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ABSTRACT

The Holocene Ice Springs volcanic field of west-central Utah
consists of 0.53 km3 of thﬁ]eiitic basalts erupted as a sequence of
nested cinder cones and asspciated lava flows. Whole rock X-ray
fluorescence and atomic absorption analysis of ninety-six samples of
known relative age document stétistica]]y significant inter- and
intra-eruption chemical variations. Elemental trends include increases

in Ti, Fe, Ca, P, and Sr and decreases in Si, K, Rb, Ni, Cr, and Zr

- with decreasing age. Microprobe analyses of microphenocrysts of

olivine, plagioclase, an& Fe-Ti oxides and of. groundmass olivine,
plagioclase, and clinopyroxene indicate limited chemical variation
between mineral assemblages of the eruptive events. Petrographic
analyses have identified the presence of minor amounts of silicic
xenoliths, orthopyroxene megacrysts, and plagioclase xenocrysts.
Potassium-argon determinations establish the existence of excess argon
in the basaltic cinder (30.05 x 10-12 moles/gm) and in distal lava
flows (8.29 x 10-12 moles/gm) which suggest apparent "ages" of 16 and
4.3 million years respectively. Strontium isotopic data (Puskar and
Condie, 1973) show systematic variations from oldest eruptions
(875r/86Sr=0.7052) to youngest eruptions (87Sr/86Sr=0.7059).
Theoretical evaluation of observed major element, trace element,
isotopic, and thermophysical properties of the‘lavas and cinders limits

the importance of proposed magmatic differentation processes. The data




are compatible with a model involving crystal fractionation, crustal
assimilation, and magma mixing. Initial modification of mantle derived
melts resulted from olivine fractionation at depth. Subsequent
combination of 6 to 8% fractionation of plagioclase, minor olivine, and
magnet%te at shallow depths, less than one percent assimilation of
silicic crustal basement rocks, and interaction of compositionally
similar magma pulses explains the overall inter-eruption chemica]A
trends. The intra-eruption variations follow the overall trends and a
similar combination of processes of lesser magnitude account; for the

intra-eruption variations.

iv
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INTRODUCTION

The relative importance of various processes of magmatic
differentiation may be evafuated through the interpretation of
systematic égemical variations in sequential eruptions of volcanic
rocks. The Holocene Ice Springs volcanic field, located in the Black
Rock Desert of west-central Utah, affords an excellent opportunit& to
study several scales of chemical variation in continental tholeiitic
basalts. Initial descriptions of the Ice Springs basalts were made by
Gilbert (1890). He presented an accurate and thorough description of
many Ice Springs volcanic features and his preliminary observations on
the sequence of eruptions remain valid today. Condie and Barsky (1972)
and Puskar and Condie (1973) presented results of a regional
petrological analysis of the Black Rock Deéert volcanics. In their
work, they identified regional long-term chemical variations within the

Black Rock Desert and localized short-term time dependent chemical

.variations within the Ice Springs field. They considered the long-term

trends to represent fundamental changes in magmatic differentiation
processes during the lifetime of the volcanic province; whereas, the
short-term trends represented changes in local differentiation
processes durfng the eruptive events of the Ice Springs fie]d.l'The
long-term regional variations included a decrease in Sr and syst matic
increase in K, Rb, and 87Sr/86Sr from oldest to youngest.. The

short-term “Ice Springs" trend included increases in Fe, Mn, Sr, and




2
875r/86Sr with decreases in Si, Mg, Na, K, Rb, and Ni from early to
late. They attributed the chemical variation to long-term effects of
crystal fractionation, crustal assimilation, and possible mixing of
residual differentiated magmas. Subsequeﬁt work by Hoover (1974)
supportéd the earlier observations of short-term and long-term chemical

trends in the Black Rock Desert and Ice Springs basalts.




FIELD RELATIONS

The Ice Springs volcanic field consists of a series of nested
cinder cones and related 1§va flows. Based on the preliminary
observation§Mof'Gilbert (1890), Hoover (1974) outlined the Ice Springs
eruptive sequence as initial eruptions and flows northward followed by
westward flows and culminated by flows southeastward. Assoﬁiatedfwith
the flows, Hoover (1974) identified the sequence of formation of four
major cinder-spatter cones. The largest, the Crescent, served as the
source vent for the northern flows. The second largest, the Miter,
developed on the southwestern rim of the earlier Crescent and was the
source vent for the southwestward flows. A third large cone, the
Terrace, was buiit onto the southern side qf the Miter-Crescent cone
and served as the source vent for the finai southeastward flows.
Hoover (1974) named a fourth cone, the Pocket, located within the
out]iné of the earlier formed Crescent. The Pocket is a symmetrical
cinder-spatter cone thch produced only a small amount of lava. Each
of the cinder cones display breached rims where lavas have flowed
outward. The wéstern half of the Crescent cone has been completely
destroyed by subsequent flows and by the development of the Miter and
Pocket cones. The Miter cone has been breached on the southwest and
north sides. The lava channel from the northern side of the Miter is
deflected by the Pocket cone, but at the same time, these Miter flqws

truncate lavas flowing out of a breach in the western side of the




Pocket cone. The Terrace cone has been breached on the southwest énd
southeast sides. The lava channel from the southwest breach of the
Miter deflects flows from the southwestern breach of the Terrace.
These cross-cutting relations indicate an eruptive sequence of initial
Crescent cinders and f]ows.northward followed by early Miter cinder and
flows westward, followed by concurrent Pocket and Miter cinder and
flows northward, and\eruption terminated with Terrace cinders and fléQs
to the southeast and southeastward.

The flow character of the lavas changes noticeably from proximal
" slabby pahoehoe to distal aa. The slabby pahoehoe predominates in the
well defined lava channels near the source vents. The pahoehoe texture
appears to develop as underlying lava is drained out to feed the
advancing lava front (Williams and McBirney, 1979). The transition to
blocky aa clinker and rubble is abrupt at the channel margins, but in
distal portions of the flows confusing rubble-clinker pile-ups make
interflow identification difficult. The major flow lobes -~ northern,
southwestern, and southeastern were found to be related to the major
cinder'vents -- Crescent, Miter, and Terrace respectively. Subdivision
of the lobes into smaller units was possible only where well defined
rubble fronts enable distinction of flows to be made. Figure 1 shows
the approximate surface expressions of the major flow units and the

location of the cinder cones.




RELATIVE
AGE VOLUME (km3)
TERRACE YOUNGEST 0.07
POCKET <0.0!
MITER 0.16
CRESCENT OLDEST 0.30
TOTAL 0.53

Miter Flows

Terrace Flows

™
2 Crescent
Flows

2 MILES

3 KILOMETERS

S e —

Figure 1. Generalized map showing distribution of lava and cinder in

the Ice Springs volcanic field.




SAMPLE COLLECTION AND ANALYTICAL TECHNIQUES

Recent large scale mining of the Ice Springs cinder cones has
expdsed the detailed internal structures of all the major cinder cones.
This exposufé,enab]es the systematic sampling of the intra-eruption
variations as well as the 1ntef-eruption variations from cone to cone
and flow to flow. To determine the chemical variation within an ;
individual cinder cone, 200 gram samples were collected at
approximately 1 meter intervals through the.e%posed sections of the
four major cones. Care was taken to avoid sampling fragments of
silicious inclusions, and all samples were the cleanest and least
oxidized at the particular horizon.. For the Crescent, 30 samples were
collected on a Bd-meter traverse from the top of the cone's east side
down the outer east slope. For the Terrace; 20 samples were collected
on a 25 méter traverse from the northeastern corner of the cone down
the ihﬁér slope. For the miter, 13 samples were collected along a 30
..meter traverse for the top of the cone's southeast side down the inner
slope. And, for the Pocket, 9 samples were collected along a 15 meter
traverse from the upper northwestern edge of the cone down the exposed
outer western slope. 2 kilogram samples of lava were collected a]ongv
and within the various flow units to characterize the lavas asspciated
with the cinder cones. Representative samples of lava within each of
the cinder cones were also sampled. Care was taken fo collect clean

lava samples and to avoid samples contaminated with carbonate or




aerially transported gypsiferous dust.

Whole rock sample preparations involved washing each sample in
distilled water to remove any dirt or dust comtaminates and then drying
the sample at 100°C overnight. Once dry, the samples were hand picked
to remove excessively carbonate contaminated fragments and fragments of
silicious inclusions. The selected materal was crushed in a
tungsten—carbide jaw crusher and then powdered in a tungsten-carbide
shatter box. Whole rock major and trace element analyses were
performed by standard X-ray fluorescence techniques (Norrish and
Huttbn, 1969) using USGS standards (Flanagan, 1972) and University of
Utah internal standards BRD 77-12 and SBV 76-23 (Nash and Crecraft,
1979; gvans and Nash, 1979). In addition, Ni and Cr were analyzed by
atomic absorbtion techniques. Total iron was analyzed as Feo03 and the
relative abundances of FeQ to Fep03 were calculated on the basis of BRD
77-12 as 6.86. Loss was measured as weight lost on ignition at 1000°C
for 40 minutes.

In order to determine analytical error, 10 replicate major element
. ana]yseﬁ and 5 trace element analyses were performed on the University
of Utah standard BRD 77-12, an.Ice Spring basalt. The average values
and the associated standard deviations are listed along with the wet
chemical standard detefminations in Table 1. When these values are
compared to the averages and standard deviations for the Ice Springs
cinders and flows, significant variations'beyond analytical error are

seen to exist in all elements except Nb and Th.




Table 1.

wt%

Si02
Ti0
Alo 3
Fep03
Fel
MnO
Mgl
Cal
Nap0
K20
P20g
Loss

Total

Nb*
r*
Y*

Sr*
Rb*
Th*
Ni*
Cr*

*parts per million.

Whole Rock Analytical Error Analysis as Average

and Standard Deviation.

Oxidation Ratio for

A1l Ice Springs Values Same As BRD 77-12 Wet

Chemical Analysis.

BRD 77-12
XRF(N=10)
mean std.dev.
49,45 .57
1.93 03
15.48 .17
1.39 .04
9.56 27
.19 .01
7.74 .14
9.95 .14
2.80 .18
.99 .01
.56 .02
.37 -
100.41 -
XRF (N=5)
17 1.1
142 5.3
28 2.7
360 4.9
20 3.4
7 3.0
149 2.0
235 9.0

BRD 77-12
Wet Chemical

mean

48.99
2.04
14.99
1.39
9.53
.19

7
9.67
2

99.41
Standard XRF

25
182
45
428
18
5
149
235

A1 Ice Springs

XRF (N=85)
mean  std.dev. -
50.88 1.29
1.79 .18
15.40 .35
1.27 .08
8.85 .59
.18 .01
7.33 .42
8.86 .31
2.85 .30
1.27 .16
.53 .06
.41 .40
88,62 -
XRF (N=85)
20 1.9
159 11
29 1.8
358 15.6
25 4.9
5 3.2
128 12.6
227 30.0




PETROGRAPHY AND MINERALOGY

The lavas of the Ice Springs volcanic field display little
systematic petrographic variation. Table 2 summarizes the average
modal abundances for the four major Ice Springs eruptive units. The
basalts are typically very fine grained with a microporphyritic to
weak]y/glomeroporphyritic, intersertal to intergranular texture..;The
microphenocrysts constitute less than 8% of the rocks and consist of
olivine, plagioclase, and Fe-Ti oxides. The groundmass constitutes the
bulk of the rocks and consists of very fine grained intersertal to
intergranular mixtures of anhedral clinopyroxene, lath shaped
plagioclase, granular olivine, granular opaques, needle shaped apatite,
and brown glass. Vesicles are abundant in several samples, and the
void spaces were normalized out of the modéT analyses to allow for
comparison of the eruptive units. Two important petrographic features
of.the:basa]ts include the presence of minor amounts of orthopyroxene
megacrys?s with olivine reaction rims and silicious inclusions with

resorbtion-assimilation rims.

