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ABSTRACT 

. Neutron activation measurements on several Northern California obsidian 

sources show chemical compositions that range from extremely homogeneous to 

extreme~ variable. The Uniform! ty of a source in Napa County, California was 

as good as the precision of the measurements even when measuring errors were 

less than 1.$. 

In contrast, the flow at Borax Lake (Lake County, California) revealed 

variable composition of the obsidian. However, the elements showed a dramatic 

linear coherence which also extended through the compositions of an underlying 

dacite l~er. The faithf'ul relationship of the many elements suggests that 

magmatic mixing occurred prior to erruption •. 
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INTRODUCTION 

The original intent of this work was to make detailed elemental analysis 

-.~~ obsidians from three sites in Northern California, with emphasis on trace 

elements, to determine the degree of uniformity within each flow (or source) 

~d to test the distinctiveness of each with respect to the others. Aside 

:'!-on geological implications, the establishment of a chemical 11 fingerprint 11 is 

of importance to the archaeologist as it serves to locate the source material · 

e::i.ployed in fashioning ancient obsidian artifacts ( Cann and Renfrew, 1964) • 

Although· the initial study was largely exploratory and aimed at 

archaeological applications, it was hoped that it would 1~ a foundation for 

using accurate trace element data in the study or geochemical processes per-

taining to volcanism. The preliminary measurements on obsidians have since 

been supplemented with the analysis of other volcanic rock types from one of 

the areas where the obsidian was. round to be quite variable in composition. 

The method employed ror the present study was neutron activation 

analysis which now has the capacity ~f determining many trace elements with 

Z:i~ a::~uracy and without the tedium of chemical separations. Tests were made 

:-or sene forty elements but the accuracies attainable vary considerably and 

:~or sooe of these elements the results are of little use. For a number of 
. ' 

elements,.however, the precision of measurement was 1% or less. The value of 

·.)':)ta.ining highly precise analytical information rests in those cases in which 

-::.:-,e geo~hemical processes result in extremely uniforn r:::.aterials or where 

·;s.r·iations occur in which the elements behave with a high degree of coherence. 

-~ ~ '..rill be seen that obsidian from a flow in Napa Cou..'1ty showed a dispersion 

·· ~. -~~-':!.?·OSition for 19 sa::'.ples of only about 1% for th::Jse elements which could 
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be measured wit~ that precision. An·:J~::<:::- source (Borax Lake in La.~e County) 

put the method to a quite ·different test, since the elemental compositions 

varied considerably. They were found, however, to be. linearly related to each. 

other, again within the precision of z::easurement. Furthermore,· the linear 

relationships extend~d smoothly into a series of rocks classed as dacites. 

The results of this work are presented in two parts. The first deals 

with two sites, one of which proved to have obsidian of extreme uniformity 

~~d the other which showed slight variation in composition. The second part 

pertains to the third site ili which the obsidian showed considerable variation. 
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SOL~CES OF MATERIALS 

T.:1e three obsidia.::J. sources sampled were all from a region n.ortheast of 

San Fra..."'lc:!.sco Bay. The majority of the samples were taken from highwS\Y'-cuts 

or exposed banks and were usually found associated with what appeared to be 

t'..l:::~f. Ust:.e.lly .4 or 5 specimens were taken from a single locus of about 10 meters 

radius, a!ld then similar samplings were made at greater distances. Large blocks 

of obsidian were broken open and smaller center chips were taken as samples. 

1. Napa obsidian: Nineteen samples were examined from 4 loci 

referred to locally as Glass Mt., near St. Helena in Napa County, California. 

Osment (1904) attributed this flow to the Pliocene period. Jack and Carmichael (1969) 

desc:t"ibe this material as obsidian pebbles in an ash cone and suggest that this 

is the e~~tive center in Napa County. 

2. Mt. Konocti obsidian: Thirty-nine samples were examined from 8 

lcci south of Mt. Konocti in Lake County along Bottle Rock Rd., Lower Lake 

Soad and HighvS\Y' 175. Obsidian from Mt. Konocti is quite extensive and could 

be sa=pled readily for several miles. Anderson (1936) estimated that these rhyolitic 

oosi·ii~ :"lows covered an area of 12 sq. miles with no central vent indicated, 

!:..!li s:.4ggested that these lavas were erupted either from fissures or from 

scattered vents. 

3. Borax Lake samples: Thirty-three obsidian and 10 dacite samples 

~ere t~ke~ from this source, which consists of a small flow (less than 1 sq. 

~~e) located south of Borax Lake and just off the south east corner of Clear 

::..a::e. The :Sorax La.'<e a.."2d ~·lt. Konocti obsidian have been dated as Pleistocene 

~i in part rece~t (Andersen, 1936). 

~ese obsidian sources are undoubtedly of great interest to archaeologists 

'::'"::'.'.'.lse :::::ere is abunda.."lt e'ridence that artifacts were r:~ade in the area and it 



is :.::..·,rays ·possible that obsidian itself was an article of commerce. At Borax 

:..s.l-~:, a habitation site was foimd which has unusual importance because it 

:;>ro7ides evidence that man existed there some 10.000 years ago (Meighan, 1970). 
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METHOD OF ANALYSIS 

T'ne system of analysis, with a detailed explanation of the accuracies 

attainable, has been described by Perlman and As.aro (1969). In brief, the elemental 

compositions were determined by comparing the intensities of gamma-ray peaks 

observed in the samples with those of a calibrated composite standard irradiated 

along with them. The precision of measurement for each element depends upon the 

intensity of the y-ray peak used and the background intensity under the peak, 

and varies considerably from element to element. The absolute accuracy · 

involv:,es other factors including the accuracy to which the individual elements 

in the standard are known. With sufficient incentive a better composite 

standard coUld be formulated so the accuracies cited in this paper are' not 

necessa.I"ily the best that can be obtained by this method. The composite: 

standard used in these measurements was a fired pottery clay referred to 

he~eafter as "standard pottery". A detailed description of the preparation 

and caJ.ibration of standard pottery has been given (Perlman and Asaro, 1969) • 
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RESULTS (Part I) 

~la.pa and Mt. Konocti , 
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Before co!1sidering the results obtained, attention is called to Table Ia 

for ~~ expl~ation of the format used in listing dispersions and measuring 

errors. 

In the first four data columns, the analyses are grouped according to 

sampling locus. Each entry is the mean value and the standard deviation from 

the mean for that locus. Column [5] shows, for each element, the mean value 

and standard deviation for the combined l9 samples from the four loci. To the 

extent that the sa::1pling was adequate, this column expresses the uniformity of 

the respective elem.ents in this obsidian flow as discerned by our system of 

analysis. A cursory viev of the data reveals that some elements, at least, 

must be extremely uniform. For example, the spread for the element thorium 

in the 19 samples is 0.13 ppm which is only 0.72% of the mean value. It will 

be recognized that this spread includes both the actualvariation in thorium 

content and the precision of the method for this element. We shall first examine 

the precisi~ of measurement. 

