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Evidence of recent volcanic activity within the ocean

basins is present in the form of glassy pillow basalts on

the volcanLcally active mid-ocean ridges and seamounts a.d

in the form of volcarj.ic ash layers in sedimertary deposits

which are present on these features. This investigation

attempts to demonstrate that a detailed study of quickly

quenched materials can provide much information about the

origin and evolutionary historLes of oceanic magmas. In

Sections I and II the objectives of this study nd the

analytical techniques that were used are presented,

Section III demonstrates the petrological value of volcanic

ash layers in the study of seamount volcanism, Section IV

demonstrates that the volcanic eruptions on the mid-ocean

ridges show both systematic chemical and mineralogical

variations that are dependent on the rate at which new

oceanic crust is formed,
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Sections I and II

Section I presents the working hypotheses of this

investigation and the means of testing them. Section Il

describes in detail the analytical techniques that were

needed. Atomic absorption, colorimetry and neutron act!-

vation analysis were used for chemical determinations,

whereas, a fusion technique was used for feldspar analyses.

Section III

Volcanic ash layers, which represent the products of

volcanic activity within the ocean basins, are common in

sedimentary cores taken near Cobb Seamount and on the

actively spreadixi Gorda and Juan de Fuca Ridges. Petro-

graphic and chemical analyses of the glass shards from

these deposits have reeáled that they are unaltered anU

are as chemically representative of local volcanc eent

as are the glassy margins of fresh pillow basalts recover-

ed from the same areas. The presence of urthydrated glass

shards in samples as old as 3.8 m. y. is in direct conflict

with published hydration rates of both terrestrial and

submarine volcanic glasses. A study of a sequence of ash

layers from Cobb Seamount, which spans in time much of the

Seamount's history, indicates that the volcanic products

from Cobb Samount have always had alkaline affinities

and that its eruptions have been becoming progressively



enriched in Al203. Recent experimental petrological evi-

dence and the data on the chemical compositions of Cobb

Seamount and the adjacent Juan de Fuca Ridge magmas are

in agreement with the hypothesis that magmas are being

generated at progressively greater depths beneath Cobb

Seamount as it migrates away from the Juan de Puca Ridge.

Section IV

The application of plagioclase geothermometry to

plagioclase-bearing volcanic ash layers and the glassy

margins of pillow basalts from the fast spreading East

Pacific Rise, the moderately spreading Gorda and Juan de

'uca Ridges, and the slow spreading Mid-Atlantic Ridge has

shown that both average plagioclase compositions and magma

temperatures are negatively correlated with spreading

rates. A detailed investigation of the major element

chemistry of the volcanic glasses from each of these areas

suggests that the observed consistent element-element

covariances among individual populations of samples have

been caused by fractional crystallization of the magmas.

Variations in calculated magma temperatures and the com-

positional variations of each population of samples sug-

gest that magmas ascending beneath each ridge have had

simi1r evolutionary histories. Vector analysis of the

chemical data of all samples of volcanic glasses indicates

that each population of samples from each of the spreading



centers is chemically distinct even though all samples

have been subjected to similar amounts of fractional

crystallization. The compositional distinctiveiess Of

each population of oceanic tholelites most probably re-

flects differences in the depths at which the magmas were

generated. Using calculated magma temperatures and geo-

thermal gradients, heat flow measurements, and recent

experimental evidence in petrology it is possible to sug-

gest that magmas were generated at about 16 kms beneath

the East Pacific Rise and about 23 kms beneath the Mid-

Atlantic Ridge.
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TE1VIPERATURES AND COMPOSITIONS OF MGMAS ASCENDING BENEATH
ACTIVELY SPREADING MID-OCEAN RIDGES

I. INTRODUCTION

Volcanic ash was probably first recognized as a
component of recent marine sediments by Murray and Renard.

(1884). Not until the 1960's, however, was extensive work

done on marine volcanic ash deposits. Most of the initial
work on the distribution and general character of these
deposits is reported by Nayiidu (1964), Ninkovich, et al.
(1964, 1966), Ninkovich (1968), Horn, et al. (1969) and

several others. Their findings show that volcanic ash in
marine sedinients is mostly from continental volcanoes and

has been blown to the marine environment. Another type of

ash deposit, however, was recognized by Peterson and
Goldberg (1962), Bonatti (l965),Melson, etal. (1968) and
Duncan (1968) as being indigenous to the actively spreading
mid-ocean ridges and volcanically active seamounts, This

particular type of ash is the product of local submarine
volcanic events. All of the cited work on these two types
of volcanic ash is highly descriptive in nature; no attempt
has been made to use the volcanic ash materials in marine
sediments as truly representative samples of the original
magmas.

One of the major premises of this study is that
basaltic ash laers in sedimentary cores taken on the mid-
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ocean ridges and near volcanically active seamounts are as

chemically representative of submarine eruptions in these

areas as are fresh pillow basalts. The demonstration of

this premise required complete chemical analyses of the

ash samples in addition -o careful petrographic examina-

tion. A comparison of the analyses of volcanic ash layers

in cores on the Gorda-Juan de Fuca Ridges and near Cobb

Seanmunt with existing published data on the chemistry of

dredged pillow basalts from the same area has been used to

substantiate this hypothesis. In addition, analysis of

ash laye's indicates that a sequence of these deposits can

provide significant information about the history of Cobb

Seamoun.t that cannot be obtained frQm conventional studies

of dredged rocks.

Another major working hypothesis of this research, is

that the temperatures of magmas ascending beneath actively

spreading mid-ocean ridges are related to the spreading

rates of the ridges. Recent advances in plagioclase

geothermometry by Kudo and Weill (1970) can be applied to

the abundant, quickly quenched pillow basalts and ash

layers on the mid-ocean ridges. To test this hypothesis

such quickly quenched, plagioclase-bearing samples were

obtained from the fast spreading East Pacific Rise, the

intermediate spreading Gorda-Jua de Fuca Ridges and the

slow spreading Mid-Atlantic Ridge.

The following discussion concentrates first on the
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samples and their analysis (Section II). Subsequent

sections (III and IV) present the findings of this investi-

gation in the form f separate papers, each with its own

introduction and conclusions. Section III is concerned

with the volcanic ash layers on the Gorda-Juan de Fuca

Ridges and from near Cobb Seamount. In this section it is

demonstrated that the volcanic ash deposits are composi-

tionally representative of the parent magnias and that they

are petrologically valuable tools in the stu,dy of submarine

volcanism. Section IV deals with the application of

plagioclase geothermometry to samples of ash and pil]ow

basalts from activeJy spreadLng mid-ocean ridges. In this

sectiorplagipclase geothermometry and the analysis of the

chemical variations among samples are used to Lnterpret

the genez'ation and evolution of mid-ocean ridge tholeiites.



II. SAMPLING AND ANALYSIS

Sample Selection

A total of 46 samples of volcanic ash and pillow

basalts were analyzed in this study. The cores and dredge

hauls from which the samples were taken are listed in

Appendix I and the sample localities are illustrated in

Figures 1 and 2. All samples from the Gorda-Juan de Puca

Ridges and the Mid-Atlantic Ridge were selected by the

author from available core and rock collections. Samples

from the East Pacific Rise were selected from unpublished

core descriptions which were kindly sii.pplied by J. Dymond,

R. R. Capo and T, Walsh. Quickly quenched, plagioclase-

bearing samples were chosen because they are ideally suited

for the application of plagioclase geotherinometry (Kudo

and Weill, 1970). By choosing such samples from the

crestal portions of slow, intermediate and fast spreading

mid-ocean ridges it is possible to test the hypothesis that

magma temperatures are related to the spreading rates of

the ridges. Furthermore, since 21 of the 24 samples from

the Gorda-Juan de Fuca Ridges and Cobb Seamount are sub-

marine volcanic ashes, these same samples can be used to

test the petrologic usefulness of volcanic ash Ln the study

of submarine volcanism,
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Initial Treatment of Samples

Sediment samples rich in volcanic ash consist of a

terrigenous fraction, mainly fine silts and clays, and a

biogenous fraction, mainly foraminif era, and radiolaria.

These were disaggregated by ultrasonic agitation in dis-

tilled water. No hydrogen peroxide or other chemical

treatment was needed. Following disaggregation, samples

were wet sieved through a 0.062 mm screen. In all cases,

the material remaining on the sieve consisted mostly of

ash and biogenous components. A Frantz Isodynamic Sep-

arator adjusted to a side slope of 15°, and a current o

1.0 amp., was used to separate the remaining sample into

a magnetic fraction containing glass shards and a non-

magnetic fraction containing plagioclase crystals and

biogenous components.

Samples of the glassy margins of pillow basalts were

crushed in a porcelain mortar, sieved through a 0.062 mm

sieve, and rwi through the Frantz Separator. For these

samples magnetic separation yielded nearly pure basaltic

glass and plagioclase crystal fractions.

All basaltic glass fractions were split into smaller

50 to 100 mg sized samples using an aluminum microsplitter.

These smaller samples of shards were spread out on a sheet

of paper and examined with a binocular microscope. A

small brush was used to remove any contaminants. All
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samples of glass that were chemically analyzed were as

free from contamination as was possible, Following the

hand, picking the samples were ultrasonically agitated and

washed several times in deionized distilled water, dried

in an oven at 60°C for several hours, and stored in clean

glass vials for future study.

A microsplitter was used to obtain a representative

split of the plagioclase crystal-bearing fracUon. This

small split was spread out on a sheet of paper and the

crystals were carefully examined with a binocular micro-

scope. By this means 15 clear, inclusion-free crystals

were selected for further analysis.

Atomic Absorption Analysis

Selection of Method

Ornang (1969) describes in detail a rapid fusion

method for decomposition and comprehensive analysis of

silicates by atomic absorption spectrophotometry. The

decision to ise this method was based on the availability

of a Perkin-Elmer Spectrophotometer and the accuracy, the

quickness of the analysis, and the fact that small

quantities of sample can be analyzed (Omang, 1969). It

was also demonstrated, by Omang that the use of a powdered

lithium carbonate-boric acid flux, which made the initial

sample solution about 500 ppm in Li, combined with the
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addition of La and HOl to make the solution 1% in La and

0.6 N in HC1, effectively removed several chemical inter-

ferences.

Very few modifications of the method reported by

Omang proved necessary. The elements Al, Ti, Fe, Ca, Mg,

Na, K and Cr were readily analyzed. However, Si was not

determined by atomic absorption; the instability of the

available multielement lamp for Si combined with the

inherent noisiness of a nitrous oxide-acetylene flame made

it too difficult to obtain the desired precision. A

colorimetric technique was used for Si determinations (see

discussion below). In several instances, it was not

possible to obtain the 100-250 mg of sample that Omang

suggested, Analysis of samples of a standard as small as

25 mg demonstrated that the method can be successfully

extended to very small sample sizes (see discussion below).

Preparation of Samples for Analysis

Samples of cleaned glass shards were ground to a fine

powder in a porcelain mortar. This powder was then added

to a platinum crucible eontaining about half of the well

mixed, lithium carbonate-boric acid flux mixture. The

weight of sample was usually recorded to the nearest one-

hundreth of a milligram. The sample was thoroughly mixed

with the flux and this mixture was then covered with the

rest of the flux. Following heating over a Meker burner
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and dissolution in HC1, the sample solution was trans-

ferred to a 100 ml volumetric flask into which La and

additional HOl were added. From this original sample

solution the abundances of K, Ti and Cr were determined.

For small sample sizes (50 mg or less) the abundance of Al

was also determined.

Dilutions of the original sample solutions were re-

quired for the determinations of Fe, Mg, Ca, Na and fre-

quently Al. HC1, Li and La were added to these dilutions

in order to insure constant acidity of all solutions as

well as to make all solutions 500 ppm in Li and l in La.

Analysis of Sample Solutions

A Perkin-Elmer Model 303 Atomic Absorption Speotro-

photometer with an automatic recorder readout accessory,

a nitrous oxide single slot burner head, a three-slot

burner head, and regular hollow-cathode lamps were used.

All instrument settings were as recommended in the Perkin-

Elmer Analytical Methods Book, An air-acetylene flame was

used in the determination of Fe, Ca, Mg, Na, Cr and K,

whereas a hotter nitrous oxide-acetylene flame was used in

the determinations of Ti and Al.

The concentrations of the standards used in the

analysis as well as the dilution factors employed were

determined from the working ranges given for the various

elements in the Perkin-Elmer Analytical Methods Book. In
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the lower parts of the concentration ranges a linear re-

lationship, known as Beer's Law, exists between concen-

tration and absorbance. Several different concentrations

of standards were made for each element and the absorbance

readings for the samples were compared with absorbance

readings for the standards. The substances used for the

preparation of the standard solutions are described in

Appendix II.

Routine analysis involved an initial 5-10 seconds of

aspiration of all standards and samples of a particular

batch. An approximate absorbance value for each solution

was read directly from the automatic recorder readout.

This was done in order to bracket each sample concentra-

tion with -he appropriate pair of closely spaced standards.

Samples were run in the order standard-sample-standard.

For samples and standards of elements requiring an air-

acetylene flame usually three values of the absorbanoe

were recorded, and for those requiring a nitrous oxide-

acetylene flame usually two values were recorded. A back-

ground reading was recorded both before and after a

solution had been aspirated. Net absorbance values for

samples and standards were obtained by subtracting an

averaged background reading from an averaged absorbance

reading. From a plot of the net absorbance values of

standards versus their concentrations the concentration of

an element in a sample could be quickly determined,



12

Accuracy and Precision

The determination of both the accuracy and precision

of the analyses was obtained from a total of 13 analyses

of USGS standard rock BCR-l. .BCR-1 was selected as the

standard for the following reasons: it is a rock of

basaltic composition; it has been analyzed for the elements

of concern in this investigation many times by different

laboratories (Flanagan, 1969); and it can be assumed that

the rock powder is homogenous. It was decided that the

most meaningful approach for estimating both the accuracy

and precision would be to analyze one or two samples of

the standard with each batch of several samples during

the cou'se of the investigation. This approach enables

one to spot any systematic variation in the concentrations

of the standard solutions for the various elements. It

also provides a good way of estimating the total varia-

bility -that resulted from weighing errors, pipetting and

dilution errors, and errors due -to the actual analysis

since all samples and standards were handled in exactly

the same manner. he fact that the last analysis, BCR-lM,

was quite similar to the first analysis, BCR-lA, gives one

confidence in the analyses of all samples (see Appendix

III).

Estimating the accuracy of the 13 analyses of BCR-1

is difficult, simply because of the lack of agreement in
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the values reported by Flanagan (1969). In Figure 3 the

values given by Flanagan (1969, P. 89) for the major

oxides of BCR-1 are plotted with the 13 analyses conducted

in this study. Judging from this data, it would appear

that the Fe203 and Si02 values of the 13 analyses, as

compared with the values reported by Flanagan, are low for

Fe203 and perhaps high for Si02. This apparent lack of

agreement with the published data may have been caused by

improper preparation of the standard solutions for these

elements. The values reported for the other oxides and

Cr appear to be in good general agreement with those

given here.

If the assumption is made that the rock powders dis-

tributed by the USGS are homogenous, at least for samples

of tens of milligrams in size, then the precision of an

analysis for a particular element can be estimated from

the scatter of values illustrated in Figure 3. This

scatter, which is assumed to have been caused by weighing,

pipetting, diluting, and analysis errors, i compared with

the reported variability of analyses by Kay, et al. (1970)

in Table 1. The analyses quoted by Kay, et al. (1970)

were made by Mr. Oiva Joensuu using conventional X-ray

fluorescence spectrography for most of the major elements,

with the exception of Na, which was determined by atomic

absorption. If the precision of the analyses of Mr.

Joensuu is representative of the precision Qf the majority



Figure 3. Comparison of analyses of U. S. Geological Survey standard rocks, BCR-1 and DTS-1
(U), reported by Flanagan (1969) with those analyses of this study (LI> 50 mg and
EZ5 mg). Note that the analyses for Cr are of standard DTS-1, whereas, all others
are of standard BCR-l.
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Table 1. Mean deviations of 13 analyses of BCR-1 compared
with the mean deviations of replicate analyses of
3different basa],ts (KD11, 1154, C1OD3) described
by Kay, et al. 1970. Values in parantheses are
standardeTations of the 13 values for each
oxide.

BCR-1 KD11 1154 0L0D3

±0.15 (±0.20) ±0.6 ±0.8 ±0.0

Ti02 ±0.07 (±0.10) ±QQ5 ±0.16 +0.05

AL203 ±0.17 (±0.24) ±0.6 ±0,4 ±0.2

Pe0(total Pe) ±0,14 (±0.18) ±0.3 ±0.2 ±0.05

MgO ±0.03 (±0.04) ±0.3 ±0.0 ±0.0

CaO ±0.05 (±0.08) ±0.4 ±0.0 ±0.3

Na20 ±0.04 (±0.05) ±0.1 ±0.1 ±0.1

1(20 ±0.02 (±0.03) ±0.02 ±0.03 ±0.04
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of the analyses reported in the literature, then it is

evident that the precision of the techniques used in this

study are as good as most or better.

