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Abstract. The results of experimental studies and examina- 
tion of variations in major elements, trace elements and 
Sr isotopes indicate that fractionation, assimilation and 
magma mixing combined to produce the lavas at Medicine 
Lake Highland. Some characteristics of the compositional 
differences among the members of the calc-alkalic associa- 
tion (basalt-andesite-dacite-rhyolite) can be produced by 
fractional crystallization, and a fractionation model repro- 
duces the major element trends. Other variations are incon- 
sistent with a fractionation origin. Elevated incompatible 
element abundances (K and Rb) observed in lavas interme- 
diate between basalt and rhyolite can be produced through 
assimilation of a crustal component. An accompanying in- 
crease in 87Sr/S6Sr from ~0.07030 in basalt to ~0.7040 
in rhyolite is also consistent with crustal assimilation. The 
compatible trace element contents (Ni and St) of intermedi- 
ate lavas can not be produced by fractional crystallization, 
and suggest a magma-mixing origin for some lavas. Un- 
usual phenocryst assemblages and textural criteria in these 
lavas provide additional evidence for magma mixing. 

A phase diagram constructed from the low pressure 
melting experiments identifies a distributary reaction point, 
where olivine+augite react to pigeonite. Parental basalts 
reach this point at low pressures and undergo iron-enrich- 
ment at constant SiO a content. The resulting liquid line 
of descent is characteristic of the tholeiitic trend. Calc-al- 
kalic differentiation trends circumvent the distributary reac- 
tion point by three processes: fractionation at elevated 
pH20, assimilation and magma mixing. 

Introduction 

This paper is concerned with the origin of calc-alkaline se- 
ries lavas at Medicine Lake Highland, California, but the 
discussions also provide a framework for understanding the 
petrogenesis of other ealc-alkalic series lavas and the origins 
of the tholeiitic vs. calc-alkalic differentiation trends. The 
existence of two fractionation trends was not agreed upon 
by early petrologists. Bowen (1928) concluded that with 
advancing fractionation basaltic magmas followed a single 
trend, the calc-alkalic trend, characterized by SLOE, Na20 
and K20 enrichment and FeO+Fe203,  CaO and MgO 
depletion. Fenner (1929) disagreed, claiming that the differ- 
entiation trend followed in some mafic intrusions was oliv- 
ine gabbro-gabbro-ferrobasalt. This fractionation trend, the 

tholeiitic trend, showed FeO +F e2 0  3 enrichment and ap- 
proximately constant silica as fractionation proceeded. 
Bowen's view prevailed until Wager and Deer (1939) estab- 
lished the existence of the tholeiitic differentiation trend 
in the rocks of the Skaergaard layered intrusion. Miyashiro 
(1974) recognized the existence of continuously variable 
fractionation trends between these two extremes, and noted 
that increasing thickness of continental crust above the sub- 
duction zone produced a higher proportion of calc-alkalic 
to tholeiitic series rocks in island-arcs. 

The origin of andesite, an intermediate member of the 
calc-alkalic series, has received much attention. Petrogenetic 
models for andesite genesis fall into 4 categories: (1) partial 
melting of hydrated mantle or subducted oceanic crust, 
(2) fractional crystallization of primary basaltic material; 
(3) assimilation of a crustal component by parental basaltic 
magma and (4)mixing of basalt and melted sialic crust. 
Reviews of these mechanisms for andesite genesis may be 
found in Green and Ringwood (1968), Boettcher (1973) 
and Gill (1981). 

Kushiro (1972a) suggested that andesitic liquids could 
be produced through wet melting of lherzolite. The addition 
of H20 expands the olivine liquidus volume and allows 
silica-rich melts to be produced. This suggestion was criti- 

c ized by other experimental petrologists (Nicholls and 
Ringwood 1972, 1973; Ringwood 1974; Mysen et al. 1974; 
Green 1976) who found that liquids produced by melting 
mantle material under hydrous, high-pressure conditions 
were dissimilar to andesite, and that reasonable percentages 
of melting produced tholeiitic liquids. Wet melting of eclo- 
gite formed through subduction of oceanic crust has also 
been proposed as a mechanism for creating liquids of ande- 
sitic composition (Yoder and Tilley 1962). Gill (1974) found 
the trace and rare earth element abundances in andesites 
were incompatible with the presence of garnet and clinopy- 
roxene as residues left after eclogite partial melting. 

Fractional crystallization models have considered the 
involvement of a variety of phases under a range of physical 
conditions. Amphibole removal from a mantle-derived melt 
has been treated by Eggler and Burnham (1973), Allen and 
Boettcher (1978) and Cawthorn and O'Hara (1976). These 
experimental studies have delineated amphibole stability 
over the pressure range 5 to 20 kbar and addressed the 
conditions of Pn2o necessary for amphibole crystallization. 
A second proposal is that high fo2 crystallization involving 
magnetite in crustal magma chambers is a mechanism for 
producing the calc-alkaline trend from a basaltic precursor 
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(Osborn 1959). Gill (1981) concluded that fractional crystal- 
lization of the assemblage plagioclase + orthopyroxene/oliv- 
ine+augite+magnetite is a common process through 
which andesites are produced. 

Some models for andesite genesis have invoked assimila- 
tion of a crustal component by a basaltic parent, or mixing 
of basalt with a rhyolite generated by crustal anatexis. 
These proposals were based on petrographic observations 
and the close spatial association of basalt and rhyolite (Lar- 
sen etal. 1938; Kuno 1950; Tilley 1950; Waters 1955). 
Waters and Tilley observed that tholeiitic magmas differen- 
tiated in sills to gabbros and ferrogabbros, but similar 
tholeiite parents were also found to be in close spatial asso- 
ciation with andesites and siliceous rocks. To produce the 
basalt-andesite-dacite-rhyolite association, Waters proposed 
assimilation of a partial melt of graywacke or argillite. Wil- 
cox (1954) and Bryan (1968) found evidence for assimilation 
of crustal xenoliths at Paricutin and sucessfully modeled 
compositional variation among andesites by combined crys- 
tallization of olivine + plagioclase and assimilation of crus- 
tal xenoliths. The observation of disequilibrium phenocryst 
assemblages in lavas of intermediate composition (Larsen 
et al. 1938; Kuno 1950) led to the proposal that some an- 
desites formed by mixing of basalt and rhyolite. Parental 
basalt was emplaced into and heated the crust, producing 
rhyolite partial melts. These melts coalesced to form silicic 
magma chambers, which were injected with rising basaltic 
melts. Mixing of the basalt and rhyolite produced andesite 
and intermediate lavas. Eichelberger (1975, 1978) has re- 
cently reconsidered this hypothesis for andesite genesis. 

Abundant petrographic and field evidence substantiates 
magma mixing as an important process in the origin of 
some calc-alkaline lavas. Phenocryst assemblages are found 
to be out of equilibrium with the bulk rock composition 
and indicate the mixing of mafic and silicic magmas (Larsen 
et al. 1938; C.A. Anderson 1941; Kuno 1936, 1950; A.T. 
Anderson 1976; Eichelberger 1975, 1978). Current interest 
in physical characteristics of magma chambers (O'Hara 
1977; MacBirney 1980; Huppert and Turner 1981) has led 
to the development of models which predict the existence 
of compositional zoning and density-stratification, thus al- 
lowing the existence of a spectrum of compositions to be 
present in a single magma chamber and available for 
mixing. 

Though our study is limited to a single Cascade volcano, 
it provides information on two general petrogenetic prob- 
lems. First, what processes interact to create the calc-alkalic 
vs. the tholeiitic trends ? Second, how are andesite magmas 
produced? This paper begins with a summary of the geolo- 
gy of the Medicine Lake volcano, discusses the experimental 
results and possible fractional crystallization paths for high 
alumina basalt (HAB) starting compositions. We then com- 
pare the major-element, trace-element and isotopic varia- 
tions observed in the Medicine Lake volcanics and propose 
a model to explain the observed trends. 

Geologic Setting 

Stratigraphy and Eruptive History 

C.A. Anderson (1941) described the geology of Medicine 
Lake volcano, and his stratigraphy is used in our discussion. 
Recent mapping in the volcano has been done by Mertzman 
(1977a, b, 1979) and Donnelly-Nolan et al. (1981). Reinter- 
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Fig. l. Composition-surface area-relative time plot for Medicine 
Lake Highland voleanics. The size of the rectangles represents 
the surface areas of the lavas and shows compositional variability 
in terms of wt.% SiO2 for each extrusive unit. Stratigraphy is 
from C.A. Anderson (1941). The Warner HAB volcanics which 
preceded OPOA lavas are not shown on this figure 

pretation of the geology (Donnelly-Nolan, pets. comm.) 
has enlarged upon and altered Anderson's original stratig- 
raphy. In our discussions we have identified our samples 
using Anderson's map, and have attempted to relate the 
major and trace element chemistry taken from Barsky 
(1975), Condie and Hayslip (1975) and Mertzman (1977a, 
b, 1979) to Anderson's original stratigraphy. 

An eruption history based on Anderson's mapping is 
summarized in Fig. 1 on a relative time/surface area/com- 
position plot. Extrusion of an unknown volume of Warner 
high alumina basalt preceded the eruption of the older platy 
olivine andesites (OPOA). Mertzman (1977a, b) dates the 
onset of OPOA volcanism at ~ 900,000 years b.p. The high- 
land grew as a broad shield volcano for an unknown period 
of time. At the summit of the shield an elliptical arrange- 
ment of vents erupted platy andesite (PA), which formed 
a rampart of andesite volcanoes and terminated the shield- 
forming event. The eruptive history continued with the ex- 
trusion of later platy olivine andesite, (LPOA), Lake HAB, 
and Mt. Hoffman rhyolite. The latest eruptive cycle began 
with the extrusion of Modoc intersertal-subophitic high alu- 
mina basalt (Modoc HAB) from vents at Mammoth, Giant 
and Chimney craters on the flanks of the volcanic shield�9 
Flank eruptions of Modoc porphyritic-intergranular basal- 
tic andesite (Modoc BA) followed, forming the Burnt, Paint 
Pot, Callahan, Schonchin Butte and Devil's Homestead 
flows. Eruption of rhyolite and mixed dacite at Glass and 
Little Glass Mountains and at Crater and Medicine Lake 
flows accompanied extrusion o fModoc  basalt in this latest 
eruptive cycle which terminated ~ 1,100 years ago (Heiken 
1978). 

The complete spectrum of calc-alkalic magmas from 
high alumina basalt to olivine andesite and basaltic andes- 
ite, andesite, dacite and rhyolite is present, and proportions 
are appropriate for fractional crystallization to have pro- 
duced the observed range of magma types: basalt is the 
most abundant eruptive type, and rhyolite the least abun- 
dant. The order of decreasing volume proportions of lava 
present at the surface is HAB, BA, andesite, dacite and 
rhyolite (Fig. I and White and McBirney 1978). As in any 
analysis of this sort, we assume that the lavas represent 
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liquids. The rocks are generally aphyric, containing less 
than 5% modal phenocrysts. The dominant phenocrysts 
in the lavas are olivine, plagioclase, clinopyroxene, and or- 
thopyroxene, allowing phase equilibria at pressures less 
than 8 kbar (Eggler and Burnham 1973) to be used to model 
the evolution of the magmatic system. It is possible that 
high pressure processes played a role in producing the ob- 
served compositional spectrum. However, recent geophysi- 
cal results provide permissive evidence for the existence of 
a shallow-level magma chamber beneath Medicine Lake 
volcano (Finn and Williams 1982) at depths <5 kin. No 
evidence for a present-day magma reservoir was found, but 
a gravity anomaly is consistent with the accumulated resi- 
dues of fractional crystallization at low pressures 
(<  3 kbar). 