In our system of analysis, each element has its counterpart in the 

st~±ard pottery which is irradiated with the samples, and the respective 

gaz:::m.a.-ray intensities are compared. There is a dispersion introduced in such 

measu.r~ents due to the statistics of counting radioactivity, and this "counting 

error" includes the error in counting the standard as well as the sample. Thus, 

ea.:!h ele!:lent in each sample has an error, due to gamma'-ray counting only, which 

li::::n.its the precision of the measurement. The magnitudes of these errors, 

eXpressed as avera.ge values for the samples in this group, are shown in 



is actually smaller than the counting error of a single measurement. This can 

::.:::.se where ( 1) the material is more uniform than the counting error, and ( 2') the 

coun~ing error for a particular element in the standard is large compared with 

t~e counting error for that element in the samples. Those samples irradiated 

"'' 
together ~th a single set of standards obviously will agree with each other 

according t,.o their intrinsic uniformity and counting ~rrors, no matter "'hat the 

counting e-rrors of the standards might be. When the counting errors due to 

the standarcf are removed from the Rb data in Column [6] the counting error due 

to the sample alone is rather small as shown ih parentheses. 

The elements are listed in Table Ia in decending order of precision of 

measurement: Th, Sm and U are measured to better than 1%; elements above La are 

better than 2%; and those above Yb are better than 5%. In viewing such data 

as an index of what can be done in analyzing other geological materials. it is 

necessary to be aware of a singular feature of neutron activation analysi.s •. It 

turns out that for many elements the absolute gamma-ray counting error is largely 

independent of the level at which it appears. For example, in the~e obsidians 

C!" is present at 1 ppm and the counting error is about 0.7 ppm, which gives a 

fai!"~.~i ~arge percent error (~ 10%). In another material, Cr might be present 

at 100 p~ level, and it might be found that the counting error has only gone 

up to 1.0 ppm (1%). 

As well as one can tell from the samples taken, the Napa County Glass 

!•fountain obsidian flow is extremely uniform. Indeed, the spread in composition 

ir: the 19 specimens is virtually indistinguishable from the precision of 

::::eas;.r!"ement given by the gamma-ray counting statistics. 

It is important to point out that although the standard deviations 

.l:.;:;":-=i i!'l Column [ 5] of Table Ia reveal the ur1iforr.:i ty of the respective elements, 

-::.::e acsolute errors for the listed values of the res:9ective ele:ments can be gre9.ter. 
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7~e l~gest of ~iese uncertainties has to do with subtrac~io~ of the 

backg!:'ou.'1d. under each· :peak <L'1d is termed the ."background error". The rock 

specicens have similar background profiles so the uncertainties in the absolute 

backgrounds appear to cancel, although for Ce and Yb there appears to be a residual 

effecto Ho~ever, in calibrating the standard pottery, pure chemical compounds were 

employed and the backgrounds for the latter are usually negligible. This means that 

there is an absolute error for each element in the standard potterJ introduced 

by the absolute uncertaility in estimating the background. 

We have estimated these background errors for the various elements, 

combined them with other errors and listed them as "absolute errors" in 

Column [7], Table Ia. In order to make clear the usage of the various entries 

in Table Ia, a single example will be given: The uniformity of the thorium 

in the Napa County flow is expressed by 17.93 ± 0.13 ppm. The precision of a 

single measure!!lent is 0.09 pp!ll, but the absolute error of a thorium value is 

estimated as 0.52 ppm.. Since these absolute errors have proved to be larger 

than the dispersions encountered in this particular flow, it is necessary to 

use "the::t in comparing the present results vi th those of other authors who have 

analyz.e:i obsidian from these sources. Such comparisons are shown in Table Ib 

and Tac:e I:b (Jack and Carmichael; 1969, Griffin et !h·• 1969, Stevenson~ !!·• 

1971, !:.!lei Becker, .1888). 

Tb.e !-!t. Konocti flow, as shown in Table II, is also quite uniform but 

there appears to be a soell systematic variation. (Stevenson~~., 1971, reported 

that this obsidi~~ flow is uniform within their errors of measur~ent.) Tnis 

flow was se.npled in .eight loci: 5 on Bottle Rock Road, 2 on Lower Lake Road 

<L"ld 1 0.:1 Highway 175. Tne 17 specimens from loci 1-4 (Bottle Rock Road) were 

quite- n:J=oge:-.. eous. Those from lo~us 5 (Bottle Rock Road, 5 speci::::-,er:s) vTere slightly 
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di:ferent, G~d t~e 15 specime~s fro~ the oth~r 3 loci made up a group which was 

.si::;~ifica.ntl:·- different in certain elements. Comparing respectively the group 

of 17 with the group of 15the spreads in composition are: for Fe,0.97 ± 0.02 

~· 1.07 ± 0.03%; for Mn, 184 ± 5 !§..· 208 ± 5 ppm; for Co, 1.49 ± 0.11 vs. 

1.81 ± 0.06 ppm; and for Cs, 15.3 ± 0.2 ~· 14.6 ± 0.2 ppm. For other elements, 

the effect is even smaller or undiscernable. For the 2 groups. given above, 

counting errors in the ste.nda.rds could contribut.e only a small part 

·'to' the differences. 
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Iiapa and Mt. Konocti 

LBL-661 

A number of reports have referred to the uniformity in composition of 

en obsidian flow. The tern "uniformity" must be assessed, of course, in terms 

of the precision of measurement and it is always possible that small undetected 

differences carry useful information. In the present study it is seen that 

in the Napa County flow the uniformity of each of the various elements follows 

closely the respective precision of measurement even when measuring error is 

very small. Three elements could be measured to <1% precision and these elements 

showed similarly smal.l standard deviations for the 19 samples. These elements 

have nothing in common other than the sensitivity by which they can be measured 

so it's a reasonable supposition that the chemical homogeneity of this flow 

lies within a dispersion of about 1%. 

As already stated. the lift. Konocti obsidian divides into two closely

similar chemical groups, and these are related to the positions in the flow from 

which they came. The iron values are 10% higher in one group than the other, 

and Mn and Co differ in the same direction. For Co, the difference is about 

20%. ?or the element Cs the difference is about 5%, and Cs is lower in the 

sazples in which Fe, Mn, and Co are higher. A difference of only 5% is 

signific~t because the dispersion of Cs in each of these groups is only 1.3%. 