Qlivine

The o]iyine microphenocrysts display two distinét morphologies.
These include subequant to euhedral interha11y skeletal crystals and -
clongate hollcw skeletal crystals .2 to .4 mm in diameter. The
compositional variation of the grogndmass and microphenocryst olivine

between and within the eruptive units is shown in Figure 2 and average
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Table 2. Modal analyses of Ice Springs basalts (volume perdent)

O0livine
P1agioc1ase

Fe-Ti Oxides

Groundmass

AﬁsimiTated
Xenoliths

OPX megécrysts

Crescent.

4-6
1-2
2-3

88-92

yes

Miter Pocket
4-6 4-5
1-2 1
2-3 1-2

88-92 92-94

7 5
yes no

Terrace
4-§
2-3
1-2

88-90

no
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12
analyses are listed in Table 3. The phenocrysts generally show limited
compositional variation between the eruptive sequences and each
sequence shows overlapping zoning from Fozg to Fogg. Thé lack of
variation in the phenocryst data suggests a consistent and limited
crystaf]iiation interval for the phenocryst phases. The groundmass
olivine in all eruptive units tends towards depletion in magnesium
" compared to the associated phenocrysts and contrary to the restricted
-variation between eruptive events for the phenocryst data, the |
groundmass olivine of the Terrace and Mitef samples display trends of
increasing iron content when compared to Crescent samples. No
significant calcium zoning is observed in both the groundmass and
phenocryst olivine., The chemistry and morphology of the olivine
groundmass and phenocrysts suggest a two siage cooling history.
Donaldson et al. (1975) experimentally produced similar morphologies in
lunar basalt cryﬁta]]ization experiments. His results indicate that a
slow pre-eruption crystallization stage will produce the subequant to
euhedral skeletal crystals and that a rapid continuously increasing
post-eéuption crystallization stage will produce the elongate
| to euhedral hollow skeletal crystals. The weakly glomeroporphyritic
texture suggests syneutic accretion in a turbulent preeruptive conduit

(Vance, 1969).

Plagioclase

The plagioclase microphenocrysts are of two distinct types. The

first are phenocrysts or xenocrysts .5 to 1 cm long, zoned, and

partially resorbed. These large plagioclase crystals are found in




Si0p -
Fe0
MnO
Mg0
Ca0
Ni0

Total

Si
Fe
Mn
Mg
Ca
Ni

Table 3. ‘Average microprobe analyses and structural formulas of olivines.

I1SB-42

38.32
21.70
.56
38.27
.62
.14

99.6

1.00
.47
.01

1.49
.02
.00

1.99

Phenocrysts

ISB-

38.
18.

40.

40

49
98

.34

28

.60
.18

98.

9

.00

41
.01

.56

.02
.00/.

2.00

1SB-80

38.92
21.92
.40
38.86
.60
.13

100.9

158-84

37.88
24.27
A7
36.63
.61
.12

100.0

15B-42

37.97
30.37
.60
30.90
.68
.09

100.6

Number of atoms based on 4 oxygens

1.00
.47
.01

1.49
.02
.00

(o)
(s}
4

1.00
.54
015

1.44)
.02
.00

1.02
.68
0l &

1.24)
.02
.00

Groundmags
I1SB-40 1SB-80
37.32 37.92
26.84 29.33
.53 . .54
33.38 32.03
.73 .64
010 .11
98.9 100.6
1.00 1.01
.61 .66
01 J01s
1.34}~  1.28)=
.02 .02
.00 .00

1S8-84

35.44
39.94

1.01
.95
.02
.99
.02
.00

1.98

€l
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Phenocrysf

POCKET

Y. N

CRESCENT

\' Y

Groundmass

TERRACLE
v v Y vJOR

CRESCENT

Y Y

Ab

Figure 3. Microprobe analyses of groundmass, phenocryst, and xenocryst
feldspars plotted in terms of mole percent AN, OR, and AB. Solia
circles are phenocryst and triangles are xenocrysts. Groundmass is
plotted in lower diagrams. ."




Ca0
K20
Nap0
Bal
Sr0
Fe0 ,
Stoichio-
metric
Total

]
AN*
OR*
AB*

* mole %

1SB-42

13.37
.37
3.74
.04
.09
1.07

100.2

64.97
2.14

32.89

Table 4.

Average microprobe analyses of feldspars

Phenocrysts

ISB-40  ISB-80
13.32 12.92
.32 .32
3.72 3.91
.04 .03
.08 .09
.97 .81
99.5 99.1
65.19 63.34
1.86 1.87
32.95 34.72

158-84

12.65
.35
4.03
.04
.07
.89

98.9

62.13

2.05
35.82

1S8-42

12.64
.50
4.06
.04
.07
1.31

100.0
61.41

2.89
35.69

Groundmass
I1SB-40 I1SB-80
12.62 12.12
.36 .49
4.14 4.29
.04 .03
.08 .07
1.16 .92
99.8 99.4
61.44 59.22
2.09 2.85
36.47 37.93

158-80

12.97

=33
3.86
.04
.07
1.05

98.9
63.74

1.93
34.33

Xenolith

1SB-42

6.03
1.80
6.92
.02
.12
.25

99.1
29.14

10.36
60.51

61
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almost every sample but are volumetrically insignificant. The second
type of microphenocryst is dominant and consists of euhedral, elongate,
and unzoned microphenocrysts .2 to .4 mm long. Plagioclase is also
abundant in the groundmass. As shown in Figure 3 and listed in Table
4, plagioclase grouhdmass and phenocryst compositions vary little in
composition between the various flow units. The range in average
composition %5r the Ice Springs basa]ts.is generally from AnggAbgr0Orp
to AnypAb2g0r2 for phenocrysts and An5gAbggOrz to Ang1Ab370rz for.
groundmass. Alkali feldspars are lacking as a primary mineral phase in
the basalts. However, the variable and alkalic nature of the xenocryst
and inclusion feldspars is shown in Figure 3. Generally the xenocrysts
of plagioclase are enriched in sodium and potassium and range in
composition from AnggAbggOry to An3pAbg70r3. - The alkali feldspars from
some of the silicious inclusions undergoing assimilation have
compositions averaging AnpgAbggOrii. The microporphyritic texture of
the plagioclase is compatible with the two stage cooling model
suggested by the olivine data. However, the large plagioclase .

' ~xenocrysts and inclusions imply that some additional processes of

fractionation or assimilation may have taken place.

Fe—Ti.Oxides

The Fe-Ti oxides occur as microphenocrysts of euhedral to granular
ilmenite and magnetite, .05 to .15 mm in diameter. Chromites are
common &s inclusions in olivine microphenocrysts,_and some chromite
occufs in the 1ntefserta1 groundmass of the early Crescent flows.

Table 5 gives the average analyses for ilmenites, magnetites, and




5102
Ti0p
Al1203
Crp03
Fe0
Mg0
Mn0

Sum
Recalc.

Fez03
Fe0

Total -

Ulvosp.*
FepO3*

*mole 5«;

ISB-

98,
29.
45.

101.
54.

Magnetites
[SB-84

42

.95
.1

.19
.00
.5

.21
.58

6

p—

96.
21.
48.
98.
62.

Table 5. Average microprobe analyses of
Fe-Ti oxides and spinels.

.52
.9

.49
.91
.0

.11
.56

5

[3% ¥ )

158

21
1
1

71

2.

98.

24.
49.

101.
59.

-41

.65
.0
.73
.57
.1

.12
8

NN

03 .

Chromites
[SB-42 1SB-70
.87 .56
1.51 2.17
28.41 26.61
28.22 28.33
30.0 33.0
10.53 8.01
.23 .33
99.7 99.0

Ilmenites

1SB-42

1.08
46.9
.42
.31
46.4
4.07
.52

99.7
11.9
35.7
100.9

11.8

I15SB-84

.54
49.8

.32

.05
46.2

1.96

.58

99.4
5.4
41.3
100.0

5.6

158-41

1.68
41.3
1.87
.04
53.7
2.07
.76

101.4
21.1
34.7

103.5

22.2

L1
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chromites from each of the flow units. Little significant variation
exists between the flow units, and the variation in values reflect the
uncertainty in analysis of the very fine grained oxides. Generally,
the ulvospinel compositions range from 55 to 62 mole percent and
hematite compositidns range from 6 to 22 mole percent. The high
hematite values likely represent post crystallization oxidation and
exsolution. mHowever, little textural evidence of oxidation and

exsolution was observed optically.

Pyroxenes

Orthopyroxene occurs as large .5 to .3 cm unzoned megacrysts. The
presence of the orthopyroxene megacryst phase is of significance
because of its apparent disequilibrium with the host basalt. The
disequilibrium is displayed as olivine reaction rims surrounding theb
homogeneous orthopyroxene crystals. Additional evidence for
disequilibrium is4the lack of orthopyroxené in the groundmass or
phenocryst assemblage. Avefage analyses of groundmass clinopyroxene
and mééacryst orthopyroxene are given in Table 6. Figure 3 displays
- the variation in pyroxene analyses throughout the four eruptive units.
Orthopyroxene was found only in the Miter and Crescent lavas and its
composition is uniform between the two units. The clinopyroxene varies
from a magnesium rich variety in the early Crescent to a more iron rich
type in the later Miter and Terrace samples. The uniform composition
of the orthopyroxene and its\reaction relation with the host basalt
indicates that the orthopyroxene is not in the low pressure equilibrium

assemblage of the Ice Springs basalts.




Si0
TiO%
A1203
Cr203
Fe0
Mn()
Mg0
Cal
Nap0
NiO

Total

Si
IVaq
Vipg
Ti
Cr
Fe
Mn
Mg
Ca
Na

Table 6. Average microprobe analyses and structural formulas
of pyroxenes. '

1SB-42

51.3
.23
6.24
.08

11.1
.32

28.6
2.18
A1
.05

100.2

1.82}

.18
<037
.01
.00
.33
.01

1.52

.08
01

‘Megacrysts Groundmass
ISB-90A ISB-103 1SB-103 [SB-42  1SB-40 :ISB-80  1SB-84
52.2 53.0 52.6 52.7 50.5 53.0 51.3
.26 .21 .20 .80 1.80 .95 .21
6.28 5.21 6.25 3.90 4,60 3.60 3.27
.05 .14 n.a. .04 n.a. n.a. .23
12.7 12.2 8.1 10.4 11.2 8.9 10.6
.30 27 .28 .30 .37 © .34 .37
26.5 27.5 16.7 14.4 12.8 15.5 13.8
1.98 1.90 17.56 17.15 18.84 18.14 18.42
.10 .08 .07 .29 .37 .34 .36
.02 .01 .03 .04 .03 .04 .04
100.5 100.5 101.9 100.0 100.5 100.8 99.6
Number of atoms based on 6 oxygens.
8 1.862 1.8813 1.883 1.943 1.88}8 1.93}8 1.92}8
N .14}N .IZ}N .IZ}N .06} Jd2f 07 .08Jey
121 .10 .14 « 117 .08 .03 . 067
.01 .01 .01 .02 .05 .03 .03
.00 .00 .00 .00 n.a. n.a. .01
S 388 .36 |c .25 |=> w3218 L35 |IR 27|18 33| &
o W0l 01l | W01} Ol 01| .01 [ .01}|—
1.41 1.45 .89 .79 .71 .84 .77
.03 .07 .67 .68 .75 .71 .74
.01 .01 .00 024 .03 .02 .03

n.a. = not ahalyzed

61
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The silicious inclusions also display a disequilibrium relation to
the host basalts. Inclusions occur as large fragments of partially
resorbed and assimilated silicious "popcorn” granite and fragments of
baked sedimentary rbcks.‘ Inclusions are particularly common in the
Miter and Crescent cinder cones. However, almost évery thin section
analyzed has evidence of assimilation of at least small amounts of
inclusions. The rims of the inclusions commonly display corroded and
resorbed glassy rims. The inclusions are evidence that assimilation of
material may be an important process in the development of the chemical

variation of the Ice Springs basalts.