Petrographic Character&tics of Lavas 

Geologic field relations, phenocryst phase chemistry and 
textural criteria provide evidence for magma mixing in some 
basalt, andesite and dacite lavas at Medicine Lake High- 
land. C.A. Anderson (1941) and Eichelberger (1975, 1980) 
observed that a single eruptive event at Glass Mountain 
proceeded from dacite to banded rhyodacite to rhyolite. 
The bulk composition differences resulted from the mixing 
of basalt and rhyolite magmas. Phenocrysts are magnesian 
olivine and augite and calcic plagioclase (bytownite) in inti- 
mate association with phenocrysts of andesine and iron- 
rich orthopyroxene. Similar phenocryst associations were 
noted in Modoc intergranular BAs. C.A. Anderson (1941, 
p. 389), speculated, "The most obvious explanation is that 
these andesine phenocrysts have been picked up from an 
overlying silicic magma chamber at the time of eruption 
and that insufficient time elapsed for the reaction of the 
magma upon the andesine." At Chimney Crater Modoc 
intersertal HABs containing FO9o olivine and An85 plagio- 
clase are interstratified with intergranular basaltic andesites 
that contain, in addition to the phenocrysts found in the 
HABs, corroded reverse-zoned phenocrysts of orthopyrox- 
ene with iron-rich cores and magnesian rims and plagioclase 
with andesine cores and labradorite rims (A.T. Anderson 
1976; Gerlach and Grove 1982). These extrusive units were 
produced by basalt-rhyolite magma mixing. Many OPOA, 
PA and LPOA lavas contain bimodal phenocryst assem- 
blages, and the spread in the liquid's Mg/(Mg+ Fe z+) and 
Ca/(Ca + Na) calculated using these phenocrysts indicates 
that the rock's bulk composition was formed by mixing 
rhyolite and OPOA. However, other OPOAs lack the dis- 
equilibrium phenocryst assemblages found in Modoc BAs 
and in mixed dacites (Gerlach and Grove 1982). 

Experimental Petrology 

Selection of Starting Material 

Starting materials for the experiments were unaltered lavas 
that ranged from HAB to andesite (Tables 1, 2). A Modoc 
intersertal HAB from the E. wall of Giant Crater (79-35g: 
T42N, R3E, sec4, 0.40mi. N. and 0.19 mi. E. of SW 
corner) was chosen as representative of the parental mag- 
mas at the volcano. Two Modoc intergranular BAs were 
chosen: 79-38b from a railroad cut in the Callahan flow 
(T44N, R3E, sec. 2, 0.12mi. S. and 0A9mi. E. of NW 
corner) and 187 a sample collected by Smith and Carmi- 

chael (1971) from a road cut in the Paint Pot Crater Modoc 
BA flow. An OPOA (79-20e:T44N, R4E, sec. 18, 0.12 mi. 
S. and 0.27 mi. E. of NW corner) was sampled from the 
E. wall of a collapse, and an LPOA (79-9c: T43N, R4E, 
sec. 8, 0.19 mi. N. and 0.05 mi. E. of SW corner) from the 
E. wall of a collapse. The compositional range spanned 
by these starting materials (Table 2) is from 48% Si02, 
10% MgO and 11% FeO (Modoc HAB) to 59% SiO2, 
3% MgO and 8% FeO (LPOA). 

Low pressure melting experiments were performed to 
determine phase appearance sequence and liquid-lines-of- 
descent for these Medicine Lake lavas. Cooling rate experi- 
ments were also carried out on selected compositions to 
determine fractional crystallization paths. 

Experimental Procedures 

Rock chips from fresh hand specimens were used for start- 
ing material. Approximately 60 g of chips were reduced to 
a homogeneous powder in a SPEX shatterbox by grinding 
for 3 min. The resulting powder was pressed into 10 g 
discs in an XRF pellet press using elvanol as a binder. 
These discs were broken into the 25 to 50 mg chips used 
for each experiment. The chips were sintered on 0.004" 
diameter FePt alloy loops that were custommade to be in 
equilibrium with the silicate charge (Grove 1981) and con- 
tained 10 wt.% Fe. The loop and sample were suspended 
in the hot spots of Deltech DT31VT quenching furnaces 
in an atmosphere of CO2/H2 gas. Temperature was moni- 
tored using Pt-Rhl0 thermocouples calibrated against the 
melting points of gold, lithium metasilicate and diopside 
on the IPTS 1968 temperature scale (Biggar 1972). Oxygen 
fugacity was monitored using Z r O 2 -  CaO electrolyte cells, 
calibrated at the Fe--FeO buffer. The results of the rock 
melting experiments are presented in Tables 1, 2, 3, 4 and 
illustrated in Figure 2. The FePt loop technique has mini- 
mized Fe loss from the experimental charges, but variable 
and sometimes significant Na loss has occurred. Approxi- 
mately 30% Na was lost from the glass 35g-31 and 9c-5 
assuming that 2.3 and 4.5 wt.% Na20 are average for Mo- 
doc HAB and LPOA respectively (Mertzman 1977 a, b). 

Cooling rate experiments (Tables 3, 4) were performed 
by melting the sample at an initial temperature for the time 
specified in Table 3. The run was then cooled at a linear 
rate and terminated at a desired temperature by quenching 
into water. Cooling rate control was achieved using 
DT31VT furnaces equipped with Eurotherm 125 tempera- 
ture programmers wired into the thermocouple circuit. The 
programmer adds a linear signal to control the temperature 
drop. 

Microprobe Analytical Methods 

Compositions of experimentally produced phases were ob- 
tained with the MIT 3-spectrometer MAC-5 electron micro- 
probe using on-line data reduction and matrix correction 
procedures of Bence and Albee (1968) with modifications 
of Albee and Ray (1970). Silicate glasses, olivines, pigeon- 
ites and orthopyroxenes were found to be compositionally 
homogeneous. Compositionally heterogeneous plagioclases 
and augites were present even after run times of 600 h in 
the low T, highly crystalline runs, and indicate that equilib- 
rium was not achieved. When overgrown rims and un- 
reacted cores were present in the run, analyses of the rims 
are reported in Table 2. A lack of equilibrium was also 



Table 1. Run conditions and run products for experiments on Medicine Lake Highland compositions 

Run# T (~ logfo2 Duration Run products a Phase proportions b 
(hours) 

79-35g 31 1,234 - 7.89 63.7 gl 
12 1,228 -8 .15  97.3 gl, pl, ol 0.93 0.06 0.01 
11 1,218 --8.27 100.5 gl, pl, ol 0.87 0.09 0.04 
10 1,210 --8.30 120.2 gl, pl, ol 0.75 0.18 0.07 
3 1,200 --8.44 144.2 gl, pl, ol 0.71 0.20 0.09 
1 1,177 --8.80 162.8 gl, pl, ol 0.57 0.29 0.14 

13 1,166 --8.96 288.1 gl, pl, ol, cpx 0.59 0.26 0.14 0.01 c 
2 1,160 --8.99 410.0 gl, pl, ol, cpx 0.52 0.32 0.15 0.01 ~ 
4 1,153 --9.10 458.1 gl, pl, ol, cpx 0.49 0.30 0.20 0.01 c 
5 1,137 --9.34 542.5 gl, pl, ol, cpx 0.33 0.43 0.17 0.07 c 

3 1,200 --8.44 144.2 gl 
11 1,185 --8.74 96.2 gl, pl 0.94 0.06 

1 1,177 -8 .80  162.8 gl, pl 0.87 0.13 
10 1,166 -8 .96  288.1 gl, pl, ol 0.77 0.19 0.04 
2 1,160 -8 .99  410.0 gl, pl, ol 0.75 0.21 0.04 
4 1,153 -9 .10  458.1 gl, pl, ol 0.76 0.20 0.04 
5 1,137 -9 .34  542.5 gl, pl, ol, opx 0.60 0.30 0.02 0.08 
6 1,121 -9 .54  793.5 gl, pl, ol, opx 0.46 0.38 0.16 0.00 
7 1,106 -9 .65  306.8 gl, pl, ol, cpx 0.48 0.40 0.11 0.01 
8 1,089 -9 .90  218 gl, pl, cpx 0.32 0.45 0.23 
9 1,072 -- 10.16 194.6 gl, pl, cpx, sp 0.26 0.48 0.26 0.00 

7 1,174 --8.72 129.6 gl, pl, ol 
12 1,144 --9.22 114.3 gl, pl, ol 
3 1,135 --9.28 t48.7 gl, pl, ol, opx 
4 1,123 --9.41 164.3 gl, pl, ol, opx 
5 1,105 --9.71 221.1 gl, pl, ol, cpx 

1 1,166 --8.95 143 gl, pl 
9 1,145 --9.20 113.5 gl, pl, ol 0.82 0.14 0.04 
4 1,139 --9.29 105.5 gl, pl, ol 0.82 0.13 0.05 
5 1,130 --9.30 147 gl, pl, ol 0.76 0.17 0.07 

10 1,116 --9.51 73 gl, pl, oI 0.66 0.28 0.08 
2 1,106 --9.66 118.5 gl, pl, ol, cpx 0.65 0.11 0.24 0.01 r 

11 1,099 --9.74 138 gl, pl, ol, cpx 
8 1,093 --9.94 291 gl, pl, ol, cpx 0.49 0.35 0.05 0.11 

12 1,076 -- 10.11 330 gl, pl, ol, cp• 0.44 0.37 0.09 0.10 
7 1,059 -- 10.34 628 gl, pl, cpx, sp 

5 1,185 --8.73 96 gl 
1 1,166 -8 .95  143 gl 
4 1,139 -9 .29  105.5 gl, pl 0.92 0.08 
6 1,130 -9 .30  147 gl, pl 0.88 0.12 
3 1,122 -9 .56  140.5 gl, pl 0.89 0.11 

13 1,116 -9 .51 73 gl, pl 0.72 0.28 
2 1,106 -9 .66  118.5 gl, pl, opx 0.82 0.16 0.02 

11 1,093 --9.94 291 gl, pl, opx, ol 0.64 0.26 0.09 0.01 c 
7 1,085 --9.95 237.5 gl, pl, opx, ol 0.71 0.23 0.05 0.01 c 

17 1,076 -- 10.11 330 gl, pl, opx, sp 0.63 0.30 0.07 0.00 
8 1,059 -- 10.34 628 gl, pl, cpx, sp 0.52 0.37 0.11 0.00 

163 

79-38b 

187 

79-20e 

79-9c 

a Abbreviations used: gl=glass, pl=plagioclase, o1=- olivine, cpx=clinopyroxene, opx=orthopyroxene, sp=spinet 
b Weight proportions of phases estimated by linear regression of run compositions 
c These runs did not come to equilibrium as evidenced by negative values for phase proportions, which were arbitrarily set to 0.01 

revealed by  large residuals in calculated phase p ropor t ions ,  
which were es t imated by mul t ip le  l inear  regression 
(Table  1). Phase compos i t ions  ob ta ined  by mic rop robe  
analysis  were assumed  to equal  the rock compos i t ion ,  al- 
lowing ca lcula t ion  of  the p ropo r t i ons  of  phases. 

Isotopic Analy t ical  Methods  

Sr and  R b  analyses were pe r fo rmed  on  100-rag splits of  
rock powders  after d issolu t ion  in an  u l t ra -pure  H F - -  

H C 1 0  4 -  H N O  3 mixture.  Separa t ion  of  R b  and  Sr followed 
a ca t ion  exchange m e t h o d  similar  to tha t  described by  H a r t  
and  Brooks (1977). Isotopic analyses were per formed  on  
the n ine- inch  mass spectrometer  ( N I M A - B )  at  M.I .T .  Dur -  
ing analysis,  878r/SrSr rat ios are normal ized  to 0.1194 for 
SrSr/aSSr to correct  for f rac t ionat ion .  Values of  S7Sr/86Sr 
repor ted  here are relative to a 0.7080 for the M.I .T .  E lmer  
and  A m e n d  SrCO 3 s tandard .  