The precision quoted throughout this study is the

standard deviation of the values found for BCR-1 (see Table

1). It is probably the most widely used and the most

efficient measure of dispersion (Parrott, 1961). The use

of small samples has had little or no effect on the pre-

cision and accuracy of the analyses (see Figure 3 and

Appendix III). The averages of the 4 small samples are

very close in all instances to the averages of the 9 large

samples.

Silica Co1oiimetric Analysis

The amount of silica in all sample solutions was

determined by colorimetry, using the yellow silicorriolyb-

date complex described by Strickland (1952). Colorimetry

was chosen for the determination of silica because it is

more precise and cheaper than conventional atomic absorp-

tion analysis. The potential problem of polymerization of

silicic acid units (Strickland and Parsons, 1965) was not

encountered in this study because all sample solutions

were quite acidic (0,6 N in HCl). Also, the fact the

values o± 3i02 reported in this study for BCR-1 (see

Figure 3) and for all samples of basaltic glass (see

Figures 5 and 20) are not anomalously low indicates poly-
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merization has not affectively removed silica from the

aample solutions.

All analyses were performe with a Coleman Model 111

spectrophotometer, equipped with 1 cm cells0 The molybdate

reagent used f or the analyses was prepared in accordance

with the procedure described by iffert (1963). Routine

analysis involved placing a 5 ml aliquot of the sample

solution in a 50 ml volumetric flask and diluting to

volume with the molydate reagerxt Ten minutes were allow-

ed for' the yellow silicomolybdate complex to form and then

the solutionTs optical density was determined in the con-

ventional manner, By comparin the optical density of the

saniple solution with the optical densities of closely

spaced silica standards, the amotint of silicon in the

sample solution was estimated to the nearest 0.1 ppm, The

material used for the preparation of the standard, is de-

scribed in Appendix II

Judging from the data presented in Figure 3 and Table

1, it is apparent that calorimetric analysis of silica is

quite precise Data presented in Figure 3 may indicate

the possibility the $i02values reported for BOR-1 are

somewhat low or that my analyses overestimate the amount

of Si02, However, since 4 analyses of 3CR-I reported by

Flanagan (1969) are similar to those reported here, it is

not possible to critically evaluate the accuracy of the

technique.



Neutron Activation Analysis

Five selected samples of volcanic glass and one

sample of a rock from the top of Cobb Seamoi.mt were ana-

lyzed for La, Sm, Eu, Lu, Sc, Co and Hf by instrumental

neutron activation analysis. The counUng procedures, the

calculations, and the accuracy of the method are given by

Corliss (1970). The analytical data are tabulated in

Appendix IV,

Water Analysis

Samples of glass used for water analysis were pre-

pared in the same manner as those for atomic absorption,

except that samples for water analysis were dried at room

temperature (20-25°C) instead of at 60°C.

A Dupont 26-321 AMA Solids Moisture Analyzer, which

records the water given off in micrograms for small

samples heated to temperatures of 1000°C, was used to make

the analyses. In most cases, samples of 50-100 mg were

used. The samples were placed in platinum foil sample

boats, weighed to the nearest one-hundreth of a milligram,

and transferred to the oven of the instrument0 Low

temperature water (H20()), as here defined, is the weight

percent of water driven of' at 110°C in one hour; high

temperature water (H20(+)) is the weight percent of water

driven off at 1000°C in one hour. Buring an analysis the
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temperature of the oven was frequently checked by measur-

ing the voltage across the instrument's chromel-alumel

thermocouple. This was done to insure that the. tempera-

tures were as close to 110 and 100000 as possible.

Corrections for background and for the amount of

water entering into the oven when the sample was intro-

duced were made, The low temperature background level was

recorded at the instrument's lowest temperature reading

for several minutes prior to an analysis. Preliminary

experimentation showed that the background reading at

1000°C was 25% greater than that at 110° and that 2.0

microgramsof water were introduced along rith'.the sarnp1.

These corrections were subtracted from the total amounts

of water recorded at 110 and 1000°C before the percentages

of water were calculated.

The accuracy of the analysis is difficult to assess,

particularly at high temperatures. At low temperatures

the accuracy can be estimated by analyzing sodium tartrate

because it contains 15.61-15.71% H20. Several analyses of

this substance during the course of this study showed that

at low temperatures the instrument is accurate to within

about 2% of the expected values. Unfortunately, at high

temperatures no available standard exists. Several

samples of pillow basalts, which had previously been

analyzed by Mr. Oiva Joensuu, were provided by Dr. J.

Dymond. Analysis of these samples for H20(+) showed that
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for most samples there was good general agreement. Repli-

cate analyses of the same sample for both H20(-) and

H20() showed that the relative precision was 5-lO for

both kinds of water.

Determination of Plagioclase Compositions

Of the various methods that have been, proposed for

the determination of the compostt'ion of plagio'Clase feld-"

spar, the most accurate rely on fusing the crystal and

measuring the refractive index of the resulting glass

(Foster, 1955). TIe fusion technique of Dawson and

Maxwell (1958a), which had to be modified for the purposes

of this study, was selected because of its applicability

to small individual crystals. Since plagioclase composi-

tions are quite import-ant in this work, the fusion tech-

nique and the results derived from it are described in

detail.

Fusion Technique

A small DC arc welder, powered by a 12 volt battery,

provided sufficient heat to melt the plagioclase crystals.

Small pits (1.5 mm diameter x 3.0 mm deep) drilled into

the ends of 6.3 mm diameter spectrographic carbon elec-

trodes, were used as receptacles for the individual

plagioclase crystals. The crystals were fused by touching

the carbon electrode of the arc welder to the side of the
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upright electrode containing the crystals0 The actual

point of contact of the two electrodes was about 1 cm be-

low the top of the crystal-bearing electrode0 Fusion of

individual crystals took 4-6 seconds. If less than 4

seconds contact was used, the crystals were only partly

fused; if more than 6 seconds was used, considerable car-

bon was cooked into the molten feldspar. With experience

it was possLble to produce clear, spherical glass beads,

ranging in size from 100 to 1000 microns nearly 100% of

the time,

Following the fusions the glass beads were easiJ.y

freed by simply tapping the electrode lightly against the

side of a small collecting container. Fifteen glass feld-

spar beads per sample were collected in this manner. The

pits of the electrode were reemed out with a 1.5 drill

bit. This was done to insure that the next fusions would

be free from any potentially contaminating material re-

maining from the previous fusion,

As compared with the technique of Dawson and Maxwell

(1958a), the method used in this study is quicker and

simpler. In addition, the heat generated by touching the

two electrodes in the manner described eliminates the

necessity of bringing the crystals in direct contact with

the arc.
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Measuring the Refractive Indices of the Glass Beads

Each of the 15 glass beads per sample was individ

ually mounted on the end of a spindle and placed on a

spindle stage (see Wilcox, 1959). A spindle stage enables

one to immerse the bead in a refractive index oil and to

readily change oils with a minimum amount of contamination.

The refractive index of individual glass beads was

determined by comparing the refractive index of the bead

with the refraôtive indices of standard refractive index

oils that were separated by indexincrements of 0.002. A

sodium light filter was used to make all measurements.

Usually, about four changes of oils were necessary to

bracket the refractive index of the bead with known re-

fractive indices of the oils. Refractive indices of the

glass beads were estimated to the nearest 0.001. The use

of a sodium light filter, rather than a sodium lamp, did

not affect the determinations in any way. Preliminary

checks of the refractive indices of the immersion liquids

with an Abbe refractometer revealed that the refractive

indices of the liquids were quite accurate. The fact that

the refractive index of a whole bead and not the refractive

index of crushled fragments of a bead was determined has

not introduced any errors. Preliminary work showed that

the two gave identical refractive indices.

Most measurements of refractive indices were made at
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temperatures other than 2500, Since the refractive index

of an immersion liquid changes with temperature, it was

necessary to correct many of the measured refractive

indices for temperature. The temperature-corrected re-

fractive indices and the diameters of all the plagioclase

glass beads of this study are presented in Appendix V.

Calculation of the Piagioclase Composition

Schairer, et al. (1956) have presented considerable

data on the relationship of the refractive index of a

plagioclase feldspar glass to the composition of the

plagioclase. All plagioclase compositions given in this

study have been obtained by applying the hyperbolic

equation given by Schairer, et al. (1956) to the tempera-

ture-corrected refractive indices.

Accuracy and Precision

The precision with which the composition of an

individual glass bead can be determined was estimated by

3 determinations of the refractive indices of each bead of

a set of .5. Using the average standard deviation of the

15 groups of 3 refractive indices as an index of precision,

it was found to be ±0.0004 or ±0.44 weight percent An.

The data on which this estimate is based are given in

Appendix V.

From this same data, which yield 3 sets of 15 measure-
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ments on the same set of beads, it was possible to esti-

mate the reliability of the average of the 15 refractive

index determinations. The standard deviation of the 3

averages is 0.001 or ±0.12% An. This means that the

reproducibility of the analysis of the same set of beads

is quite good.

Fifteen crystals from each of 4 different represent-

ative splits of the same sample were fused in order to

obtain an estimate of the reliability of the average com-

position of the plagioclase of a particular sample. The

average weight percent of anorthite for each of the 4

splits was 78.26, 78.32, 76.39 and 77.22 and the resulting

standard deviation of the 4 values is 0.92% An.

Dawson and Maxwell (1958b) and Foster (1955) have

considered the effects of the loss of sodium and potassium

during fusion as well as the problem of inclusions in the

crystals on the accuracy of the technique. Their findings

suggeet that both of these factors have a minimal effect

on the technique's accuracy, In any case all crystals

were carefully examined prior to fusion in order to insure

that they were as inclusion-free as possible. Composi-

tionally-zoned crystals present a problem because the

fusion technique yields average compositions, not the

composition of the outer parts of the crystals that were

in equilibrium with the melts at the time of eruption.

Data given below indicate that this source of error is
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negligible in this work,

The effect of the small sizes of some of the fused

crystals on the compositions obtained must be considered

because the effects of alkali loss, contamination, or

other sources of error might be largest for such crystals.

An examination of the data presented in Appendix V reveals

that for any particular sample the small diameter beads

yield average compositions that are consistent with those

obtained for the larger beads. Based on this consideration,

one may conclude that the composition of a crystal deter-

mined by the fusion technique used in this study is inde-

pendent of its size. Additional support was obtained by

fusing small crystals of a split of a bytownite sample

from Crystal Bay, Minnesota. The average composition of

this sample, 78.26% An, is indistinguishable from the

compositions of the 3 larger crystal-size samples, 78.32,

76.39, and. 77.22% An.

Aia estimate of the accuracy of the technique was

obtained by comparing the average composition of the 4

refractive index analyses of the bytownite sample with

the composition obtained by chemically analyzing a repre-

sentative split of the same sample. Sodium was chosen as

the element most suited because of the precision and

accuracy of its analysis (see Figure 3) as well as the

fact that the weight percent of Na20 varies about 0.12%

for each weight percent Ax-i. The Na20 value used to



determine the composition of the plagioclase was corrected

by a small amount to take into consideration the small

amount of 1(20 that had substituted for Na20. The chemi-

cally determined An content of 76.3 compares well with the

average refractive index composition of 77.5 An.
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III. VOLCANIC ASH LAYERS IN DEEP-SEA SEDIMENTS
AND THEIR PETROLOGICAL SIGNIFICANCE

introduction

Within the ocean basins the study of the volcanic

activity of submerged physiographio features, such as

seamounts and mid-ocean ridges, is usually accomplished

by conventional dredging and rock analysis. Recently, the

tecimological advances o the Deep Sea Drilling Project

program have made possible the recovery of previously

inaccessible samples of oceanic volcanic rocks. The pre-

sent study reports on the potential value of volcanic ash

deposits generated withir the ocean basins to the study of

submarine volcanic activity. This largely overlooked

source of samples may provide significant information about

submarine volcanism that is not readily accessible by more

conventional techniques.

Volcanic ash in marine sediments is either "continen-

tal" material that has been carried into the marine

environment by atmospheric winds and river runoff (Nelson,

et al. 1968; Horn, et al. 1969), or is indigenous to

volcanically active mid-ocean ridges and seamounts where

it represents the products of local submarine volcanism

(Peterson and Goldberg, 1962; Bonatti, 1965; Duncan, 1968).

Considerable work has been clone on t1e description of

continental volcanic as)a in marine sediments (Nayudu, 1964;
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Ninkovich, 1968; Ninkovich, et al, 1964 and 1966), but

relatively little is known about its oceanic counterpart.

This study is concerned with the truly oceanic ash.

Peterson and Goldberg (1962), Bonatti (1965), Melson

et al. (1968), Duncan (1968) and Hekinian. (1968) have

noted the presence of volcanic, glass-rich sediments

associated with mid-ocean ridges, but no one has attempted

to use these volcanic ash deposits as chemically repre-

sentative samples of volcanic events from the areas in

which they were found, One of the primary objectives of

this researoh is to demonstrate that volcanic glass

shards from basic vitric ash deposits in sediments, per-

haps as old as 3.8 m. y., have not unaergone detectable

chemical alteration and that they are as chemically rep-

resentative of submarine volcanic events as are the

glassy margins of fresh pillow basalts. A. secondary ob-

jective is to demonstrate that volcanic ash layers from

long sediment cores can provide new information about the

volcanic history of a particular physiographic feature,

such as a seamount, that is not readily available by ot1r

conventional methods, Three long piston cores, which

were taken from near Cobb Seamount off the Oregon-

Washington coasts, contain volcanic ash from 8 different

volcanic events of Cobb Seamount, Detailed study of

these deposits, which span in time most of this Seamount's

history, has provided an opportunity to learn about the
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chemical evolution of this feature.

Samples of Volcanic Ash

All samples of volcanic ash from the Gorda-Juan de

Fuca Ridges and from near Cobb Seamount were obtained from

the core collection of the School of Oceanography, Oregon

State University. Chemical analyses of the glass shards,

analysis of the compositions of the associated plagio-

clase feldspars, and stratigraphic relationships were used

and compared in order to insure that each ash deposit

studied represented a distinct volcanic event. Most of

the ash deposits ±rom the Gorda-Juan de Fuca Ridges were

collected within a rift valley or close to the crestal

portions of these actively spreading mid-ocean ridges and

thus represent the products of recent volcanic events.

Using C14 dated horizons and extrapolated sedimentation

rates it appears that all of these deposits are less than

lO years old (G. Fowler, 1972, personal communication).

In contrast, all ash layer deposits taken from near Cobb

Seamount were obtained from three long piston cores in an

area characterized by low sedimentation rates and thin

sediment sections. The age of the oldest ash layer de-

posit (3.8 m. y.) agrees well with the estimated age (3.5

m. y.) of the basement on whichCobb Seamount is found

(Dymond, et al. 1968). The ages of all ash samples rom

Cobb Seamount have been obtained by using unpublished data
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provided by G. Fowler on a dated ash horizon in core 6709-

20, magnetic stratigraphy of the cores and extrapolated

sedimentation rates. The approximate locations of the

cores from which the samples were taken are shown i-n

Figure 2. The precise locations, the ages of the Cobb

Seamount samples and other pertinent information are pre-

sented in Appendix I.

General Description and Petrography of Volcanic Ash
Deposits

In the present study the term "ash layer" is used to

refer to a distinct zone in a sedimentary core, frequently

several centimeters thick, that contai-ns abundant basaltic

glass shards and associated plagioclase crystals. Pre-

sumably, this basaltic material initially formed a dis-

tinct pure layer, but subsequent reworking of the over-

lying and underlying sediments by benthic organisms has

redistributed the ash over a somewhat larger interval.

Since the ash is mostly volcanic glass shards with sub-

ordinate associated crystals of plagioclase, it can be

classified as basic vitric ash (Pettijohn, 1957). Lithic

fragments and mafic minerals, such as olivines and.

pyroxenes, are of minor importance.

Petrographically, the volcanic glass shards and

associated plagioclase crystals appear fresh and un-

weathered. This holds true even for a sample which may be



31

as old as 3,8 m. y. All shards are shiny and black to

dark brown in color, Their refractive indices, which

range from 1.590 to about 1.600, correspond to about 49-

51% Si02 (Williams, et al. 1954, p. 28). This observation

and the fact that the shards have no visible hydration

rims suggest that they have not absorbed significant

amounts of water. Furthermore, the shards have undergone

no visible devitrification and are optically isotropic.