)




STATISTICS

The general chemical affinity of the Ice Springs basalts is
tho]eiitic.'“The‘basalts contain abundant normative plagioclase,
hypersthene, and diopside with normative olivine ranging from 2-5% in
the Crescent samples to 3-9% in the Terrace samples (Table 7). Ih
order to establish the extent of the chemical varjation within the Ice
Springs basalts, several statistical tests wére performed to evaluate
the inter- and intra-eruption variations. These tests included
calculations of méans, standard deviations, tests of significance (t
and F), and correlation coefficients. The data were analyzed at two
levels of grouping. Fi;st, the samples were classified as belonging to
one of the major eruptive units - Crescent, Miter, Pocket, or Terrace.
A second classification was developed to subdivide the major groups |
into Edbgroups. Based on elevations along the samp]e traverse, the
- samples from the Crescent and Terrace cinder cones were divided into
early and late eruptive phases. Thé elevation cutoff points were
defined on the basis of major changes in Ti, Fe, and Rb concentration.
For the Miter and Pocket cinder cones, no easily determined cutoff
points could be located and both of these groups were treated as single
units. The lava flows -associated with eaéh cinder coneywere aTso
classified as subgroups. All in all, 4 major groups and 10 subgroqps

were considered in the statistical analyses. The basic chemical data

and the group classifications are listed in Appendix 1.




wt%

5102
Ti07 .
Al1203
Fep03
FeO
MnO
Mg0
Ca0
Nao0
K20
P205
Loss

Total

Nb*
ir* .
Y*
Sr*
Rb*
Th*
Ni*
Cr*

(N=30)

Table 7a. Averages and standard deviations of Ice
Springs basalts whole rock chemistry.

A1l Crescent

mean

51
1
15

(ool ]

21
162
29
345
28
5
136
254

.13
.63
.50
.21
.34
.17

*parts' per million

std.dev.

.92
.11
.38
.07
.40
.01
.33
24
.32
.11
.04

.26

. e
QOO VWY

—
QRO DD s
* L]

p—

All Flows
' (N=6)
mean std.dev.
51.25 1.23
1.59 .13
15.42 .25
1.17 .08
8.25 .37
.18 .00
7.46 .39
8.67 .40
2.78 .35
1.39 11
.46 .05
42 .83
99.04
21 .9
153 5.8
28 1.3
348 9.0
28 4.3
6 2.6
126
230

CRESCENT DATA

Cinder Early

mean

52.17
1.57
15.56
1.17
8.06
.17
7.35
8.70
2.85
1.46
.47

.35
99.88

21
163
28
338
32

147
272

(N=12)

std.dev.

.70
.04
.43
.02
.16
.01
.26
.16
.34
.03
.01
.20

N NI WM

—_ L 0O~ OO

Cinder Late
(N=17)

mean

51.20
1.76
15.43
1.28
8.81

.18 -

1.217
8.91
2.97
1.26
.53
.33

99.93

20
165
30
353
23
2
131
249

std.dev.

.72

Pt
WRNN N O WO~
L

.03
27
.02
.11
.01
.34
.15
.22
.06
.02
31

s e s @
T WWor Lo,

12




Table 7a. Averages and standard deviations of Ice
Springs basalts whole rock chemistry (continued).

MITER DATA
A1l Miter - A1l Cinder A1l Flows A1l Pocket

wt% ’ (N=9)

mean std.dev. mean std.dev. mean std.dev. mean std.dev.
Si02 50.5 1.21 50.53 . 1.18 49,83 1.80 51.17 .83
Ti0p 1.86 .18 1.88 .15 1.79 .23 1.96 .03
Al1,03 15.4 .35 15.36 .44 15.26 A4 15.32 .23
Fep03 1.28 .08 1.28 .00 1.25 .10 1.33 .03
FeQ - 9.20 .57 9.21 .45 8.93 71 9.44 .06
MnQ .18 .01 .18 .01 .18 .01 .19 .01
Mg0 71.28 .42 7.21 .37 7.55 .64 7.21 .36
Ca0 8.88 .26 8.87 .31 9.36 . 1.08 8.66 .14
Nap0 2.88 .33 2.91 .33 2.65 .20 2.95 .22
K20 - 1.20 .15 1.18 .14 1.27 .18 1.28 .05
P20g- .55 .07 .56 .06 .51 .08 .56 .02
Loss .48 .50 .91 1.01 .78 1.21 .17 17
Total 99.69 100.08 99.36 100.24
Nb* 21 2.3 20 1.8 23 1.9 20 1.8
Ir* 161 7.0 163 5.8 156 5.4 170 6.4
Y * 29 1.7 29 1.8 30 .8 30 .7
Sr* 363 12.1 363 11.7 362 10.7 362 6.1
Rb* 23 4.2 22 3.3 25 5.1 23 1.0
Th* 7 3.1 6 3.1 8 1.9 6 1.2
Ni* 127 112 142 124
Cr* 221 194 247 ’ o 199

*parts per million

£



wt%

Si02
Ti0p
Al203
Fep03
Fe0l
Mn0
Mg0
Cal
Nap0
K20~
P20g
Loss

Total

Nb*
Lr*
Y*
Sr*
Rb*
Th*
Ni*
Cr*

Table 7a.

basalts whole rock chemistry. (continued).

POCKET DATA

A1l Cinder
Pocket (N=7)
mean  std.dev.
51.53 .31
1.97 .03
15.29 .22
1.34 .03
9.45 .06
.18 .00
7.04 .09
8.64 .13
3.00 .20
1.28 .06
.57 .01
.13 .16
100.42
20 1.8
172 4.6
30 .7
362 6.5
23 1.0
5 1.2
128
196

*parts per million

A1l Flows
Pocket (N=2)
~mean std.dev.
49.93 .64
1.95 .03
15.44 .18
1.32 .01
9.45 .04
.19 .00
7.83 .08
8.75 .04
2.76 .01
1.26 .01
0.54 0.01
.32 .02
99.74
21 .00
161 .50
30 .00
363 5
23 1.0
6 .5
121
203

TERRACE DATA

Average and standard deviations of Ice Springs

- A1l Terrace A1l Flows
(N=24) (N=4)
mean st.dev. mean st.dev.
49.88 1.10 49.67 .85
1.88 .10 1.90 .04
15.28 .35 15.66 .26
1.32 .06 1.37 .01
9.10 .34 9.39 .10
.18 .02 .17 .03
7.36 .54 8.15 .61
9.06 .35 8.95 .13
2.77 .28 2.76 .19
1.14 .15 1.13 .12
.55 .04 54 .02
.b01 .46 .03 .05
99.13 99.89
20 1.7 20 2.3
151 13 150 11.3
30 1.8 30 1.5
369 13.5 371 8.3
22 3.3 20 1.5
5 2.4 3 1.5
116 125
205 220

1£4




Table 7a. Average and standard deviations of Ice Springs .-~

basalts whole rock chemi;try'(continued).

TERRACE
Cinder Early Cinder Late
(N=10) (N=10)
wt% mean  st.dev. mean st.dev.
si0p  49.21 91 50.11 .61
Ti07 1.86 .05 1.92 .03
CAlp03  15.30 .32 15.07 .22
Feo03 1.32 .03 1.32 .02
Fe0 9.06 .20 9.07 .12
Mn0 .19 .01 .19 .01
Mg0 7.54 .15 6.94 .25
Cal 9.28 .38 8.96 .25
Nag0 = 2.85 .25  2.68 .32
Kp0 1.02 .05 1.2 .08
P50 .53 .01 .59 .01
Loss 1.0 45 .70 .29
Total 99.16 - 100.04
Nb* 20 1.4 20 1.2
Lr* 139 2.9 162 8.4
Y* 29 1.2 31 1.6
Sr* 377 23 369 8.4
Rb* 21 . 2.8 23 1.4
Th* q 2.3 5 1.9
Ni* 108
Cr* ' , 190

“*parts per million

S¢



OR
PL
(AB)

(AN)

DI
(W0)
(EN)
(FS)
HY
(EN)
(FS)
oL
(FO)
(FA)
Mt
“IL
AP
rest

Total

Table 7b.

basalts whole rock chemistry.

, All
Crescent

8.15
49.62
24.28
25.34
12.18

6.23

3.60

2.35
21.32
12.90

8.42

2.17

1.26
.91
1.75
3.10
1.16
.30

99.45

All
Flows
Crescent

8.21
49.02
23.52
25.49
11.84

6.06

3.52

2.25
21.29
12.98

8.31

2.48

1.45

1.03

1.70

3.02

1.09

.42

99.06

Early

Crescent

8.63
49.47
24.12
25.35
12.01

6.15

3.59

2.27
22.71
13.92

. 8.79
.94
.55
.39

1.7

2.98

1.11

.35

99.90

Late
Crescent

7.45
50.18
25.13
25.05
12.83

6.55

3.71

2.57
18.23
10.77

7.46

4.49

2.55

1.94

1.86

3.34

1.26

.33

99.96

All

Miter

49,
24.
25.
12.

2.
18.

10.
7.
5.
2.

2
1

3.

1

99.

.09
92
37
55
21
.23
.47
51
12
52
60
21
90
.31
.86
53
.30
.48

72

All
Flows
Miter

7.50
48.42
22.42
25.99
13.98

7.14

4.07

2.76
15.73

9.38

6.36

6.55

3.75

2.80

1.81

3.40

1.21

.78

99.39

Average normative values (wt%) of Ice Spr1ngs

Al
Cinder
Miter

6.97
49.99
24.62
25.37
12.27

6.25

3.48

2.53
18.29
10.58

7.71

4.92

2.73

2.19

1.86

3.57

1.33

.91

100.11

9¢




OR

PL

(AB)
(AN)
DI

(W0)
(EN)
(FS)
HY
(EN)
(FS)

(FO)
(FA)
Mt
IL
AP
rest

Total

- Table 7b. Average normative values (wt%) of Ice Springs

basalts whole rock chemistry (continued).

Al
Pocket

7.56
49.74
24.96
24.78
11.90

6.06

3.35

2.49
19.67
11.28
.39
.24
.33
.91
.93
.72
1.33

.17

W= NSO

100.27

Cin
Poc

7

49.
25.
24,
12.
6.
3.
2.
20.

11
8
3
1
1
1
3
1

100

All
der
ket

.56
86
38
47
02
12
35
55
77
.80
.97
.06
.67
.40
.94
74
.35
.13

.45

1

F1
Poc

7
49
23
26
11

5

3

WH WS ~ND O AN

1

99

Al
owSs
ket

.45
.37
.35
.02
.33
.79
.28
.26
.42
.74
.69
.98
.54
.44
.91
.70
.28
.32

7

All
Terrace

6.74
49.33
23.44
25.89
12.64

6.46

3.64

2.55
17.79
10.46

7.33
-5.26

2.97

2.29

1.91

3.57

1.30

.61

99.16

All
Flows
Terrace

6.68
50.36
23.35
27.00
11.32

5.79

3.34

2.19
14.88

8.99

5.89

9.61

5.58

4.03

1.99

3.61

1.28

.03

99.75

Early
Terrace

6.03
50.06
24,12
25.94
13.59

6.94

3.95

2.70
13.29

7.90

5.39

8.51

4.86

3.66

1.91

3.53

1.26

1.0

99.19

Late
Terrace

7.
48.
22.
25.
12.