T
ab

le
 2

. 
E

le
ct

ro
n 

m
ic

ro
pr

ob
e 

an
al

ys
es

 o
f 

ru
n 

pr
od

uc
ts

 f
ro

m
 M

ed
ic

in
e 

L
ak

e 
H

ig
hl

an
d 

ex
pe

ri
m

en
ts

. 
Se

e 
ta

bl
e 

1 
fo

r 
ru

n 
co

nd
it

io
ns

 a
nd

 a
bb

re
vi

at
io

ns
 

~,
 

4~
 

R
un

 #
 

Ph
as

e 
# 

of
 

Si
O

2 
A

12
0 

3 
T

iO
 2 

F
eO

 
M

nO
 

M
gO

 
C

aO
 

K
20

 
A

na
l-

 
ys

es
 

N
a2

0 
C

r2
0

3
 

T
ot

al
 

79
-3

5g
 

31
 

gl
 

9 
47

.5
 

(7
)"

 
18

.0
 

(3
) 

0.
56

 
(2

) 
11

.1
 

(2
) 

0.
14

 (
4)

 
9.

81
 

(1
4)

 
11

.4
 (

1)
 

0.
09

 (
1)

 

12
 

gl
 

5 
47

.9
 

(6
) 

16
.5

 
(2

) 
0.

72
 (

3)
 

10
.9

 
(2

) 
0.

26
 

(2
) 

9.
92

 (
17

) 
11

.7
 

(1
) 

0.
08

 
(1

) 
ol

 
3 

39
.9

 
(8

) 
0.

47
 

(2
0)

 
0.

01
 

(1
) 

14
.3

 
(2

) 
0.

22
 

(2
) 

45
.9

 
(4

) 
0.

54
 

(2
0)

 
pl

 
5 

46
.7

 
(9

) 
33

.0
 

(5
) 

0.
63

 
(8

) 
0.

29
 

(4
) 

17
.6

 
(2

) 
0.

03
 

(1
) 

11
 

gl
 

5 
49

.1
 

(2
) 

16
.6

 
(3

) 
0.

75
 

(2
) 

10
.8

 
(2

) 
0.

11
 

(2
) 

9.
03

 
(3

2)
 

11
.7

 
(2

) 
0.

06
 

(1
) 

ol
 

4 
39

.5
 

(3
) 

0.
37

 
(1

8)
 

15
.4

 (
1)

 
0.

22
 (

3)
 

44
.2

 
(6

) 
0.

47
 

(1
3)

 
pl

 
4 

46
.5

 
(7

) 
33

.2
 (

4)
 

0.
53

 
(4

) 
0.

35
 

(6
) 

17
.3

 
(2

) 
0.

01
 

(1
) 

10
 

gl
 

4 
47

.4
 

(5
) 

15
.8

 
(1

) 
0.

75
 

(1
) 

12
.6

 (
2)

 
0.

11
 

(5
) 

8.
70

 (
10

) 
11

.4
 (

8)
 

0.
06

 
(2

) 
ol

 
5 

39
.5

 
(2

) 
0.

07
 

(5
) 

0.
0 

17
.6

 (
5)

 
0.

22
 

(3
) 

43
.3

 
(5

) 
0.

40
 

(2
) 

pl
 

3 
47

.9
 

(1
) 

32
.2

 (
3)

 
0.

65
 

(4
) 

0.
28

 
(1

) 
16

.1
 

(1
) 

0.
01

 
(1

) 

3 
gl

 
4 

49
.5

 
(7

) 
15

.3
 

(2
) 

0.
89

 
(3

) 
11

.5
 

(1
) 

0.
29

 
(5

) 
8.

23
 

(8
) 

11
.6

 
(1

) 
0.

11
 

(1
) 

ol
 

4 
40

.1
 

(2
) 

0.
24

 (
7)

 
16

.9
 

(4
) 

0.
23

 
(4

) 
43

.4
 

(4
) 

0.
47

 
(2

) 
pl

 
3 

49
.4

 
(4

) 
31

.4
 (

3)
 

0.
83

 
(4

) 
0.

33
 

(4
) 

15
.7

 
(1

) 
0.

0 

1 
gl

 
7 

49
.4

 
(7

) 
14

.2
 (

3)
 

1.
05

 
(2

) 
12

.6
 (

2)
 

0.
20

 
(5

) 
7.

39
 

(2
7)

 
12

.1
 

(1
) 

0.
11

 
(2

) 
ol

 
4 

38
.8

 
(4

) 
0.

47
 

(8
) 

20
.7

 
(2

) 
0.

24
 

(3
) 

39
.7

 (
2)

 
0.

72
 

(1
2)

 
pl

 
5 

47
.8

 
(6

) 
32

.1
 

(4
) 

0.
84

 
(9

) 
0.

29
 

(3
) 

16
.1

 
(4

) 
0.

01
 

(1
) 

13
 

gl
 

5 
51

.5
 

(1
.2

) 
14

.0
 (

4)
 

1.
18

 
(5

) 
12

.0
 (

2)
 

0.
22

 
(6

) 
7.

34
 (

8)
 

12
.1

 
(2

) 
0.

16
 

(1
) 

ol
 

3 
39

.4
 (

5)
 

0.
44

 (
5)

 
0.

05
 (

4)
 

19
.9

 
(1

) 
0.

29
 

(4
) 

40
.7

 
(5

) 
0.

57
 

(5
) 

pl
 

3 
48

.4
 

(9
) 

31
.9

 
(4

) 
0.

72
 

(1
0)

 
0.

29
 (

9)
 

15
.8

 
(2

) 
0.

03
 

(1
) 

cp
x 

3 
52

.7
 (

1.
5)

 
3.

14
 (

48
) 

0.
70

 
(3

8)
 

8.
15

 
(2

.3
) 

0.
23

 
(1

1)
 

15
.3

 
(1

.5
) 

21
.0

 
(5

) 

2 
gl

 
4 

50
.7

 (
7)

 
13

.3
 

(4
) 

1.
83

 
(6

) 
12

.5
 

(4
) 

0.
21

 
(5

) 
7.

06
 

(2
9)

 
11

.5
 

(1
) 

0.
11

 
(1

) 
ol

 
4 

38
.9

 
(2

) 
0.

31
 

(1
0)

 
0.

06
 (

I)
 

21
.1

 
(1

) 
0.

32
 (

4)
 

39
.3

 
(4

) 
0.

51
 

(5
) 

pl
 

3 
48

.6
 

(1
) 

31
.2

 (
4)

 
0.

84
 

(2
0)

 
0.

34
 

(4
) 

15
.5

 (
3)

 
0.

03
 

(1
) 

cp
x 

3 
50

.1
 

(6
) 

2.
57

 (
88

) 
0.

72
 (

20
) 

8.
95

 
(3

9)
 

0.
24

 
(5

) 
14

.8
 

(5
) 

20
.5

 
(3

) 

4 
gl

 
6 

50
.5

 
(3

) 
13

:9
 (

8)
 

2.
00

 (
10

) 
13

.1
 

(4
) 

0.
20

 
(1

6)
 

6.
61

 
(2

2)
 

11
.7

 (
2)

 
0.

14
 (

1)
 

ol
 

5 
38

.4
 (

4)
 

0.
28

 
(2

1)
 

22
.6

 
(3

) 
0.

25
 

(3
) 

38
.6

 (
6)

 
0.

46
 

(5
) 

pl
 

4 
48

.8
 

(2
) 

31
.5

 
(3

) 
0.

66
 

(9
) 

0.
21

 
(4

) 
16

.0
 

(3
) 

0.
01

 
(1

) 
cp

x 
3 

52
.1

 
(7

) 
2.

29
 

(4
6)

 
0.

54
 

(1
8)

 
8.

15
 

(4
0)

 
0.

25
 

(8
) 

16
.5

 
(1

.2
) 

20
.1

 
(8

) 
cp

x 
3 

54
.1

 
(5

) 
1.

43
 

(4
5)

 
0.

24
 

(5
) 

13
.5

 
(2

) 
0.

37
 

(5
) 

25
.1

 
(8

) 
5.

34
 (

1.
5)

 

5 
gl

 
4 

49
.4

 
(5

) 
12

.2
 

(3
) 

3.
02

 (
14

) 
15

.5
 

(1
) 

0.
18

 
(6

) 
6.

51
 

(1
5)

 
11

.2
 (

1)
 

0.
12

 (
1)

 
ol

 
3 

37
.6

 (
7)

 
0.

43
 

(2
8)

 
0.

16
 (

5)
 

26
.3

 
(5

) 
0.

37
 

(4
) 

35
.7

 (
2)

 
0.

60
 

(1
9)

 
pl

 
5 

47
.9

 (
5)

 
31

.6
 

(6
) 

0.
91

 
(1

3)
 

0.
31

 
(5

) 
15

.6
 (

5)
 

0.
07

 
(1

) 
cp

x 
3 

52
.4

 (
8)

 
2.

52
 

(1
.2

) 
0.

55
 

(1
7)

 
10

.1
 

(1
.7

) 
0.

21
 

(7
) 

17
.0

 
(2

.0
) 

16
.3

 
(3

.3
) 

cp
x 

3 
53

.4
 (

7)
 

1.
57

 (
72

) 
0.

28
 

(7
) 

15
.4

 (
2)

 
0.

32
 

(3
) 

23
.0

 
(3

) 
5.

62
 (

25
) 

79
-3

8b
 

3 
gl

 
9 

54
.5

 
(6

) 
17

.1
 

(2
) 

0.
86

 
(2

) 
8.

21
 

(5
) 

0.
18

 
(6

) 
5.

85
 

(4
) 

8.
39

 
(3

) 
0.

90
 

(1
) 

11
 

gl
 

5 
53

.0
 (

5)
 

16
.6

 
(1

) 
0.

91
 

(3
) 

10
.2

 (
3)

 
0.

21
 

(2
) 

5.
95

 
(1

1)
 

8.
36

 (
8)

 
0.

93
 

(2
) 

pl
 

4 
50

.6
 (

4)
 

29
.7

 
(3

) 
0.

70
 

(6
) 

0.
21

 
(3

) 
14

.8
 

(2
) 

0.
15

 
(1

) 

1 
gi

 
5 

52
.5

 
(3

) 
15

.9
 

(1
) 

0.
87

 (
5)

 
11

.7
 (

2)
 

0.
08

 
(2

) 
5.

89
 

(8
) 

7.
91

 
(9

) 
0.

88
 

(4
) 

pl
 

4 
50

.0
 (

5)
 

30
.1

 
(1

) 
0.

87
 

(8
) 

0.
27

 (
3)

 
14

.1
 

(1
) 

0.
15

 
(2

) 

I0
 

gl
 

6 
55

.8
 

(3
) 

15
.1

 
(2

) 
1.

16
 (

3)
 

8.
88

 
(1

7)
 

0.
19

 
(3

) 
5.

50
 (

7)
 

7.
96

 (
16

) 
1.