All shards studied were sand-sized and exhibit typical

shard-type morphology (Pirsson, 1915). Interestingly,

highly vesicular shards appear to be confined to the de-

posits associated with Cobb Seamount. Very angular, non-

vesicular shards characterize all the irid-ocear ridge

deposits. The associated plagioclase crystals, which are

microphenocryst to phenocryst in size, are colorless and

show no signs of alteration. All plagioclases investi-

gated are typically unzoned, are of a high or very dis-

ordered structural state (see Appendix VI), and are mostly

bytownites (see Appendix V). The significance of plagio-

clase compositions are discussed in detail in Section IV.

Water Content of Volcanic Glasses

Hart (1971) has recently suggested that the H0+

contents of dredged basalts may be the most useful cr1-

teria for distinguishing altered from unaltered samples,

He has found that all samples with H20+<0.3 to 0.4% have
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neither lost nor gained alkalies. Moore (1970) has also

shown the H20+ contents of fresh basalt pillows are low,

varying from 0.06 to 0.42% for samples from the Juan de

Fuca Ridge. H20 contents higher than about 0.4% are sus-

pect because the samples have probably gained water and

possibly other elements as a result of hydration, Of

course, it is quite possible that H20 contents greater

than 0.4% may result ftom a primary magmatic process, but

available data indicate that tbis is exceptional for mid-

ocean ridge basalts.

Water analyses were performed on all samples of

volcanic glass from the Gorda-Juan de Puca Ridges and from

Cobb Seamount for which sufficient material was available

(see Appendix VII). All analyzed samples had low H20-i-

contents, varying from 0.10 to 0.38% with a mean value of

0.20%, and low H20- contents, from 0.00 to 0.17% with a

mean of 0.07%. It is evident that these volcanic glasses

have not been significantly hydrated, If water contents

are truly useful criteria for distinguishing degrees of

alteration, one may conclude that the volcanic glass

shards considered in this study are unaltered. Further-

more, the data on the sequences of volcanic ash layers

from Cobb Seamount (Figure 4) indicate no correlation

between H20 contents and age; the oldest ash layer (about

3.8 m. y.) is as unaltered as the youngest ones.

These data are interesting because basic volcanic
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Juan de Fuca Ridge (JFR) are shown for compar-
ison.
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glass shards are normally assumed to be chemically un-

stable (Williams, et al. 1954). Thus, they should alter

readily, particularly in a marine environment. Moore

(1966) has measured rates of hydration of the glassy

margins of submerged pillow basalts as 480 to 2000 microns2

/1000 years, Even i.,f one uses the minimum rate of 480

microns2/l000 years (21.8 microns/l000 years) one would

expect sand-sized fragments of glass to be completely

altered in several thousand years. We do not see this

type of alteration. Rates of hydration of terrestrial

obsidian in arctic and tropical climates have been mea-

sured by Friedman and Smith (1960) as 0.36 and 14 microns2

/i000 years, respectively. Even though these rates are

oonsiderably less, hydration rates of .36 microns/l000

years (0.60 microns/bOO years) would surely hydrate

glass shards in a few hundred thousand years. The fact

that basaltic glass shards can persist in an unhydrated

and unaltered condition in sediments for perhaps millions

of years is in direct conflict with hydration rates

measured for submerged pillow basalts and terrestrial

obsidians. Clearly, certain physical and/or chemical

parameters, such as burial of the shards in sediments,

the pH of the interstitial waters, or near-freezing tern-

peratures, have inhibited the chemical alteration of

these chemically unstable, volcanic glass shaxds, It is

possible that the oonditions responsible for the survival
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of the basaltic glass shards studied here explain the

survival of volcanic glass shards for tens of millions

of years (Muffler, et al. 1969). The pursuit of this

interesting problem is beyond the scope of this thesis.

Chemical Analyses of Volcanic Glasses

Although both petrographic observations and water

analysis data suggest that the volcanic glass shards

studied in this investigation are unaltered, it still has

not been established that they are truly chemically repre-

sentative of magmas generated within the areas from which

they were obtained. It is possible that the volcanic ash

deposits are differentiates of magmas produced within the

ocean basins or that they are products of continental

volcanism, By comparing the chemistry of the glass shards

with existing published data on pillow basalts from the

same areas it should be possible to determine if these

volcanic glasses are anomalous in any way. Pillow basalts

are generally accepted as the most chemically represent-

ative samples of submarine volcanic events (Pasteur, 1968).

Engel and Engel (1963), iVielson: (1969), Kay, et al.

(1970) and Moore (1970) have published data on the chemical

compositions of basaits dredged from the Gorda-Juan de

Puca Ridges and from Cobb Seamount. In addition, one rew

sample from each of the Ridges and from Cobb Seamount were

studied as part of this investigation. Not all samples
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studied by Kay, et al. (1970) and Moore (1970) from the

two Ridges are considered here. These authors have stud-

ied both altered samples and crystal-rich samples which

may have bulk chemical compositions that are atypical.

Using published water analyses, petrographic descriptions

and chemical analyses as guidelines, these potentially

anomalous samples were eliminated. It is believed that

the analyses selected are chemically representative of

quickly quenched magmas from the areas of concern.

Figure 5 compares the major element chemistry of the

samples of volcanic glass shards with published analyses

of basalts from the same areas. Although there are in-

sufficient rock samples from Cobb Seamount and ash layers

from the Juan de Fuca Ridge to make a statistically com-

pelling argument, it i evident that thetwo sets of data

agree well. The tendency of the glass shard analyses to

have slightly higher Si02 contents and slightly lower

Al203 contents is probably due to inaccuracies of the

glass shard analyses (see Figure 3). As a result of this

comparison, one may conclude that the major element chem-

istry of volcanic glass shards in sediments are as chem-

ically representative of submarine volcanic eruptions as

are fresh, glassy pillow basalts. Furthermore, the fact

that the glass shards have chemical compositions character-

istic of oceanic tholeiites eliminates the possibility

that the ash layers came from continental sources. Other
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observations, such as the locations of the cores contain-

ing this type of ash (see Figure 2) and the coarseness of

the glass shards, precludes continental sources as well.

In Figure 6 the rare earth element (REE) chemistry of

fresh basalts studied by Kay, et al (1970) are compared

with limited REE data for selected glass shard samples.

Both sets of data have been normalized to sample KDll, a

very fresh sample from the Gorda Ridge that has relative

REE abundances that are almost indistinguishable from

those of meteorites (Kay, et al. 1970). If it is assumed

that the accuracy with which La, Sm and Eu can be deter-

mined is comparable for both laboratories, it appears that

both sets of data agree well. Interestingly there is a

tendency for the 3 glass shard analyses to plot horizon-

tally and close to a normalized value of one.: This may

mean these samples have REE abundances that are similar to

sample KD11 and are, therefore, quite primitive. If this

tenuous argument can be substantiated by more detailed

study o the REE abundances of volcanic glasses from the

mid-ocean ridges, volcanic glass shards may provide more

representative samples of primary magmas generated within

these areas than do crystal-bearing pillow basalts.

Mode of Origin of Volcanic Ash Deposits

In speculating on the formation of volcanic ash

layers in sediments, one is confronted with a lack of
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observational-type data. As Nayudu (1962) has so aptly

pointed out, the nature of submarine eruptions is a matter

of theory, not of observation. The production and for-

mation of continental ash deposits and the character of

these eruptions, however, are somewhat less speculative.

For example, we know that volcanic ash is commonly associ-

ated with island arc type volcanoes and that it is pro-

duced explosively as a result of a sudden release of

pressure. The silicic character and resulting high

viscosities of these magmas allow tremendous gas pressures

to be built up. In contrast, the volcanic eruptions ri

the Hawaiian Islands and presumably those on the mid-

ocean ridges are much gentler in nature. These hot

basaltic magmas are less viscous and their resulting

greater fluidity enables gases to be expelled gradually,

not explosively. Volcanic ash is a product of these

basaltic eruptions, but volumetrically it is minor, It

is probable that the volcanic ash deposits near Cobb

Seamount have been produced as a result of a Hawaiian-

type volcanic eruption from a central vent, The highly

vesicular nature of all glass shards (Moore, 1965) and

the distribution of ash layers strongly suggest that the

swrm-ii-b of Cobb Seainount was always close to sea level.

At the present time ts sunimit is at a depth of 34 meters

(Budinger and Enbysk, 1960). If a volcanic eruption

occurred now, one would expect a certain amount of vol-
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canic ash to be carried into the atmosphere and to be

transported by winds0 The presence of ash layers found in

sediments 70 kms from Cobb Seamount could easily be ex-

plained by such a mechanism.

Volcanic eruptions on the mid-ocean ridges are

thought to result from fissure-type eruptions, not from

central vents (Melson, et al. 1968). In addition, the

presumed dry and basaltic character of mid-ocean ridge

magmas and the fact that these ma'mas were erupted under

hydrostatic pressures equivalent to about 0.2 kbar should

oppose production of volcanic ash in the manner described

above (Rittman, 1962; McBirney, 1963). Furthermore, data

presented in Figure 2 indicate that the volcanic ash is

produced only in a fairly restricted area close to the

crestal portions of actively spreading and volcanically

active mid-ocean ridges and Figures 5 and 6 demonstrate

that these volcanic products are not chemically anomalous.

Any proposed mechanism of volcanic ash formation must take

these various factors into account.

Bonatti (1968) has suggested that submarine volcanic

ash is produced by the interaction of hot magma and cold

sea water. As the magma chills rapidly, contraction causes

the outer margins of the newly formed basalt pillow to

explosively shatter; Thorarinsson (1965) has observed this

type of activity during a submarine eruption on the island

of Surtsey. Bonatti has propOsed that not all basalts
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behave in this fashion du to viscosity differences of the

original magmas. Presumably, cooler maginas have the

necessary critical viscosity at the time of eruption,

whereas hotter magmas are too fluid. The suggestion that

volcanic ash is produced by shattering is reasonable, but

the idea that magma temperature is critical is not. Data

presented below (see Appendix V) indicate that shattering

is associated with both hot and cool magmas.

In summary, the limited data available suggest that

the production of volcanic ash deposits on the mid-ocean

ridges is due simply to a general shattering when hot magma

meets cold sea water. As the hot magma cools, it must

induce thermal convection in the overlying waters. These

convection currents probably carry ashy material up so that

bottom water currents tend to disperse it away from its

site of origin. Subsequent sedimentation followed by re-

working could readily create the deposits that are observed

in sediment cores from the mid-ocean ridges. Such a mode

of origin of volcanic ash deposits on the mid-ocean ridges

is simply ahypothesis, but it is one that i reasonable

and does not require any unusual processes.

Juan de Puca Ridge and Cobb Seamount Volcanism

Plate tectonic theory requires the mid-ocean ridges

to be volcanically active because they are the sites where

new oceanic crust is generated. However, observations of
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recent volcanic activity away from ridge crests (Moore,

1965; McBirney and Gass, 1967; Bonatti and Pisher, 1971)

and the suggestion that seamounts grow for millions of

years within the ocean basins (Menard, 1969) demonstrate

volcanism is not limited to the midocean ridges. At the

present time, there is no widely accepted theory for the

origin and subsequent volcanic history of seamounts, We

do not know if the sources of magmas for these seamounts

are located within the lithóspheric plate or if a growing

seamount continues to tap different maginasources from the

p.nderlying asthenosphre as t migrates along with the

crustal plate. Our inability to understand the volcanism

of seamounts has stemmed largely from the inaccessibility

of all but their youngest outfiowings. Practically all of

the limited data on seamount volcanic products has come

from dredging, a technique that samples only their outer

or younger parts. Even with careful and detailed dredging

age relationships of the samples are unknown. If we can

sample the compositions of magmas from a seamount as a

function of time, we should be able to better understand

the evolution of the seamount and to account for its

existence.

In the following discussions. the chemical compositions

of 8 different ash layers (see Appendix VII), found in 3

long piston cores taken near Cobb Seamount (see Figure 2),

are compared with the chemistry of recent volcanic products



on the Juan de Fuca Ridge. By using stratigraphic re-

lationships and dateable horizons in the cores it has been

possible to rank the ash layers as to relative ages1 From

a study of such a resulting ash layer sequence it is

possible to obtain new information about the chemical

evolution of this prominent seamount and to demonstrate

the potential petrological value of such a sequence in

studies of submarine volcanism.

Comparison of Chemical Analyses from the Juan de Fuca
Ridge with those from Cobb Seamount

Data presented in Figure 5 provide an opportunity to

compare the chemistry of Juan deFuca Ridge samples with

those from Cobb Seamount. Abundances of most major ele-

ments are similar in both populations and consistent with

typical volcanic products of mid-ocean ridge volanism.

It is evident, however, that Cobb Seamount debris, rela-

tive to Juan de Fuca Ridge material, is somewhat enriched

in Na20, 1(20 and perhaps Ti02 and slightly impoverished

in For both populations of samples, Na20 and

are significantly different at the 99% level of signifi-

cance and T±02 is significantly different at the 91% level.

For 5i02 the level of significance is 93% if the one

anomalous Juan de Fuca Ridge sample is disregarded

Although the Cobb Seamoun samples are not true alkali

basalts the enrichment of these samples in the alkali
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metals and Ti02 and the slight apparent impoverishment in

3j02 is suggestive of alkaline affinities.

In Figure 7 the abundances of the major elements in

the ash layer sequence from Cobb Seamount are presented.

For comparative purposes the average composition of two

rock analyses of presumably young materials from the top

of Cobb Seamount and an average of 13 analyses of fresh

volcanic products from recent Juan de Fuca Ridge volcanism

have been included. By comparing the data in this manner

it is possible to see how the chemistry of Cobb Seamoun.t

volcanic products have changed with time. Interestingly,

A1203 and K20 are the only major elements that are signif-

icantly correlated with age (r-O.76 and 0.95, respec-

tively). For the other elements the chemistry of the

older volcanic products is similar to that of the younger

samples.

If one statistically examines the relationships among

elements for all Cobb Seamount samples, one finds that two

element pairs, FeO*_MgO (r=-0.85) and Na20-MgO (r-O.78),

are strongly negatively correlated. Other element-

element covariances, such as ?eO*_Al203 (r=0.66), CaO_FeO*

(r-0.6l), K20-A1203 (r-0.63), Na20-CaO (r=-0.63) and

Na20-Ti02 (r0.60), are not significant at the 95% level

of significance because the absolute value of their simple

correlation coefficients are less than 0.67. However,

since these element pairs have simple correlation coeffi-
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cients greater than or equal to there istill a

reasonable probability that meaningful relationships exist

among these various element pairs0

Limited data on the rare earth element (REE) chem-

istry of 2 ash layer samples and one pillow basalt sample

from the top of Cobb Seamoun-b can be compared with data

on fresh pillow basalts from the Juan de Fuca Ridge

(see Figure 8). The slight enrichment of the 3 Cobb

Seamount samples in the light REE, relative to the

samples from the Ridge, is consistent with the work of

Kay, et al. 1970, This slight enrichment in the light

REE is also suggestive of alkaline affinities (see Gast,

1968, p. 1066).

In summary: 1) the abundances of major elements,

except Na and. K, in all samples of volcanic products from

Cobb Seamount are quite similar to abundances in typical

mid-ocean ridge basalts and. ashes; 2) samples from Cpbb

Seamount have always been slightly enriched in Na20, K20

and perhaps Ti02 and perhaps slightly impoverished in 5i02

relative to samples from the Juan de Fuca Ridge; 3) the

element pairs FeO*_MgO and Na20-MgO are negatively corre-

lated and A1203 and sample age are positively correlated;

and 4) the maor element and the limited IEEE chemistry of

all Cobb Seamoun-b samples suggest that the volcanic pro-

ducts of this seamount have always been chemically inter-
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mediate between the tholeiitic products of typical mid-

ocean ridge volcanism and the alkali-álivine basaltic

magmas that are commonly associated with seamounts.

Petrological Significance of Changes in Magma Chemistry

Consistent element-element covariances, such as those

between Fe0*Mg0 and Na2-MgO, can be explained by varying

amounts of fractional crystallization of olivine, plagio-

clase and clinopyroxene (see, for example, Wager and

Michell, 1951). Covariances among these same elements

have been observed for typical mid-ocean ridge volcanic

ash and pillow basalt samples and are discussed at length

in Section IV. Other studies (Kay, et al. 1970;

Miyashiro, 1970; Cann, 1971) have also documented adequate-

ly the effect that fractional crystallization has on

inducing chemical variability among samples from particu-

lar volcanically active areas. Furthermore, since experi-

mental studies (see Green and Ringwood, 1967, for example)

have shown that the crystal phases mentioned above crys-

talize early a-b shallow depths from a tholeiitic magma

and since plagioclase phenocrysts and microphenocrysts

have been observed for all samples from Cobb Seamount, it

becomes highly probable that separation of these phases

from the basaltic liquids would cause the observed

element-element coyariances among samples from Cobb Sea-

mount. As O'Hara (1968) has indicated, it is essentially
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impossible for a basaltic liquid to reach the earth's

surface without having been subjected to a certain amount

of fractional crystallization. For these reasons, the

suggestion that the observed element-element covariances

among samples from Oobb Seaniount through time have been

caused by fractional crystallization is reasonable.