6.

3.

2.
.97
12.

9.
.47
.81
.66
.91
.65
.40
.70

21

1

— )

98.

15
19
68
52
35
30
49
57

64
32

79

L2
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Preliminary statistical analysis involved informal screening of

the data to remove outliers. The criteria for an outlier was a loss

content greater than 2% and/or an analytical total exceeding 103% (1SB -

4, 7, 55, 43, 40).' Removal of the high loss samples is justified

because the high loss values indicate sample contamination, post

~eruption oxi&étion, or bad analytical technique. Calculated univariant

statistical values of means and standard deviations for the 4 major
data groups and the 10 subgroups are given in Table 7. These results
indicate that in terms of mean values, the chemical compositions of the
various groups of Ice Springs basalts appear significantly different.
Three techniques proved useful in quantitatively testing the
significance of differences between the group means. First, t-tests
were calculated to test the equality of meahs. Second, F-tests (ANOVA)
were calculated fo test the inequality of means. -And lastly, graphical
analysis of data histograms and correlations were plotted to display

the data distributions between groups. More elaborate multivariant

statistical techniques were attempted, but the basic assumptions

| necessary for the valid use of the multivariant analyses appeared

violated. In particular, the variance-covariance matrices of the data
distributions were seen to be variable in size and therefore,
comparison of multiple variances of different magnitudes is improper

(Davis, 1974).

Comparison of iMeans

The t-test used is a valid technique to compare group means for

groups having separate variances (Brownlee, 1965). The calculation

\
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techniques and results of the test for Fe, Ti, Rb, and Sr are shown in
the t-value matrix as Table 8. Similar results were obtained for Si,
K, P, and Zr. The elements labeled have significantly different mean
values at the calculated dggrees of freedom and at the 95% confidence -
interval. These results clearly show that all possible groupings of
Crescent materié] are significantly different from the other eruptive '
groups. Also, the development of intra-eruption variations are |
significantly deve]oped primarily for the Crescent and Terrace
subgroups.

To support the conclusions of the t-tests, a one-way analysis of
variance was performed for the two data groupings. The hypothesis
being tested is that at least one mean value of the groups in the
analysis is different. The calculation techniques and results of the
tests are listed in Table 9. These results confirm the t-tests and
indicate that at least one group of Ice Spfings eruptive phases is
significantly different with regards to Si, Ti, Mn, Fe; K, P, Zr, Sr,
and Rb. |

Graphical presentation of the data distributions in frequency
histograms clearly supports the conclusions of the t and F tests. When
taken as a who]e, the entire Ice Springs data distribution appears
normally shaped with regards to Si, Al, Mg, Mn, Na, Ca, Y, and Nb as
shown by Si0, and g0 ¥n Figure 4. However, the distribution ‘shapes
for Ti, Fe, K, P, Rb, énd Sr approach a bimodal distribution as shown
by Ti0p and FeO in Figure 5. The distribution of Rb, Sr, Fe, and Ti
between the early and late Crescent as well as between the Crescent and

other eruptive units also show a clear bimodal distribution. This




Table 8a. 't-value" matrix for major eruptive groups for Ti,
Fe, Rb, and Sr at the 95% confidence level, where:

12 172 -1
Nt o= (X =X )/(01 + _0__2_2_> / ; D.F. = [ C2 + LI-C)Z] 5

17727 \n1 " mp ni-1 =~ “np-1
_var(Xy) © _ 91/m
and ¢ Var(xig) T 2 +52
1/n1 -2/n2

X; = mean; o4 = std. dev.; and nj = number in group.
Significantly different values labeled (95% level)

CRESCENT MITER POCKET TERRACE

MITER Ti Fe

Rb Sr

POCKET Ti Fe

oot Rb Sr
TERRACE |  Ti Fe Ti Fe

Rb Sr
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Late
Crescent

Early
Terrace

Late
Terrace

Miter
Cinder

Pocket
Cinder

Crescent
Lavas

Terrace
Lavas

Miter
Lavas

Pocket
« Lavas

Table 8b. "t-value" matrix for all eruptive subgroups
with significantly different values labeled (95% confidence
Tlevel.

Early Late Early Late Miter Pocket Crescent Terrace Miter
Crescent Crescent Terrace Terrace Cinder Cinder Lavas Laves. Lavas

Ti Fe
Rb Sr

Ti Fe Ti Fe
Rb Sr Rb Sr

Ti Fe Ti Fe Ti

Rb Sr Sr
Ti Fe Ti Fe
Rb Sr Sr
Ti Fe Ti Fe Ti Fe Ti Fe Ti Fe
Rb Sr Sr Rb Sr "~ Sr.
Ti Fe Ti Fe Ti Fe Ti Fe Ti Fe
Sr Rb Rb Sr Rb Sr Rb Sr Rb Sr
Ti Fe Fe Fe Fe Ti Ti Fe
Rb Sr Rb Sr Rb Rb Rb Sr
Fe Fe
Rb Sr
‘Ti Fe Ti Fe Ti Fe Fe Ti Fe
Rb Sr Sr Sr Rb Sr

Pocket
Lavas

1€




Table 9.

Si02
Ti0,
A1203
Fe0
MnO
Mg0
Cal
Na,Q
K20
P20s
Nb
Ir

1Sr
Rb

For 10 Subgroups

£
7.65
16.86
2.41
17.03
5.20
4.22
2.55

2.11
15.55

11.10
1.96
15.10
4.45
8.93

11.86

*

%

D.F.=94&76

Significance levels
F>2.00 for 95%
2.70 for 99%
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F-values for ANOVA Analysis

For 4 Main Groups
F
8.58 *
32.29 *
1.11
29.10 .
6.43 *
0.24
4.79 *

1.50
19.20 *

12.20 *
1.50
14.21 *
2.19
13,55 *
14.38 *
D.F.=3286
Significance levels
F>2.75 for 95%
4.22 for 99%

* Significant difference between at least one mean at the 99%

significance level.
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Figure 4. a) Frequency histogram of £i0p distribution for all Ice
Springs data. Shaded area is distribution for Crescent data only.
b) Frequency histogram of Mg0 distribution for all Ice Springs data.
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bimodal distribution of the data between the Crescent and the other
groups and within the Crescent graphically supports the t-test and
F-test analysis that significant chemical variation exists in the Ice

Springs volcanic field.

Correlations

To assess tﬁe direction and magnitude of the chemical variations,
correlation coefficients were calculated for the Ice Springs data. The
statistically significant coefficiehfs at the 95% and 99% confidence
intervals for all Ice Springs data and for all eruptive subgroups are
presented in Table 10. These results identify several correlations of
petrological importance. Trends of significant negative correlations
exist between the combined elements Ti, Fe, Ca, P, and Sr versus K, ZIr,
and Rb. Similar negative correlations are déve]oped between Si, Al,
and Na versus Mg, Mn, and Y. However, the statistically low confidence
of these coefficients and the large ana]ytfca\ error associated with
the analysis for these elements limits the importance of the later
. corre]afions. The coherence of the groups of elements indicates that
an important process or combination of processes must be acting on the
Ice Springs magma system. Sfmi1ar1y, the appearance of these same
sﬁgnificant trends during intra-eruptions as within the Crescent or
Terrace subgroups indicates the consistency of the differentiation
processes. The lack of significant correlations in the Miter with
regards to Sr and Ca while stf]] displaying significant coefficients
with Rb, Fe, Ti, and Mg indicate minor perturbations in the procesges.

The lack of significant correlations in the Pocket data indicates




Table 10a. Correlation matrix for all Ice Springs data (D.F.=83). For 95% significance
Tevel r>.217; for 99% significance level r>.283. Lower left half of diagram is signifi-
cant at 99% significance level and other values not’ presented.

Si0p Ti0p Alp03 Fed MnO- Mg0 CaD  Nag0 K0 PyO5 Nb  Zr Y  Sr  Rb

Si07
Ti0p
Al,03
FeO
MnO
Mg0
CaO
Nap0
K20
P20g
Nb
FAY

Sr
RD

9¢




-+ MnO

10b. Correlation matrix for all Crescent data (D.F.=32). For 95% significance level,
r>.349; for 99% confidence level r<.449. Lower left of diagram is significant at 99%
level; upper right of diagram is significant at 95%.

§i0p Ti0, A1203 FeO Mn0 Mg0 Ca0 - Nag0 K0 P05 Nb Zr Y Sr Rb
§i0; -.42 .43 -.44 -.35
Ti0p . -
Al203
FeO

Mg0
Ca0
Na,0
K,0
P70s
Nb

ir

Sr

Rb

JA
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Table 10c. Correlation matrix for all miter data (D.F.=15). For 95% significance level,
r>.482; for 99% significance level r>,606, significance ‘1evels_ Ql‘ot‘ted as in 10b.
wv et [ S v W1 e LT

Si0p Ti0, AI,03 Fe0 Mo MgO  Ca0 Nagd Kp0 PO Nb  Zr Y Sr Rb
510, N\, .53 | .57 -89
Ti0 |
A1,04
FeO

MnO

Ca0

Rb -.90 -.91 -.66 .87 -.88

.60

ge




Table 10d. Correlation matrix for all Pocket data (D.F..=7). For 95% significance level,
r>.666; for 99% significance level, r>.798; significance levels plotted as in 10b.

Si0p TiDp, Alp0; Fed MmO Mg0 a0 Na0 K0 P05 Nb  Zr Y S Rb
$i0, 71 | -.78 .78
Ti0,
Al1,03
Fe0
MnO
Mg0 |
Ca0
Na,0
Kp0
P50
Nb
ir

Sr
Rb

C

6€




Table 10e. Correlation matrix for all Terrace data (D.F.=23) for 95% confidence level,
r>.396; for 99% confidence level r>.505; significance levels plotted as in 10b.

5i0, Ti, Al,03 Fed Mn0 MgD Ca0 MNaj0 K0 Po05 Nb Zr Y Sr  Rb
570, -.45 | a 45
Ti0,
A1,03
Fel
Mn0
MgO
Ca0
Nao0
K0
P,05
Nb

ir

Sr
Rb

oY
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short-term homogeneity during eruption, and these results are supported
by the small standard deviations of the Pocket subgroups.

For the Ice Springs data, several types of variation diagrams
display the intra- and inter-eruption trends. Plots with axes of
correlated constituents and correlated ratios of constituents, and also
plots of significantly correlated constituents versus a relative
eruption elevation, all graphically portray the chemical variations of
the Ice Springs basalts. An elevation versus constituent diagram:
displays the generalized trends of chemical variation as a functibn of
eruptive sequence. The four eruptive units -- the Crescent, Miter,
Pocket, and Terrace have been assigned relative elevations based on the
relative eruptive sequence. This elevation parameter represents the
eruptive sequence from the oldest Crescent (highest) to the youngest
Terrace (lowest). The cinder material within the individual cones is
also plotted with the elevation term being the measured vertical
distance along the sample traverse. Samples 6f flow material are
p]ottédvat the base of each eruptive sequence-Crescent flows at 400,

" Miter flows at 300, Pocket flows at 200, and Terrace flows at 100. The
absolute time-space positions of the eruptive events is undefinable.
But, this relative elevation-plotting technique enables the graphical
presentation of relative chemical variatfons.