10
 (

3)
 

ol
 

4 
38

.7
 

(7
) 

0.
31

 
(3

1)
 

0.
04

 
(3

) 
19

.3
 

(4
) 

0.
32

 
(3

) 
41

.1
 

(3
) 

0.
39

 
(8

) 
pl

 
4 

54
.0

 (
1)

 
27

.2
 (

6)
 

0.
59

 
(1

3)
 

0.
24

 
(3

) 
11

.8
 

(7
) 

0.
24

 (
2)

 

1.
67

 
(5

) 

1.
35

 
(7

) 

1.
36

 (
14

) 

1.
53

 
(1

5)
 

1.
37

 (
13

) 

1.
76

 (
8)

 

2.
03

 
(5

) 

1.
67

 (
11

) 

2.
42

 
(4

) 

1.
76

 
(1

0)
 

2.
13

 
09

) 

1.
56

 (
15

) 

2.
37

 
(2

8)
 

0.
26

 
(6

) 

1.
47

 
(7

) 

2.
15

 
(2

1)
 

0.
35

 
(1

3)
 

1.
35

 
(6

) 

2.
15

 
(4

0)
 

0.
20

 
(1

1)
 

0.
07

 
(4

) 

1.
18

 
(8

) 

2.
15

 
(2

5)
 

0.
21

 
(4

) 
0.

12
 

(1
2)

 

2.
65

 
(3

6)
 

2.
77

 
(1

0)
 

2.
84

 
(4

) 

2.
66

 
(8

) 
2.

99
 

(6
) 

2.
90

 
(7

) 

4.
08

 
(2

2)
 

0.
02

 
(2

) 

0.
03

 
(2

) 

0.
09

 
(3

) 
o.

10
 

(4
) 

0.
08

 
(4

) 
0.

06
 

(4
) 

0.
07

 
(2

) 

0.
04

 
(4

) 
0.

14
 

(4
) 

0.
05

 
(1

) 
0.

16
 

(4
) 

0.
29

 
(1

5)
 

0.
01

 
(1

) 
o.

04
 (

4)
 

0.
17

 
(1

0)
 

o.
o9

 (
4)

 
0.

0 

0.
27

 
(9

) 
0.

20
 

(6
) 

0.
04

 
(3

) 
0.

02
 

(2
) 

0.
29

 
(4

) 
O

.lO
 (

8)
 

O
.ll

 
(1

) 
0.

ol
 

(1
) 

0.
0 

0.
03

 
(3

) 
0.

03
 

(2
) 

10
0.

3 

99
.4

 
10

1.
3 

99
.6

 

99
.8

 
10

0.
3 

99
.3

 

98
.7

 
10

1.
2 

99
.2

 

99
.2

 
10

1.
3 

10
0.

1 

98
.8

 
10

0.
8 

99
.3

 

10
0.

1 
10

1.
5 

10
0.

0 
10

1.
7 

98
.7

 
10

0.
5 

98
.7

 
98

.5
 

96
.9

 
10

0.
6 

99
.4

 
10

0.
4 

10
0.

3 

99
.4

 
10

1.
2 

98
.5

 
99

.6
 

99
.8

 

98
.7

 

98
.9

 
99

.0
 

98
.4

 
98

.5
 

98
.6

 
10

0.
2 

98
.1

 



18
7 

79
-2

0e
 

2 
gl

 
6 

57
.9

 
(5

) 
14

.8
 

(2
) 

1.
16

 (
3)

 
8.

89
 

(1
6)

 
0.

15
 

(2
) 

5.
64

 
(5

) 
7.

60
 

(8
) 

1.
02

 
(3

) 
ol

 
5 

39
.4

 
(6

) 
0.

18
 

(1
5)

 
0.

0 
19

.5
 

(3
) 

0.
31

 
(5

) 
41

.9
 

(3
) 

0.
26

 
(2

) 
pl

 
4 

53
.7

 (
1.

2)
 

28
.5

 
(7

) 
0.

81
 

(7
) 

0.
0 

0.
31

 
(6

) 
12

.7
 

(6
) 

0.
16

 
(1

) 

4 
gt

 
6 

56
.3

 
(4

) 
15

.3
 

(2
) 

1.
12

 (
5)

 
10

.1
 

(2
) 

0.
11

 
(2

) 
5.

58
 

(1
2)

 
7.

55
 

(5
) 

1.
00

 
(3

) 
ol

 
4 

38
.7

 
(4

) 
0.

26
 (

13
) 

21
.3

 
(2

) 
0.

19
 

(2
) 

40
.2

 (
5)

 
0.

29
 

(3
) 

pl
 

5 
52

.0
 (

6)
 

28
.9

 
(7

) 
0.

0 
0.

96
 

(1
2)

 
0.

07
 

(2
) 

0.
29

 
(9

) 
13

.2
 (

3)
 

0.
20

 
(6

) 

5 
gl

 
6 

56
.8

 
(7

) 
14

.7
 

(1
) 

1.
53

 
(8

) 
10

.4
 (

3)
 

0.
13

 
(3

) 
4.

66
 

(1
8)

 
7.

36
 (

21
) 

1.
27

 
(7

) 
ol

 
3 

37
.9

 
(6

) 
0.

23
 

(5
) 

24
.4

 
(3

) 
0.

27
 

(4
) 

37
.6

 (
6)

 
0.

32
 

(2
) 

pl
 

4 
54

.7
 

(6
) 

28
.5

 
(2

) 
0.

94
 

(2
7)

 
0.

34
 

(1
0)

 
12

.0
 

(3
) 

0.
27

 
(2

) 
op

x 
3 

54
.5

 
(7

) 
1.

14
 (

20
) 

0.
20

 
(6

) 
15

.2
 

(4
) 

0.
33

 
(5

) 
26

.3
 

(5
) 

2.
28

 
(1

4)
 

6 
gl

 
4 

57
.8

 
(7

) 
13

.9
 

(2
) 

1.
80

 (
12

) 
11

.0
 

(4
) 

0.
15

 
(3

) 
3.

90
 

(1
1)

 
6.

93
 

(1
2)

 
1.

44
 (

8)
 

pl
 

3 
53

.4
 (

2)
 

28
.2

 
(4

) 
0.

03
 

(4
) 

0.
75

 
(1

3)
 

0.
25

 
(2

) 
12

.4
 

(4
) 

0.
24

 
(2

) 
op

x 
6 

53
.7

 
(6

) 
1.

13
 

(1
7)

 
0.

12
 

(2
) 

17
.8

 
(1

) 
0.

34
 

(5
) 

24
.3

 
(3

) 
2.

65
 

(1
6)

 

7 
gl

 
6 

56
.9

 
(3

) 
13

.7
 

(4
) 

2.
08

 
(8

) 
11

.4
 

(4
) 

0.
10

 
(4

) 
3.

54
 (

8)
 

7.
11

 
(1

8)
 

1.
80

 
(5

) 
ol

 
5 

36
.9

 
(5

) 
0.

23
 

(1
1)

 
30

.7
 

(3
) 

0.
31

 
(2

) 
32

.3
 

(7
) 

0.
39

 
(4

) 
pl

 
5 

53
.3

 
(7

) 
27

.5
 

(3
) 

1.
01

 
(1

2)
 

0.
23

 
(4

) 
11

.8
 

(3
) 

0.
28

 
(3

) 
cp

x 
5 

53
.3

 
(6

) 
0.

96
 

(2
4)

 
0.

34
 

(7
) 

17
.7

 
(5

) 
0.

38
 

(5
) 

22
.7

 
(8

) 
4.

84
 

(3
9)

 

8 
gl

 
4 

58
.7

 
(6

) 
13

.3
 

(3
) 

2.
56

 
(1

9)
 

10
.9

 
(4

) 
0.

07
 

(5
) 

2.
43

 
(9

) 
5.

98
 

(1
4)

 
2.

64
 

(4
) 

pl
 

5 
54

.7
 (

1.
0)

 
28

.7
 

(3
) 

0.
86

 
(9

) 
0.

29
 

(5
) 

12
.2

 (
3)

 
0.

42
 

(5
) 

cp
x 

8 
52

.9
 

(4
) 

0.
97

 
(2

7)
 

0.
49

 
(9

) 
18

.6
 

(5
) 

0.
37

 
(4

) 
21

.8
 

(3
) 

4.
37

 
(4

3)
 

9 
gl

 
3 

61
.0

 (
9)

 
13

.3
 

(3
) 

2.
74

 
(1

7)
 

9.
19

 
(5

3)
 

0.
05

 
(5

) 
2.

56
 

(2
3)

 
5.

90
 

(3
8)

 
2.

24
 

(1
6)

 
pl

 
6 

54
.6

 
(8

) 
28

.7
 

(6
) 

0.
86

 
(8

) 
0.

22
 

(1
) 

12
.0

 
(4

) 
0.

48
 

(5
) 

cp
x 

6 
53

.3
 

(3
) 

0.
95

 (
18

) 
0.

59
 

(6
) 

21
.3

 
(2

) 
0.

40
 

(3
) 

20
.0

 
(7

) 
4.

88
 

(4
8)

 

7 
gl

 
5 

55
.8

 
(7

) 
15

.8
 

(2
) 

1.
10

 
(3

) 
8.

32
 

(1
4)

 
0.

11
 

(4
) 

6.
41

 
(2

3)
 

8.
34

 (
6)

 
0.

82
 

(4
) 

ol
 

5 
40

.1
 

(6
) 

0.
46

 
(6

) 
0.

01
 

(1
) 

16
.4

 
(4

) 
0.

24
 

(4
) 

44
.1

 
(6

) 
0.

35
 

(5
) 

pl
 

4 
52

.4
 (

6)
 

29
.7

 
(6

) 
0.

83
 

(2
1)

 
0.

44
 

(1
0)

 
13

.6
 

(4
) 

0.
13

 
(1

) 

3 
gl

 
4 

57
.4

 (
9)

 
14

.7
 

(1
) 

1.
55

 
(8

) 
9.

97
 

(2
5)

 
0.

18
 

(3
) 

4.
71

 
(1

1)
 

8.
28

 
(7

) 
1.

09
 

(5
) 

ol
 

2 
38

.4
 (

5)
 

0.
27

 
(1

3)
 

0.
13

 
(9

) 
22

.9
 

(5
) 

0.
36

 
(3

) 
39

.0
 

(9
) 

0.
38

 
(3

) 
pl

 
3 

51
.9

 
(9

) 
29

.9
 

(5
) 

0.
65

 
(2

) 
0.

22
 

(4
) 

13
.4

 (
5)

 
0.

16
 

(4
) 

cp
x 

3 
55

.2
 

(6
) 

1.
08

 
(1

6)
 

0.
31

 
(6

) 
14

.1
 

(4
) 

0.
38

 
(6

) 
25

.3
 

(7
) 

4.
25

 
(4

8)
 

4 
gl

 
5 

58
.0

 (
6)

 
14

.7
 

(3
) 

2.
00

 (
7)

 
9.

90
 (

21
) 

0.
14

 
(2

) 
3.

99
 

(1
1)

 
7.

87
 

(1
5)

 
1.

40
 (

5)
 

ol
 

3 
38

.4
 (

1)
 

0.
14

 
(1

0)
 

0.
12

 (
1)

 
25

.3
 

(3
) 

0.
36

 
(4

) 
36

.7
 (

6)
 

0.
39

 
(2

) 
pl

 
3 

55
.6

 (
2)

 
28

.3
 

(5
) 

0.
81

 
(1

6)
 

0.
30

 
(9

) 
11

.6
 (

2)
 

0.
25

 
(2

) 
cp

x 
4 

54
.9

 
(2

) 
1.

09
 

(2
1)

 
0.

38
 

(1
0)

 
14

.9
 

(3
) 

0.
38

 
(4

) 
24

.6
 

(7
) 

4.
90

 
(5

6)
 

5 
gl

 
3 

57
.3

 
(1

) 
13

.5
 

(5
) 

2.
75

 
(4

) 
10

.7
 

(4
) 

0.
24

 
(3

) 
4.