Difficulties arise when one attempts to attribute the

alkaline affinities of Cobb Seamount magmas to the process

of fractional crystallization of a more tholeiitic primary

magma. Experimental studies (Yoder and Tilley, 1962)

and the work of Gast (1968) indicate that it is impossible

to obtain alkali oliyine basalts (iresumabIy basalts with

alkali affinities, as well) by fractional crystallization

of typical mid-ocean ridge tholeiitio magmas at a shallow

level in the earth's crust or upper mantle. This experi-

mental work is in disagreement with Engel and Engel's

(1964) original hypothesis which suggested that the tran-

sition in magma composition from -bholeiitic to alkalic

results from fractional crystallization. Fractional

crystallization does ocQur and it is responsible for many

of the slight chemical variations among samples. However,

Yoder and Tilley (1962) and Gast (1968) have suggested

that it is not responsible for the major changes in magma

composition that are required to obtain an alkali divine

basalt from a tholeiite, Since the ash layer sequence

from Cobb Seamount indicates that its magmas have always
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been somewhat transitional between the two end members.,

these deposits should help resolve the process or processes

responsible for the transition from tholeiitic to alkalic

basalts, Since fractional crystallization can probably

be safely excluded from consideration, we must turn to

other factors such as differences in depths of magma

generation as potential causes of the more alkaline char

acter of Cobb Seamount magmas.

The importance of pressure (depth) of partial melting

in controlling the initial compositions of basaltic liquids

has received much attention in several important studies

(Yoder and Tilley, 1962; Kennedy, 1966; Green and Ringwoo

1967; Kushiro, 1968). Other investigators (Aumento, 1967;

Bass, 1971) have attempted to apply experimental evidence

to the problems associated with the genesis of magmas

within the ocean basins. bass (1971), for example, has

attempted to apply straight forwardly findings of these

studies to the problem of interpreting not only the

differences in major element chemistry of tholeiitic

basalts from the different midocean ridges, but also to

the problem of interpreting the difference in magma com

positions of a midocean ridge and its associated sea

mounts, Of interest to the present study is Bass's

hypothesis that one would expect the magmas erupting from

a seamount spreading away from the Juan de Puca Ridge to

become progressively more Alrich and more undersaturated



52

with respect to silica through time. Bass's justification

for suggesting this magmatic evolutionary path is found

particularly in the work of Green and Ringwood (1967), who

have demonstrated that the amounts of A1203 in initial

liquids formed by partial melting of mantle pyrolite be-

came enriched in it at increasing depths. Aunento (1967),

MoBirney and Gass (1967) and Gast (1968) have also suggest-

ed that the generation of basaltic liquids beneath sea-

mounts involves a progressively decreasing amount of

partial melting at progressively increasing pressures

(depths). Thus, the ideas that seamounts are thought to

grow larger, evolve chemically and tap different magma

sources as they drift along with the lithosphere are not

new. However, tests of hypotheses concerning the magmatic

evolution of particular seamoun.ts have been difficult,

mainly because of the inaccessibility of samples frOm

these features. The sequence of ash layers from Cobb

Seamount affords us an excellent opportunity to examine

the early evolution.ry history of Cobb Seamount in light

of the hypotheses of Bassand others.

In Figure 9 data presented by Bass (1971) are corn-

pared with new data of the present study in a diagram of

normative Ol-An-Hy, a quasi:orthogona1 projection of

Al203 versus silica saturation, In an illustration of

this nature Bass (1971) has suggested that magmas from

seamounts associated with fast and intermediately spread-
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Figure 9, A plot of normative Ol-An-Hy for Cobb Seamount and Juan de Fuca Ridge (JFR) samples
at right. Figure at left is modified from Bass (1971) and is shown for comparison.
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ing ridges should become progressively more An or Al-rich

before entering the normative Ne or alkali olivine basalt

field. By comparing the two sets of data it is apparent

that samples from the Juan de Fuca Ridge are noticeably

more saturated with respect to silica and are generally

less Al-rich than are samples taken from other seamounts

near the Ridge or from seamounts associated with the fast-

er spreading East Pacific Rise. It is interesting to note

that Cobb SeamQunt samples plot somewhat intermediate

between most of the Juan de Fuoa Ridge samples and the

other seamount samples. This finding is consistent with

the "intermediate" ohar.cter of Cobb Seamount's volcanic

products and lends support to Bass's hypothesis.

Further substantiation of Bass's hypothesis is present

in Figure 6 where A1203 contents of Cobb Seamount samples

have been plotted against sample ages. As mentioned

previously, this covariance is both statistically signifi-

cant and negative. Since this relationship is in the

expected sense, additional supportive evidence has been

foundfor Bass's hypothesis.

The tendency for the Cobb Seamount samples to be

slightly enriched in the light rare earth elements, rela-

tive to the samples from the Juan de Fuca Ridge, is

suggestive of a smaller degree of partial melting at pre-

sumably greater depths beneath the Seamount than beneath

the Ridge (Gast, 1968). As the Seamount continues to
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migrate away from the Ridge and grow (Jnard, 1969), the

increasing mass a.f the Seamount coupled with the steepening

geothermal gradients would be expected to progressively

increase the depth of magma generation and decrease the

degree of partial melting. This would have the effect of

making the magmas more alkali olivine-like in character

(Green and Ringwood, 1967; Gast, 1968) and it would pro-

vide a means of generating the alkali olivine basalt cap-

ping that is found. on many seamounts (Engel and Engel,

1965).

Conclusions

1. Glass shards in volcanic ash layers are unaltered and

are chemically representative samples of quickly

quenched marnas generated within the ocean basins.

2. Published hydration rates for terrestrial obsidians

and rates of halrnyrolysis o submarine pillow basalts

are not applicable to basaltic volcanic glass shards

buried in moist, marine sediments.

3. A sequence of volcanic ash layers from Cobb Seamount,

which span in time most of the Seamount's history,

suggest that its volcanic products have always had

alkaline affinities and that they are becoming pro-

gressively enriched in Al203 with time.
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4. Experimental data in the literature suggest that the

observed compositional differences between volcanics

from Jobb Seamount and the Juan de Fuca Ridge result

from the generation of magmas at greater depths be-

neath Cobb Seamount.
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IV. TE1VIPERATURES AND COIVIPOSIPIONS OF MAGMAS
ASCENDING BENEATH MID-OCEAN RIDGES

Introduction

According to the concepts of sea floor spreading and

plate tectonics, new oceanic crust is created at actively

spreading mid-ocean ridges. The rate of this process

varies from about 1 cm/yr per ridge flank in the vicinity

of Iceland to approximately 9 cm/yr per ridge flank on the

East Pacific Rise in the equatorial Pacific (Vine, 1971).

Although the lateral migration of new oceanic crustaway

from mid-ocean ridges is well documented, very little is

known about the actual mechanism and processes responsible

for the generation of new crustal material. A primary

objective of this study was to apply recent laboratory

findings in igneous petrology to the problem of the gener-

ation of basaltic liquids beneath mid-ocean ridges.

The recent development of the plagioclase geother-

mometer by Kudo and Weill (1970) allows one possibility to

be tested: that the temperatures of magmas ascending be-

neath a mid-ocean ridge are a function of that ridge's

spreading rate. The temperature of a magma is important

to the understanding of the evolutiOn. of a basaltic liquid

because for a given magma composition and pressure the

temperature controls the order in which the various solid

phases crystallize. In addition, if the temperature of a



magma is inherited from the depth in the mantle at whioh

it was generated and if the magma ascended to the surface

without appreciable loss of heat, then knowledge of the

geothermal gradient f or an area should permit an esti-

mation of the depth at which the liquid formed.

Most of the early studies on mid-ocean ridge basalts

were descriptive in nature (e.g., Engel and Engel, 1964;

Nicholls, et al. 1964; Muir and Tilley 1966), These

studies demonstrated the compositional uniformity and

preponderance of high aluminum, low potassium blivine

tholeiites on the actively spreading ridges. Subsequent

investigations have shown, however, that chemical varia-

bility exists among samples from the same portion of a

ridge as well as among samples from different spreading

centers, These major element chemical variations have

been attributed to fractional crystallization (Miyashiro,

et al. 1970; Kay, et al, 1970; Cann, 1971), varying de-

grees of partial melting (kumento, 1967; Gast, 1968) and

different depths of magma formation (Bass, 1971). In the

present study these potential causes of compositional

variability among samples are examined0 In addition, new

data on magma temperatures and on the chemistry of fresh

volcanic glasses found on different mid-ocean ridges allow

the formulation of a model for magma generation in these

areas.
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Pillow Basalt and Volcanic Ash Samples

To test the hypothesis that the temperatures 0±' magmas

ascending beneath an actively spreading mid-ocean ridge

are related to the spreading rate of that ridge, samples

of quickly quenched, plagioclase-bearing pillow basalts

and basic vitric ash layers were obtained from the rapidly

spreading East Pacific Rise, the Gorda and Juan de Fuca

Ridges with intermediate spreading rates and the slowly

spreading Mid-Atlantic Ridge (see Figures 1 and 2). Ac-

cording to KudO and Weill (1970), such quickly quenched

samples are ideally suited for the application of plagio-

clase geothermometry, Since all samples are unaltered

volcanic glasses that were taken from cores and dredge

hauls close to the crestal portions of actively spreading

ridges, it is asswned that these samples are representative

of recent volcanic events in these areas (see Section III).

Compositions of Plagioclase Crystals in Basaltic Liquids
Erupted Along Actively Spreading Ridges

The plagioclase crystals that have been studied for

the application of plagioclase geothermometry ranged from

about a tenth to several millimeters in diameter. In thin

section they would be called microphenocrysts and pheno-

crysts. Petrographic examination and X-ray studies of he

plagioclases show that they are unzoned and o± a high or

very disordered structural state (see Appendix VI).



Other investigators (Aumento, 1968; Corliss, 1970) have

noted the absence of zoning of calcic plagioclase pheno-

crysts and microphenocrysts0 These observations are con-

sistent with the interpretation that the crystals grew in

chemical equilibrium with a stable melt (Melson and

Thompson, 1971) and were subsequently rapidly quenched

during eruption onto the sea floor0

Despite the number of studies of mid-ocean ridge

basalts, surprisingly little attention has been given to

the compositions of plagioclase feldspars. With the ex-

ception of some studies on the Mid-Atlantic Ridge

(Nicholls, 1964, Muir and Tilley, 1966; Aumento, 1968;

and Melson, et al, 1968) and the Carlsberg Ridge (Cairn and

Vine, 1966) most workers have either omitted plagioclase

compositions, or used rather general terms such as

"bytovvnite"0 In fact, this skimpy treatment reflects the

primary concern with the bulk chemistry of the basalts,

and in part the difficulty of obtaining precise plagioclase

compositions by conventional teclmiciues0

Compositional Variation of Individual Samples

The compositions of 15 plagioclase crystals from each

of 45 samples are presented in Figures 10 and ll The

distribution of compositions in most samples is 10-15 wt.

% anorthite, and in several instances, it is more. In

addition, the plagioclases approximate a normal distri-
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bution about a mean value for most samples with most

plagioclase compositions close to the mean value. These

data are in general agreement with the work of Hoff er

(1968). In Hoffer's study of the variation in composition

of u.nzoned plagioclase phenocrysts from a single basalt

flow, a total compositional variation of 13 w. % An was

noted and most crystals differed by less than 7% Ari.

Plagioclases from ash layers frequently show signifi-

cantly greater compositional variation than do those from

pillow basalts, In Figure 12 the compositional variation

for both types of samples has been civantified by using the

standard deviation of each sample as an index o disper.-

sbn. These data suggest that a small sample of volcanic

ash gives more Lnformation on the total compositional

variation of the plagioclases in a magma than does a small

sample of a pillow basalt. This is intuitively reasonable,

because the generation and dispersal of the ash would pro-

vide a greater opportunity for more of the total magma to

be sampled. D. Weill (1971, personal communication) has

suggested that the observed compositional variations for

plagioclases of particular samples in this study are not

unusual and are to be expected for this particular mineral

group. Weill has suggested that the difficulties plagio-

clases have nucleating in a lictuid coupled with the

inability of early formed crystals to maintain equilibrium

with these liquids can cause the observed spreads in

çompositions.
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Plagioclase Compositions Associated
Spreading Centers
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Plagioclase crystals from the mid-ocean ridges show

not only compositional variations in individual samples

but also compositional differences between different

samples and between samples from different areas (see

Figures 10 and 11). In Figure 13 the average compositions

of the plagioclases for all samples have been grouped

according to areas. This diagram emphasizes the varia-

bility in the average plagioclase compositions for a

particular ridge and the tendency for the populations of

plagioclases from the different spreading centers to

differ. In this regard, the average plagioclase com-

positions from the fast-spreading East Pacific Rise are

significantly more sodic at the 99% level of significance

than those from the slow-spreading Mid-Atlantic Ridge.

Also, it is apparent that the average plagioclase compoi-

tiôns from the Gorda-Juan de Fuca Ridges spreading at an

intermediate rate lie between the values or the other two

areas0

In Figure 14 the relationship between average plagio-

clase compositions and spreading rates is presented more

quantitatively. Eight samples from the Juan de Fuca Ridge

area and two samples from the East Pacific Rise have not

been plotted because they are thought to be the products

of seamount volcanism.. Seamount volcanism or voIcnism
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associated with a central vent appears to differ chemically

from the fissure-type eruptions that are thought to be

most common on the mid-ocean ridges (Bass, 1971 and Sec.

III). In Figure 14 an estimate of the spreading rate of

the area from which each sample was taken was obtained

from existing published data (see Appendix I). Statistical

analysis has revealed that there is a significant negative

correlation at the 99% level of significance between

average plagioclase compositions and the spreading rates

of the ridges from which the plagioclase-bearing samples

were obtained (r=-O,58),

Although there is a paucity of published data on the

compositions of plagioclase in mid-ocean ridge basalts,

Aumento (1968), Muir and Tilley (1964 and 1966) and

others have noted the presence of quite calcic plagio-

clases in the basalts that have been dredged from the Mid-

Atlantic Ridge. Bonatti (1968), in his description of

basalts from the East Pacific Rise, has characterized the

plagioclases as labradorite-bytownite in composition.

This may mean that the plagioclases he observed were about

in composition0 Although existing published data are

not at all conclusive, it would appear, nevertheless, that

these published data are consistent with the observation

that plagioclase compositions are negatively correlated

with spreading rates



Temperatures of Magmas Ascending Beneath Mid-Ocean Ridges

Magms temperatures have been measured directly, in

some of the Hawaiian volcanoes (e.g., Jaggar, 1947; Ault,

et al. 1961), and calculated indirectly by geothermometry

(Kudo and Weill, 1970; Stormer and Carmichael, 1970).

Most geothermometers depend on the fact that the composi-

tions of certain minerals crystallizing out of a magma are

temperature dependent. Recent advances in plagioclase

geothermometry (Kudo and Weill, 1970) have made practical

the calculation of the temperature at which plagioclase

crystals were in ohemical equilibrium with a magma prior

to eruption. This particular geothermometer is directly

applicable to plagioclase-bearing volcanic ash layers and

pillow basalts on the mid-ooean ridges. Without this

particular geothermometer it would be impossible to obtain

estimates of the temperatures of the magmas that produced

these quickly quenched materials.

Calculation of Magma Temperatures

To calculate the temperature at which plagioclase

crystals were in chemical equilibrium with the melt prior

to eruptibn it is necessary to know the composition of the

plagioclase crystals, the abundances of Na Ca, Al and Si

in the melt, and the probable existing water pressure at

the time of plagioclase crystallization. A simple average
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plagioclase composition was used in all calculations.

The compositions of the plagioclases are given in Appendix

V and the abundances of the oxides of Na, Ca, Al and Si

are presented in Appendix VII. Estimating the water

pressure of a magma is difficult. As the magmas asoending

beneath the mid-ocean ridges are probably fairly dry

(Moore, 1970; Hart, 1971) the assumption that these magmas

had low water pressures is reasonable. Furthermore, since

there is no apparent reason to suspect that the water

pressures of the magmas of the different ridges are dif'er-

ent, one can assume the same water pressure for all magmas.

In -this study, dry conditions (0.0 kbar H20) were assumed

to make the calculations (see Kudo and Weill, 1970, p. 56)

because it is probable that this is the closest approxi-

mation to the water pressure of mid-ocean ridge magmas,

If a water pressure of 1.0 kbar had been asswned, calcu-

lated magma temperatures would have been about 9000 lower.

All calculated magma temperatures are presented in

Appendix V.