Figure 6a, Si0p versus elevation, shoﬂs the general trend for the
Ice Springs field to be. one of decreasing Si0p with decreasing ége. As
can be seen in the enlarged diagrém of the Crescent eruption (Fig. 6b),
the trend of declining silica content occurs over the development of a

single cinder cone as well as over the entire eruptive sequence. Other
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pentagons are Pocket data; and triangles are Terrace data. b) Vari-
ation diagram of relative elevation versus Si0p for Crescent data only.
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elements which show trends similar to silica are Koo, Rb, Zr, Ni, Cr,
and Rb/Sr. The opposite correlation can be seen with Ti02, Fe0, Ca0,

P205, and Sr. TiO2 versus elevation for all Ice Springs data (Figure

7a) displays rapid Ti0» enrichment overall and also as eruption
progresses as in the enlarged Crecent diagram (Figure 7b). Clearly, a
process which depletes the late lavas of Si0p, K20, Rb, Zr, Ni, and Cr
while simultaneously enriching them in Ti0p, Fe0, Ca0, P20s5, and Sr is
needed in order to account for the development of the Ice Springs-
trend.

Other informative correlation diagrams which show the direction
and magnitude of chemical variations include: 1) Ti0z and K20 versus
the variation in Si0p (Figure 8a and 8b), and K20 and Ti02 versus Rb/Sr
(Figure 9a and 9b). In all cases the clustering of the Crescent
material at one end of the scale and the Terrace material at the other
end is evident. the ordered correlations of these plots indicates that
systematic processes are acting on the Ice Springs magma during

individual eruptions and over the course of the evolution of the whole

“ volcanic field.
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PHYSICAL PROPERTIES OF THE MAGMA

Because the Ice Springs basalts contain a diverse assemblage of
phenocrysts, xenocrysts, xenoliths, and grbundmass minerals, a variety
of cbmp]ex fractionation, assimilation, and magma mixing models can be
proposed to explain the observed whole rock chemical variations. The
physical properties of the Ice Springs magma place constraints on:the
importance of any proposed processes. To understand the pre-eruptive
and eruptive history of the magma, the nature of the structure, heat
flow, and crustal configuration of the Black Rock Desert area needs
consideration. A variety of recent geophysical and regional tectonic
studies have helped place limits on the physical setting of Ice Springs
volcanic field (Olson and Smith, 1976; Selk, 1976; Clark, 1974;
Carrier, 1979; Serpa, 1980). From these erks 1t‘can be concluded that
the eastern margin of the Great Basin in the Black Rock Desert area is
characferized as a region of high heat flow (90 mW/mZ2), thin crust
(25-30 km), extensional tectonics, and high seismic activity.
Consideration of these regional properties along with the actual magma
properties 1imits the processes of Ice Springs magmatic

differentiation.

Tenperature
Table 11 summarizes the geothermometry data for the Ice Springs
basalts. Three potential geothermometers were calculated to estimate

groundmass and megacryst equilibrium temperatures. The
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Table 11. Summary of calculated geothermometers.

Technique

Olivine-Clinopyroxene
(+39°@1bar)

Fe-Ti Oxides
(+30°)

(Tog f0y)

CPX-0PX
(+60°)

Temperatures °C

Crescent Miter Pocket Terrace
1006 1019 1017 999
870 955 -—- 790

(-12.8) (-11.1) --- (-15.0)
1303 --- —— -

Powell and Powell (1974)

Buddington and Lindsley (1964)
Wood and Banno (1973)
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olivine-clinopyroxene geothermometer of Powell and Powell (1974)
indicates that no significant systematic temperature variation exists
within the Ice Springs eruptive sequence. Three pairs of coexisting
ilmenites and magnetites were used to calculate temperatures and oxygen
fugacities (Buddington and Lindsley, 1964). Only one analysis from thé
Miter eruption gave a reasonable result and the estimated temperature
of 950°C and an oxygen fugacity of 10-11.1 agrees well with the
olivine-clinopyroxene groundmass temperature of 1000°C with oxygen
fugacities slightly above the FMQ oxygen buffer. For the megacryst
assemblage, the orthopyroxene-clinopyroxene geothermometer of Wood and
Banno (1973) was used to calculate an equi]brium‘temperature between
coexisting orthopyroxene megacryst and a clinopyroxene inclusion in
megacryst ISB-103. Assuming equilibrium between the pair, a

. temperature of 1300°C was calculated for the assemblage. This result,
a1ongkkgth thé chemical and petrologic evidence of disequilibrium with
the host basalts suggest a deeﬁ source for the megacrysts.
Orthopyroxene-olivine phase relations are sensitive to changes in
composition, total pressure, and water pressure (Deer et al., 1977).
At pressures above 1.3 kbars, fosterite and enstatite form a eutectic
relation (Chén and Presnall, 1975). The presence of a homogeneous
aluminum rich orthopyroxene in reaction relation to groundmass olivine
indicates that the orthopyroxene must have initially formed at
pressures exceeding 1.3 kbars. Subsequent movement to Tower pfessures
allowed the development of the o]iving reaction rim on the

orthopyroxene with the breakdown of the eutectic relations.
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Flow Regimens

Knowing that the temperature distribution must have been between
1300°C and 1000°C during the later development of the magma, a variety
of temperature and composition dependent properties of the magmas can
be calculated. These include density, viscosity, and a variety of
additional thermophysical properties listed in Appendix 2. Most of the
inter-eruption variations in these properties are insignificant;
however, fhe compositional and temperature effects on density
distributions have important implications concerning the physicaT state
of the magma chamber. The petrographic textural analysis suggests that.
the magma was turbulent during ascent to the surface. However, the
compositonal variation within the eruptions has suggested tapping of a
zoned magma chamber. A quantitative approach to understanding the
magma flow regimen can be calculated using fluid mass transport
principles. the technique is to calculate an effective Rayleigh number
for the magma system (Turner, 1973). The effective Rayleigh number
represents the estimate of balance of buoyant and viscous forces
created by thermal and compositional gradients in the magma. The
effective Rayleigh number is then the difference between the thermal
and compositional (solutal) Rayleigh numbers. The equations and values
used in the calculations are shown in Appendix 3. The important
variables to consider in these calculations are the thermal and
compositional gradients and also the.shape of the magma chamber; If
the compositional gradient of the chamber is approximated by the
denSity contrast between the early and late erupted material, than the

temperature gradients necessary to maintain convection for various
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chamber configurations can be calculated. For the Ice Springs system,
the density contrast between early and late erupted material is
approximately .02 gm/cc. With a short cylindrical magma chamber, a
temperature gradient in the vicinity of 200° is needed to maintain
convection; However, if thg magma chamber elongates, the temperature
gradient necessary to maintain convaction quickly falls to values
approaching 0°. The shape of intrusives moving through the crust at
relatively shallow depths or at high magmatic pressures is typicaf]y
cylindrical or pipe-like (Williams and McBirney, 1979). Also, the
above calculations do not consider any horizontal compositional or
thermal grédients and these additional gfadients would act to enhance
convection. Therefore, for the Ice Springs magma system, the flow
regiment during its preeruptive history was likely a strongly

convecting elongate magma chamber.




MODELS OF PETROGEMESIS

Any model called upon to explain the chemical variation within the
Ice Springs basalts must be compatible with the observed physical,
chemical, and mineralogical properties of the observed rocks. These
properties'include: 1) moderate to high temperatures around 1300§C
with pressures exceeding 1.3 kbars during the early evolution of the
magma body, 2) temperatures approaching 1000°C during crystallizaton at
the surface, 3) moderate crystallization rates for microphenocryst
phases priér to eruption with increasingly rapid crystallization rates
for all phases after eruption, 4) early generation of plagioclase
xenocrysts followed by formation of microphenocrysts, 5) possible
assimilation of silicious country rock during magma ascent through the
crust, 6) systematic chemical variations over the total eruptive
sequence and within individual eruptions displayed by decreasing Si, K,
Zr, Rb, Ni, and Cr with increasing Ti, Fe, Ca, P, and Sr, and 7)
systematic isotopic variations including 87Sr/86Sr increases with
decreasing age and also variations in the amounts of extraneous argon.

Previous proposed models for the evolution of the Ice Springs
volcanic field have included: 1) tapping of a zoned magma chamber with
concurrent fractional crystallization of orthopyroxene to explain major
element variations (Condie and Barsky, 1972), 2) injection of new
batches of mantle derived magma prior fB eruption to account for trace

element variations (Condie and Barsky, 1972), 3) magma mixing and
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assimilation of crustal material to account for the 87S5r/86Sr isotopic
data (Puskar and Condie, 1973), and 4) variations in magma generation
mechanism inc]uding partial melting and/or subequant mixing of residual
magmas to explain the major element data (Hoover, 1974).

The Ice Springs basalts do not represent primary melts derived
directly from the mantle. The average magnesium numbers (100Mg/Mg+Fe
Mole%) for the Ice Springs basalts.vany from 61 for the Crescent to 59
for the Miter and Terrace to 58 for the Pocket eruptive units. These
values are below the generally acceptable lower limit of 65 for‘]fquids
considered to be in equilibrium with mant]e olivine (Roeder and Emslie,
1970). The simplest explanation is that olivine has been removed in
transit from the source region to the surface. For the Ice Springs
basalts, the addition of 17 to 20% olivine 1s.necessary to generate a
primitive magma which could be in equilibrium with mantle olivine.
These calculations (Irvine, 1979) are summarized in Table 12. A simple
addition-subtraction diagram (Bowen, 1928; Wilcox, 1979) was
constructed to predict the percent of melting required to generate the
primitive magma from a Pyrolite II source material. These calculations
suggest that from 19 to 23% partial melting of mantle material with
subsequent 17 to 20% olivine fractionation are likely processes
responsidble for the early development of Ice Springs magmas.

Variations in these processes, such as increases in fractionation and
partial melting or deep interaction of magma pulses might then be
responsible for the development of chemical trends within the Ice

Springs eruptions. To support these conclusions, the trace element

data needs consideration.
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Table 12. Simple model of "primitive" basalts derived by olivine

addition to the modified Ice Springs basalts.

%olivine added

% melted
Si02
Ti0,
A1203
Fez03
Fe0
Mn0
Mg0
Cal
Nap0
K20

P205

100Mg/(MMg+Fe)

17.

50.

74

“Crescent"

5

.39
13.

25

.03
.59
.15
.67
.49
.45
.18
.42

Removed
from mantle

19
42.9
.39
1.75
0.00
7.92 .
0.13
45.24
1.49
0.18
0.00
0.00

"Terrace"

21

48.93

12.85

9.33
0.15

7.60
2.32

75

Removed

from mantle

23
42.74
.27
1.23
0.00
7.45
0.13
46.97
1.12
0.09

0.00
0.00
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Trace element data for the Ice Springs basalts indicates
substantial modification of the magma since its generation in the
mantle. Frey et al. (1977) suggest that values for Ni, Co, and Sc as a
result of approximately 20% partial melting of the mantle lherzolité
should be 670 ppm for Ni, 80 ppm for Co, and 28 ppm for Sc.
Modification of these values by the frationation of 17 to 20% olivine
as predicted by the magnesium number calculations would result in Ni,
Co, and Sc values of 129 to 169, 33 to 38, and 32 to 33 ppm
respectively. These Ni and Co values agree well with the Ice Springs
values (Condie and Barsky, 1972) of 125 and 36 ppm. However, the Sc
value, 60 ppm, is significantly different than the predicted value for
simple fractionation of olivine. This unexplained trace element
variation in Sc and the additional major element variations in Ti, Fe,
and K suggests that other processes besides mantle or deep magmatic

processes must be involved in creating thesobserved Ice Springs trends.