~e possible geological significance of such variations is examined in 

Part II of this report which is concerned with obsidian 

ani dacite from Borax L~~e where this effect was much enhancedo 

The preceding discussion has been confined to the issue of chemical 

u....-:i for=;.i ty of the two fio~..;s, but potentially, the values themselves for the 

v:o.!"ious elements should be of use in interpreting the geology. Unfortunately, 

the:-e are not yet avai2.able co!:lparable bodies of information on other n:aterials 
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I 
to :.esc: ideas on t:J.e i:..s~:oicFltio::l of these eJ:ements. · Quite obYiously, two 

rhyol:. tic obsidia.'"ls ;-ril2. be similar in their major components and, in this 

exa~ple, even in m~' of the trace elements. Differences do appear, however, 

an.d perhaps point ti:J.e ·,;ay to more detailed views bf geochemical processes. A 

few of our observations will be pointed out. 

In Fig. 1 are displeyed the relations between the rare earth elements 

from Napa County and Mt. Konocti expressed as ratios. The points represent 

the Konocti/Napa ratios obtained from the mean values of all samples taken from 

the respective sites. T'ne "error limits" were computed from the standard 

deviations of the two groups. (It should be noted that the large standard 

deviations for some eleaents are attributable to the error of measurement and 

should not be interpreted as actual spreads in composition.) It is seen that 

there is systematic divergence of the rare earths with increasing atomic 

number from the virtually identical values for lanthanum. (The europium value 

is off the smooth curve, a phenomenon attributable to the fact that it can 

exist as a divalent ion unlike the other rare earth elements.) It is not 

pr~~=-~s~le at present to speculate on the meaning of this trend other than to 

point c~ the obvious: 'Th.e Napa County obsidian came from a. magma whose earlier 

histo~ caused it to be enriched somewhat in the heavier rare earths relative 

to tl:a:':: from Mt. Konocti. This diagram also compares the rare earth elements 

:fror:1 10 specimens of r~yolitic obsidian obtained from Borax Lake w-ith those of 

2ic:oa Ccu..'1ty. It see:::s difficult to explain such behavior by any single process 

of ra:oe earth fractionations. Hare likely, the magma resulted frorrr the admixture 

of t·.;o rocks, one of •..rhich -w-as relatively depleted in the heavier rare earths 

·• 
r.!.n·:i t!:.::: other r~la:i-;el:; enriched. Haskin and Frey (1966) shoi-r a curve for a. 

eeta3o::J.atized granito:.d i:'. which the heavy rare earths are much enriched. 
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Among the othe::- trace elements, the high values for Cs are noteworthy. 

Both the Uapa Co~"lty and Ht. Konocti obsidians have 15 ppm as does that from 

Borax Lake mentioned above. Acctirate values for Cs are rare in the existing 

literature but Gordon (1968) has found 3.5 ± 0.7 ppm in a rhyolitic obsidian 

from southeast Oregon, which shows that considerable variations exist. Two 

tetravalent ions, Th and Hf 1 are considerably different in their proportions 

between ou.t" two obsidians, and a number of other examples of distinct dif

ferences wiLl be found. 

The main point to be made in this brief discussion is that there is a 

vast diversity in chemical behavior represented in the trace elements and 

therefore. that their study might well have samething to say about geochemical 

processes. 
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30R..1..X L_!liG OBSIDIAN AND DACIT::: 

As mentioned earlier, the Borax Lake flow lies just off the southeast 

border of Clear Lake in La.:.te County, California and is small in extent. It has 

been described by Anderson (1936) as a relatively thin layer of dacite (15-25 ft.) 

overlain by a thicker layer of obsidian (40-50 ft.). The dacite is exposed 

only at the. southern extremity. There is much alluvial filling around the 

flow; as a result, most of the samples were obtained where cuts had been made for 

various reasons. The largest of these cuts is a gravel pit at the southern 

end of the flow. According to Anderson (1936), the two layers were apparently erupted 

from closely associated vents and the petrographic evidence indicated that a 

more basic differentiate may have been incorporated into both magmas prior to 

eruption. 

The present results indicate that the dacite and rhyolitic obsidian 

were probably erupted :from the same chamber a,nd could be thought of as a single 

eruption of a lava of conti!luously variable chemical composition. In all, 33 

sanples of obsidian were analyzed and 10 of dacite. This study revealed a 

cont~~us gradation in composition in these materials, and there are borderline 

spec~ens for which the classification between obsidian and dacite is quite 

arbitrary. Some of the dacite samples had been collected by Anderson in his 

early study of this region and we wish to thank him for placing them at our 

disposal. 
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?ce ~esults o~ the anal¥ses for the obsidians are shown in Table III 

where the 33 speci=ens have been divided into 10 groups, one of which has 10 

members a~d. several only 1 or 2. If one views all of the data it is apparent 

that some elements are virtually constant but most vary considerably. The 

division of t~e data into 10 groups was a device for grouping the samples 

according to iron content. The reason for this will be explained presently. 

The data for the 10 dacite specimens are shown in Table IV and again 

they have been ordered according to iron content, in this case, in five groups. 

It will be noted that the composition of "dacite" of lowest Fe value virtually 

coincides with that of obsidian of highest Fe value, hence the earlier statement 

concerning an absence of a clear line of demarcation. 

Figures 2-7 shew graphs for 19 elements, each plotted 

agai~st Fe content. The points represent all obsidian and dacite samples 

from the area. It is seen that all of the functional relations 

are li~ear, that the slopes vary considerably, and both positive and negative 

slopes ~e represented. The actual lines shown are least-squares fits to the 

data. 

7isue.l. examination of Figs. 2-7 reveals the close adherence of the data 

points of each el~ent to the straight line obtained by least-squares fitting. 

In cr~er to provide quantitative expression to the coherence of variations 

relative to iron, some numerical data are presented in Table V. The range of 

values encour~ered is listed for each element and the precision of a single 

!I:.eas~~ent a.t eacn e:J..j of the range. In the last colu:nn, the scatter of 

all data points is exp~essed as the RMS deviation from the straight 
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li:1e in .l):p:l. Sca.nd.lu::! is one of the elements measured with very high precision. 

and its relation to iron is shown in Fig. 2. The adherence to linearity is 

impressive ~nd the RMS deviation from the straight lin~ (0.11 pPzn), seen in 

Table V, ~s comparable to.what would be expected from the Fe and Sc counting 

In order to subject the. data on scandium. to a more rigorous test, it 

is possible to eliminate one Of the sources of dispersion by examining a 

restricted part of the data. The 10 dacite samples were irradiated at one 

time with one set of standards; therefore any dispersion introduced by 

inhomogeneity of our standard material and by errors in measuring the standards, 

. drop out. We are left simply with the statistics of gamma-ray counting in 

the dacite samples themselves, and a number of random errors which are 

difficult to assess. Tests on other materials in our,laboratory have shown 

these random errors to be about 0.4% (Perlman and Asaro, 1969). If we now 

consider the Sc-Fe relation for the 10 dacites, and remove the small error 

dae to counting statistics, we find an average deviation of the data points 

fro:: :.~-= straight line is 0.6%. This tells tis that the actual randomness of 

sc~,di'~ relative to iron is less than 0.6%. 