Using the temperature differences between calculated

and measured temperatures for 40 plagioclase-liqui. pairs,

Kudo and Well (1970) found the "mean error" to be -1°C

with a standard deviation of 34°. This means the overall

accuracy of the technique is good, but the precision with

which an individual temperature can be calculated is

subject to a rather large degree of uncertainty. Most of



71

this uncertainty can be attributed to analyticaiL errors

and to failure to reach true equilibrium. In the present

study the precision of the analyses for elements of con-

cern and for the plagioclase compositions is quite good

(see Section II). For this reason it is possible that a

smaller degree of uncertainty should be attached to the

calculated magma temperatures given here.

Variations in Magma Temoeratures

Since plagioclase compositions are negatively corre-

lated with spreadixg rates, one would expect magma tempera-

tures to be similarly correlated. In Figure 15 the cal-

culated temperature for each ridge magma has been plotted

against the appropriate spreading rate of the ridge from

which the sample was taken for this study, Here, again,

statistical analysis has shown that a significant negative

correlation at the 99% level of significance exists between

the two variables (r=-O.64). This suggests that magma

temperatures are in fact related to the spreading rates of

their source ridges and that hotter magmas aie assobiated

with more slowly spreading ridges.

Another interesting feature of these data is the

variation in temperatures of the magmas from a particular

spreading center. By grouping samples into 3 groups it

was found that the simple standard deviations of the

populations from the Mid-Atlantic Ridge, the Gorda-Juan de



12.0

,-. 10.0

>,

E
C)

8.0

w
I-

6.0

(f

2
04.0
w
a-
(1)2.0

PHOO.Okbar
2

EPR
0 GRJFR
AMAR

.

.'N .
. . .

0 0
o 0 00

NN
0

710 1230 1250 1270 1290 1310 1330 I30 1370 13

T(°C)
Figure 15. A plot of T (°C) versus spreading rate for all mid-ocean ridge samples. The diagonal line

is a fit of a regression line to the data assuming that spreading rate is the dependent
variable and T is the independent variable.



73

Fuca Ridges, and the East Pacific Rise were 35, 25 and

25°C, respectively. This similarity iii spread of magma

temperatures for each of the three centers may indicate

that the liquids in each area had similar thermal histor.-

ies. However, the magmas could also have been generated

at slightly different levels in the mantle. The signifi-

cance of this temperature data is conèidered more fully

below.

Chemistry of Basaltic Liquids

The abundances of Si, Al, Fe, Ca, Mg, Na, K, Ti and

Cr were determined for 46 samples of volcanic glass from

pillow basalts and volcanic ash layers. In addition, the

amounts of H20+, H20-, and several trace and rare earth

elements were determined for selected samples (see Append-

ices IV and VII). All samples were fresh, wialtered,

volcanic glasses (see Sec. III).

Chemical Classification of Basaltic Glasses

Classification of basaltic rocks is frequently based

on either their modal mineralogy or their calculated

normative mineralogy (or some combination of the two). In

this study, the glassy nature of all samples and the fact

that many of the samples were volcanic ashes made impracti-

cable classification schemes based on the modal mineralogy.

The "basalt tetrahedron" of Yoder and Tilley (1962), which
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is based on the CIPW normative mineralogy, has been used

to classify all samples.

The calculations of the CIPW normative mineralogy

were made by computer, using a program made available by

Mr. Mike Jones, Department of GeolOgy, Oregon State

University. The weight percentages of the oxides of Si,

Al, Ca, Mg, Na, K and Ti were used in the calculations in

the conventional manner, However, since it was possible

to measure only the total amount of iron present, a ratio

of 0.1 was used to allocate total iron into its probable

weight percentages of FeO and Pe203. Bass (1971) has

suggested that this ratio is the best approximation of the

ratio of Fe43/Pe+2 in the mantle source regions and Cann

(1971) has suggested that this ratio is typical of fresh

volcanic glasses. Values of 0.18 and 0.15 weight percent

were used respectively for MnO and P205 (Kay, et al. 1970).

Other constituents that may be used in normative calcu-

lations, such as BaO, SrO, CO2 H20 and 012, were not

determined or estimated. The fact that the average total

weight percent of oxides used in the calculations was

98.92% suggests that possible errors resulting from the

unanalyzed constituents are minor.

Using the criteria of Yoder and Tilley (1962) and the

normative mineralogic data given in Appendix VII, the basic

glasses have been classified into groups (Figure 16).

These data suggest that the most common type of basalt is



ol.tholeiite qtz.tholeiite
qtz. thol.

total thol.

MAR 10 0 0

GR-JFR 12 3 .2

EPR 5 5 .5

Figure 16. Classification of mid-ocean ridge samples analyzed in this study.
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olivine tholeiite. This conclusion is in agreement with

the findings of ICay, et al. (l97O). In addition, if the
samples that are thought to be the products of seamount
volcanism are excluded from consideration, it is apparent
that the fraction of quartz tholeiites to total tholeiites
increases with increasing spreading rates. That is, more

silica saturated magnias are associated with fast spreading

rates.

Compositional Variation of SamDles

The results of bivariant plots and statistical analy-
ses suggest there are two types of compositional variations
among samples. TIe first of these concerns the observaiiaia
that certain elements and element ratios, such as FeOIVIgO,

* *FeO/MgO-Cr or FeO-CaO, are consistently correlated for

each of the spreading centers studied. In other words,

much of the chemical variability among samples from a

particular ridge characterizes the chemical variability
among samples from other ridges. The second type of

compositional variation concerns the chemical distinctive-
ness of the populations of samples from each of the three
areas. Although all samples fromthe ridges are oceanic

tholeiites, each population of samples from a particular
ridge is chemically distinctive,

Some of the processes and factors that can influence
the composition of a rock are: (1) the degree of partial
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melting of the mantle source material; (2) the chemical

composition of the mantle source material; (3) the physical

conditions, such as pressure and temperature, under which

partial melting occurred; (4) the amount of fractional

crystallization and where it took place; (5) the degree of

wall rock interaction; and (6) the amount of weathering

and chemical changes that have been brought about by con-

tact with sea water. In the following discussion the two

types of compositional variations are described and an

attempt is made to account for each of these in terms of

these processes.

Compositional Variations of Populations of Samples:

The chemical compositions of samples from each of the

three areas reveals consistent covariances among several

of the elements, which may be interpreted to be the result

of fractional crystallization. In Figure 17 the 35

samples thought to be products of typical mid-ocean ridge

volcanism have been plotted on a conventional FIVJA diagram.

Although there is some scatter, it is apparent that there

is a tendency for the entire group of samples as well as

for samples from each of the three areas to plot parallel

to the tholeiitic path of fractional crystallization.

Miyashiro, et al. 1970 have noted this same relationship

for abyssaltholeiites from the Mid-Atlantic Ridge. These

observation are also consistent with the work of O'Hara



FeO* FeO* FeO* FeO*

Na20 + K20 MgO MgO MgO MgO

Figure 17. A plot of FeO", MgO and Na20 + K20 for all mid-ocean ridge samples.
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(1968) who ha suggested that every basaltic liquid that

arrives at the earth's surface has undergone a certain

amount of fractional crystallization during its ascent.

Although a detailed petrograplaic study of each sample was

not possible, the presence of plagioclase crystals associ-

ated with all the basaltic glasses suggests that it at

least was an important crystallizing phase. Consequently,

frorri the work of O'Hara (1968) and Green and Ringwood

(1967) olivine must have been present and capable of segre-

gation as well.

A comparison of the matrices of simple correlation

coefficients in Table 2 supports the consistency of inter-

elemental covariances. The tendency for most of the same

pairs of elements to be highly correlated in each of the

areas strongly suggests that the same process or processes

are operative in all areas.

Assuming fractional crystallization is the process

responsible for the chemical variation among samples from

a particular area, its effects can be assessed if it is

assumed that the liquids generated in a particular area

are all initially homogenous and that increasing values of

the ratio FeO*/MgO indicate more fractionated samples. In

Figure 18 the abundances of FeO', MgO, Ti02, Al20 and Cr

for all samples have been plotted against an index of the

degree of fractional crystallization, the FeO /IVIgO ratio.

Significant correlations exist between each of these



Si Al Fe Ca Mg Na K Ti Cr Si AL Fe Ca Mg Na K Ti Cr

Si 0 0 0 0 0 0 000 0 0 0 0 0 0 0 0 0

AL - + + 0 0 - - - 0 0 + 0 0 0 + -
Fe - - 0 0 + - + - - 0 0 0 -
Ca + - 0 - + - 0 0 0 0 0 0

Mg - 0 - + - 0 0 0 + -

Na 0 + - + 0 0 0 0

K ALL SA1VTLES 0 0 0 GR-JFR 0 0 0

Ti - + 0 0

Cr - -

Fe/Mg
Si 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 0 0 0

AL - + + - 0 - + - 0 0 0 0 - ± -
Fe - - + 0 + -± - - 0 0 ± - +

Ca + - 0 - + - 0 - 0 0 0 0

Mg - 0 - + - 0 - - + -

1'Ta + 0 - + 0 0 0 0

K EPR 0 0 0 MAR + 0 +

Ti 0 + -

Cr -

Fe/Mg
Table Significant correlations at the 95% level of significance among 9 elements

and the Fe/Mg ratio for all samples and for samples from each spreading
C enter
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*
elements and the FeO /MgO ratio. The positive corre-

lations between the PeO/MgO ratio and FeO* and Ti02 and

the negative correlations between this ratio and A1203,

MgO and Cr are consistent with fractional crystallization

involving olivine, plagioclase and perhaps pyroxene at a

shallow level, either in the oceanic crust or upper mantle.

Similarly, significant relationships betweenPeO/MgO and

CaO, K20, Na20 and 5i02 are not expected. On the basis of

this argument it would appear that many of the chemical

variations among samples ±'rom a particular area may be

interpreted in terms of varying degrees of fractional

crystallization. This conclusion is also consistent with

Cann's (1971) interpretation of the major element covari-

ances in ocean floor basalts. By using multivariate

statistical methods Cann was able to demonstrate that

high-level fractional crystallization involving ealcic

plagioclase, forsteritic olivine and augite accounted re-

niarkably well for the observed variations..
*

A plot of estimated temperature against FeO /MgO for

each population of samples also supports the effects of the

process of fractional crystallization (Pigure 19). The

negative correlations between these two parameters, partic-

ularly for tbe East Pacific Rise and Gorda-Juan de Puca

populations, indicate that lower temperatures are generally

associated with more differentiated samples. This general

relationship is consistent with many petrologic studies
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(see Ttrner and Verhoogen, 1960).

Extending this argument further, one can use the spread

of FeO /MgO ratios in Figure 17 as a means of estimating

the degree of fractional crystallization of each group of

samples. It appears that each population of samples has

been subjected to a similar amount of differentiation.

Interestingly, however, samples from the East Pacific Rise
*

appear to be slightly more enriched in FeO , ie, they have

*
higher FeO /MgO ratios. In addition, samples from the

East Pacific Rise are more saturated with respect to silica

and this is reflected in the greater abundance of samples

that are classified as quartz tho1eites (see Figure 16).

Although the process of fractional crystallization

accounts remarkably well for the chemical variations of

samples within each of the 3 areas, the possibility that

other factors are also operative must be examined, Based

on the preceding discussions (see Sec. III), it is apparent

that differences in the degree of low-temperature chemical

alteration cannot be held responsible for any of the ob-

served variations of samples because all samples studied

are equally unaltered. Differences in the chemlcal corn-

position of the mantle source rock within each area could

conceiveably cause differences in the compositions of mag-

mas. However, Corliss (1970) has shown that the compost-

tional similarity of samples from particular geographic

areas, notably among some of the same samples from the



22°N area of the Mid-Atlantic Ridge considered here, is

suggestive of locally homogenous mantle source materials.

Using this reasoning, it is difficult to see how it is

possible to account for the observed chemical variations

within the 22°N area group of samples in terms of differ-

ences in mantle chemistry. The range of chemical variation

recognizable in a small geographic area that probably has

a homogenous mantle suggests that local variations in

mantle composition in general are probably not responsible

for similar variations over larger areas. It is possible,

but unlikely, that differences in the extent of wall rock

interactions (assimilation) have caused the observed

chemical variations, Since mid-ocean ridges are tensional

features, characterized by normal faults, volcanic events

are probably associated with faulting where the faults and

associated zones of weakness provide "open" pathways for

the rapid ascent of magma. If the earthquake swarms

described by Sykes (1970), which last for several hours to

a few days, correspond to the faulting associated with the

ascent of individual magma batohes,then a relatively

small amount of time is available for significant amounts

of wall-rock interactions, In addition, Green and Ring-

wood (1967) havesuggested that if a magma ascends rapidly

from its source region into country rocks that are much

cooler, a thin coating of glass will form on the country

rocks and this will inhibit wall rock reactions. If this
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is correct, one would not expect wall rock reaction to

significantly alter original magma compositions.

The importance of differences in physical conditions

at the levels of partial melting and of differences in

the degree of partial melting incontrolling the initial

compositions of magmas have been well docuiented in the

literature (Yoder and Tilley, 1962; Kennedy, 1966; Green

and Ringwood, 1967; Kushiro, 1968). Clearly, one cannot

eliminate either of these as the cause of the observed

chemical variations within the individual populations

because variations in either could easily impart the re-

quired amount of chemical variation, However, since

crystal fractionation of magmas is a common process and

since such a process adequately accounts for this type of

chemical variation, this argues in favor of crystal

fractionation, not differences in physical conditions or

degrees of partial melting.

Chemical Variations Among Populations;

Data presented in Figures 16 and 17 show that the

populations of samples from each o the three areas are

compositionally different. These compositional differ-

ences among populations are more apparent in Figure 20

where the abundances of all 9 elements in the populations

are considered, All elements, with the exception of Si02

and perhaps K20, show distinct groupings. Many of these
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Figure 20. AbL1.ndances of major elements and Cr in mid-ocean
ridge samples.
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distinctions involve rather subtle populational differ-

ences of somewhat low statistical significance.

By using a multivariate analysis technique, the Q

mode of vector analysis (Imbrie and van Andel, 1964), it

is possible to examine relationships between samples on

the basis of all variables. Such an objective type of

analysis enables one to determine if the populations of

samples are chemically distinctive. A total of 35 samples

and the abundances of 9 elements (variables) were used in

the analysis. Each sample in this analysis was repre-

sented by a vector in 9 dimensional space. This technique

enables the operator to specify the number of samples he

wishes the computer to select as end members. The actual

end members or vectors to which all other vectors are

mathematically compared were selected by the computer

because they represented conipositionally extreme samples.

The run involving 3 end members (see Table 3), which

happened to be drawn from all three areas, accounted for

98.03% of the total variation among samples. In Figure 21

the oblique projection of the projected factor matrix has

been plotted, This projection gives the proportionalities

of all end members in each sample. On the basis of this

type of analysis i-b is obvious that each population o

samples is chemically distinctive.

Since the process of fractional crystallization has

been shown to be adequate to explain the chemical van-



Table 3. Compositions of three computerselected end
members (factors) from vector aialysis. Note
the distinctiveness of each eid member.

MAR 41 GRJPR 21 EPR 33

Si02
49.88 50.56 50.65

A1203
16.02 13.44 13.22

FeO
9.79 10.19 12.62

CaO
10.66 10,88 9.64

MgO
7.79 6.86 5.85

Na20
2.90 2.38 2,79

1(20 0.13 0.13 0.17

Ti02
1.67 1.49 2,86

Cr
288 272, 151

PeO*/MgO 1.257 1.485 2.157
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Figure 21. Triangular plot of the oblique projected factor matrix for all mid-ocean ridge samples.
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ations within a particular population, the possibility

that this same process can cause the variations among

populations must be considered. Data presented in Figure

17 indicate that although the samples from each population

have been subjected to similar amounts of fractional

crystallization, the individual populations are still

chemically distinct (Figure 21). Clearly, one would not

expect such distinct groupings to be produced by a process

that is supposed to produce continuous, gradual chemical

variations. If fractional orystallization had been

operative on the same liquid in each area, one would ex-

pect far more chemical overlap than is observed. Further-

more if all liquids were initially homogenous so that the

silica-saturated East Pacific Rise samples resulted solely

from fractional crystallization, then this fractional

crystallization must have taken plsce to a much greater

extent at a shallow depth than it did for either of the

other two groups o' sarnples In other words, to account

for the chemistry of a particular group of samples by

fractional crystallization would require that each liquid

in a particular area migrate to the surface in a pattern

similar to that of other liquids in that area, but dis-

tinctly different from those in other areas. This is a

very stringent requirement (Qorliss, 1970).

If, on the other hand, the spread of data in Figure

17 reflects variations in the degree of fractional
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crystallization of 3 chemically distinct types of initial

magmas, then this data may indicate that the liquids in

each area had similar, not dissimilar, histories. We

must now examine other potential causes of the chemical

distinctiveness of each population of samples in order to

see if they might more logically account for the observed

chemical variability among populations.

The processes of alteration and wall rock reaction

can probably be safely eliminated from consideration,

mainly for reasons given above. There is no good reason

to suppose that either of these could produce the observed

chemical differences among the populations.