06
 

(4
5)

 
7.

33
 

(2
0)

 
1.

80
 (

8)
 

ol
 

4 
37

.0
 

(3
) 

0.
14

 
(6

) 
0.

06
 

(3
) 

28
.7

 
(6

) 
0.

32
 

(3
) 

34
.3

 
(6

) 
0.

35
 

(5
) 

pl
 

5 
54

.1
 

(7
) 

27
.6

 (
9)

 
1.

16
 

(3
5)

 
0.

39
 

(2
8)

 
11

.5
 

(6
) 

0.
36

 
(8

) 
cp

x 
3 

52
.8

 
(3

) 
1.

54
 (

60
) 

0.
60

 
(2

6)
 

16
.5

 
(4

) 
0.

32
 

(1
0)

 
21

.8
 

(1
.5

) 
4.

60
 

(5
3)

 

1 
gl

 
5 

54
,3

 
(4

) 
15

.7
 (

1)
 

1.
21

 
(5

) 
10

.9
 

(2
) 

0.
10

 
(3

) 
5.

71
 

(8
) 

7.
81

 
(1

0)
 

0.
69

 
(1

) 
pl

 
4 

54
.9

 
(9

) 
26

.7
 

(6
) 

1.
00

 
(5

) 
0.

39
 

(1
2)

 
11

.7
 

(3
) 

0.
18

 
(2

) 

9 
gl

 
7 

53
.7

 
(5

) 
15

.4
 (

1)
 

1.
31

 
(5

) 
13

.4
 (

2)
 

0.
15

 
(3

) 
5.

20
 

(4
) 

7.
67

 
(7

) 
0.

74
 

(2
) 

pl
 

6 
53

.5
 

(4
) 

28
.8

 
(7

) 
0.

98
 

(1
4)

 
0.

22
 

(7
) 

12
.0

 (
2)

 
0.

16
 

(2
) 

ol
 

8 
38

.1
 

(3
) 

0.
12

 
(3

) 
0.

00
 

(1
) 

26
.6

 
(2

) 
0.

27
 

(2
) 

35
.1

 
(3

) 
0.

26
 

(2
) 

2.
04

 (
35

) 

3.
77

 (
27

) 

2.
29

 
(9

) 

3.
52

 (
38

) 

2.
26

 
(1

4)
 

4.
08

 
(1

7)
 

0.
07

 
(2

) 

1.
99

 
(5

) 
3.

71
 

(2
1)

 
0.

09
 

(5
) 

2.
31

 
(2

9)
 

4.
30

 
(8

) 
0.

07
 

(5
) 

1.
97

 
(1

9)
 

4.
21

 
(3

3)
 

0.
08

 
(4

) 

1.
42

 
(3

3)
 

4.
51

 
(2

7)
 

0.
09

 
(3

) 

2.
80

 
(9

) 

3.
62

 (
36

) 

2.
32

 
(3

3)
 

3.
77

 
(1

5)
 

0.
07

 
(7

) 

2.
64

 (
11

) 

4.
61

 
(2

0)
 

0.
12

 
(4

) 

2.
59

 (
30

) 

4.
32

 
(2

9)
 

0.
41

 
(2

5)
 

3.
00

 
(1

1)
 

4.
46

 
(1

2)
 

3.
01

 
(3

6)
 

4.
36

 
(2

4)
 

0.
02

 
(2

) 
0.

08
 

(4
) 

0.
09

 
(3

) 

0.
09

 
0.

0 

0.
15

 
(6

) 

o.
o9

 (
4)

 

0.
10

 
(4

) 

0.
10

 
(4

) 
0.

0 

0.
08

 
(5

) 

0.
08

 
(6

) 

o.
1o

 (
3)

 

0.
07

 
(2

) 

0.
09

 
(1

) 
0.

06
 

(4
) 

0.
15

 
(6

) 

o.
oi

 
(1

) 
0.

11
 

(7
) 

0.
13

 
(2

) 

0.
02

 
(2

) 
0.

08
 

(5
) 

0.
15

 
(3

) 

O
.O

l 
(1

) 
0.

01
 

(1
) 

0.
05

 
(4

) 

0.
10

 
(4

) 

0.
04

 
(2

) 

o.
oo

 (
1)

 

99
.2

 
]0

1.
6 

99
.9

 

99
.4

 
10

0.
9 

99
.2

 

99
.2

 
10

0.
7 

10
0.

8 
10

0.
2 

99
.0

 
99

.0
 

10
0.

1 

99
.0

 
10

0.
8 

98
.4

 
10

0.
4 

98
.6

 
10

1.
4 

99
.0

 

98
.5

 
10

1.
4 

10
1.

6 
99

.6
 

10
1.

8 
] 0

0.
7 

10
0.

2 
10

1.
5 

10
0.

0 
10

0.
8 

10
0.

7 
10

1.
5 

10
1.

5 
10

1.
4 

10
0.

3 
10

0.
9 

99
.4

 
98

.6
 

99
.5

 
99

.3
 

10
0.

6 
10

0.
0 

10
0.

4 

" 
Pa

re
nt

he
si

ze
d 

un
it

s 
re

pr
es

en
t 

on
e 

st
an

da
rd

 d
ev

ia
ti

on
 o

f 
re

pl
ic

at
e 

an
al

ys
es

 i
n 

te
rm

s 
of

 le
as

t 
un

it
s 

ci
te

d.
 T

hu
s,

 4
7.

5 
(7

) 
sh

ou
ld

 b
e 

re
ad

 4
7.

5 
_+

 0.
7 

t,
m

 



T
ab

le
 2

 (
co

nt
in

ue
d)

 
~,

 

R
un

# 
Ph

as
e 

# 
of

 
A

na
l-

 
ys

es
 

Si
O

 2 
A

12
03

 
T

iO
 2

 
F

eO
 

M
nO

 
M

gO
 

C
aO

 
K

2
0

 
N

a2
0 

C
r2

03
 

T
ot

al
 

79
-%

 

4 
gl

 
10

 
55

.1
 

pl
 

3 
56

.3
 

ol
 

9 
38

.0
 

5 
gl

 
5 

55
.7

 
pl

 
4 

54
.3

 
ol

 
4 

37
.3

 

10
 

gl
 

13
 

54
.5

 
pl

 
5 

55
.1

 
ol

 
10

 
36

.8
 

2 
gl

 
4 

55
.5

 
pl

 
5 

54
.4

 
ol

 
6 

37
.1

 
cp

x 
3 

53
.9

 

11
 

gl
 

9 
58

.0
 

pl
 

5 
54

.7
 

ol
 

9 
37

.3
 

8 
gl

 
11

 
55

.1
 

pl
 

8 
55

.1
 

ol
 

9 
36

.2
 

cp
x 

16
 

53
.3

 

12
 

gl
 

8 
57

.2
 

pl
 

6 
56

.6
 

ol
 

5 
36

.8
 

cp
x 

5 
53

.2
 

7 
pl

 
7 

55
.9

 
cp

x 
4 

51
.1

 

5 
gl

 
8 

58
.9

 

1 
gl

 
4 

6O
.5

 

4 
gl

 
8 

59
.5

 
pl

 
5 

56
.4

 

6 
gl

 
9 

59
.6

 
pl

 
5 

54
.3

 

3 
gl

 
7 

59
.7

 
pl

 
3 

56
.1

 

13
 

gl
 

3 
55

.7
 

pl
 

5 
55

.9
 

2 
gl

 
8 

60
.3

 
pl

 
5 

55
.4

 
op

x 
6 

53
.1

 

11
 

gl
 

13
 

60
.5

 
pl

 
9 

56
.0

 
op

x 
13

 
53

.1
 

ol
 

8 
36

.2
 (7

) 
14

.3
 

(3
) 

1.
55

 
(4

) 
10

.9
 

(2
) 

0.
15

 
(3

) 
4.

79
 

(1
0)

 
7.

86
 (

15
) 

0.
91

 
(4

) 
(1

) 
26

.0
 (

1)
 

1.
06

 (
14

) 
0.

40
 

(1
0)

 
10

.3
 

(6
) 

0.
25

 
(2

) 
(4

) 
0.

16
 

(9
) 

0.
09

 
(3

) 
24

.0
 (

2)
 

0.
37

 
(4

) 
37

.0
 

(3
) 

0.
37

 
(3

) 

(6
) 

14
.5

 
(2

) 
1.

69
 (

6)
 

11
.6

 (
3)

 
0.

09
 

(3
) 

4.
41

 
(7

) 
7.

84
 (

8)
 

0.
93

 
(3

) 
(1

) 
26

.6
 

(1
) 

1.
07

 (
10

) 
0.

24
 

(9
) 

11
.3

 
(6

) 
0.

19
 

(2
) 

(4
) 

0.
27

 
(1

7)
 

0.
08

 
(i

) 
26

.1
 

(2
) 

0.
37

 
(1

) 
35

.2
 

(4
) 

0.
52

 
(1

5)
 

(6
) 

13
.2

 (
3)

 
1.

66
 (

6)
 

12
.9

 
(3

) 
0.

16
 

(4
) 

4.
27

 
(1

7)
 

7.
84

 (
3)

 
0.

99
 

(6
) 

(8
) 

27
.5

 
(8

) 
1.

24
 (

11
) 

0.
29

 
(7

) 
11

.5
 

(5
) 

0.
23

 
(2

) 
(4

) 
0.

17
 

(1
0)

 
0.

05
 

(6
) 

30
.0

 (
6)

 
0.

32
 

(5
) 

32
.7

 (
6)

 
0.

44
 (

5)
 

(3
) 

13
.5

 
(3

) 
2.

22
 (

6)
 

11
.5

 
(2

) 
0.

19
 

(4
) 

3.
97

 (
19

) 
7.

54
 (

10
) 

1.
16

 (
2)

 
(7

) 
26

.6
 

(4
) 

1.
04

 (
13

) 
0.

27
 

(6
) 

10
.6

 (
2)

 
0.

24
 

(1
) 

(2
) 

0.
14

 
(8

) 
0.

14
 (

3)
 

29
.2

 
(5

) 
0.

45
 

(3
) 

32
.5

 
(4

) 
0.

41
 

(2
) 

(3
) 

1.
25

 
(1

9)
 

0.
35

 
(8

) 
17

.1
 

(2
) 

0.
44

 
(2

) 
22

.8
 

(4
) 

4.
56

 
(1

1)
 

0.
03

 
(1

) 

(1
.3

) 
13

.5
 

(7
) 

2.
78

 
(1

5)
 

12
.8

 
(4

) 
0.

17
 

(4
) 

3.
16

 (
10

) 
6.

85
 

(1
7)

 
1.

47
 (

7)
 

(7
) 

27
.7

 
(6

) 
1.

18
 

(4
2)

 
0.

28
 

(1
3)

 
11

.2
 (

4)
 

0.
26

 
(4

) 
(1

.0
) 

0.
20

 
(2

) 
0.

07
 

(4
) 

30
.3

 
(4

) 
0.

42
 

(4
) 

33
.9

 (
4)

 
0.

42
 

(4
) 

(4
) 

12
.6

 (
5)

 
2.

36
 

(1
1)

 
13

.4
 (

6)
 

0.
16

 
(5

) 
3.

46
 (

18
) 

7.
42

 (
20

) 
1.

33
 

(4
) 

(7
) 

26
.9

 
(5

) 
1.

09
 (

14
) 

0.
27

 
(8

) 
10

.6
 (

4)
 

0.
33

 
(2

) 
(5

) 
0.

22
 

(1
3)

 
0.

14
 

(1
2)

 
34

.4
 (

3)
 

0.
40

 
(6

) 
28

.8
 

(5
) 

0.
47

 
(9

) 
(4

) 
0.