Shallow Magmatic Processes

Near surface differentiation processes can be tested using major

element, trace element, and isotopic data. A variety of major element
fractionation paths were tested using the intefactive computer program
XLFRAC (Stormer and Nicholls, 1978), which tests fractionation paths by
calculating linear major element mass balance equations by a
least-squares method. The possible pathsvand phases used in the
program are limited by the minefalogy of the parent and derived magmas
and by the results of the least-squares calculations. Possible

short-term shallow fractionation effects were tested using Terrace
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parental material and derived Crescent material and also using parental
late erupted Crescent material and derived early erupted Crescent
material. If the Ice Springs system represents a single magma chamber
or a series of small chambers, then these two fractionation paths wi1]»
test the feasibility of fractionation during eruption as a mechanism of
differentiation. Short-term inter-eruption variations between Terrace
and Crescent can be accounted for by several possible fractionation
paths including: 1) 2% fractionation of a single magnetite phase, 2)
8% fractionation of olivine (21%), magnetite (24%), and plagioclase
(55%), and 3) 6% fractionation of olivine (51%) and plagioclase (49%).
Intra-eruption variations such as between late and early Crescent
material can be accounted for by similar fraction paths including: 1)
1.5% fractionation of a single magnetite phase, or 2) 4% fractionation
of olivine (12%), plagiociase (53%), and magnetite (35%). In terms of
major element trends, any of the above processes appear réasonab]e.
Therefore, the additional constraints of the trace element data need
considération.

Using models of trace element behavior developed by Gast (1968)
‘and Shaw (1970) and assuming Rayleigh fractionation, the trace element
behavior of the possible fractionation processes can be evaluated.
Values of the distribution coefficients were taken from the literature
for Rb, Sr, K, Sc, Co, Ni, Cr, and P (Leeman, 1976; Irving, 1978; Frey,
1979). These elements were chosen because of the accuracy of the
determination of their distribution coefficients and because these
ve]ements show important chemica] trends in the Ice Springs basalts

(Fig. 10). Calculations of elemental distributions during
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Figure 10a. Log enrichment diagram model for all Ice Springs data
calculated as log (concentration Crescent/concentration Terrace).
10b. Log enriched diagram mode for Crescent data only calculated as
above. . ,
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fractionation. of the proposed mineral assemblages are illustrated in
Figure 11. Values of C(liq.)/C(initial) greater than 1 indicate
enrichment in the derived liquid and values less than 1 indicate
depletion. Reference to the summary chemical enrichment diagram (Fig.
10) indicates that the theoretical trace element model must allow Rb,
K, Ni, and Cr to increase while Sr and P decrease in the derived
magmas. The model (Fig. 11) involves removal of abundant p]agioclasé;
minor olivine, and trace apatite. If during 6-8% fractionation mbre
than 15 to 20% olivine is removed, the Ni and Cr values rapidly reverse
directions and become depleted in the evolving magmas. Similarly,
rapid deh]etion of Ni and Cr develops when significant amounts of
orthopyroxene or magnetite are removed. Therefore, to support the
observed Ice Springs trends of inter- and intra-eruption variations of
increasing Rb, Ni, and Cr, plagioclase must be the dominant
fractionating phase. Removal of minor amo&nts of apatite is also
necessary to deplete the derived magma in phosphorus.

An independent estimate of the degree of fractionation can be
calculated from the Zr data. If the distribution coefficient of Zr 1in
all fractionation phases is assumed to be nearly zero, then an estimate
of the percent fractionation is simply the ratio of the initial
concentration to the derived concentration of Zr. For the Ice Springs
inter-eruption variations, a value of 7% fractionation based on the Zr
data agrees well with the 6-8% estimates of the major element
.fractionation models. For the intra-eruption variations, the Ir data
indicates little or no significant fractionation within the limits of

Zr analysis. This conflict betweer the major element and trace element

SN
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Figure 11. Trace element model for Ice Springs basalts assufm'ng
Rayleigh fractionation in terms of Concentration in derived liquid/
concentration in original liquid versus percent solid.
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models and also the difference in the importance of the Ni-Cr depleting
phases such as olivine, orthopyroxene, and magnetite warrants
considération of additional processes for development of
differentiation in the Ice Springs basalts.

Assimilation of 1arge:amounts of crustal country rocks of
silicious composition would have dramatic effects on the composition of
basaltic magmas. Major element assimilation processes can be modeled
using the addition-subtraction diagrams of Bowen (1928). These
calculations indicate that variations in the amounts of assimilation
can account for the observed trends between Ice Springs eruptions.
Addition of 7% of the xenolithic material (BRD 77-50G) to the Terrace
material will create the major element compositions of the Crescent
eruptions. However, assimilation of 7% silicfous material low in Ni
and Cr and high in Zr should create significant changes in the Ni, Cr,
Zr, and other trace element data. Specifiéa]]y, 7% assimilation into
Terrace qompositiona] material should increase Zr and decrease Ni and

Cr to values of 173, 108, and 192 respectively. However, all three of

these elements behave coherently (Fig. 10). Thermal constraints also
1imit the amount of assimilation which can occur in basaltic mégmas and
assimilation greater than a few percent is not compatible with thermal
considerations (Bowen, 1928). Therefore, although models can be
proposed for assimilation and fractionation being the dominant
processes acting to create the Ice $prings trends, the trace element

data are not completely consistent with any simple models.




Isotopic cvidence

The Sr isotopic data of Puskar and Condie (1973) shows systematic
inter-eruption increases from the oldest Crescent material (87S5r/86Sr =
0.7052) to the youngest Terrace material (87Sr/86Sr = 0.7059). They
qualitatively interpreted this trend as the result of mixing magmas
having different fractionatiéh and assimilation histories. These
conclusions were based on a simple hyperbo]ic>$ixing model as clarified
by Faure (1977). Quantification of their model in light of the kﬁown
magma compositions of the Black Rock Desert was unsuccessful as shown
in Figure 12. Figure 12 shows the simp]e hyperbo1ic end member mixing
of the most primitive Black Rock Desert magma (87Sr/86Sr = 0.7044) with
the most evolved derived magmas of the Tabernaﬁ]e (875r/865r = 0.7055)
and Pavant (875r/86Sr = 0.7057) volcanic fields of the Black Rock
Desert. The observed compositions of the Ice Springs trend is beyond
the limits of simple mixing unless magmas'5¥ unusual composition are
called upon. The simple hyperbo]fc mixing model cannot account for the
isotopic varjations of the Ice Springs basalts.

Taylor et al. (1980) in his work on the Roman Comagmatic region of
Italy considered the systematic variations in Sr isotopes to bé the
result of a differentiation process involving concurrent fractional
crystallization and assimilation. Graphical application of his model
to the Ice Springs data is shown in Figure 13. The curves represent
celculated changes in isotopic c0mppsition of the magma as a result of
crystallization. The crystallization process affects the isotopic

composition because crystallization is considered to result from

coupled fractionation and assimilation. The model assumes that
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Figure 12. Hyperbolic mixing model for strontium isotope data plotted in
terms of 87S5r/86Sr versus Sr ppm (from Faure, 1977).
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Figure 13. Combined fractionation and assimilation model for
strontium isotope data calculated as by Taylor (1980).

87sr/865rmagma (1 - tha] * Xxeno) N 87sr/865rxenoxxeno *
87Sr/86$rxta](l-tha1)

where:
87Sr/865r = Sr fsotopic ratio. B
Xitals = Fraction of crystal removed
XXeno | = Fraction of xenolith assimilated
87Sr/865rxta] Sr isotopic ratio of crystals removed
87Sr/86Sern0 = Sr isotopic ratio of assimilated xenoliths

For .thermal balance: .

AT . C (X

m-xeno xta'l)‘+ Lxeno(xxeno) ='tha1(xxta1)

L /(AT C

or »Xxeno/xxta1 = “xeno m-Xeno * thaI) =k

Substitution yields:

+ (875r/86Sr. Kk - .

87Sr/86Sr = SR87/Sr86X XENo

magma tal
87Sr/865rxta1)F / (1 + (k-1)F

where F = fraction of magma crystallized.
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fractionation and assimilation thermally balance each other and result
from end member mixing of magma and xenoliths. The end members used in
the calculations are from Puskar and Condie (1973) and include the most
primitive B]éck Rock Desert basalt with 87Sr/86Sr of 0.7044 and crustal
granitic xenoliths approximately 1.7 b.y. age with 87Sr/86Sr of 0.8000.
The éeries of curves for these end members represent varying the
proportions of material assimilated to the amount of crystals
fractionated. The thermal constraints of the assimilation processk
indicate that the ratio of assimilated material to fractionated
material is likely to be between 1:5 and 1:15 (Taylor et. al., 1980).
If assimilation and fractionation processes are operating together for
the Ice Springs basalts, the isotopic variation of the erubtions can be
explained by varying the ratios of assimi]ated material to fractionated
crystals or by ihcreésing the percentage of“magma crystallized. The
whole rock chemical data shows trends of iﬁcreasing fractionatioﬁ with
decreasing isotopic ratios. Therefore, the direction of evolution is
seen a$ increasing the percentage of magma crystallized while
decreasing the ratio of material assimilated to create the Crescent
material from the Terrace. For this ideal case, these results imply
that a 5 to 8% difference in the amount of fractionation linked with
similar amounts of assimilation must exist between the Terrace and
Crescent eruptions. If the processes of assimilation and fractionation
are not coupled as envisioned by the ideal case, or if only 1sd£opic
assimilation is assumed to occur, then the isotopic variations of the
Ice Springs basalts would be more compatible with the trace element and

the major element data. Specifically, by fractionating approximately
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5% and assimilating approximately 1%, the isotopic trends of increasing
Sr87/Sr86 and the trace element and major element trends from early to
late eruptions in the Ice Springs field might be explained. However,
quantification of this uncoupled process is difficult tQ confirm,

As an additional isotopié constraint, potassium-argon dating was
performed to investigate the importance of assimilation. Material
analyzed included basaltic cinder glass, basaltic cinder glass adjacent
to a silicious inclusion, basaltic lava from a distal flow, and ajso a
silicious inclusion from a cinder cone. All samples of the Holocene
Ice Springs basalts contafn excess argon as listed in Table 13. This
observation is confirmed by the calcu]afed "ages" of the basalts which
range from 4 to 16 million years. The actual age of the Ice Springs
basalts based on Carbon-14 dating (Valastro, 1972) and geomorphic
evidence (Hoover, 1974) is 600 years. Excess radiogenic argon has been
reported in 3 basaltic lavas by Dalrymple (1969) with excess argdn
ranging from .025 to 1.02 (10-11 meles/gram). The Ice Springs values
of .3 to .08 (10-11 moles/gram) are large and indicate that significant
. outgassing or assimilation of high radiogenic argon contdining material
must have occurred. Two possible sources of the excess argon are the
megacrysts of orthopyroxene and the old silicious inclusions. The
excess argon can be accounted for by assimilation of a minimum of 0.05
to 0.1% of 1.85 billion year old granitic inclusions similar to crustal
material in northern Utah (Hedge, 1980). This value is a minimum
because the hot basalt is likely tc have degassed excess argon as
eruption occurred. Degassing of the basalt is noted by the decrease in

excess argon from the vent related cinders to the distal flows. If
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Table 13. Potassium-Argon Analyses of the Ice Springs Basalts.

