /Sm)1 = 2.05. As was argued in the text of this report, this

variation in (La/Sm) is considerably less than the overall observed

variation in the Grande Ronde Basalt. Therefore, fractional

crystallization cannot simultaneously explain the Sc and La/Sm

variations.

The possible variation in D values was evaluated for the

fractionation models and was found to produce insignificant

variations, or, the variations produced did not alter the conclusions

reached in the text. Consider the example just used. If we sub-

stitute D
Opxm

Sm
/1

= 0.056 (Mysen, 1976) and D
Cpx/1

= 0.26 (leeman et
S

al., 1977) for the previous DT/1 value used, the resulting La/Sm

in the liquid after 31% fractionation is 2.07 as compared to 2.05.

Consider Figure 10 which contains a plot of (La/Sm)n against
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amount of clinopyroxene fractionation. The conclusion drawn from

this diagram was that the amount of Cpx fractionation required to

produce the observed (La/Sm)
n
was excessive when other trace element

variations were considered. The D values used in that figure were

from Arth and Hanson (1975). Table XVII shows the variation in this

ratio as a function of clinopyroxene fractionation using different

loppSm x
values. The conclusion that the amount of clinopyroxene

fractionation required is excessive appears to remain valid.

Table XIX. The variation in the (La/Sm) ratio with progressive
fractionation (decreasing F) of clinopyroxene, using different D
values for Sm (D1 = .09 (Mysen, 1978b); D2 = .18 (Arth and Hanson,
1975); and D3 = .26 (Leeman et al., 1977). In all examples,
(La/Sm)0 = 1.87.

F D1 D2 D3

.9 1.88 1.90 1.91

.8 1.89 1.93 1.96

.7 1.90 1.96 2.02

.6 1.91 2.00 2.08

.5 1.92 2.05 2.16

.2 1.99 2.31 2.62

Melting Models

The behavior of trace elements during partial melting has been

described by Schilling and Winchester (1967), Gast (1968), Shaw

(1977) and others. Equations have been developed for the cases
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where the liquid is continuously separated from the solid as it is

formed, either evolving independently or accumulating in a separated

magma chamber, and where the liquid remains in equilibrium with the

solid until the magma separates. It is probable that the latter

case, or batch melting, more closely approximates magma genesis

(Shaw, 1977).

The batch melting equation can be developed through modification

of simple mass balance relations. Consider the equation below,

Co = CIF Cs(1 - F)

which states that the initial composition of the system (Co) must

equal the composition of the liquid produced (C1) times the propor-

tion of liquid produced (F) plus the composition of the solid (Cs)

times the proportion of solid remaining (1 - F). We can further

define the bulk distribution coefficient as

Db = Cs/C,

substituting for Cs and rearranging we have

C
o

= C
1
(D

b
F(1 - D

b
)

Equation (III-4) can be used to calculate the concentration

of a trace element in the liquid produced by modal melting of a

known parent. If the more general nonmodal melting is to be con-

sidered, equation (III-4) must be modified (Shaw, 1977). We must

define new bulk distribution coefficients,
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D
B

= jDi

P = 1E piq (III-6)

where W. refers to the weight proportion of solid phase j, p. refers

to the melting proportion of solid phase j, and 14 refers to the

distribution coefficient for trace element i for j. Substituting

appropriately (Leeman et al., 1977; Shaw, 1977) yields

C1 = Co/(DB + F(1-P))

Equation (III-7) is capable of modeling trace element

behavior for nonmodal batch melting as long as all phases initially

present (i.e. accounted for in D
B

and P) remain in the residuum.

As soon as one phase is consumed by melting, the equation is no long-

er applicable. The melting limit (Film) is set by

F
lim

= W./p.
J J

The solid phase for which this expression has the smallest value

will be the first phase to be completely consumed. After this phase

disappears, the equation must be modified to account for differing

W. p. , and if appropriate, Di values. Hertogen and Gijbels (1976)

have derived an expression for two (and more) stage melting. The

situation is illustrated below (Table XVIII).

Consider a garnet lherzolite having the mineralogy 01480px14

Cpx25Gt13 and melting in the proportions 0130px3Cpx47Gt47(Schilling,

1975). The first stage of melting will be complete at A, defined
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Table XX. Two stage melting model (see discussion in text).