It is this fine adherence to linearity that must be taken into account 

in an:r- ::1odel for the geological process which produced this sequence of 

co:npoaitions. The linear relationships suggest mixing in different proportions 

* of two homogenous bodies and we propose to examine the nature of these phases. 

* i Yne te~ phase is used for convenience to indicate uniform elemental composition 

in ~he body. It need not consist of a single phase in the thermodynamic sense. 
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~~e ~~ 3~e b~iies (Phase A) is obviously a rhyolyte s~ it will be 

referre:. "'::J s.s su.:b.. The second will only be termed "Phase 3" for the present. 

Some o~ ~~e li~es wi~h positive slope extrapolate to zero concentration of 
' 

the ele=e:ts ~ile the iron value is still positive. We shall first examine one 

of these. As seen in Fig. 3 the line for Co becoli:J.es zero at a higher Fe value 

than those -tor the other elements with positive slope. The significance of 

this poiat of intersection is that it establishes one of the limits in the 

composition of the rhyolitic phase because the content of Co cannot be les~ 

than zer:». Th.e content of each of the other elements in this limiting composition 

is given b7 the intercep~ of each line with the iron content representing 

zero-Co. ~e other limit to the composition of the rhyolitic phase is given 

by that obsidian group with lowest Co value. Limit lines are not shown on the · 

' graphs because the respective points for the elements are already entered. It 

is seen that the l~ts of composition are so close to each other that the 

rhyolitic phase is quite sharply defined. In other words; those obsidian 

specj~~~~ of lowest Fe content represent this phase quite well. 
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In this type of reasoning it is seen that one limit of a phase 

com?cs~tion is given precisely by an extra~olation to zero concentration of a 

single ele~ent and the other limit by an actual sample with the lowest·con

centration noted for that element. If these almost coincide, the possible 

range is small. Turning to Phas·e B, we shall see that it is not possible to 

obtain a narrow range because the lowest concentration of the reference element 

in available samples is not close to the zero concentration. The element selected 

for extrapols.tion is Cs which has a negative slope, and, as seen in Fig. 3 it 

extrapolates to zero concentration at an Fe content of 7.93%. The highest ion 

content in any of the dacites analyzed is 4.98%, so the range of permissible 

compositions for all elements correspond with the band between these limits. 

All that can be said at present is that the linear variation of elements can be 

ex]?lained by mixing of a rhyolitic phase with another, more basic, phase whose 

conpcsition limits have just been mentioned. 

The actual Phase B could very well be the dacite with the. highest 

iron cc~tent found among our specimens. However, it is of interest to 

postul~~e a continuous series of compositions toward more basic rocks and to 

exaxi~e t~e composition near the limit. 

:'able VI gives two columns of figures headed by "Calculated Phase-A" 

and "Cal::-;llated Phase-B". The least-squares-fit lines of the data were used to 

calculcte two compositions; one for which the iron content is 0.67% and the 

other, 7.7%. The lower iron content is that of a group of obsidians analyzed 



'· 
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e..'!d. tie c=..:..cc;..:Ls:ted. values for the other elements agree well with the 

ex:peri::.ental values as they oust when the lines are so sharply defined. The 

h:,r:pothetica.l Phase B with iron content 7.7% gives a cesium value of 0.5 ppm 

which means that we are near the limit of the possible range for Phase B. 

The reason for stopping at this composition rather than going all the way to 

zero-cesium is of little consequence but values for Cs of about 0.5 ppm are 

about the lowest found in a number of basalts. 

The calculated composition for the postulated Phase B has the general 

characteristics of basalts which have been analyzed. This is not surprising 

since we have extrapolated the data toward more basic rocks. Unfortunately, 

no basalt outcroppings .from Borax Lake have come to our attention which would 

permit an experimental test of whether there exist more basic rocks as a member 

of this ~articular series. Several samples from the general area were analyzed 

but the analyses showed them to be unacceptable as the actual Phase B although 

one specimen vas closely similar in most respects. The composition of this 

sa.:r:zple (3.AS.A2) is also shovn in Table V where it is seen that many elements 

ag::-e: ::-==s.::-kably well with the calculated values for Phase B. However, the 

val:1es :~or s,odium and for the rare earth elements are distinctly low and this 

r::eans t~at BASA2 cannot represent the unaltered basaltic material vhich we have 

postula~ed for Phase B. According to Anderson (1936), the basalts of this general 

area be::!..::l!lg to an earlier period than the obsidian--dacite flow. The failure 

to fir:.d basalts at Borax Lake which clearly belong to the sequence might mean 

t:::e.t tbis ext~eme o~ the possible range was never involved, or that it di_d 

exist o~t never reached the surface. 
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We shall now comment briefly on the proposition that the 9bserved 

pattern of co:n:positions could result from differentiation. The genesis of rock 

! 

I 
i 
i -

suites was discussed many years ago by Bowen (1928)• who concluded that they 

are the result of fractional crystallization. More recently, Thompson (1972) 

called attention to the general acceptance of this mechanism. Wright and 

Fiske (1971), on the other hand, have presented impressive evidence that certain 

magmas can mi~. 

It seems !.. priori probab1e that there 'Wi.11 be different chemical· and 

physical environments pertaining to the formation and emptying of different 

magma chambers and that one should not expect an identical sequence of steps 

for all.. These steps could embrace a complex sequence of both differentiations 

and mixings. Where a single process is dominant, the observations should be· 

most anenable to interpretation, and the Borax Lake flow appears to be ~ simple 

case. It seems most unlikely that such a 1inear continuum of compositions could 

result from a complex series of chemical changes as is imp1ied in ·fractional 

crystal.lization. 
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TABLE' CAPTIONS 

Table Ia.. The chemical compositions of Napa (California) obsidian (in ppm or %) ~ 

Table Ib. The chemical composition of Napa obsidian compared to other 

measurements. 

Table IIa. The chemical compositions of Mt. Konoctf (California) obsidian 

(in ppm or %) • 

Table IIb. The chemical composition of Mt. Konocti obsidian compared 'to other 

measurements. 