81
 

(1
4)

 
0.

42
 

(5
) 

18
.8

 
(4

) 
0.

40
 

(5
) 

21
.4

 
(3

) 
4.

50
 

(1
8)

 
0.

03
 

(2
) 

(6
) 

13
.1

 
(4

) 
2.

71
 

(1
3)

 
13

.0
 (

4)
 

0.
20

 
(3

) 
3.

11
 

(3
0)

 
6.

97
 

(3
0)

 
1.

48
 

(5
) 

(1
.3

) 
26

.8
 

(1
.0

) 
1.

10
 (

12
) 

0.
23

 
(4

) 
10

.1
 

(4
) 

0.
35

 
(5

) 
(9

) 
0.

36
 

(1
6)

 
0.

09
 

(1
0)

 
35

.8
 

(6
) 

0.
50

 
(7

) 
29

.0
 

(4
) 

0.
43

 
(5

) 
(1

.1
) 

1.
07

 (
20

) 
0.

43
 

(1
2)

 
19

.3
 

(8
) 

0.
50

 
(3

) 
22

.1
 

(1
.1

) 
3.

89
 

(6
1)

 
0.

02
 

(2
) 

(7
) 

25
.5

 
(4

) 
1.

20
 (

21
) 

0.
09

 
(6

) 
9.

82
 (

26
) 

0.
44

 
(3

) 
(6

) 
0.

95
 

(1
5)

 
0.

34
 (

8)
 

2.
41

 
(3

) 
0.

41
 

(2
) 

17
.9

 (
6)

 
4.

69
 

(4
8)

 
0.

03
 

(2
) 

(4
) 

16
.5

 
(2

) 
1.

29
 (

4)
 

7.
91

 
(2

0)
 

0.
17

 
(3

) 
3.

04
 (

10
) 

6.
08

 
(1

4)
 

1.
24

 (
3)

 

(2
) 

16
.3

 
(1

) 
1.

31
 

(3
) 

8.
15

 
(1

6)
 

0.
07

 
(2

) 
2.

81
 

(9
) 

5.
91

 
(1

) 
1.

33
 

(3
) 

(6
) 

15
.7

 
(2

) 
1.

39
 (

6)
 

8.
68

 
(4

0)
 

0.
22

 
(1

3)
 

3.
12

 
(1

6)
 

5.
67

 
(2

4)
 

1.
36

 
(5

) 
(1

.0
) 

27
.9

 
(3

) 
0.

89
 

(9
) 

0.
21

 
(4

) 
10

.9
 

(6
) 

0.
24

 
(3

) 

(5
) 

15
.6

 (
1)

 
1.

43
 

(2
) 

9.
89

 
(2

9)
 

0.
15

 
(4

) 
3.

13
 

(6
) 

5.
44

 (
10

) 
1.

36
 (

3)
 

(3
) 

28
.6

 (
1)

 
1.

47
 

(8
) 

0.
23

 
(3

) 
11

.1
 

(2
) 

0.
13

 
(1

) 

(7
) 

15
.4

 (
3)

 
1.

53
 

(6
) 

8.
78

 
(5

2)
 

0.
20

 
(3

) 
3.

45
 

(2
6)

 
5.

62
 (

15
) 

1.
39

 (
6)

 
(1

.2
) 

27
.6

 (
8)

 
0.

96
 

(1
4)

 
0.

27
 

(1
1)

 
10

.8
 

(8
) 

0.
23

 
(3

) 

(4
) 

14
.1

 
(4

) 
1.

30
 (

7)
 

14
.0

 
(3

) 
0.

12
 

(2
) 

3.
24

 (
8)

 
5.

69
 

(1
2)

 
1.

27
 (

2)
 

(8
) 

27
.2

 (
4)

 
1.

02
 (

15
) 

0.
14

 
(4

) 
10

.8
 

(5
) 

0.
26

 
(3

) 

(9
) 

14
.6

 (
2)

 
1.

58
 (

7)
 

9.
19

 (
39

) 
0.

20
 

(4
) 

3.
17

 
(1

2)
 

5.
26

 
(1

8)
 

1.
47

 
(8

) 
(1

.0
) 

28
.3

 
(5

) 
0.

86
 (

20
) 

0.
21

 
(8

) 
11

.1
 

(2
) 

0.
21

 
(1

) 
(5

) 
0.

91
 

(2
4)

 
0.

33
 

(6
) 

17
.6

 
(8

) 
0.

49
 

(1
2)

 
24

.8
 

(7
) 

1.
67

 
(1

7)
 

0.
03

 
(1

) 

(6
) 

13
.6

 (
1)

 
1.

75
 

(8
) 

10
.6

 
(4

) 
0.

13
 

(3
) 

2.
79

 
(1

4)
 

5.
15

 
(1

9)
 

1.
67

 
(5

) 
(8

) 
26

.9
 (

5)
 

1.
07

 
(2

0)
 

0.
18

 
(6

) 
10

.5
 

(4
) 

0.
28

 
(3

) 
(4

) 
0.

80
 

(4
0)

 
0.

31
 

(6
) 

20
.3

 
(6

) 
0.

41
 

(5
) 

22
.4

 
(6

) 
2.

90
 (

23
) 

0.
02

 
(2

) 
(5

) 
0.

16
 

(5
) 

0.
18

 
(8

) 
33

.6
 

(6
) 

0.
44

 (
6)

 
29

.1
 

(4
) 

0.
33

 
(3

) 

3.
44

 (
19

) 
5.

31
 

(2
4)

 

3.
29

 
(1

5)
 

4.
74

 
(2

2)
 

0.
07

 
(2

) 

2.
88

 
(1

3)
 

4.
61

 
(1

8)
 

2.
93

 
(1

4)
 

4.
87

 
(1

0)
 

0.
25

 
(1

0)
 

2.
34

 
(3

3)
 

4.
84

 
(1

5)
 

2.
47

 
(2

0)
 

5.
20

 (
29

) 

0.
06

 
(5

) 

2.
11

 
(1

9)
 

5.
38

 
(1

7)
 

0.
07

 
(4

) 
5.

22
 (

14
) 

0.
00

 

3.
04

 (
27

) 

2.
45

 
(9

) 

2.
75

 
(1

6)
 

5.
21

 
(4

0)
 

2.
56

 
(3

0)
 

4.
63

 
(1

6)
 

2.
58

 
(1

6)
 

5.
12

 (
30

) 

2.
51

 
(3

2)
 

5.
62

 (
21

) 

2.
33

 
(1

6)
 

4.
97

 
(2

2)
 

0.
03

 
(6

) 

1.
82

 (
23

) 
5.

17
 (

24
) 

0.
02

 
(2

) 

0.
04

 
(4

) 

0.
03

 
(3

) 

0.
04

 
(3

) 

0.
06

 
(9

) 

0.
03

 
(2

) 

0.
04

 (
3)

 

0.
07

 
(3

) 

0.
05

 
(3

) 

0.
02

 
(2

) 

0.
09

 
(1

3)
 

0.
12

 
(4

) 

0.
05

 
(3

) 

0.
04

 (
4)

 
0.

05
 

(4
) 

0.
02

 
(2

) 

0.
00

 

0.
12

 (
4)

 

O
.O

l 
(1

) 

0.
02

 
(2

) 

0.
00

 

0.
03

 
(3

) 

0.
01

 
(2

) 

o.
oo

 (
1)

 

0.
02

 (
2)

 

0.
03

 
(4

) 
0.

04
 

(4
) 

99
.0

 
99

.6
 

10
0.

0 

10
0.

1 
98

.4
 

99
.9

 

98
.5

 
10

0.
5 

10
0.

5 

98
.6

 
98

.4
 

99
.9

 
10

0.
7 

10
1.

1 
10

0.
2 

10
2.

6 

98
.3

 
99

.5
 

10
0.

7 
99

.8
 

99
.9

 
10

0.
5 

10
3.

0 
10

0.
6 

98
.2

 
99

.5
 

98
.2

 

99
.0

 

98
.4

 
10

1.
7 

99
.2

 
10

0.
4 

98
.7

 
10

1.
0 

98
.0

 
10

0.
9 

98
.2

 
10

1.
0 

99
.0

 

98
.1

 
10

0.
1 

99
.9

 
10

0.
1 



T
ab

le
 2

 (
co

nt
in

ue
d)

 

79
-9

c 
7 

gl
 

7 
60

.8
 

(5
) 

33
.7

 
(1

3)
 

pl
 

4 
55

.3
 

(6
) 

27
.6

 (
3)

 
op

x 
11

 
52

.3
 

(3
) 

0.
83

 
(1

5)
 

ol
 

4 
35

.8
 

(7
) 

0.
53

 
(3

3)
 

17
 

gl
 

10
 

63
.2

 (
1.

1)
 

13
.9

 
(3

) 
pl

 
6 

57
.2

 
(4

) 
26

.5
 (

3)
 

op
x 

8 
53

.2
 

(1
.3

) 
1.

19
 

(1
5)

 

8 
gl

 
6 

64
.1

 
(2

) 
13

.4
 (

5)
 

pl
 

5 
57

.3
 

(4
) 

26
.5

 
(7

) 
cp

x 
15

 
51

.4
 (

5)
 

0.
86

 (
14

) 

1.
95

 
(5

) 

0.
38

 
(4

) 
0.

24
 (

11
) 

1.
84

 
(8

) 

0.
58

 (
6)

 

1.
99

 
(1

9)
 

0.
50

 (
5)

 

11
.3

 
(1

) 
1.

48
 

(2
0)

 
20

.9
 

(6
) 

36
,5

 
(1

.2
) 

9.
88

 
(3

9)
 

1.
12

 
(3

0)
 

20
.5

 
(8

) 

9.
33

 
(1

1)
 

1.
41

 (
11

) 
24

.5
 

(5
) 

0.
17

 
(2

) 

0.
52

 
(5

) 
0,

62
 

(3
) 

0.
16

 
(2

) 

0.
52

 
(6

) 

0.
15

 
(6

) 

0.
54

 
(5

) 

2.
55

 
(4

) 
0.

16
 

(5
) 

21
.9

 (
5)

 
26

.4
 

(4
) 

2.
37

 
(1

6)
 

0.
21

 
(9

) 
22

.4
 

(5
) 

1.
53

 
(2

5)
 

0.
13

 
(5

) 
18

.2
 (

4)
 

5.
03

 
(1

3)
 

10
.0

 
(5

) 
2.

78
 

(2
7)

 
0.

41
 

(1
1)

 

4.
98

 (
22

) 
9.

60
 (

30
) 

2.
74

 
(1

3)
 

4.
44

 
(2

7)
 

9.
07

 (
13

) 
3.

43
 

(1
3)

 

1.
67

 
(6

) 
0.

19
 

(2
) 

0.
03

 
(2

) 

1.
82

 (
7)

 
0.

40
 

(1
) 

0.
05

 
(1

) 

2.
11

 
(8

) 
0.

30
 (

4)
 

0.
06

 (
3)

 

1.
67

 
(3

0)
 

5.
17

 
(1

8)
 

0.
04

 
(4

) 

1.
47

 
(2

4)
 

5.
50

 
(1

2)
 

0.
05

 
(5

) 

1.
53

 
(1

6)
 

5.
70

 (
27

) 
0.

07
 

(9
) 

0.
01

 (
1)

 

0.
05

 
(4

) 
0.

11
 

(2
) 

0.
03

 
(4

) 

0.
03

 
(4

) 

O
.O

l 
(1

) 

0,
06

 (
4)

 

98
.8

 
99

,9
 

99
.8

 
10

0.
6 

99
.6

 
10

0.
5 

10
1.