Sample Type "~ Excess 40Ar
(10-12pnoves/gram)

Basaltic cinder glass 3.005
Basaltic cinder glass
adjacent to a silicious 1.862
inclusion. )
Basaltic lava 3 km from vent .892

Silicious inclusion in cinder 66.3

Approximate

Calculated "AGE" m.y.
16

9.9

4.3
27.5
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similar degassing took place during eruption, the quantity of material
needed to create the excess argon of the basalts would be greater. The
lack of significant quantities of orthopyroxene and the availability of
the silicious inclusions indicates that outgassing and assimilation of
the silicious inclusions is the source of the excess argon. However,
the volume of. assimilation predicted by this quantity of excess argon
is likely to have been less than 1% and as such would have had little

effect on the overall chemical composition of the Ice Springs basalts.




SUMMARY

The Ice Springs basalts display systematic, consistent, and
significant trends in major element, trace element, and isotopic
compositions. A reasonable model for the development of the inter- and
intra-eruption chemical variations must combine several processesfof
magmatic differentiation. The model allows for the initial genefation
of magma by approximately 20% partial melting of lherzolite.
Modification of these initial melts results from deep magmatic
fractionafion of 17 to 20% olivine. The presence of orthopyroxene
megacrysts suggests a role for deep pyroxene fractionation. However,
the lack of a pyroxene ré]ated Sc depletion and the compatibility of
the magnesium number and trace element fractionation calculations
indicates that olivine was the dominant initial fractionating phase.
After the deep modification, magma pulses moved upward through the
crust and arrived in sha]iow level staging chambers as modified melts.
Subsequent contamination by less than 1% assimilation of crustal
material and differentiation by 3 to 8% fractional crystallization of
plagioclase, olivine, and a magnetite additiona]]y modified the
chemi;a] character of the magmas. The fina1 chemical trends shown in
the Ice Springs lavas and cinders likely resulted as slightly different
composition magmas mixed in the shallow staging chamber and erupted
onto the surface..

The systematic chemical variations during eruptions of the Ice
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Springs basalts limit the importance of the processes of magmatic
differentiation. Specifically, the role of shallow fractionation as a
differentiation process is supported by the observed textural and
chemical relations. The presence of zoned plagioclase xenocrysts and
the lack of early formed o}ivine phenocrysts suggests that plagioclase
played the dominant role in crystal fractionation. Also, the lack of
Ni, Cr, and Rb depletions and the observed Sr depletions in the derived
magmas supports the importance of 6 to 8% fractionation of plagioclase
with minor olivine and magnetite involvement frpm Terrace to Crescent
eruptions. The chemical data also limits assimilation to less than 1%
of silicious crustal material. The effects of larger amounts of
assimilation would be drahatica]]y different than the observed chemical
trends.

The overall chemical trends agree well with the textural and
chemical evidence supporting the processegwof assimilation and
fractionation. However, the additional complication of interaction of
slightly different composition magmas in a shallow staging chamber can
also help explain the Ice Springs trends. The importance of small
scale mixing of magmas is difficult to test because of the unknown
nature of the end members magmas. But, the interaction of two similar
magmas is a process which could initiate én eruptive event by
increasing shallow magmatic pressures and which could also create the
rapid chemical trends over tﬁe evolution of an individual cinder cone
and the whole volcanic field. The consistency of the chemical trends
over time implies coherence and consistency of the differentiation

processes over time. The possibility that random mixing of magmas
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Created the systematic chemical trends over time seems unlikely.
Therefore, the systematic chemical trends developed in the Ice Springs
eruptive sequence suggests that differentiation results from a complex

interplay of fractionation, assimilation, and minor magma interaction.
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Appendix 1. Basic chemical data for the Ice Springs basalts with group
classifications and relative plotting elevations for all data.

Fep03(T) is total iron reported as Fep03 and recalculated Fep03 and Fel
values are based on BRD77-12 oxidation ratio.




WE.%

Si0p
TiUp
Al203
Fep03(T) -
MnO
MgO
Ca0
K20
‘Na0
P205
Loss

Total

FeQ
Fey03

Nb*
Ir*
Y*

Sr*
Rb*
Th*
Ni*
Cr*

Elev.

BRD1.0

50.33
1.76
15.78
10.95
©0.18
7.45
8.94
1.20

2.96 .

0.54
0.12

100.20

363

22

133
246

401

BRDL.7

50.84
1.76
15.57
11.17
0.18
7.60
9.11
1.23
2.95
0.56
0.50

101.47

8.89

1.29

19
173
29
366
24
0

-

402

BRDZ.5

49.96
1.76
15.15
11.05
0.19
7.43
8.88
1.18
2.72
0.50
0.23

99.05

8.79
1.28

19
173
29
366
23
0

403

BRD3.3

51.04
1.77
15.38
11.15
0.18
7.49
9.01
1.21
2.84
0.52
0.00

100.59

8.87
1.29

20
177
33
366
24
2

404

*weight expressed in parts per million (ppm)

BRD4.8

51.95
1.78
15.61
11.18
0.19
7.29
9.00
1.24
3.18
0.55
V.37

102.34

8.89
1.30

19
177
32
363
24
6

405

LATE CRESCENT

BRD6.2

51.92
1.82
15.48
11.25
0.19
7.35
9.11
1.24
2.99
0.55
0.35

102.25

8.95
1.30

21
151
30
344
21
1

406

BRD7.6

51.53
1.78
14.67
11.18
0.19
7.18
8.98
1.25
3.08
0.50
0.53

100.87

8.89
1.30

24
157
31
348
21
1

407

BRD8B.5

50.28
1.75
15.35
10.98
0.18
7.24
8.80
1.26
3.24
0.54
0.00

99.62

8.73
1.27

19
157
31
354
22
0

408

BRDY.5

51.03
1.79
15.54
11.19
0.19
7.43
8.81
1.26
2.74
0.55
0.80

101.33

8.90
1.30

19
156

352

BRD10.3 BRD11.U

50.90
1.72
15.52
10.93
0.18
7.13
8.57
1.36
2.55
0.53
0.95

100.35

8.69
1.27

51.
1.
15.
10.
0.

52
73
43
8Y
18

7.66

T =

101

.95
31
.13
.48
.00

.28

.66
.26

20
156
30
335
25
5
129
251

411

101.

Ladies)
.

CC W NC
« et e o s

412
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Wt.% BRD13
Silp 53.07
Ti0;p 1.65
Al203 15.63
Fep03(T) 10.56
MnQ 0.18
Mg0 7.32
Cal 8.70
K20 1.

Na»0 3.18
Pz%s 0.49
Loss 0.05
Total 102 33
Fe0 8.40
Fey03 1.22
Nb* 18
Ir* 167
Y* 31
Sr* 335
Rb* 30
Th* 8
Ni* -
Cr* -
Elev. 413

414

415

416

*Weight expressed in parts per million (ppm)

EARLY CRESCENT

BRD18

52.64
o 1.52
. 15.74
- 10.22

0.16
7.50
8.75
1.47
3.28
0.48
0.27

nnnnn

8.13
1.18

24

165

28
332
29
2

418

BRD19

52.46
1.58
16.00
10.16
.16
7.36
8.74
1.48

BRD20.4

52.69
1.61
15.96
10.27
.17
7.72
8.95%
1.49

BRD22

52.01

1.57
16.22
10.20

7.17
8.93
1.46
3.18
.48
.31

10i.69

8.11
1.18

21
158

335
31

148
270

422

-BRDZ3

51.82
1.52
15.34
9.77

423

BRD24

52.57
1.52
15.18
9.91

174



510
Ti0;
Al03
Fep03(T)
MnO
Mg0
Cal
Ko0
Nay0
P20y
Loss

Total

Fe
Fep03

Nb*
ir*

Sr*
Rb*
Th*
Ni*
Cr*

Elev.

BRD26

52.42
1.55
15.97
9.98

7.46
8.78

426

EARLY CRESCENT

BRD27 BRD29

52.55 52.94
1.55 1.56
15.89 15.76
10.01 10.07
.17 .17
7.35 7.71
8.72 8.94
1.44 1.46
-2.87 2.51
.48 .48
.40 .26

101.43 101.86

7.9 8.01
1.16 1.17
20 21
155 160
27 27
334 341
30 30
9 6
427 429

BRD30

52.26
1.53
14.81
9.91
.16
7.53
8.82
1.44
2.37
.46
.66

100.07

7.88
1.15

21
161
28
342
32
4
146
273

430

*Weight expressed in parts per million (ppm)

[SB

49,

15.

i1

N = 0O o

99

8
1

-03.

79
Jd7
48
07
.18
.18
A7
.24
.79
.47
.21

.95

.82
.29

21
146
28
345
24
4
126
230

400

FLOW CRESCENT

© ISB-4

49.87
1.78
15.29
10.95
.18
7.11
8.96
1.23
3.16
.55
2.27

158-7

44.36
1.30
3.54
8.46

.15
6.78
7.88
1.31
2.44

.36
5.41

91.98

§.,72

Ve

LATE TERRACE

1SB-14  ISB-15 ISB-16

49.90 50.77 49.81
1.97 1.97 1.94
15.20 15.14 14.76
11.50 11.59 11.50
.19 .19 .19
6.67 6.97 6.37
8.66 8.78 8.79
1.31 1.28 1.31
2.72 2.70 1.88
.59 - .60 .57
.59 .48 .10

99.30 100.48 97.21

5.14 .21 9.14
1.33 1.34 1.33

19 23 20
172 171 168
32 34 32
366 372 351
24 23 22
5 2 5
101 102 103

ISB-17

48.58

1.91
14.88
11.30

6.93
3.64
1.19
2.63
61
97.41

8.98
1.31

19
163

375
23

104

174




Wt.%

5107
Ti0y
Al203
FepU3(T)
Mn0O
Mg0
Ca0
K20
Nap0
P20g
Loss

Total

Fe0
Fey03

Nb*
ir*
Y*

Sr*
Rb*
Th*
Ni*
Cr*

Elev.

{__

98.

N~ O~
s e s+ e s e

108
190

105

LATE TERRACE

106

15B8-20

50.20
1.90
14.95
11.17
.18
6.96
9.30
1.22
3.03
.59
1.16

100.66

8.82
1.89

19
155
29
372
23
3

107

158-21

50.79

1.92
15.09
11.56
S 8
7.27
9.12
1.12
2.63
.59
.69

100.96

108

*weight expressed in parts per million (ppm)

ISB-22
50.10

15.31
11.59

N = O~
* e s s e
-3
-]

101.11

109

IS8

49,

98.

14.
10.

N0~
¢ o 4 o

-23

142

353
27

110

1S8-24

47.78

1.88
14.94
11.31

9.37

EARLY TERRACE

158-25

48.88
1.86
15.16
11.14
.18
7.45
9.53
.98
2.53
.53
1.13

99.37

8.85
1.29

20
138
30
399
21
6

113

ISB-26

48.50
1.90
15.16
11.35
.19
7.62
9.53
.99
3.20
.53
.87

99.84

9.02
1.31

21
133
29
368
19
6

114

15B-27

51.33
1.95
15.87
11.85
.20
7.63
8.33

346

116

158-28
50.11

15.78
11.60

BN — O~
« %t e e o e
(9%
(o2

101.77

[
.

w
-

138

376
20

118

1SB-29

49.14

1.83
15.25
11.34

9/




Wt.%

5i0p
Ti0p
Alo03

Fep03(T)

MnO
Mg0
Ca0
K20
NdzO
P20g
Loss

Total

FeO
Feo03

Nb*
Ir*
Y*

Sr*
Rb*
Th*
Ni*
Cr*

Elev.