Table III. The chemical compositions of Borax Lake (California) obsidian 

(in ppm or %) • *The indicated errors are the RMS group values except for 

col 1,4 ,9 where countiag errors are used. 

Table rY. The chemical compos! tion of dacite from Borax Lake {California) 

(in ppm or %) • 
. . 

Table V. The range of elemental compositions encountered in Borax Lake 

obsidian end dacite e.nd tJ::le precision of a single measurement for each· 

extreme of the range •. The scatter or the RMS deviation of the data 

;=in~s from a straight line are shown in the last column. 

Tab::..e TI. The calculated compositions of Phase-A and Phase-B materials at 

E~r~ Lake compared to a Basalt from the general area {BASA-2). 



Table I a 

Location 40 41 42 43 Average Error in a 

Composition Single Absolute 
N~. of Samples 5 5 5 4 19 Measurement Error 

Element Composition in ppm or % 

Th 17.99:.07 17-91:.10 17.95:.08 17.82±.23 17.93±.13 ±.09 ±.52 
Sm 5.98±.02 5-93±.02 5.86±.03 5-95±.03 5-93±.05 ±.02 ±.13 
u 6.89±.02 6.84±.06 6.80±.06 6.86±.09 6.85±.06 :!:.04 ±.63 

Nd 3-39±.05 3-37±.03 3.34±.06 3.38±.03 3-37±.04 ±.04 ±.01 
Sc 2.89±.03 2.86±.01 2.87±.03 2.80:!:.03 2.86±.04 ±.02 :!:.06 
Mn 147±3 151±1 150±2 147±5 149±3 ±3 ±3-5 
Cs 15.5±.2 15.4±.1 15.4±.1 14.9±.2 15.3:!:.3 ±.3 ±1.1 
La 31.6±. 5 31.6±.4 30.8±.7 31. 5±. 5 31. 3± .6 ±.6 ±.7 

Fe% -92±.02 .93±.02 -93±.01 .90±.01 -92±.02 ±.02 ±.02 
Al% 6.4±.2 6.3±.2 6.6±.2 6.3±;2 6.4±.2 ±.1 ±.2 
Dy 7-54±.21 7-74±.04 7-79±.12 7.41±.25 7 .63± .21 ±.19 ±.4 
Hf 7.49±.27 7.48±.31 7.68±.17 7.61±.29 7.57±.25 ±.23 ±.5 
Ba 447±15 426±3 423±11 433±7 432±14 ±13 ±24 I Rb 201±6 197±3 204±5 207±9 202±6 ±15(4) ±20 1\) 

1\) Ce 66.5:!:1.4 67.3±1.4 69.7±2.4 65.6±1.1 67.4±2.2 ±.6 ±3.9 I 
Lu .635±.014 .629±.009 .611±.009 .609±.011 .622±.015 ±.018 ±.06 
Nd 28.4tl.7 28.5±1.4 28.7±.9 27.7±1.7 28.83±1.4 ±1.9 ±4.0 
Yb 4.71±.09 4.84±.18 5.00±.27 4.55±.06 4.79±.23 ±.09 ±.6 

Tb -98t.06 -97±.08 -94±.05 -99±.02 -97±.05 ±.03 ±.10 
Ta ·93±.05 .90±.06 -92±.05 ·97±.07 -93±.06 ±.05 :!:.07 
Eu .29±.02 .26±~02 .26±.03 .27±.03 .27±.03 ±.03 ±.03 
K% 4.1±.3 4.9±.2 4.2±.2 3.8±.2 4.3±.5 ±.5 :!:.5 
Sb l. 3±. 3 1.3±.1 1.2:!:.1 1.13±.05 1.23±.15 ±.10 ±.2 
Zn 64±9 65±10 73±12 60±3 66±10 ±3 ±11 
Cr 6. 9±1. 3 7.4±1.1 6.5±.4 5-9±.6 6.7:!:1.0 ±.1 :!:1.1 

Ti% <.05 
Ca% <2 
Ni <40 
v 

<30 
As <60 
Cu <100 
Ag <2 fr: 

t-Au <.02 I 
0\ Ir <.01 0\ 

er 1-
~0 



~ 

Table Ib 

Present Jack Griffin Stevenson 
Work (1969) (1969) (1971) 

of Samples 19 2 3 6 

Element Composition in ppm or % 

Th 17.9±.5 (25)(15) - . 

Sm 5.9±.1 11 
Na% 3.37±.07 3.6±.4 
Sc 2.86±.06 3.4±.4 
Mn 149±4 (190)(200) 170±20 160 
La 31. 3±. 7 (40)(40) 57±3 
Fe% .92±.02 1.0±.2 .98 
Ba 432±24 ( 420 )( 430) 440 I 

1\) 

Rb 202±20 ( 190) (200) 140±20 
w 

185 I 

Ce 67±4 (80)(70) 
Nd 29±4 (30)(25) 
K% . 4.3±.5 (3.76) 3.44 
Zn 66±11 (55)(50) . 
Ti% <.05 (.052)(.054) .053 

Ca% <2 .0985 
Ni <40 (5)(5) 
Cu <100 ( 10 )( 5) fu 
Sr <400 ~ 30 

, 
0\ 
0\ ,_. 