2 

98
.6

 
10

0.
4 

99
,6

 

T
ab

le
 3

. 
H

ig
hJ

o 
2 

an
d 

co
ol

in
g 

ra
te

 e
xp

er
im

en
ts

 o
n 

79
-3

5g
 a

nd
 7

9-
38

b 

H
ig

h 
Jo

 2
 e

xp
er

im
en

ts
 

R
u

n
#

 
T

(~
 

lo
g 

fo
2 

D
ur

at
io

n 
R

un
 p

ro
du

ct
s 

(h
ou

rs
) 

79
-3

5g
 

46
 

1,
19

5 
-6

.6
3

 
16

5 
gl

, p
l,

 o
t 

48
 

1,
18

1 
--

6.
73

 
10

0 
gl

, p
l,

 o
l 

40
 

1,
16

7 
--

6.
81

 
16

1 
gl

, p
l,

 o
l 

41
 

1,
14

7 
--

7.
24

 
13

9 
gl

, 
pl

, 
ol

, 
px

 
44

 
1,

19
5 

--
4.

53
 

12
0.

5 
gl

, p
l,

 o
l, 

sp
 

45
 

1,
18

0 
-4

.8
3

 
12

1 
gl

, p
l,

 o
l, 

sp
 

42
 

1,
16

6 
-4

.8
0

 
11

7 
gl

, p
l,

 o
l, 

sp
, 

px
 

43
 

1,
14

8 
--

5.
13

 
11

7 
gl

, 
pl

, 
ol

, 
sp

, 
px

 

C
oo

li
ng

 r
at

e 
ex

pe
ri

m
en

ts
 

R
un

 #
 

Ti
m

 t 
du

ra
ti

on
 

Jo
2 

C
oo

li
ng

 
D

ur
a-

 
T

 f
in

al
 

R
un

 p
ro

du
ct

s 
ra

te
 

ti
on

 
(~

 
(~

 
(h

ou
rs

) 
(~

 
(h

ou
rs

) 

79
-3

5g
 

17
 

1,
22

4 
17

.5
 

Q
F

M
" 

2.
82

 
44

 
1,

10
0 

gl
, p

l,
 o

l 
18

 
1,

22
4 

17
.5

 
Q

F
M

 
2.

98
 

54
 

1,
06

3 
gl

, 
pl

, 
ol

, 
px

 
19

 
1,

22
3 

21
 

Q
F

M
 

2.
91

 
69

.5
 

1,
02

1 
gl

, 
pl

, 
ol

, 
px

, 
sp

 
20

 
1,

22
3 

21
 

Q
F

M
 

2.
96

 
8]

 
98

3 
gl

, p
l,

 o
l, 

px
, 

sp
 

25
 

1,
22

8 
23

 
N

N
O

+
 1

 
2.

66
 

39
.5

 
1,

12
3 

gl
, p

l,
 o

t, 
px

 
26

 
1,

22
8 

23
 

N
N

O
+

 1
 

2.
70

 
61

.5
 

1,
06

2 
gl

, p
l,

 o
l, 

px
, 

sp
 

79
-3

8b
 

12
 

1,
17

3 
14

.5
 

Q
F

M
 

1.
58

 
19

0 
87

2 
gl

, p
l,

 p
x,

 s
p 

17
 

1,
18

5 
37

 
Q

F
M

 
1.

31
 

19
7.

5 
92

7 
gl

, p
l,

 p
x,

 s
p 

18
 

1,
17

3 
46

 
Q

F
M

 
1.

09
 

14
6.

5 
1,

01
4 

gl
, p

l,
 o

l, 
px

, 
sp

 

a 
T

he
 c

oo
li

ng
 e

xp
er

im
en

t 
w

as
 b

eg
un

 a
t 

th
e 

in
di

ca
te

d 
bu

ff
er

. 
Q

F
M

 =
 q

ua
rt

z-
fa

ya
li

te
-m

ag
ne

ti
te

. N
N

O
 +

 1
 

in
di

ca
te

s 
1 

or
de

r 
of

 m
ag

ni
tu

de
 a

bo
ve

 t
he

 n
ic

ke
l-

ni
ck

el
 o

xi
de

 b
uf

fe
r 

"-~
 



168 

�9 

O 

o 

~D 

�9 

C~ 

~J 

~0 

2 .o 
E 

J 

C~ 

eo 
�9 

e~ 

�9 
e~ 

c~ 
Z 

�9 

�9 

z eq 
< 

~ . . . . . .  ~ Q ~  . . . . . .  

' a " 
c~ 

o 

c) 

c) 

T 

in 

~ C 

- Modoc  HAB 
7 g . 3 5 g  

Modoc BA 

7 g . 3 8 b  

J N 
ol pl aug 1]![ 

pl . ~sp 

g 
1 0 5 0  

1 2 5 0  - 

Medicine Lake 
Experiments 

OPOA 

7 9 . 2 0 e  

!i, 
g 

LPOA 

79,9c 1150  

i P 
g 

Fig. 2. Results of melting experiments on Medicine Lake Highland 
compositions. The order of phase appearance in the Modoc BA, 
OPOA and LPOA preclude a relationship to the HAB by low-P 
fractional crystallization. Experiments were run at the quartz-faya- 
lite-magnetite (QFM) buffer 

Table 5. Isotopic analyses of Medicine Lake Highland rocks 

Sample Rb (ppm) Sr (ppm) 878r/SOSr 

79-35i (Modoc HAB~) 1.4 171 0.70340_+ 5 
79-40e (Modoc BA) 21.3 207 0.70332 +_ 5 
80-13 (Modoc BA) 23.4 412 0.70369_+ 5 
79-32 149 112 0.70411 __. 5 

(Glass Mtn. rhyolite) 
80-11 (OPOA) 8.8 375 0.70360_+ 5 
79-25a (OPOA) 14.5 641 0.70344 + 5 
79-17 (OPOA) 20.7 616 0.70358 • 3 
79-18 (OPOA) 9.1 379 0.70356_ 3 
79-37j (OPOA) 16.9 599 0.70349 + 3 

Sample localities: 79-35i: same locality as 79-35g. 79-40e: 
Fleener's Chimney, T45N, R3E, sec 12, 0.25 mi. S. and 0.25 mi. 
W. of NE corner. 80-13: near Lava Camp, T44N, R3E, sec 3, 
0.5 mi. S. and 0.19 mi. E. of NW corner. 79-32: T44N, R4E, 
sec 26, 0.I mi. N. and 0.12 mi. E. of SW corner. 80-11: T44N, 
R3E, sec 14, 0.31 mi. S. and 0.5 mi. E. of NW corner. 79-25a: 
T44N, R2E, sec 24, 0.13 mi. S. of NW corner. 79-17: T44N, 
R3E, sec 23, 0.08 mi. S. and 0.47 mi. W. of NE corner. 79-18: 
T44N, R3E, sec 14, 0.37 mi. S. and 0.44 mi. E. of NW corner. 
79-37j: T44N, R3E, sec8, 0.4mi. N. and 0.31 mi. W. of SE 
corner 

Liquid Line of Descent at Medicine Lake 

In this section we consider the crystallization paths followed 
by high-alumina basalt starting composit ions,  and infer the 
processes that led to the composit ional  variation observed 
in the Medicine Lake lavas. The M o d o c  intersertal-subo- 
phitic high alumina basalt (Modoc  HAB)  is chosen as repre- 
sentative of  the parental magma type at the volcano. 
Though the sample used for the experiments (79-35g) came 
from one of  the youngest flows, HABs o f  similar bulk com- 
positions have been erupted throughout the volcano's histo- 
ry. The pre-shield H A B  units (Anderson's Warner basalt) 
and later Modoc  HABs  are high in MgO (8.5 to 10 wt.%) 
and A120 3 (17 to 21 wt.%) with SiO 2 contents of  47 to 
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MEDICINE LAKE -~ + 
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Oliv ~ Cpx 
Fig. 3. Low-pressure liquidus for Medicine Lake compositions. 
Projection is from plagioclase onto plane olivine (Oliv)-clinopyrox- 
ene (Cpx)-silica (Qtz). Liquids plotted on this diagram are plagio- 
clase-saturated and outline the olivine-augite (aug)-plagioclase, oI- 
ivine-pigeonite (pig)-plagioclase and olivine-orthopyroxene (opx)- 
plagioclase saturation surfaces. Crosses are experiments of Walker 
et al. (1979) on Oceanographer Fracture Zone (OFZ) basalts. Sym- 
bols for Medicine Lake Highland experiments are: diamonds = Me- 
dec HAB, squares=OPOA, triangles=Modoc BA, circles= 
LPOA. Microprobe analyses of liquids used for the projection are 
found in Table 2. This projection scheme is calculated by convert- 
ing wt.% oxides into mole %. Alkalis and alumina are converted 
to NaOo.s, KOo.s and A101.5. Mineral components are calculated 
in the following manner: 

Sum = SiOz- C a O -  2(KOo. s + NaOo.s) + Cr203 + Tie2 
Qtz =(SiO2-0.5 (Fee + M g O ) -  1.5 CAO-0.25 A10~.5 

- 2.75 (NaOo. s + KOo.s) + Cr203 + 0.5 TiO2)/sum 
P l a g =  1/2(Ale 1.s + NaOo.s - KO0.5)/sum 
Oliv = 1/2 (Fee + MgO + 1/2 (A101.5-KOo.5 -NaO0.5) 

- C a O -  2 Tie 2 - Cr203)/sum 
Cpx = C a O -  1/2 Ale1. s + 1/2 (KO0. 5 + NaOo.s)/sum 
Or = KOo.s/SUm 
Sp =(Cr20 s+TiO2)/sum 

Qtz 1 atm 

A : distributary \ ' ~ I ~  ......... PH2Q : lbOs O 
reaction k POA~..~! ~:! I X 

o?;"* .I/V. \ / o,o,, \ 

/.:'~ i \ /....-0,za \ oug \ 
/....o,,v 
OJiv ~ Aug 
Fig. 4. Cotectics and reaction curves at 1 atmosphere and inferred 
at pH20 - 1,000 bars. Pig and Opx mark the compositions of pi- 
geonite (W01o_1 i) and orthopyroxene (W02). Asterisks are the pro- 
jected bulk compositions of the HAB, OPOA, Modoc BA and 
LPOA lavas used for the experiments 

49 wt.%, F e O + F e z O  3 of  8 to 11 wt.% and low K 2 0  (0.10 
to 0.20 wt.%). The isotopic and trace element characteris- 
tics have varied considerably through time, and will be dis- 
cussed in a later section. The mixing of  HAB and rhyolite 
documented at Chimney Crater and Glass Mountain links 
the basalt and silicic lavas, and our petrogenetic model nec- 
essarily begins with fractionation processes that operate on 
the HAB parent. 

Low Pressure Phase Relations 

Since the crystallization histories of  the Medicine Lake 
Highland lavas involve plagioclase, olivine, augite, pigeon- 
ite and orthopyroxene, a projection scheme based on these 
components is used to display compositional variation. 
O 'Hara ' s  (1968) CMAS projection has been modified for 
this purpose. The microprobe analyses of  experimentally 
produced liquids are recalculated from wt. % oxides to mole 
% of  the components olivine, plagioclase, orthoclase, clino- 
pyroxene, silica and spinel, and 6-component space is sim- 
plified by projection into the tetrahedron olivine-clinopy- 
roxene-plagioclase-silica. The subprojection from plagio- 
clase to olivine-clinopyroxene-silica (Fig. 3) is similar to 
that used by Walker et al. (1979), differing in the exclusion 
of  orthoclase from the plagioclase component  and in calcu- 
lation of  chromite + ulv6spinel as an additional component.  
Glasses coexisting with plagioclase, olivine and pyroxene 
are used to construct the cotectics, reaction curves and reac- 
tion points in Fig. 3. This projected phase diagram, though 
similar to the system forsterite-diopside-silica of  Kushiro 
(1972b) and Longhi and Boudreau (1980) differs in several 
respects. The major difference is that the 5-phase point oliv- 
ine-augite-pigeonite-plagioclase-liquid is a distributary re- 
action point (pt. A, Fig. 4). In the system forsterite-diop- 
side-silica point A is a reaction point. The protoenstatite 
field is also absent in this iron and alkali-bearing system. 