Stage 1 A Stage 2

1 2 2
pi W. Pi

01
48

01
3

01
65

01
25

0Px14
Opx3 0px18 0px20

Cpx25 Cpx47 Cpx17 Cpx55

Gt
13

Gt
47

A

by the consumption of garnet, with total melt equal to 27.6

percent, calculated from

F
lim

= (.13)/(.47) = .276

The proportions of the remaining phases are calculated as follows:

Cpx consumed at A = p c1
px

(F
A
) = .47(.276) = .13

Cpx remaining after stage 1 = Wi
px

- .13 = .25 .13 = .12

similarily,

olivine remaining after stage 1 = .47

orthopyroxene remaining after stage 1 = .13

2thenewweightproportionsW.can now be calculated. For example,

W
2
px

= (.12) /(.12 + .13 + .47) = .17
c

similarily,

W o2l
= .65

W
2

= .18
opx
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The bulk distribution coefficient for the second stage of

2meltingiscalculatedfromequationall_5)usingthel./.".lues.

The melting proportions for the lherzolite assemblage is given by

Schilling (1975) as 01250px20Cpx55. With these values, P for the

second stage can be calculated from equation (III-6).

The concentration of a trace element in the liquid (C1) after

two stage melting, where F equals the total melt produced during

the melting process is given by Hertogen Gijbels (1976). Sub-

stituting their equation (8) into their equation (6) and simplifying

yields

Cl Ci
A

FA D2(1 - FA).

Co Co F D2(1 - FA) - (F - FA)P2

where C
1

A
is the concentration in the liquid after the first stage

of melt (i.e. at A), FA is the proportion of melt produced during

the first stage ( = Film) in this case, D2 and P2 are the bulk

distribution coefficient and melt proportions (calculated from

eqns. 111-5 and 111-6, respectively) applicable during the second

stage of melting. This expression was used in all two and three

stage melting models in this study.

As in the fractionation models, the possibility of variable

D values was tested to determine possible influence in the melting

models. Considerable importance was given to the patterns and

levels of enrichment of the chondrite normalized rare earth elements

in the text of this report. A conclusion of a heterogeneous mantle
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as a source for the Grande Ronde Basalt was reached. It is the

intent here to demonstrate that the different patterns and levels

of enrichment of the REE cannot be explained by melting a uniform

mantle under conditions of variable D values.

Figure 35 represents a hypothetical mantle that was melted

using the D values of Arth and Hanson (1975) (solid lines) and

those of Leeman et al. (1977)(dashed lines). For the LREE (La to

Eu), the patterns and levels of enrichment are nearly identical,

within respective uncertainties. For the HREE (Tb to Lu) the two

plots deviate, reflecting the uncertainties in the D values for the

heavier elements. In spite of this latter deviation, which would

change our estimate with regards of how much melting occured, but

only by a few percent, the conclusion reached in the text seems

consistent. Although we cannot say with certainty that the D values

were constant (although the rather uniform La/Yb would support such

a statement), it seems unlikely that variation of D could produce

the different REE patterns and/or levels of enrichment such as that

observed in the Grande Ronde Basalt.

Throughout the discussion above, batch melting, in which the

liquid remains in equilibrium with the solids until the liquid sep-

arates, has been assumed. Because it is possible that during melt-

ing the liquid is continuously tapped off to a magma chamber where

the liquid accumulates (i. e. fractional melting), the REE were

modeled for such a process to compare with the batch melting
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Figure 35. Comparison at 5 and 17% batch melting of calculated
concentrations (Cn) of chondrite-normalized REE in the melt produced
using D values of Arth and Hanson, 1975 (solid lines) and Leeman et
al., 1977 (dashed lines) for the mantle assemblage (Wi) and melting
proportions (Pi) given.
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process. The equation used (Shaw, 1977) in the modeling is given as

PFCl =
Co

[11 - (1 - f7)
1/p]

where the symbols are the same as in the nonmodal melt equation.

Figure 36 compares the REE patterns produced by batch melting

(solid lines) and by fractional melting (dashed lines) for similar

degrees of the mantle assemblage indicated; Table XIX compares the

chondrite-normalized La/Sm and La/Yb ratios as a function of degree

of melt for both models. Both Figure 36 and Table XIX illustrate

that for the LREE, there is little difference in the patterns pro-

duced by the two models for melting greater than 10 percent.

Fractional melting of a garnet-bearing source produces a liquid

depleted in the HREE (D greater than one) relative to batch melting.

In this particular case, an approximate match to the Grande Ronde

patterns is reached by the batch melting model when garnet (and

clinopyroxene) is completely consumed; the liquid produced by

fractional melting remains depleted in the HREE (a high La/Yb ratio

in Table XIX).