LOCATION 

No. of Samples 

Element 

Th 

Sm 

u 
Na% 
Sc 

Mn 

Cs 

La 

Fe% 
Al% 
Dy 

Hf 

Ba 

Rb 

Ce 

Lu 

Nd 

Yb 

Tb 

Ta 

Eu 

K% 
Sb 

Zn 

Cr 

Ti% 
co 
Ca% 
Ni 

v 
As 

Cu 

Ag 

Au 

Ir 

Sr 

Ga 

In 

Sl S2 

4 5 

23.34±.06 23.29±.09 

5.33±.03 5.36±.07 

7.$2±.05 

2.68±.03 

5.07±.03 

186±7 

15.4±.1 

31.6±. 7 

.97±.04 

6.9±;4 

5 .9±.3 

6.14±.16 

627±21 

233±32 

68.0±.6 

7.6±.15 

2.66±.08 

5.07:!:.05 

181±1 

15.3±.2 

32.5±.6 

-97±.01 

. 7.0±.2 

5-7±.4 
6.23±.16 

644±31 

233±27 

66.7±.3 

.47±.01 .50±.04 

29.3±1.9 32.0±1.5 

3.52±.07 3.56±.16 

.83±.04 .82±.05 

1.22±.15 1.14±.08 

.40±.0~ .38±.05 

4.7±.3 4.2±.3 

1.33±.05 1.30±.07 

35±2 35±2 

10.3±3.2 9.3±1.0 

.128±.008 .117±.014 

1.46±.08 1.52±.08 

S3 

4 

23.15±.12 

5.28±.05 

7.44±.08 

2.69±.04 

5.06±.06 

184±7 

15.4±.2 

31.8±.6 

·97±.02 

6.8±.3 

6.2±.5 

6.09±.33 

618±10 

209±25 

67.7±.9 

.49±.02 

28.6±1.0 

3.47±.01 

.83±.01 

1.19±.09 

.40±.03 

4.1±.4 

1.35:!:.13 

35±3 

9.5±.9 

.122±.023 

1.51±.12 

Table IIa 

S4 S5 S6 

5 5 

Composition in ppm or % 
23.02±.24 22.97±.25 22.39±.19 

5.28±.05 5-28±.05 5-37±.03 

7.46±.05 7.45±.08 7-39±.04 

2.67±.03 

5.03±.06 

184±7 

15.2±.4 

31.8±.8 

-97±.02 

6.8±.3 

. 6.1±.2 

6.03±.39 

612±18 

218±36 

67 .1±1.0 

.47±.03 

27 .6±1.3 

3.46±.06 

.84±.02 

1.21±.10 

.40±.04 

4.6±.4 

1.32±.05 

33±3 

9.4±.6 

.124±.016 

1.49± .12 

2.65±.03 

5.12± 09 

191±8 

15.4±.2 

31. 6±. 7 

1.01±.04 

6.7±.3 

5-9±.2 
6.19±.21 

619±7 

217±24 

66.9±.6 

.47±.02 

27.9±1.0 

3-53±.05 

.80±.05 

1.20±.06 

.40±.04 

5.0±.4 

l. 32±.16 

35±2 

9.4±.7 

.121±.008 

1.68±.19 

2.71±.01 

5.27±.12 

206±4 

14.6±.1 

31.8±.6 

1.07±.03 

6.7±.1 

6.ot.1 

6.19±.13 

653±18 

229t4 

66.4±.9 

.46±.02 

27.7±2.0 

3-44±.04 

-79±.06 

1.20:!:.12 

.41±.03 

4.3±.3 

1.22±.05 

35±4 

7.7±.7 

.159±.019 

1.81±.07 

S7a S7b 

5 

Average 
Composition 

37 

Error 
·in a Sin~le 
Measurement 

22.60±.46 22.86±.30 ~2.95±.42 ± 0.11 

± 0.016 

± 0.05 

± 0.03 

± 0.03 

± 3 

5.31±.02 5.28±.02 5.31±.05 

7-36±.04 7.23±.08 7.43±.13 

2.72±.02 2.79±.02 2.70±.06 

5.20±.07 

205±5 

14.6±.2 

31.6±.7 

1.05±.02 

6.7±.1 

5.9±.2 
5.90±.17 

648±16 

214±5 

64.9±.2 

.46t.01 

28.5±1.0 

3.51±.05 

.85±.04 

.99±.07 

·.42±.02 

4.3±.1 

1.26±.11 

34t2 

8.3±1.0 

.159±.012 

1. 78±.05 

5.23±.08 

211±5 

14.5±.3 

31.6±.4 

1.08±.03 

6.9±.2 

5.8±.1 
5.81±.18 

657±7 

216±9 

65.0:!:.5 

.44±.02 

27 .9±1.9 

3.48±.07 

.81±.01 

1.02±.04 

.43±.03 

4.4±.3 

5.14±.11 

195±13 

15.0±.4 

31.8±.6 

1.02±.05 

6.8±.2 

5.9±.3 
6.07±.25 

636±24 

221±22 

66. 5±1.2 

.47±.03 

28.7±2.0 

3.50±.08 

0.82±.04 

1.14±.12 

.41±.03 

4.4±.4 

± 0.3 
•• ± 0.6 

± 0.02 

± 0.1 

± 0.2 
± 0.21 

± 16 

± 17 

± 0.6 

± 0.02 

± 2.3 

± 0.07 

± 0.03 

± 0.06 

± 0.03 

± 0.4 

1.20±.07 1.28±.10 ± 0.10 

36±2 35±3 ± 3 

8.4±.8 9.0±1.4 '± 0.8 

.139±.017 ;134±~021 ± .014 

1.83±.06 1.64±.18 ± .07 

<2 

<40 

<30 

<50 

<100 

<2 

<.1 

<.01 

<500 

<100 

<3 

Absolute 

Error 

± 0. 77 

± 0.12 

± 0.68 

± 0.07 

± .0.14 

± 13 

± 1.1 

± 0.7 

± 0.05 

± 0.2 

± 0.4 
± 0.4 

± 37 

± 30 

± 3.5 

± .05 

± 4.0 

± 0.46 

± 0.08 

± 0.12 

± 0.03 

± 0.4 

± 0.11 

± 9 

± 1.4 

± .022 

± .18 

I 
[\) 
+:
I 

~ 
t'i 
I 
0'\ 
0'\ 
I-' 
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Table Jib 

Present Jack Becker Stevenson 
Work et al. ( 19 69 ) (1888) (1971) --No. of Samples 37 2 1 8 

Element Composition in ppm or % 

Th 23.0±.8 (25)(30) 

Na% 2.70±.07 ·3.96 
Mn 195±13 (230)(230) 205 
La 31.8±.7 ( 40 )( 40) 

.. Fe% 1.02±.05 1.10 1.11 
Al% 6.8±.2 6.86 

Ba 636±37 ( 610 ){650) 625 I 
1\) 

Rb 221±30 (215 )(215) 195 
\J1 
I 

Ce 66±4 (80)(70) 

Nd 29-~4 ( 30 )( 30) 

K% 4.4±.4 4.0 3.9 3.77 
Zn . 35±9 (25)(20) 

Ti% .13±.02 (.152)( .154) .15 .158 
Co 1.6±.2 . (15) (15) 

Ca% <2 .71 .28 
Ni <40 ( 5) (5) 

Cu <100 ( 5 )(5) t-' 
tJ; 

(65)(65} 
I) 

Sr <500 95 0\ 
0\ 
I-' 

Ga <100 (10 )(15) 



No. of Samples • 

Element 

5102% 

Th 

Sm 

u 
Na%. 