Excluding variations in the degree of partial melting

as the potential cause is somewhat more difficult because,

as discussed above, it is widely accepted that varying

amounts of partial melting of the same source material

under the same conditions can yield very dissimilar liquida

If it is assumed that both the mantle source material nd

the depth of' partial melting are the same in all areas,

the findings of Green and Ringwood (1967) suggest that it

is only possible to obtain silica saturated magmas, such

as those from the East Pacific Rise, from partial melting

at depths of 15 kms or less. To obtain the more under

saturated MidAtlantic Ridge samples by partial, melting

under these same conditions would require a much greater

degree of partial melting. Since there is no real justi



93

fication for assuming that the mantle source rocks beneath

the Mid-Atlantic Ridge must be partially melted to a

greater extent than those beneath the East Pacific Rise,

we must consider other processes as potential causes of

the observed chemical variations.

Relying on mantle inhomogeneities to account for the

observed differences in major element chemistry among

populations is a convenient explanation, but it is also

one that is difficult to reconcile with the data presented

above. If the mantle were very inhomogenous with respect

to any of the elements considered here, one might expect

noticeable excesses or deficiencies of these elements to

be evident in Figu.res 18 and 20. We do not see such

anomalous distributions. As discussed previously, the

process of fractional crystallization adequately accounts

for the chemical variations within populations, and, as

will be discussed below, the probable existence of differ-

ences in physical conditions among the areas accounts for

the differences among populations. Since physically

reasonable, experimentally valid, and petrologically

acceptable arguments can account for the observed differ-

ences in major element chemistry among populations, it is

not necessary to invoke hypothetical differences in major

element chemistry in the mantle source rocks as an ex-

planation. It is possible that the mantle is inhomogenous

with respect to some trace and rare earth elements



(Gast, 1968; Corliss, 1970). However, there is essential-

ly no evidence to substantiate the premise that the mantle

is inhomogenous with respect to the major elements such as

Na, Al, Ca and Fe (Corliss, 1970, p. 89). In view of

these data the assumption that the mantle is homogenous

with respect to the major elements is reasonable.

Recently, Bass (1971) has observed systematic chemical

variations among mid-ocean ridge tholeiitic basalts and

he has suggested that the observed chemical variations are

related to the spreading rates of the source ridges. Al-

though Bas's data on basalts from the fast-spreadingEast

Pacific Rise were insufficient, chemical data from the Mid-

Atlantic, the Gorda, and the Juan deFuca Ridges showed

that mid-ocean ridge basalts from faster spreading ridges

were lower in Al and more saturated with respect to silica

than were those from slow-spreading ridges. To explain

this observed relationship, he suggested that the depths

of magma generation are greater beneath slow spreading

ridges because the physical properties of the oceanic

crust and upper mantle in these areas allow brittle

fractures to extend to greater depths. As the spreading

rate of a ridge increases, its heat flow increases and

its geothermal gradient becomes steeper. This effectively

causes the rocks below the crest to become less brittle

and the depth of magma generation to be closer to the

ridge's crest. As Bass has indicated, partial melting of
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a homogenous mantle pyrolite at different depths (pres-

sures) can have a profound influence on the chemical

composition of the liquids that are produced from it by

partial melting. New data presented in this study on the

chemistry of unaltered basalts and volcanic glasses from

fast, intermediate, and slow spreading ridges provide an

excellent opportunity to test Bass's hypothesis.

To illustrate the compositional differences among

samples from the ridges Bass (1971) used a triangilar plot

of normative 01, An and Hy. An was used in place of the

more commonly used Di because it is a measure of Al203,

a critical parameter of chemical variation of basalt. The

Ol-An-Hy projection may be looked on as a quasi-orthogonal

projection of A1203 versus silica saturation (Bass, 1971).

Fignre 22 presents a summary of the data presented by Bass

and this is compared with the new data for the 3 areas of

this study. Although the precise fields have not been

duplicated by the new data, it is still strikingly apparent

that samples from the slow spreading Mid-Atlantic Ridge

are significantly more Al-rich and more undersaturated

with respect to silica than those from the fast spreading

East Pacific Rise. Samples from the Gorda and Juan de

Fuca Ridges area are somewhat intermediate. Data present-

ed in Figure 16 also show this tendency for samples from

the East Pacific Rise to be more saturated with respect

to silica, This general agreement between these two



01 Hy Hy Hy

Ne

01 Hy

Figure 22. A plot of normative Ol-An-Hy for samples from each
spreading center. Figure at bottom is modified from
Bass (1971) and is shown for comparison.
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independent sets. of data strongly supports the hypothesis

that the chemistry of a mid-ocean ridge magma is a function

of the spreading rate of the source ridge. We must now

examine the explanation for these systematic relation-

ships in greater detail to see i it is physically and

petrologically reasonable.

An independent estimate of the depth of magma gener-

ation beneath the Mid-Atlantic Ridge and the East Pacific

Rise may be obtained by assuming that the average calcu-

lated magma temperatures for these areas were largely

inherited from the depth in the mantle at which these

magmas were generated. To apply this approach one must

be able to correct the calculated magma temperatures for

possible temperature changes, such as adiabatic cooling

and cooling due to contact with cooler country rocks, that

were brought about subsequent to its generation and to

estimate the probable geothermal gradients for the two rid-

ges. If it is assumed that the magmas ascended rapidly,

as discussed above, then cooling due to the adiabatic

effect and to contact with cooler country rocks is probab-

ly of the order of -lO°C/kbar (Corliss, 1970, p. 68).

This would amount to about -67°C for an ascent of 20 kms.

Estimating probable geothermal gradients is rather diff i-

cult, mainly because several assumptions have to be maie.

If the assumptions are made that the average thermal

conductivity of metabasalt given by Hyndman and Jessop



(1971) of 4.9mcal/cm s°C is constant and equals the ther-

mal conductivity of the rocks beneath the ridges, that the

geothermal gradients are linear down to a depth of 30 kms

(see Turner and Verhoogen, 1960, p. 440), and that the

average heat flow values at the, crests of the ridges are

representative of the actual heat flux for theae areas,

then it is possible to use the following equation to solve

for the geothermal gradient:

Heat Flow (Thermal Conductivity)(Geothermal Gradient).

Using average heat flow values of 3 and 4 p cal/cm2 sec

respectively, for the Mid-Atlantic Ridge and the East

Pacific Rise (Le Pichon and Langseth, 1969), the geothermel

gradients illustrated in Figure 23 were calculated. After

correcting the average magma temperatures for cooling

effects, it is evident that the average magma temperature

for the Mid-Atlantic Ridge corresponds to a depth of about

23 kms and the average temperature for the East Pacific

Rise corresponds to a depth of about 16 kms. This compares

with estimates of Bass (1971) o 25-30 kms for the Mid-

Atlantic Ridge and less than 15 kms for the East Pacific

Rise that were obtained simply by relating the chemistry

of the basalts to the findings of recent studies in

experimental petrology (see Green and Ringwood, 1967, for

example). The agreeent between these two independent

sets of estimates lends additionaL support to Bass's

hypothesis.
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There are additional arguments which support the idea

that magmas are generated at greater depths beneath slow

spreading ridges than beneath fast spreading ridges. The

1[id-Atlantic Ridge is physiographically more complex and

possesses a median rift valley, whereas, the East Pacific

Rise has generally smooth topography (Menard, 1964). Oann

(1968) has suggested that the similarity of the topogra-

phic gradients of the East Pacific Rise and the Mid-

Atlantic Ridge as well as the differences in the physio-

graphy of the two spreading centers can be attributed to

the greater fluidity of the mantle under the East Pacific

Rise. Other observations, such as the higher seismicity

and thicker lithosphere of the Mid-Atlaniic Ridge as

opposed to the lower seismicity and thinner lithosphere

of the East Pacific Rise, are probably manifestations of

differences iii properties of the mantle and orustal rocks

beneath the different spreading centers. These properties

are in. accord with st.eeper thermal gradients for a fast

spreading ridge than for a slow spreading ridge (van Andel

and Bowin, 1968). Oonsequently, melting temperatures of

the mantle source rocks should be reached at a higher

level beneath a fast spreading ridge.

The observation that magma temperatures are negative-

ly correlated with spreading rates is in itself suggestive

of differences in depths of magma generation for the

different ridges Experimental studies by Kushiro, et al.
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(1968) have shown, for example, that the solidus of an

lherzolite nodule under anhydrous conditions increases at

a rate of l2°C/kbar or about 4°/km. This means that if

the temperatures of magmas arriving at the crests of the

slow spreading Mid-Atlantic Ridge and the fast spreading

East Pacific Rise are largely inherited from the depth in

the mantle at which the liquids were generated and if the

mantle source rocks were partially melted to about the

same extent for both spreading centers, the proposed 7 km

difference in depth of magma generation for the two

spreading centers should make the maginas from the East

Pacific Rise about 28° cooler than those from the Mid-

Atlantic Ridge. This. expected temperature difference of

280 compares with an observed average temperature differ-

ence of 730k Since the expected and observed temperature

differences are of a similar magnitude, the suggestion

that magmas are generated at a sh3llower level beneath

fast than slow spreading ridges is reasonable.

Since it is possible that magmas are generated at

different levels in the mantle for the three ridge areas

of this study, we must see if these differences are

sufficient to account for the observed chemical variations

among populations. A wealth of experimental evidence has

shown that pressure is of the utmost importance in con-

trolling the composition of liquids formed by partial

melting (Yoder and Tilley, 1962; Kennedy, 1966; Green and
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Ringwood, l967), For the spreading rate extremes, the

Mid-Atlanjic Ridge and East Pacific Rise, if one assumes

that the chemistry of the liquids arriving at the crast of

these ridges have not been significantly cJaanged by any of

the other processes discussed above, then one would expect

liquids produced by partial melting of mantle rocks at 16

kms or less for the East Pacific Rise to be compositiona]4y

different from those produced from the same source material

at a depth of 23 knis beneath the Mid Atlantic Ridge (Green

and Ringwood, 1967; Bass, 1971). In particular, one would

expect the liquids ascending from beneath the East Pacific

Rise, as compared to those from the Mid-Atlantic Ridge, to

be saturated with respect to silica, to have relatively

high Fe and low Mg abundances (high FeO*/MgO ratios), and

to have relatively low abundances of Al. These antici-

pated differences are in, fact observed (see Figures 16-18).

Thus, the distinctive compositions of the different popu-

lations (Figure 21) probably reflect differences in the

depths at which the liquids formed.
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Conclusions

A detailed investigation of the chemistry of volcanic

glasses and the compositions of associated piagioclase

crystals of pillow basalts and volcanic ash layers from

slow, intermediate, and fast spreading ridges has revealed

the following relationships:

1. The compositions of plagioclase phenocrysts and micro-

phenocrysts in mid-ocean ridge magmas are negatively

correlated with the spreading rates of mid-ocean

ridges.

2. The application of plagioclase geothermometry to the

quickly quenched plagiociase-bearing volcanic glasses

has revealed that magma temperatures are also negative-

ly correlated with spreading rates.

3. The similarity in magma temperature variation and

fractional crystallization patterns for the magmas

from all spreading centers indicate that these basaltic

liquids have had similar evolutionary histories.

4. The compositions of volcanic glasses from each of the

ridge areas reveal consistent element-element and

element-element ratio covariances, These chemical

variations within single populations have been caused

by fractional crystallization involving olivine,
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plagioclase, and perhaps clinopyroxene.

5. The application of vector analysis to the chemistry of

the volcanic glasses from tha mid-ocean ridges has

revealed that the populations of samples from each of

the spreading centers are Qhe11ically disinqtive,

The differences vary systematically with spreading

rates. By applying the results of experimental studies

it is possible to interpret the observed chemical

variations in terms of relative differences in the

depths at which the basaltic liquids were formed, It

appears that magmas generated beneath the slow spread-

ing Mid-Atlantic Ridge came from about 23 kms, whereas

those from the fast spreading East Pacific Rise came

from about 16 kms.
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APPENDIX I. Sediment Core and Rock Dredge Station Locations

Thesis Core or Water Sample Est. Spreading
Sample RoOk Latitude Longitude Depth Interval Age Rates

No, No, (m) (cm) (rn.y.)(cm/yr,) Reference

1 6709-20 46 °04.0N 131°00.O'W 2722 725-728 71 2,9 Vine (1966)
2 801-803 '79
3 l099-ll0l 3.66
4 ll20-ll2l 3.79
5 6808-7 46°4l,9'N l31°05.O'W 2558 430-432 .63 2,9 Vine (1966)
6 530-532 .77
7 6808-8 46°42.01T l31°01.0'W 2539 262*-265 .38 2.9 Vine (1966)
8 464-466 .68
9 CS-i 46°46,41 130°48,8'W 85 2,9 Vine (1966)

6808-4 45°096N 129°50.7W 2700 218-220 2,9 Vine (1966)
11 Y7105 45°00.O'N 130010,7tW 2260 Catcher 2,9 Vine (1966)
12 OA-69-62 4l°l4N 127°30'W 2593 257-258 1.5 Heinrichs (1971)
13 335-336
14 OA-69--64 41024t 127°2leW 2734 328-329 1.5 Heinrichs (1971)
15 341-343

I? 16 6601-1 43°01,1'N l26°34.O'W 2734 Q'-l0 2,5 Heinrichs (1971)
17 260-262
18 310-311
19 410-412
20 T9 41°51'N l27°07'W 3109 0-5 1.5 Heinrichs (1971)
21 6609-6 42°37,0'N 126°49.Q'W 5671 0-5 2,5 Heinrichs (1971)
22 6609-8 43°09.6'N 127°02,W 4285 13-18 2,5 Heinrichs (1971)
23 0700 4l°53,5N l27°25.0iW 0-5 Heinrichs (1971)
24 0715 41°42'N 127O23tW Heinrichs (1971)
25 DWBG 128 20°18'S ll3°50W 3220 Catcher 9,25 Herron (1972)26 DWBG 70 48°28,5S 1l3°170.O'W 2580 52-55 4,7 LePichon (1968)27 125-127
28 140-14229 166-169



APPENDIX I. (continued)

Thesis Core or Water Sample Est, Spreading
Sample Rock Latitude Longitude Depth Interval Rates

No (in) (cm) (crn/yr) Reference
30 DWBG 121 27°09'S l0959'W 3320 0-3 9.0 Herron (1972)
31 86-87
32 010 62 03°l98'N l0l?426'W 3120 913-916 65 Hërron (1972)
33 V18 325 09?24,O'N l059540tW 3206 409-411 5,5 Sclater et al.(197l)
34 V18 329 ll°03,5'N 102°170W 3191 0-5 50 Sclate T (l97l)
35 V18 330 ll°375'N 101°2000'W 3197 50-52. 5.Q ScJater, L(l97l)
36 200-202
37 W4-9 i4 Le Pihon (196)
38 W4-15
39 W4-47 (See Figure 2forall
40 W4-87 approxiinatë longitudes,
41 W4-1l4 latitudes and water depths
42 W4-117 of samples from dredge
43 W5-2 hauls from-the 22°N area
44 W8-2 of the MidAtlantic Ridge)
45
46

W9-6
wi0-81

-s
-S
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APPENDIX II. PREPARATION OF STANDARD SOLUTIONS FOR
ATOMIC ABSORPTION ANALYSIS

Primary standard solutions for each element were pre-
pared fromèither analytical grade or spect-pure reagents.
All primary standard so1utions had concentrations of 1000
ppm, except for Si which had a concentration of 100 ppm.
The types of reagents used are as follows:

Al Al wire, analytical grade, Matheson Coleman
and Bell

Ca CaCO powder, spect-pure, Johnson Matthey and
C ompny

Cr K2Cr907 crystals, analytical reagent, Baker
and dâmson

Fe Fe wire, analytical reagent, Mallinckrodt
Chemical Works

K ..KQl crystals, analytical grade. Matheson
Coleman and Bell

Mg Mg metal turnings, analytical reagent,
Mallinckrodt Chemical Works

Na NaCl crystals, analytical grade, Matheson,
Coleman and Bell

Si Optical grade Brazilian quartz

Ti Sponge Ti metal, analytical reagent, Oremet
Industries

Other reagents used during the preparation of the standard
and sample solutions included:

LiC0. LiCO powder, analytical grade, J. T. Baker
Chemcal Co.

La20. La90 powder, analytical grade, Matheson
Coeian and Bell

H3B03 H BO powder, analytical grade, Matb.eson
Cleian and Bell

HCl 37% HC1, analytical reagent, Mallinckrodt
Chemical Works

10 Deionized and distilled
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APPENDIX III. Chemical Analyses of USGS standard Rocks
BCR-1 and DTS-1

Concentrations of oxides are calculated as weight
percents. Cr is given as weight parts per million. Note
that total Fe has been calculated as Pe203.