Zone Refining Calculations

Magma passing through rock as it ascends may react with the

material and thereby change its composition. If the composition

changes as a result of a zone of melt migrating through the rocks,

the process is called zone refining (Harris, 1957) and is desribed

by the equation
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Figure 36. Comparison of calculated concentrations (Cn) of
chondrite-normalized REE in the melt produced through batch melting
(dots) and fractional melting (x). Degree of melting, mineralogy of
source, and melting proportions as given.
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Cn

220

Wi: 01600px15Cpxiliptii

Pi: 0130px3Cpx47Gt47

10

La. Ce Nd Sm Eu Tb

z

I

Yb Lu



221

Table XXI. Chondrite-normalized La/Sm and La/Yb ratios of liquids
produced by batch melting and fractional melting of a mantle having
the mineralogy 01-60, Opx-20, Cpx-10, and Gt-10.

F Batch Melting Fractional Melting

La/Sm La/Yb La/Sm La/Yb

.05 3.09 60.6 3.19 82.0

.10 2.42 26.7 2.23 37.2

.15 2.16 13.3 2.00 20.8

.20 2.02 6.20 1.94 11.6

Cz/Co = 1/D (1 - 1/D)e-Dil

where C
z
/C

o
is the enrichment of the liquid relative to the source,

D is the bulk distribution coefficient, and n is the number of

equivalent melt lengths through which the liquid has migrated (i.e.

length traversed/melt length). By such a process, a magma could

become further enriched in incompatible elements. Perhaps the

relative differences in REE abundances can be explained in terms of

the zone refining process. It should be immediately noted that the

zone refining equation of Harris (1957) is not strictly applicable

to magma genesis because the expression was derived for a melt zone

passing through a compositionally simple metal. Because of the

single composition, melting occurs at a single temperature and is

nearly 100 percent. As a result, the concentration of the trace

element in the first formed melt equals Co, that of the initial

metal. As this zone passes through the metal (rod), the incompatible
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elements become enriched in the migrating melt.

Unlike the metal rod, melting in the mantle occurs over a temp-

erature range and is generally characterized by partial meltig be-

cause the liquid becomes gravitationally unstable relative to the

higher density solid residuum and separates. Because melting is not

complete, the liquid is enriched in incompatible elements and de-

pleted in compatible elements relative to the source. As the liquid

continues to migrate through the mantle, its composition changes,

approaching the enrichment limit (Cz/Co) of 1/D. The reason for

this enrichment limit can be seen to be the result of the basic

definition of the distribution coefficient. If a magma moves through

solid mantle, the distribution of trace elements will be controlled

by the D value,

sil
D = Cs/Cl

Rearranging the above expression, it is seen that for any solid with

composition Cs, the maximum enrichment of a liquid in equilibrium

with the solid is given as

Ci/Cs = 1/D (= Cz/Co)

In attempting to evaluate the contribution of such a process

to the REE patterns of the Grande Ronde Basalt, we can do little

more than calculate extreme cases because of uncertainty in the

application of the zone refining calculations.

Calculations initially indicate that the enrichment of the REE
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from the lowest level of the Grande Ronde Basalt (La
n
= 52; Yb

n
=

12.1) to the highest level (Lan = 89; Ybn = 19.8) cannot be accom-

plished by a magma passing through a garnet-bearing assemblage.

Because Yb is a compatible element in garnet, the concentration of

Yb in the liquid would decrease and the overall REE pattern would

steepen significantly; neither characteristic is observed. A spinel

lherzolite assemblage is more successful because the D values are

such that the REE pattern (i.e. the La/Sm and La/Yb ratios) do not

change significantly as the liquid passes through the mantle. Zone

refining however, is not capable of producing the significant vari-

ations in (La/Sm)
n
observed in the Grande Ronde Basalt even if large

variations in the clinopyroxene/spinel ratio are considered.

With regard to the difference in path lengths the melt would

have to travel through spinel lherzolite to undergo the enrichment,

calculations were carried out considering a mantle whose initial REE

concentrations were three times chondrite. If zone refining operated,

the lowest level of REE enrichment would be reached after traversing

20.1 melt lengths (n in the above equation) of a spinel lherzolite;

the higher level of enrichment would not be reached until an

additional 22.8 melt lengths had been traversed.

Conclusions based on the above discussion regarding zone

refining are minimal. If the magma passed through garnet lherzolite,

little equilibration is indicated. If the magma passed through



224

spinel lherzolite, some of the REE enrichment observed in the Grande

Ronde Basalt could be accomplished. It appears, however, that

unless the D values are considerably different than assumed here,

the differences in the (La/Sm)
n are too great to be the product of

zone refining.