EARLY TERRACE

ISB-30

49.006
1.81
15.19

~11.22

.18
.93
.53
.09
a7
.54
1.80

N = O~

100.73

8.93
1.30

19
131
27
421
22
3

122

1SB-31

48.72
1.86
15.38
11.70
.18
7.52
9.41
1.05
3.27
.52
.17

99.78
9.30

1.36

18
137
26
366
17
5

124

15B-32

49.35
1.85
15.46
11.51
.19
7.41
9.59
1.04
2.89
.55
1.53

101.37

9.16
1.33

18
143
27
365
23
7

126

1S8-83

51.11
1.96
15.90
11.99
.19
8.03
8.91
1.29
2.92
.54
.00

102.84

9.56
1.39

*Weight expressed in parts per million (ppm)

FLOW TERRACE

[SB-84

49.47
1.84
15.88
11.73
.19
8.69
9.10
1.09
2.92
.51
.00

158-85

49.02
1.91
15.59
11.67
.18
8.68
9.04
.96
3.35
.55
.12

101.08

9.31
1.36

19
138
28
380
23
10

100

158-92

49.06
1.90
15.27
11.68
.19
7.20
8.76
1.19
3.05

1SB-52

53.01

1.46
15.66
10.00

7.53
8.96

1.52 .

3.05
.38
.00

101.72

8.00
1.11

18
160

346
29

300

158-53

50.10
- 1.97
15.32
11.77
.18
7.09
8.41
1.17
3.07
.56
.63

100.27

9.41
1.31

18
159
30
344
19
3

-

301

MITER

IS8
50

2.
15.
12.

101.

o= Q0 ~
e s e o s e

-54

.85

00
68

166
31
366
22
12

303

ISB-55

47.85
1.89

- 97.88

—
.

N
~

169

305

1SB-56

50.97

1.99
15.62
11.94

7.47
8.77
1.15
2.69
1.69
103.03

9.54
1.33

17
164

358

21
10

307

LL



Wt.% [5B-57

Si0p 50.59
Ti0p 1.97
Al203 15.38
Fep03(T) 11.92

MnQ .19
Mg0 7.21
Ca0 8.70
K20 1.18
Naz0 3.01
P2Ug .60
Loss .16

Total 100.90

FeO 9.53
Fep03 1.33
Nb* 19
Ir* 168
Y* 29
Sr* - 358
Rb* 20
Th* 7
Ni* -
Cr* -
Elev. 308

w— M

« o e e
(=]
~N

97.65

166

310

112

311

315

*Weight expressed in parts per million (ppm)

15B-61

49.96
1.90
15.23
11.62
.18
7.21
9.06
1.11
3.66
.59
.33

1U1.35

9.29
1.30

21

158
32
376
20
3

317

[5B-62-A ISB-62-B

50.70
1.93
16.10
11.79
.18
7.73
9.23
.95
2.82
.60
.60

102.64

9.42
1.31

19
149

27

371
18
6

319

49.50

1.75
14.95
11.01

N— 00
o« o
[Ne]
(=

[5B8-63

51.34
1.73
15.48
10.85
.18
7.37
9.26
1.38
2.62
.53
1.29

102.02

8.67
1.21

23
164
28
368
29
9

324

1SB-64-

51.41
2.02
15.59
12.10
.19

1 7.29
9.20
1.17
2.74

373

325

-FLOW MITER

158-42
51.50
16.00

N—

e e e & o &
o
[+2]

100.87

153-43

47.25
1.88
15.09
11.31
.19
7.58
11.22
1.03
2.50
.56
2.87

8L



Wt.%

Si0p
Ti0p
Al203
Fepl3
Mn0
Mg0
Cal
K20
Nap0
P20g
Loss

Total

Feo

Fep03 e .

Nb*
Ir*

Sr*
Rb*
Th*
Ni*
Cr¥

Elev.

[SB-33

51.51
1.99
15.48
11.97
.19
7.09
8.57

2.65

355

200

I58-34

51.83
1.99
15.50
11.97
.19
6.93
8.79
1.37
3.14
.58
.00

102.29

9.52.

1.39

22
180
30
365
25
7

201

158
51

14.
11.

100.

—

= SO
e o o o o

-35

.27
.94
85
70

POCKET
I5B-36

51.54
1.97
15.10
11.82
.18
6.98
8.54
1.32
3.21
.55
.00

101.22

9.45
1.32

23
172
31
353
22
4

204

*Weight expressed in parts per million (ppm)

1SB-37

50.98
1.92
15.29
11.71
.18
7.00
8.53
1.29
3.00
.58
.01

100.48
9.36

1.31

18
174
31
364
23
4

205

158-38

52.01

1.98
15.43
11.80

.19

7.07

8.67

1.28

2.87

.56
.19

102.05

9.43
1.32

19
169
30
360
23
6

206

[58-39

51.54

1.99
15.37
11.88

7.21
8.87

FLOW POCKET

15B-40

50.56
1.97
15.61
11.84
.19
7.90
8.79
1.25
2.77
.54
.30

101.72

9.48
1.32

21
162
30
363
24
6
121
203

200

158-41

49.29
1.92
15.26
11.76
.19
1.75
8.71
1.26
2.75
.53
.34

99.76

9.41
1.31

21
161
30
364
22
7

200

DISTAL FLOW MATERIAL

CRESCENT
1SB-70  ISB-80
52.73 52.30
1.50 1.56
15.75 15.45
10.11 10.12
.18 .18
7.75 7.34
8.93 9.06
1.42 1.51
2.64 3.20
.45 .46
.01 .01
101.50 100.98
8.08 8.09
1.13 1.13
21 21
153 158
26 27
352 358
30 28
11 7
- 131
- 254
400 400

MITER

1SB-

51
1

N = O

98.

46

.70
.62
15.
10.
.18
.67
.53
.42
.46
.46
.02

19
3l

57

6L



Wt.%

5i0;
Ti0y
Al1,03
Fe03
Mn0
Mg0
Ca0
K20
Na»0
P20g
Loss

Total

FeO

FepO3—- -

Nb*
ir*
Y*

Sr*
Rb*
Th*
Ni*
Cr*

Elev.

*we'i ght expressed in parts per million (ppm)

DISTAL FLOW MATERIAIL

CRESCENT

[s8-99 1SB-79-B

50.57
1.43
14.95
"9.87
.17
7.07
8.41
1.44
2.15
.40
.01

96.47

7.89
1.10

22
144
28
354
25
3

400

52.30
1.52
15.61
9.88
A7
1.30-
7.92
1.47
2.73
.42
.01

©99.34

7.90
1.10

TERRACE
[SB-90  1SB-94
52.53 51.55
1.46 1.99
15.63 15.34
9.82 12.04
.17 .21
1.22 7.17
8.46 9.31
1.56 1.20
2.90 2.84
.42 .59
.01 .01
100.18 102.24
7.85  9.63
- -1.09 1.34
20 16
162 140
27 28
339 367
33 19
8 9
- 113
- 200
100 100

MITER
1sB-97

51.52
1.95

15.12
11.80
.20
6.78
8.99
1.37
2.44
.57
.01

100.74

9.43
1.32

23
152
29
366
22
7
114
197

200

TERRACE
[58-102

49.55
1.95
14.91
12.10
.20
6.59
9.06
" 1.20
2.21
.58
.00

98.36

9.67
1.35

22 .

145
30
371
20
9

100

78-50A

73.42
.01
13.88
.00
.01
.00
.50
6.63
3.50
.01
.02

97.96

INCLUSIONS IN CINDER

7850-C

91.28

.02
4.92
.01

Y—
[ B =) R V== W N Nl

78-50G

73.56
)

14.76

.64
.03
.39
2.06
1.90
4.74
.03
.01

98.17

78-50J

96.68

.02
.70

Jod
OO

1SB-104

70.14
.03
19.54
.12
.02
.24
3.36
1.66
4.96
.10
.01

100.16

]

IS
w O
1 1 OOV O

08
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Appendix 2. Thermophysical properties of the averaqge
Ice Springs basalt.

DENSITY OF EQUIVALERT LIQ. DRY AND AT 500. BARS P H20

TDEGC 700. 800. 900. 1000. 1100. 1200. 1300. 1400. 1500.

DEN WET 2.703 2.688 2.672 2.656 2.641 2.625 2.609 2.593 2.578

DEN DRY 2.731 2.716 2.701 2.686 2.671 2.656 2.641 2.626 2.611
DENSITY (WET) = -.000157 T + 2.8134 (T DEG C) ' :
DENSITY (DRY) = -.000151 T + 2.8366 (T DEG C)

HEAT CAPACITY OF SILICATE LIQUID
CP = 21.09 (CAL/MOLE-DEG)
CpP .34 (CAL/GRAM-DEG)

GRAM FORMULA WEIGHT
ANHYDROUS = 61.33
HYDROUS = 60.70

LOGARITHM (10) OF VISCOSITY OF LIQUID (POISE)
TDEG C 700. 800. 900. 1000. 1100. 1200. 1300. 1400. 1500.
DRY 6.18 5.20 4.39 3.70 -3.12 2.62 2.18 1.79 1.44
WET 5.93 4.98 4.19 3.52 2.96 2.47 2.04 1.66 1.33
LN VISCOSITY (DRY) = 23496.23/T DEG K -9.9244
LN VISCOSITY (WET) = 22842.89/T DEG K -9.8264

THERMAL CONDUCTIVITY OF EQUIVALENT LIQUID (X 10-3)
T DEG C 700. 800. 900. 1000. 1100. 1200. 1300. 1400. 1500.
© .91 1.17 1.48 1.86 2.30 2.81 3.40 4.07 4.83

THERMAL CONDUCTIVITY + .85-12 T3 + .12/T (CAL/CM-SEC-DEG K)

THERMAL DIFFUSIVITY OF LIQUID (X 10-3) (CM2Z/SEC)
T DEG C 700. 800. 900. 1000. 1100. 1200. 1300. 1400. 1500.
.97 1.25 1.60 2.01 2.50 °3.08 3.74 4.51 5.38

KINEMATIC VISCOSITY (STOKES) (CMZ/SEC)
TDEG C 700. 800. S00. 1000. 1100. 1200. 1300. 1400. 1500.
DRY .55+06 .58+05 .90+04 .19+04 .49+03 .16+03 .57+02 .23+02 .11+02

COEFFICIENT OF THERMAL'EXPANSION OF LIQUID (X 10 TO THE -4) (/DEG)

T DEG C 700. 800. 800. 1000. 1100. 1200. 1300. 1400. 1500.
.5992 .5957 .5821 .5886 .5852 .5818 .5784 .5751 .5718
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Appendix 3. Formula for calculation of effective Rayleigh numbers.

Ry (effective)

Ra (thermal) - Ry (solutal)

g8 (To-Ty)d3 / vk - gd%(Xg-X1) / LvDap

B (AT)d3 / vk - gd*(aX) / LvDap

where:

gravitational constant = 980 cm/sec?
coefficient of thermal expansion = (1/Vy)dv/dT
diameter of chamber
length of chamber
kinematic viscosity
thermal conductivity
mole fraction of component i at boundary
temperature of system at boundary
Dap = diffusivity of component a in b.

z = (l/Po)dp/AX

For the Ice Springs magma system the following average values were
used with various chamber configurations and thermal differences:
(T = 1000°C)

nwun nn

i

_:—(><7<'< — A

5.886 X 10- 3 /deg
.19 X 104cm?/sec
1.86 X 10-3
10‘5(approximate value for general diffusivity of system)
o = 2.686(dry)

B
v
k
D
P
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