BCR-
1A lB lC 1D 1E iF 1G

5102 55.20 55.63 538 55,46, 55.65 55,86 5535

13,27 13,35 13.47 13.33 13,19 12.91 13.39

Fe203 12.94 13.11 13,21 13,41 13,33 13,52 13.21

GaO 6.74 6.75 6.77 6.76 6,74 6.76 6.82

MgO 3.39 3.38 3.33 3.31 3.29 3.32 3.43

Na20 3.16 3.20 3,20 3.23 3,10 3,20 3.17

K20 1.70 1.68 1.70 1,68 1.75 1.71 1.65

Ti02 2.42 2.25 2,36 2,29 2,26 2,42 2.33

Wt.(mg) 100.0 '100,3 101,3 101.9 100.4 49.7. 102.3

1H 11 1J 1K 1L 1M
55.66 55,22 55.3 55.47 55.42 55.55

A1203 13.56 13,86 1,3.31 l3.3 12,97 13.48

Fe203 13,10 12.83 13,10 13,39 13.03 13.17

GaO 6.66 6,81 6.94 6.72 6.67 6.86

iVIgO 3.40 3.37 3.34 3.40 3,36 3.38

Na20 3.09 3.20 3.15 3,18 3,23 3,24

K00 1.63 1.64 1,69 1.68 1.65 1,68

Ti02 2.24 2,31 2,28

wt.

w,(mg) 101.77 53,01 26.64

2.24 2,15 2 52

9.88



APPENDIX IV. INSTRUMENTAL NEUTRON ACTIVATION ANALYSES OF SELECTED SAMPLES FOR 7
ELEMENTS

SAJVIPLE

NO. La

Sample nembers refer to samples listed in Appendix 1. All concen-
trations are expressed as weight parts per million. The numbers
following the concentration values are one strnadard deviation of the
counting eDro's, calculated from Poisson counting statistics. Zeros
signify missing data.

Sm Eu Lu Co Hf

1 11,15 0,13 5.02 0.04 2.09 0.05 0.50 0.03 43.12 0.30 50.42 1.43 4.58 0.18

5 8,67 0.16 4,26 0.05 1.65 0.03 0.47 0.02 40,20 0.26 50.30 0.76 3.48 0.11

9 739016 380002 133003 020007 3653024 43.l30.75 256016

10 3670,12 275003 115002 038001 4227025 4534053 212007

12 3,81 0 15 3 03 0 03 1 22 0 03 0 53 0 02 37 99 0 24 49 68 0 78 2 54 0.11

13 5.23 0.16 3.55 0.04 0 0 0 0 0

-s
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APPENDIX V0 PLAGIOCLASE COTOSITIONS AND CALCULATED
MAGMA TEl VtPERATURES

The temperaturecorrected: refractive indices (RI)
and dia]eteIs (D) of 15 spherical plagioclase glass
beads per sample are presented Each unit of (D) is
ecival to about 32 microns0 Samples Byt0 A, Byt0 B and Byt
C are different splits of a bytownite sample from Crystal
Bay, Minnesota0 Samples Byt0 Dl, Byt0 D2 and Byt. D3 are
replicate analyses of split Byt. D.
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SAIVLPLENO. 10 11 12 13
RI D RI RI RI B

1.5567 5,5 1.5609 9,5 15437 7.0 1,5456 5,0
1,5607 50 1.5618 9,5 1.5517 4.5 1,5276 4.0
1.5463 3.0 1,5628 7.5 1.557 6.0 1,5496 7.5
1.5503 5.5 1,5567 18,0 1.5397 6.0 1,5256 4.0
1.5503 4.0 1.5567 10.5 1.5577 7.5 1,5536 4.0
1,5479 3,0 1,5597 13.5 1.5597 5.0 1,5616 4.0
1,5529 30 1.5597 14.0 1.5497 10.0 1,5656 5.5
1,5539 2,0 1.5607 10,0 1,5607 4.0 1,5546 5.0
1,5439 2,0 1,5586 5,5 1.5537 9,0 1,5649 2,5
1,5499 2.0 1,5576 7.0 1.5687 5.0 1.5499 3,0
1,5529 5.0 1.5586 4.5 1.5387 3.0 1,5564 5.0
1.5439 2,5 1.5606 8,0 1.5397 2,0 1,5624 4,5
1,5579 2,5 1,5586 8.5 1.5577 7.0 1.5594 8.0
1,5519 3,5 1,5605 11,0 1,5627 10.0 1.5584 4.5
1,5479 3,0 1.5615 8.0 1.5537 4.0 1.5614 4.0

Aye, wt,
% An 75,54 84.36 77,37 77.58
1\lt-. m! U r 't

6 1330 1290 1283

1 kbar
H20 1191 1241 1204 1197

SAMPLE NO. 14 15 16 17

1.5544
1.5534

6.0
7.0

1.55t37
1.5577

5.5
7.0

1,5456
1.5556

7,5
3.5

i.5(b
1.5638

b,5
7.5

1,5524 8.0 1.5577 6.0 1.5559 8.0 1,5598 10,0
1,5694 6,0 1.5587 6.0 1,5469 11.5 1,5528 900
1.5534 6.5 1,5566 6.5 1.5559 12,0 1.5498 8.0
1.5574 6.0 1,5606 7.0 1.5539 8.0 1,5478 10.0
1.5494 4.0. 1,5586 5.0 1.5599 11.5 1.5558 600
1,5564 .700 1.5586 5.0 1.5639 7.0 1.5518 9.0
1.5534 5.0 1,5606 5.0 1,5558 5.0 1.5518 10.0
1.5564 6.0 1.5616 700 1.5518 4,5 1.5418 6.5
1,5624 5.5 1,5596 4,5 1,5498 4.0 1,5518 7.0
1.5544 65 1,5576 6,0 1,5498 8.5 1.5578 8.5
1.5624 6.5 1,5636 6.0 1.5538 5.5 1,5498 6,5
1.5584 5.0 15626 700 1.5578 5.0 1.5558 6.0
1.5604 50 1.5546 5.0 1,5628 7,5 1.5558 6,0

Aye, wt,
An 81.55 83,83 79015 78.10

mlflf'I't

0 1325 1281 1287

1 kbar
H20 1222 1235 1193 1200
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SA/JPLE NO.
RI

18 19 20 21
B RI RI B RI

1.5404 95 105406 7.0 1.5550 10.0 1.5644 16.0
1.5474 8.5 1,5426 7.0 1.5610 11.0 1,5594 8.0
105464 8,0 1,5456 700 1.5640 9.0 1,5594 9,0
1.5394 8,0 1,5356 7,5 1.5660 10.0 1.5544 8.0
1.5524 6,0 1.5406 9.0 1.5670 13.0 1,5544 8.5
1.5404 8.0 1,5496 400 1.5660 10.0 1,5604 11.5
1.5544 8.5 1,5396 8.5 1,5690 11.0 1,5634 9,0
1,5464 6.0 1,5556 5.5 1.563.0 1340 1,5664 7.0
1,5464 8.5 1,5396 8.0 1.5630 8.0 1.5504 7.0
1.5484 9.0 1.5526 6.0 1562Q 8.0 1,5554 14.0
1.5594 7,0 1.5456 6,0 1.5640 9.5 1.5634 11.0
1,5524 6.5 '1.5416 10.5 1.5690 900 1.5624 7.5
1.5414 7,5 1.5466 7.0 1,5630 12,5 1,5574 11,0
1,5552 7.5 1.5476 7.0 1.5600 13.5 1.5604 14.5
1.5452 7.0 1,5606 700 1.5600 9,0 .1.5594 13.5

Ave. wt,
% An 71.88 69.63 88.40 84.08

47 1210 1364 1332

1 k1ar
H20 1161 1126 1272 1242

SA1VLPLE NO, 22 23 24 25
RI D' RI RI RI 'B

1,5553 90 1.5557 '9,5 1,5495 6.0 1,5499. 5,0,

1,5563 9,5 1.5577 8.0 1.5545 4.5 1.5439 70
1,5573 15,5 1.5537 7,5 1,5554 6.0 1,5421 6.5
1.5613 10.0 1.5587 11.0 1.5444 4.5 1,5541 8.0
1.5513 8.0 1,5577 7.0 1.5524 4.0 1.5501 6.0
1,5523 8,0 1.5576 8.0 1,5544 5.0 1.5501 7.5
1,5499 7.0 1,5496 8,0 15454 5.0 1.5411 5..0

1.5599 14.0 1.5556 8.0 1.5624 3.5 1.5421 11.0
1,5439 16.Q 1.5566 6,0 1,5634 3,0 1.5361 9,0
1.5639 .7.5 1.5516 8.0 1.5564 4.0 1,5471 6.5
1,5649 10,0 1.5566 8.0 1.5514 5.0 1,5421 5.0
1,5619 9b0 1,5556 11,0 1,5534 4.0 1,5556 3.5
1.5599 , 5.0 1.5556 10.0 1.5564 4.5 1.5485 5.0
1.5519 1.0. 1.5555 10,0 1.5634 6.5 1,5435 6.0
1,5619 40 105505 11.0 1.5574 5.0 1.5395 5.0

Ave. wt,
An 81,62 199.9______ 79,22 69,76

y 1309 1295 1293 121.4

1 kbar
H20 1220 1207 1204 1130
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SA1VIPLE NO. 26 27 28 29
RI R1 RI RI

1,5506 600 1.5554 4.0 1,5568 4,5 L5592 4.5
1.5446 700 1.5474 40:0 1.5557 700 1,5582 5.0
1.5526 6.5 1.5514 5.0 1.5476 500 1,5502 4.0
1.5496 7.0 1.5544 5,0 1,5446 4.5 1,5591 6.0
1,5446 4,5 1,5524 4,5 1.5516 5,0 1,5501 9.5
1,5546 9,5 1,5454 6.0 1,5576 3,5 1.5521 5,0
1,5406 12,0 1.5454 4.5 1.5436 4.0 1.5551 6.0
1.5446 5.0 1,5474 5.0 1.5536 4,5 1.5568 4.5
1.5555 10.5 1.5413 4.0 1.5535 3.0 1,5598 4.5
1.5595 5,5 1,5543 4.0 1.5535 4.5 1,5638 6.5
1.5535 5.0 1,5603 5.0 1.5335 5.0 1.5587 5.0
1,5405 5.0 1.5392 2,5 1.5485 5.0 1,5417 5.5
1,5486 5.0 1,5412 30 1,5524 4,5 1.5457 5.0
1,5526 400 1.5572 3,0 1,5484 5.0 1.5397 40

Ave. w.
% An 73,25 73,32 74.06 7886

34 1247 1257 1278

1 kbar
H20 1148 1247 1171 1278

SAMPLE NO. 30
RI B

31 32 33
RI RI B

1,5442
RI

3,0 1.5469 7,5 1 5501 4.5 1,5515 10.5
1.5502 50 1.5479 4.0 1,5511 4.5 1,5465 10.5
1.5381 3.0 1,5509 4.0 1.5320 4,5 1.5645 13.5
1,5521 3.0 1,5519 5.0 1.5530 4.0 1,5515 7.0
1.5511 4.5 1,5529 5,5 105500 9.0 1.563.5 7.0
1,5551 3.0 1.5518 4.5 1.5559 5.0 1,5495 13,0
1,5501 3.5 1,5488 4.0 1,5389 4.0 1.5495 700
1.5493 3.0 1.5586 6.5 1.5549 4.0 1,559 9.5
1.5553 3,5 1.5555 4.0 1 5579 4 0 1.555 8.0
1.5470 3,5 1.5525 4.0 1,5509 3.5 1.5485 95
1,5510 3.0 1,5465 5.0 1.5564 4.0 1,5465 10.5
1.5560 4.0 1,5525 3,5 15494 5.0 1.5625 7.G
1.5570 3.5 1,5525 5.0 1,5505 3 0 1.5545 8,0
1,5519 4.0 1.5504 4,5 1.5505 5,0 1.5565 50
1,5499 4,5 1,5644 3,5 1.5465 4.0 1.5555 8.0

Ave. wt.
% An 74,90 76,71 74,18 78,20

m(ur1

95 1301 1254 1265

lkbar
H20 1207 1212 1169 1176
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SAMPLE NO, 34 35 36 37
RI RI RID RI D

1.5522 7,5 1.5522 5.0 1.5487 6.5 1.5556 15.0
1,5512 4.0 1,5552 4.0 1,5567 6.5 1.5566 8,0
1,5514 5,0 1,5572 4,0 1,5506 5.0 1.5616 7.0

1.5544 5.0 1,5532 4.0 1.5466 5.0 1,5556 10.5
1,5524 4,5 1.5542 3,5 1.5506 6.0 1,5466 9.0

1.5454 6,0 1.5542 7.0 1,5496 6.5 1,5546 9,0

1.5454 4.5 1,5542 6,0 1.5506 5,0 1.5526 13.0

1.5474 5.0 1.5592 5.0 1.5576 8,0 1,5556 11.0
1,5413 4.0 1,5582 4,5 1,5509 6.0 1,5586 10.5
1.5543 4.0 1.5534 6.5 1.5468 3,0 1.5606 10.0
1,5603 5.0 1,5534 4.0 1.5487 4.5 1.5596 11.0
1,5392 2,5 1.5494 4.0 1.5527 3.5 1.5596 6.0
1,5432 2,5 1,5594 7,5 1.5556 5.0 1.5606 10.0
1,5412 3.0 1.5554 4,5 1,5466 4.0 1.5646 7.0
1,5572 3.0 1,5514 5.0 1.5557 4.5 1.5486 5.5

Ave. wt.
% An 78.86 79.22 75,59 81.35
iir,- miori

Dry 1303 1289 1264 1317

1 kbar
H20 1216 1204 1179 1227

SAMPLE NO. 38
RI

39 40 41
RIRI Ii D

1,5712 13,08.0 1.5587 16.0 1.5605 9,0 1.5480
1,5632 9.0 1.5668 12.5 1.5585 7.0 1.5540 10.5
1,5652 8.0 1,5618 15.0 15665 6,5 1.5550 10.0
1,5632 8,0 1.5608 13,5 1.5605 10.0 1.5599 8.0
1,5662 10,0 1,5638 15.0 1.5605 9,0 1.5540 13.5
1.5672 9,5 1.5608 11.0 1,5605 10.0 1.5540 9.5
1,5584 5,5 1.5638 13.5 1.5625 8,0 1,5510 14.0
1.5564 5,5 1.5638 12.0 1,5625 10.0 1.5550 8.0

1.5582 7.0 1.5648 11.5 1,5604 8.0 1.5499 9,0
1,5592 5.0 1.5648 12,0 1.5634 10,0 15479 7.5
1.5581 75 1,5638 12.0 1,5564 6.0 1.5549 8,5
1,5631 5.5 1.5608 11.0 1.5634 11.0 1.5519 13,0
1.5663 6,0 1,5628 11.0 1.5654 9,0 1,5499 9,0
1,5593 9,5 1.5628 160 1,5604 9,0 1.5499 7.0
1.573 7.5 1.5608. 15.0 1.561,4 8.5 1,5478 8.0

Ave. wt.
An 86.89 87.46 86,24 76.64

Magma T(°O)
Dry 1369 1367 1362 1279

1 kbar
H20 1277 1277 1270 1192
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SAMPLE N0,Byt. D3 Byt, B Byt. C

I53D8 1.5536 6.0
1.5511 8.5 1.5540 8.5 105534 6.5
1,5492 7.0 1,5504 7.0 1,5520 9,5
1.5511 8.0 1.5550 10.0 1.5538 9.0
1,5522 9.0 1,5512 9,0 1.5546 10.0
1.5541 7.0 1.5544 9.0 1.5576 7.0
1,5552 7,0 1,5530 6.5 1.5526 6.0
1.5491 8.0 15535 8.5 1,5516 8.5
1.5542 9,0 1,5530 9,5 1.5547 8.5
1,5561 90 1,5520 10.0 1.5537 11.0
1,5532 7;5 1,5525 '9.0 1.5537 9.5
1.5511 7.00 1,5525 9,0 1.5547 7.5
1.5501 6.0 1.5490 7.0 1.5546 7.0
1,5512 10.0 1.5550 8.5 1,5557 8.0
1.5542 9,0 1,5520 6,0 1,5557 9.5

Ave. wt,
% An 76,52 77.22 78 32

lkbar
H20
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APPENDIX VI. DETERMINATION OP STRUCTURAL STATE OP CALCIC
PLAGIOCLASES BY AN X-RAY POWDER TECHNIQUE

ABSTRACT

A plot of B(2Q(111)_2Q(201)) versus £ (2Q(131)+2Q(220)

for calcic plagioclases has revealed that it is

possible to use anX-ray powder technique to distinguish

between different structural states0 In addition, the

same X-ray parameters can provide rough estimates of

plagioclase compositions0 It is believed that the linear

relationship between B and .12 for plagioclases of a particu-

lar structural state is caused by the apparent linear

relationship between,3* and composition and y* and composi-

tion for these feldspars,

INTRODUCTION

Structural states and compositions of plagioclase

feldspars are basic data required by petrologists studying

the thermal histories and chemistries of igneous rocks.