Sc 

Mn 

Cs 

La 

Fe% 
Al~ 

Dy 

Hf 

Ba 

Rb 

Ce 

Lu 

Nd 

Yb 

Tb 

Ta 

Eu 

K% 
Sb 

Zn 

Cr 

Ti~ 

Co 

Cd 
v 
As 

Cu 

Ag 

Au 

Ir 

Sr 

Ga 

In 

Ni 

71.7±.1 

15.1!.1 

5.71!.02 

5-77±.05 

Table III 

2 2 1 4 3 3 

Composition in ppm or ~ 

15.7±.1 15.7±.3 16.6±.1 16.7±.2 16.7±.2 

5-72!.13 5.70±.13 5.77±.02 5-75±.08 5.71±.11 

5·99±.18 ·5.96±.14 6.30±.04 6.27±.11 6.24±.14 

17.0±.1 

5. 75:!:.11 

6.36±.04 

6 1 

17.0±.4 17.4±.1 

5.81±.09 5.64±.02 

6.46±.11 6.41±.04 

10 

75·7±.4 

17.6±.1 

5.87±.10 

6.75±.12 

2.77±.04 . 2.75±.03 2.72±.05 2.68±.03 2.75±.03 2.75±.04 2.73±.02 2.76±.01 2.75:!:.03 2.75:!:.03 

·1J.48t.o4 9.12±.07 ·8.73±.o6 7.41±.03 1.02±.06 6.68±.02 6.19±.09 5.84±.11 5.20:1:.02 ·4.71±.04 

337±7 295±8 283±2 230±4 223±3 206±3 187±5 178±8 150±3 134±7 

13.6±.3 14.0±.4 14.1:!:.2 14.9±.3 15.2±.4 15.0±.3 15.2±.5 15.5±.4 15.1±.3 15.9±.3 

22.0±.8 21.6±1.5 21.6±.5 21.9±.5 22.3±.9 22.1±1.1 22.2±.3 22.1±.3 22.2±.6 22.6±.7 

1.88±.03 1.58±.02 1.51±.02 1.25±.02 1.15±.02 1.09±:01 ·97:!:.02 .89±.02 ·77±.01 .67±.01 

6.9±.1 6.8±.4 6.7±.2 6.4±.1 6.8±.2 6.8:!:.1 6.6±.2 6.5±.2 6.4±.1 6.6±.2 

7.9±.5 8.3±.2 8.4±.2 1.ot.2 7.2:1:.5 7.6:1:.5 7.5±.3 7.7±.3 7.4±.2 e.o±.2 

3.9±.1 3.7±.1 3.8±.1 3.8:!:.1 3.8±.3 3.7±.3 3.7:!:.1 3.7±.2 3.7±.1 3.8±.1 

100±40 40±11 90±10 8o±12 90:!:75 110±76 8o±30 75±47 140±10 90±40 

230±20 210±20 200t10 210±10 260±30 250±20 250±20 . 220±30 250±20 240±20 

50±1 50±1 49±1 53±1 52±2 51±1 52±2 51±2 52:!:1 53±1 

.52±.04 .51±.03 .51±.03 .54±.02 .50±.01. .51:!:.03 .50±.03 .52±.02 .51±.02 .52:!:.03 

26±5 25±4 24±3 25±2 25±5 27:!:3 27±3 27±3 27±2 26±4 

3.7±.1 3.9±.1 3.8±.1 4.2±.1 3.9±.1 3.9±.3 4.0±.2 4.1±.2 4.2±.1 3.9±.3 

1.00±.03 1.01±.02 1.02±.02 1.02±.03 1.05±.02 1.06±.03 1.08±.02 1.00:!:.07 1.06±.03 1.05±.02 

1.2±.1 

.35±.04 

3.5±.4 

1.0±.1 

54±5 

40:!:1 

.20±.02 

7.0±.2 

1.8±.5 

50±20 

<70 

·<100 
<2. 

<·1 

<.01 

<600 

<100 

<40 

<50 

1.1:!:.1 

.29±.02 

4.2±.3 

1.5±.2 

50±4 

35±1 

.15±.01 

5.8±.1 

2.3±.5 

60±10 

.. 

1.1±.1 

.30±.02 

4.6±.4 

.95±.10 

49±3 

31±1 

.14±.01 

5.1±.1 

a.ot.4 
45±26 

1.2:!:.1 

.24±.03 

4.4±.4 

1.0±.1 

50±3 

26±1 

.10±.01 

3.4±.1 

1.4±.5 

40±20 

1.14±.01 

.19±.05 

4.1±.3 

1.0±.1 

47±3 

20±1 

.09±.01 

3.0±.1 

1.6±.5 

30±15 

1.1±.1 

.20±.01 

4.5:!:.2 

1.0±.1 

43±3 

18:!:1 

.08±.01 

2.8±.1 

1.6±.6 

30:!:10 

1.10±.03 

.15±.02 

4.5:!:.3 

.93:!:.10 

45±4 

15:!:1 
.Q7±.01 

2.0±.2 

1.1±.2 

5±30 

1.13±.05 

.16±.03 

4.2± •. 4 

1.1±.1 

55±14 

16±2 

.06±.02 

1.7±.2 

1.2±.4 

15±15 

1.09±.04 1.18±.02 

.11±.02 

4.4±.4 

1.0±.1 

44±3 

9±1 

.03±.02 

.91±.04 

1.1:!:.4 

25±15 

.10±.02 

4.8±.3 

1.2±.2 

44±4 

10±2 

.03±.02 

.36±.07 

.8±.7 

13±14 

Jack 
et al. 
(1969) 

io 

240 

40 

eo 

215 

60 

25 

45 

.083 

10 

<5 

15 

20 

10 

Anderson 

(1936) 

76.53 

2.70 

160 

.86 
6.79 

3.9 

.or 

.56 

.. 

Sti!Venson 
et al. 
(1971) 

240 

1.23 

<125 

233 

3.8 

.118 

.317 

<40 

I 
1\) 
0\ 
I 

5; 
1 
0\ 
0\ 
I-' 



Table IV 

No. of 
Samples ( 3) (2) (l) (2) (2) Anderson's 

res•llts (1936) 
Elements 

'1'h 8.24 ± 0.10 10.33 ± 0.10 11.09 ± 0.10 12.8 ± 0.14 15.47 ± 0.10 . 

Sm 5.05 ± 0.15 5.25 ± 0.02 5.29 ± 0.02 5.52 ± 0.03 5.64 ± 0.04 

u 3.00 ± 0.07 3.87 ± 0.06 4.15 ± 0.04 4.76 ± 0.06 5.64 ± 0.06 

Na% 2.51 ± 0.10 2.67 ± 0.04 2.62 ± 0.04 2.68 ± 0.04 2.72 ± 0.07 2.60 

Sc 24.77 ± 0.24 20.37 ± 0.09 18.78 ± 0.06 15.54 ± 0.02 10.57 ± 0.04 

Mn 902 ± 20 720 ± 13 641 ± 12 537 ± 11 347 ± 10 700 

Cs 6.5 ± 0.3 8.6 ± 0.3 9.5 ± 0.3 10.7 ± 0.3 13.0 ± 0.3. 

La 16.1 ± 0.8 17.4 ± 0.7 18.3 ± 0.7 20.2 ± 0.7 22.7 ± 0.7 

Fe% 4.98 ± 0.06 4.04 '± 0.06 3.61 ± 0.05 3.01 ± 0.02 1.93 ± 0.03 3.62 

Al% 7.6 ± 0.2 7.5 ± 0.2 7.1 ± 0.1 7.2 ± 0.2 6.8 ± 0.2 7.53 
Dy 7.2±0.3 7.6 ± 0.4 7.6 ± 0.3 7.4 ± 0.3 7.9 ± 0.3 

Hf 3.3 ± 0.1 3.6 ± 0.1 3.6 ± 0.1 3.5 ± 0.1 3.6 ± 0.1 I 
Ba 130 ± 20 107 ± 13 115 ± 12 107 ± 12 86 ± 12 1\) 

~ 

Rb 114 ± 20 131 ± 15 141 ± 14 172 ± 15 200 ± 16 I 

Ce 36.3 ± 0.8 41.5 ± 1.3 43.2 ± 0.7 45.0 ± 0.6 49.1 ± 0.7 

Lu o.47 ± o.o2 o.45 ± o.o2 0.49 ± 0.02 0.48 ± 0.02 0.51 ± 0.02 

Nd 20.3 ± 1.6 22.4 ± l. 7 20.1 ± 1.6 23 ± 1.6 25.6 ± 1.7 

Yb 3.2 ± 0.1 3.4 ± 0.1 3.7 ± 0.1 3.6 ± 0.·1 :3.8 ± 0.1 

Tb 0.90 ± 0.04 0.95 ± 0.04 0.95 ± 0.4 0.98 ± 0.04 0.97 ± 0.04 

Ta 0.79 ± 0.08 0.88 ± 0.08 0.78 ± 0.08 0.91 ± 0.07 1.09 ± 0.06 

Eu 1.01 ± 0.06 0.81 ± 0.05 o.69 ± o.o5 0.59 ± o:o4 0.39 ± 0.03 

K% 2.4 ± 0.5 2.3 ± 0.4 3.2 ± 0.5 3.0 ± 0.5. 3.5 ± 0.5 2.47 

Sb 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.95 ± 0.10 

Zn 91 ± 9 72 ± 7 74 ± 6 72 ± 5 56 ± 4 

Cr 113 ± 3 90 ± 2 80 ± 2 66 ± 2 37 ± 1 

Ti% 0.56 ± 0.03 0.43 ± 0.03 o.4o ± 0.03 0.34 ± 0.03 0.17 ± 0.03 0.46 

Co 24.4 ± 0.5 19.1 ± 0.4 17.4 ± 0.3 13.5 ± 0.2 7.4 ± 0.2 

Ca 4.8 ± 0.7 4.5 ± 0.7 3.8 ± 0.6 2.6 ± 0.6 2.6 ± 0.7 3.39 t-i 

v 194 ± 35 160 ± 34 99 ± 23 100 ± 28 .. 47 ± 25 to 
t"" 
I 
0'. 
0'. 
f-J 
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Table V. 

Ra."lge of Val'..les Precision of 
RMS dev. :::leme!'::t Measurement 

(ppm) (ppm) (ppm) 

Sc 4.71 - 24.77 .02 - 0.07 .11 

Co 0.37 - 24.4 .04 - 0.35 .20 

Cr 10 - ll3 0.6-2.1 2 

Mn 134 - 902 3- 16" 8 

u 6.75- 3.00 o.o6 - o.o4 .11 

Th 17.62- 8.24 .07 - .10 .22 

Cs 15.9 - 6.5 .3 - .3 .3 '· 

. ~ 
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Table VI. 

Compositions in % or ;ppm 

Elements 
Calculated Calculated Measured 

Phase-A Phase-B BASA-2 

'" T"n 17.6 2.5 2.2 ± 0.1 

u 6.7 0.72 0.81 ± 0.02 

Sc 4.76 37.5 " 39.2 ± O.l 

Mn 134 1369 1304 ± 19 
.· 

Cs 15.9 0.5 0.8 ± 0.3 

Fe% 0.67 7.7 7.74 ± 0.10 

Al% 6.5 8.4 8."2 ± 0.2 

H:f 3.8 3.2 3.0 ± 0.1 

Rb 245 27 40 ± 15 

Ta 1.18 0.52 o.4-s ± 0.09 

K% 4.6 0.8 0~92 ":t o;45. _ 
Sb 1.1 0.3 0.4 ± 0.1 

Zn" 45 ll4 99 ± IO 

Cr 9.4 178. 194 ± 3:' 

Ti% 0.03 0.90 0.93."± 0 .. 02 
Co o.4o 39.6 40.7 ± 0.5 
Cs.~ 1.04 7.5 7.5 ± 0.6 

v 9 300 280 ± 40 

N ,.., a.," 2.76 2.43 2.00 ± 0.03 

La 22.7 12.5 8.3 ± 0.5 

Ce 52.8 27.6 20.0 ± 1 

Nd 25.6 18 11 ± 2 

Sm 5.85 4.6 3.72 ± 0.01 

Eu 0.10 1.6 1.3 ± O~l 

To 1.05 0.81 0.81 ± o.o4 

Dy 7.8 7.1 5.7 ± 0.2 

Yb 4.0 2.7 2.4 ± 0.2 

Lu 0.52 0.43 0.34 ± 0.02 
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Fig. ~. - =- ::-=.r~ earth pattern r"'or- l·!t, Konocti obsidian (upper points) and 

B::lre.z ::.,e.ke, obsidian of' lowest iro:::J. content (lower points). All values 

are ~~~ized to Napa obsidian rare-earth abundances. 

Fig. 2. ~~e che~cal variation of Scandium plotted against total iron for 

43 obsidian and dacite samples f'roo Borax Lake, California. 

Fig. 3. The ch~cal variation of cobalt and cesium plotted against total 

iron content for Borax Lake obsidian and dacite. 

Fig. 4. The cheJrlcal variation of lm, U, Th, and Cr plotted against total 

iron content for Borax take obsidian and dacite, 

Fig. 5. The chemical variation of Sm, Na, La, Eu, and Lu plotted against 

total iron content for Borax Lake obsidian and dacite. 

Fig. 6. The chemical variation of Al, A:, and Ti plotted against total iron 

conten~ for Borax Lake obsidian and dacite. 

Fig. 7. '!'he chemical variation of Hf', Rb, Ta, and Ca plotted against total 

~~ con~ent for Borax Lake obsidi~ and dacite. 
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.------------------LEGAL NOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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