During the 1950's, J. V. Smith (1956), J0 V. Smith and

Gay (L957) and J. R. Smith and Yoder (l956) developed

X-ray powder teclmiques that couldbe used to determine

the structural state of a plagioclase, providing the chem-

ical composition of the plagioclase was known0 For plagio-

clases with compositions betweenAn0 and An70 variations

of the gamma function (P (2Q(131)+2Q(22Q)_4Q(11)))
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given by Smith and Gay (1957, p. 749), has provided a good

estimate of structural state0 For plagioclases in the

range from An70to Mi1 the beta function (B

_2Q(201))) of Smith and Gay (1957, p. 754) has been used.

This paper attempts to demonstrate that an X-ray

powder technique can provide significant information about

the order-disorder of calcic plagioclases in the abseice

of independent compositional information0 In addition,

this technique can yield a petrologically useful estimate

of the composition of such plagioclases.

DATA AND EXPERIMENTAL PROCEDURE

Smith and Gay (1957) measured B (2Q(111)_2G(201)) and

r (2Q(131)+2Q(220)_4Q(131)) angular separations for 111

natural plagioclase feldspars that had been classified

into 5 groups on the basis of their field occurrences0

Data on synthetic feldspars and on natural specimens, that

had. been subjected to heat treatments are, also described

in the same paper. Figure A from Smith and Gay's data is

a plot of B versus i for 22 natural and 5 synthetic calcic

plagioclases that had I! values. gr,,eater than l.00°2Q.

Plagioclases that had .P values of less than 1,00° were

not plotted because the clar separation of ordered from

disordered plagioclase,s breaks down in this range (less

than about An65). On Figure A, Smith and Gay's data are

supplemented by 9 analyses of quickly quenched volcanic
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plagiociases from submarine volcanic ash layers (see also

Table A)

Samples of plagioclase phenocrysts from the submarine

ashes that were analyzed in this laboratory were ground in

acetone in a mortar and pestle for several minutes0 The

compositions wereestimated by fusing about 15 represent-

ative phenocrysts per sample and measuring the refractive

indices of the resulting glass beads (Schaire et al.

1956). A Norelco diffractometer with a monochromator was

programmed to make repeated scans between 21.50 and 23,300

2 and between 28.30 and 31,80 2Q. The following Xray

settings were used: scan speed: 1/80 2Q/min.; chart

speed: l/4"/min.; tube voltage 35 kv; tube current 25 ma;

divergence and receiving slits 10 and 0.1 mm, respectively

and time constant 10 seconds. Usually, at least 4 measure-

ments of B and were made. These peak separations were

measured to the closest 0.0010 2Q For the 9 samples,

the average standard deviations of the means of Band 1

were 0.003 and 0.004° 2Q, respectively. It was found that

at least 3 milligrams of powdered feldspar were needed to

keep the standard deviations of and B to an acceptable

level (less than about 0,005°). If the calculated stan-

dard deviations were too high, more measurements were

made.
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TableA.. B and £ values for plagioclase phenocrysts of
submarine volcanic ash layers (Cu Kradiation).

Depth in Ave.
Core No. core (cm) %An B

6709-20 725-728 81 0,749 0.002° 1.277° 0.005°

6709-20 1099-1101 81 0.750° 0.002° l.275 0.003°

6709-20 1120-1121 86 0.740° 0.0030 1.305° 0.003°

6808-7 432-434 84 0.743° 0.004° 1,286° 0.001°

6808-7 530-532 79 0.749° 0.003° 1,313° 0.003°

6609-6 0-3 84 0.745° 0.005° 1.298° o.005°

6601-1 260-262 78 0.730° 0.003° 1,337° 0.006°

6601-1 310-312 72 0.758° 0.002° 1.187° 0.005°

T9 0-4 88 0,728° 0.003° 1,386° 0.006°
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STRUCTURAL STATES AND COMPOSITIONS OP CALCIC PLAGIOCLASES

It is evident from Figure A that a plot of B versus

clearly separates plagioclases of different structural

states and hence different thermal histories. Three

dominant groupings of plagioclases with similar structural

states are present: the highly disordered synthetic

plagioclases; the volcanic plagioclases with intermediate

ordering; and the well ordered plagioclases from very

slowly cooled igneous and metamorphic rocks It is pro-

bable that hypabyssal plagioclases occupy a position inter-

mediate betweefi those of the relatively quickly cooled

volcanic rocks and the very slowly cooled plutonic igneous

and metamorphic rocks (see Smith and Gay, 1957, Fig. 2)9

More data on calcic plagioclases with such thermal his-

tories are reciuired to verify this, The data for plagio-

clases from submarine volcanic ash layers suggest that

they may constitute a group that occupies a position inter-

mediate between synthetic and true volcanic plagioclases.

Evidently, this disordered and metastable structural state

was frozen into thse plagioclases when they were explo-

sively ejected. near liquidus temperatures into sea water.

The composition of all the plagioclases plotted are

also shown on Figure A. In general, it is apparent that

for feldepars of a particular structural state, the more

An-rich plagioclases are associated with larger and
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smaller B values. This is particularly evident for the

synthetic feldspars. For plagioclases with intermediate

and low structural states the same relationship apparently

holds, although there are exceptions. Nevertheless, it

appears that the An composition of a cicic plagioclase

may be estimated to within about 5% solely on the basis

of its X-ray powder pattern. Rough estimates of this

nature are particularly useful in the study of the caleb

plagioclases of fine-grained igneous rocks.

DISCUSSION OP RESULTS

It is evident from Figure A. that for a particular

structural state a linear relationship exists between B

and. for cable plagioclases. Smith and Gay (1957) state

that depends on the reciprocal lattice angle, y', and

Brown (1967) suggests that B is thought to largely depend

Thus, the covariance of B and .D for plagioclases

of a particular structural state must be inherently re-

lated to interdependent changes in the dimensions of the

unit cell. The author is not aware of any plot of

versus yr" for caleIe plagboclases, and similarly, a plot

of B versus i has not been reported. Brown (1960, Fig. 3)

has shown that y is near linearly dependent on comositisn

for calcic plagioclases (60-n100) of low tructura1,

states. By assuming that all plagioclases from the Still-

water intrusion have the same structural state, Jackson
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(1961) has demonstrated a linear relationship between P

and composition in the range An6083. Similarly, the data

of Smith and Gay (1957, Fig, 2) have also indicated an

approximate linear relationship between B and composition

of calcic plagioclases of particular structural states.

Presumably, a similar linear relationship exists between

and composition for these feldepars. For calcic plagio-

clases of a particular structural state the fact that ,&,

B, and .I are all apparently linearly related to com-

position is responsible for the covariance of B and P.

That is, for plagioclases of similar thermal histories a

change in composition causes changes of the dimensions of

the unit cell, particularly of,.3* and v'. The fact that

,2and change linearly with composition causes B and T,

which are dependent on and respectively, to also

change linearly.

Based on the preceeding discussion, one would expect

B and £ values of calcic plagioclases of particular ther-

mal histories to also provide useful information on the

An-contents of these feldspars. The data presented in

Figure A show this is in fact the case. However, there

are exceptions. It is possible that these exceptions have

been caused by errors in the measurements of B, £, and/or

th.e compositions of the plagioclases in question It is

also possible that the anomalies are real and that the

apparent relationship between B, £, and composition is not
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as predictable as it appears. Future study should help to

clarify this point. As it is now, one can use Figure A to

obtain an accurate estimate of structural state as well as

an estimate of composition ttaat is probably good to within

about 5% An.

REFERENC ES

Brown, G. M. 1967. Mineralogy of basaltic rooks! In:

Hess, H. H, and Polervaart, A,, Ed., Basalts, Inter-

science, New York, 103-162.

Brown, W. I. 1960. Lattice changes in heat-treated

plagioclases. The existence of monalbite at room

temperature. Zeitschrift Kristographic 113:297-329,

Jackson, E. D. 1961. X-ray determinative curve for some

plagioclases of composition An5083. U. S. Geological

Survey Professional Paper 414-0:286-288.

Schairer, J. F., Smith, J. R. and Chayes, F. 1956,

Refractive Indices of Plagioclase Glasses. Carnegie

Institution, Washington Annual Report to Director

Geophysical Laboratory. pp. 195-197.

Smith, J. R. and H. S. Yoder, J'. 1956, Variations in

X-ray powder diffraction patterns of plagioclase

feldspars. American Mineralogist 41:632-647.

Smitki, J. V. 1956. The powder patterns and lattic para-

meters of plagioqlase feldspars, I, The soda-rich

plagioclases. Mineralogy Magazine 31:47-68,



135

Smith, J, V. and. P. Gay. 1957. The powder patterns and

lattice parameters of plagioclase feldspars, II.

Mineralogy Magazine 31:744-762.



136

APPENDIX VII, ATOMIC ABSORPTION, COLORIMETRY, WATER
ANALYSIS AND CALCULATED CIFW NORMATIVE
MINERALOGY DATA FOR ALL SAJYLPLES

All oxides are given as weight percents and Cr is

given as weight parts per million, Blank spaces signify
missing data and "---" signifys zero values.
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Sample No. 8 9 10 11 .12 13 14

5102 50.10 48.92 50,41 50.30 49.20 50.45 50.84.

A1203 14.68 14.98 15.67 14,89 15.58 15,63 14.80

Pe203 11,78 12.89 9.82 10.71 11.40 10.62 10.05

CaO 11.60 10.73 12.12 11.87 11,21 10.86 11.30

MgO 7.58 7.22 8.30 8.05 8.84 8.54 7.80

Na20 2.90 2,61 2.40 2,31 2,44 2.46 2.69

K20 0.22 0.18 0.10 0.14 0.11 0.15 0.32

Ti02 1.56 1.81 1.31 1.42 1,53 1.54 1.71

Cr(ppm) 293 222 395 360 414 361 320

H20(-) 0.10 0.01 0.00

H20(+) 0.10 0.10 0.13

wt.(mg) 93.8 108.0 104.6 100.11 100.1 98.3 100.6

NORIVIS

Q-- -- -- -- .-- -- --

Or 1.30 1.06 0.59 0.83 v.0.65 0.89 1.89

24,54, 22,09 20.3J... 19.55 20.65 20.82 22.76

An 26.39 28,63 31..69 29.85 31.23 31.16 27.36

Di .24.76 19.46 22.34 22.91 19.03 17.74 22.62
en 6.86 5.12 6.84 6.73 5.85 5.22 .6.68

5.30 4.48 4.03 4.46 3.41 3.45 4.36
wo 12.60 9.86 11.47 11.72 9,77 9,07 11.57

Hy 8.38 15,30 16,59 19.66 14.68 20.32 16.50
en 4.73 8.16 10.44 11.83 9,28 12.24 9.99

.fs 3.65 7.14 6.15 7.83 5.40 8.08 6.51
01 9.46 6.48 3.92 1.80 7.93 4.62 3.31

fo 5.11 3.30 2.38 2.38 1.04 4.83 2.67
fa 4.35 3.18 1.54 0.76 3.10 1.94 1.39

Mt 1.55 1.70 1.29 1.41 1.39 1.51 1.41

Ii 2.96 3.44 2.49 2.70 2.91 2.92 3.25

Ne-- -- -- -- --
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Sample No, 22 23 24 25 26 27 28

5±02 48.93 50.62 50,95 50.18 50.69 49.60 50,76

Al203 14.22 14.46 14,43 13,18 13.05 13.45 14.29

Pe203 11.15 11.13 10.80 14.38 13.94 13,52 12.88

CaO 10.51 11.11 10.95 10,06 10.28 10.23 11.33

MgO 7.73 7.52 7.83 6.14 6.09 6.32 6.56

Na20 2.61 2,66 2e89 2.74 2.78 2.88 2,73

K20 0.13 0.19 0,10 0.11 0.19 0,23 0,19

Ti02 1,65 2.26 1,63 2,36 2.15 2.02 1.28

Cr(ppm) 310 325 372 121 122 225 185

H20(-)

H20(+)

wt.(mg) 46.45 101.01 102.30 43.92 43.53 23,51 16,23

NORMS

Q -- 0.02 -- 1.34 1.45

Or 0.77 1.12 0.59 0,65 1e12 1.36 1.12

Ab 22.09 22.51 22.45 23.19 23.52 24.37 23.10

An 26,70 26,95 26,11 23,34 22,57 23.09 26,18

Di 20,00 22.20 22,24 21,25 22,79 22.10 24.05
en 5,75 6,51 6.51 5.01 5.39 5,39 5.91

4.04 4.34 4,36 5,55 5.93 5.57 6.01.

wo 10.21 11.35 11.37 10.68 11.46 11.14 12.13
Hy 18.37 20.36 17.93 21,68 20.51 18.76 18.10

en 10.79 12.22 10.74 10,28 9.77 9.22 8.98
7.58 8.14 7.19 11.40 10.74 9,54 9.13

01 3.37 -- 2.74 -- -- 1.71 2.16
fo 1.90 -- 1.57 -- - 0.80 1.02
fa 1.47 -- 1.16 -- 0.91 1.14

Mt 1.46 1.46 1.42 1,90 1.84 1.78 1.70

Ii 3.13 4.29 3.10 4.48 4.08 3.84 2.43

Ne-- -- -- -- --
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Sample No. 3 37 38 39 4Q_4i 42

3i02 50.96 50.60 50.50 50.72 50.18 50.98 51.14

AL203 14.45 15.23 15.45 15.91 15.84 15.17 15.04

Pe203 11,62 11.53 11.28 10.02 11.08 10.91 10,91

CaO 11.70 10.54 11.02 11.58 10,69 10,95 10,94

MgO 7,46 7.49 7,29 8,13 7.39 7.54 7.60

Na20 2,57 2.93 2,96 2,49 2.76 2,76 2.72

1(20 0.12 0.14 0.14 0.11 0,23 0.14 0.14

Ti02 1.78 1.60 1.81 1.38 1.55 1,73 1.80

Cr(ppin) 269 276 274 350 293 290 289

H20(-) 0.01 0.01 0,01 0.15 0.2]. 0.05 0.04

H20(i-) 0.17 0.31 0.37 0.39 0.42 0,25 0,21

wt.(mg) 101.0 99,9 102,4 101,3 101.0 102,1 101.9

NORMS

Q*- -- -- -- -- - --

Or 0.71 0.83 0.83 0.65 1,36 0.83 0.83

Ab 21.75 24.79 25.05 21.07 23,35 23,35 23.02

An 27,54 27.99 28.46 31,91 30.15 28.59 28.42

Di 24,20 19.12 20.67 20.00 17,94 20.24 20.33
en 6.78 5,34 5.82 6.05 5.06 5.84 5,91

5.09 4.05 4.31 3.69 3.73 4,06 4,03
wo 12.33 9.74 10.54 10.25 9.14 1034 10.39

Hy 19.93 17.04 14.09 19.12 16.84 20,13 21.62
en 11.38 9.69 8,09 11.87 9.69 11.88 12,85
fs 8.55 7,35 6.00 7.25 7,15 8,25 8.77

01 0.54 4.66 5.39 2.73 4.64 1.30 0.21
fo 0.30 2.54 2.97 1.63 2.56 0.74 0.12
fa 0,24 2,12 2,42 1.10 2.08 0.57 0,09

Mt 1.54 1.52 1.49 1.32 1.46 1.44 1.44

Ii 3.38 3.04 3.44 262 2,94 3,29 3.42

Ne-- -- -- -- -- - --
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Sample No. 43 44 45 46

50.65 49.88 50.44 49.20

2°3 15.]3 16.02 14.80 14.79

Fe203 11.83 10.88 11.72 12,15

GaO 10.40 10.66 10.47 10.89

MgO 6.94 7.79 7.74 6.23

Na20 3.01 2.90 2.82 2,65

1(20 0.15 0.13 0.13 0,32

Ti02 2.09 1.67 1,66 2,34

Or(ppm) 209 288 295 220

H20(-) 0.07 0.04 0.03 0.65

H20(+) 0.35 0.18 0.32 062

wt.(mg) 101. 102,1 100.2 50.0

NO11VIS

Q-- -- --

Or 0.89 0.77 0.77 1.89

Ab 25,47 24,54 23.86 22.42

An 27.33 30.31 27.34 27.52

Di 19.12 17.64 19,35 21.04
en 5.23 5.15 5.45 5.49

4.17 348 4.05 4.89
wo 9.72 9.02 9,86 10,66

Hy 18.36 13.45 18.78 17.39
en 10.22 8,03 10.78 9,20
fs 8.25 5.42 8.01 8.19

01 2.41 7.61 3.89 1.15
fo 1.28 4.36 244 0.58
fa 1.13 3.25 1.75 0.57

Mt 1.:57 1.44 1,55 1.59

Ii 3.97 3.17 3.15 4.44

Ne-- -- -- --