The projection scheme is useful for calc-alkaline series 
rocks, but may not be strictly applicable for low-alkali sili- 
ca-rich suites. KzO contents vary from 0.12wt.% to 
~1.5  wt.% in the andesites and to ~ 4  wt.% in the rhyo- 
lites. The Fe2+/(FeZ++Mg)  also increases from mafic to 
silicic members, and different iron enrichment trends may 
have slightly different cotectic topologies (Longhi and 
Boudreau 1979). There are 3 reaction curves in the pseudo- 
ternary: olivine + pigeonite + plagioclase, olivine + orthopy- 
roxene + plagioclase and orthopyroxene + pigeonite + pla- 
gioclase. At  the olivine-pigeonite-orthopyroxene-plagio- 
clase-liquid point (pt. B, Fig. 4) olivine + liquid react to or- 
thopyroxene + pigeonite. 

Crystallization, Assimilation and Mixing Paths 

Under the conditions of  the experiments equilibrium crys- 
tallization for Modoc  HAB involves olivine+plagioclase 
separation until the liquid intercepts the olivine-plagioclase- 
augite cotectic. The 3-phase assemblage crystallizes and the 
liquid follows the cotectic to the distributary reaction 
point A (Fig. 4). Here augite, olivine and liquid react to 
pigeonite, the liquid becomes iron-enriched at a constant 
silica value and is exhausted. Compositions that lie within 
the triangle Oliv-Aug-Pig in Fig. 4 will crystallize completely 
at point A. Under conditions of  fractional crystallization 
an HAB liquid will crystallize olivine + plagioclase, become 
augite saturated and follow the augite-olivine-plagioclase 
cotectic to point A. Since point A is a distributary reaction 
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point, there exist two possible fractionation paths. One path 
follows the olivine-pigeonite-plagioclase reaction curve and 
the other follows the augite-pigeonite-plagioclase cotectic. 
In the case of perfect fractionation only the augite-pigeon- 
ite-ptagioclase curve may be followed, because both olivine 
and augite are removed from reaction with the liquid. Oliv- 
ine must be present in reaction with liquid for the olivine- 
pigeonite-plagioclase reaction curve to be followed�9 In gen- 
eral, bulk compositions that lie in the region defined by 
Oliv-Pig-A-Aug (Fig. 4) follow the pigeonite-augite-plagio- 
clase cotectic during fractional crystallization to the pigeon- 
ite-augite-plagioclase-qnartz eutectic. 

Fractional crystallization paths for compositions that 
plot above the lines Oliv-Pig-A move away from olivine 
to the olivine-pigeonite-plagioclase reaction curve�9 Olivine 
is removed from reaction and the liquid moves into the 
pigeonite+plagioclase primary phase volume away from 
pigeonite and intercepts the pigeonite-augite-plagioclase co- 
tectic. Crystallization of pigeonite, augite and plagioclase 
drives the liquid to the pigeonite-augite-plagioclase-quartz 
eutectic. 

Bulk compositions that lie above the line Oliv-B in Fig. 4 
will follow fractionation paths away from olivine to the 
olivine-orthopyroxene-plagioclase reaction curve. Olivine is 
removed from reaction and the liquid's composition moves 
into the orthopyroxene+plagioclase primary.phase vol- 
ume, following a path away from orthopyroxene. The liquid 
reaches the reaction curve orthopyroxene-pigeonite-plagio- 
clase, orthopyroxene is removed from reaction and the liq- 
uid follows a path away from pigeonite through the pigeon- 
ite+plagioclase primary phase volume to the augite-pi- 
geonite-plagioclase cotectic or the pigeonite-quartz-plagio- 
clase cotectic, depending on the bulk composition. Finally, 
the liquid reaches the pigeonite-augite-plagioclase-quartz 
eutectic. 

The presence of the distributary reaction point A pre- 
cludes any low-pressure fractional crystallization relation 
between an HAB parent and the compositionally evolved 
OPOA, Modoc BA and LPOA (Fig. 4). The phase appear- 
ance sequence observed in these samples and in the HAB 
(Fig. 2) is as predicted in the preceeding discussion. The 
OPOA, Modoc BA and LPOA reach olivine-pigeonite-pla- 
gioclase or olivine-orthopyroxene-plagioclase reaction 
curves. During fractional crystallization an HAB will not 
follow these cotectics. Instead, the liquid line of descent 
departs from point A and follows the augite-pigeonite-pla- 
gioclase cotectic. 

Three processes can allow an HAB parent to approach 
the compositions above the Oliv-Pig-A line and thereby frac- 
tionate along the pigeonite and orthopyroxene-saturated 
liquid lines of descent. The first process is fractionation 
at elevated water pressures. Eggler (1972) investigated the 
crystallization of a Paricutin andesite under conditions of 
elevated pressure and variable pH20. An increase in pH20 
suppresses the plagioclase stability field, expands the clino- 
pyroxene field and causes the orthopyroxene field to en- 
croach on the olivine primary phase volume. Eggler's exper- 
iments on Paricutin lava FP-16-52 located a multiple satu- 
ration point olivine-plagioclase-orthopyroxene-pigeou- 
ite(?)-liquid at pHzO = 1,000 bars, and the position of this 
reaction point (B') is obtained by projecting the composi- 
tion of FP-16-52 into the pseudoternary (Fig. 4). Point B' 
and, by inference, point A' are at higher SiO2 values than 
their low pressure equivalents and the accompanying co- 

i  'L:ua,,,qu,d 

MAGMA CHAMBER 

�9 ou0 \Mod,c,~ 

ol~v N ~2~~ 
Fig. 5. A summary of the magma chamber processes that operated 
to form Medicine Lake lavas. Parental HAB undergoes both frac- 
tional crystallization and assimilates a crustal component which 
alters its composition. Subsequent fractional crystallization of 
HAB produces dacite and rhyolite residual liquids. The assimila- 
tion vector projects toward rhyolite, a likely first liquid composi- 
tion produced by partially melting wallrock and xenoliths. Mixing 
of rhyolite and HAB generates Modoc BA, LPOA and dacite lavas 

tectic shifts shrink the olivine field and expand the orthopy- 
roxene and augite fields. 

The shift in cotectics caused by increased pH20 allows 
parental HAB to fractionate to liquids similar to the OPOA 
and the Modoc BA. Fractional crystallization of HAB at 
elevated HzO pressure begins with a smaller interval of 
olivine (_+plagioclase) removal. The high pressure olivine- 
augite-plagioclase cotectic is reached and cotectic crystalli- 
zation moves liquids over the 1 atmosphere Oliv-Pig-A 
barrier toward the distributary point A' (Fig. 4). If cotectic 
liquids that lie above Pig-A are separated from their crystal 
residues and moved to shallow-level magma reservoirs or 
erupted to the surface, lavas with the characteristics of 
OPOA and Modoc BA are produced. Point A' remains a 
distributary reaction point and liquids that lie below the 
line Oliv-Pig-A' will follow the pigeonite-augite-plagioclase 
cotectic as fractionation advances at p H 2 0 =  1,000 bars. 
Thus, A' prevents the production of andesite liquids (LPOA 
in Fig. 4) by fractionation of HAB at pH20 = 1,000 bars. 

A second process, assimilation, assists fractionation in 
moving liquids to compositions above the line Oliv-Pig-A. 
A parent HAB magma injected into continental crust heats 
and partially melts its surroundings subject to the limita- 
tions pointed out by Bowen (1928, chap. 10). The first melt 
produced from an assumed graywacke or argillite contami- 
nant is rhyolitic; higher percentages of partial melting could 
produce dacite�9 Thus, an assimilation vector (Fig. 5) drives 
liquids toward the silica-rich eutectic. Crystallization of 
HAB must accompany assimilation to provide the heat nec- 
essary to melt the surrounding rock and the resultant is 
combined assimilation and fractional crystallization or 
AFC (O'Hara 1977; Taylor 1980; DePaolo 1981). The AFC 
vector illustrated in Fig. 5 shows a possible trajectory for 
olivine fractionation + assimilation. At reaction point A or 
A', AFC moves the bulk composition into the pigeonite + 
plagioclase primary phase volume, assuming rhyolite as the 
assimilant. If dacite is the assimilant, AFC allows liquids 
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to follow the olivine + pigeonite +plagioclase reaction 
cllrve. 

The third process, magma mixing, generates lavas of 
intermediate composition by mixing an HAB parent with 
a rhyolite produced through the processes of fractionation 
or AFC. Fractional crystallization of HAB through point A 
or A' and down the pigeonite-augite-plagioclase cotectic 
to the eutectic oliv-aug-pig-qtz will produce rhyolite residu- 
al liquids. Mixing of a fresh parental HAB magma and 
the rhyolite creates intermediate compositions that lie above 
the oliv-pig-A line. A similar mixing process could involve 
rhyolite melts generated by fractionation + assimilation. 

Compositional Variations Among Medicine 
Lake Lavas 

Major Elements 

In the previous section we demonstrated that the Medicine 
Lake lavas chosen for the experiments could not be related 
through low pressure fractional crystallization of an HAB 
parent, and we discussed three processes which allowed a 
parental HAB to yield liquids similar to OPOA, Modoc 
BA and LPOA. In this section we discuss major element 
compositional variations observed in analyzed samples 
from Medicine Lake Highland using the data of Barsky 
(1975), Condie and Hayslip (1979) and Mertzman (1977a, 
b, 1979). The results of our experiments and those of Eggler 
are used to test the possibility that the observed composi- 
tional spread was produced by fractionation, involving oliv- 
ine + plagioclase + clinopyroxene, amphibole or magnetite 
at high f o ;  We conclude that o l iv+p lag+cpx  fractiona- 
t ion+assimilat ion+mixing combined to produce the ob- 
served compositional variations. 

Analyses of Medicine Lake volcanics are assumed to 
represent liquid compositions and are plotted in the pseudo- 
ternary planes olivine-diopside-silica (Fig. 6) and olivine- 
plagioclase-quartz (Fig. 7). FeO + Fe20 3 was calculated us- 
ing the Sack et al. (1980) estimation technique and the resul- 

9~ j A  Qtz HAB 
9o"%~ \ Modoc BA + 

\ o.oA. 

/~ ~gl \ rhyolite,, 
/ o * ~ I  \ & / .~.] ~ dacite 

/ ~+~ I \ 

/o,,v \ 
�9 + 

Fig. 6. Compositions of Medicine Lake Highland volcanics pro- 
jected into the pseudoternary olivine-clinopyroxene-silica. Cotec- 
tics are taken from Fig. 3 

HAB 
/~ Qtz Modoc BA + 

A / ~ OPOAx 
/ \ PAo 

Oliv Plag 
tz A 

/ 
L 

Fig. 7. A Compositions of the volcanics at Medicine Lake projected 
on the pseudoternary olivine-plagioclase-silica. B The fields for the 
lavas plotted in (A) are outlined. Also shown are the projected 
compositions of the multiply saturated experiments and points A 
and B (symbols are defined in Fig. 3). Stars show the projected 
compositions of the fractionation calculation (Table 6). The arrows 
illustrate how mixing between an HAB of variable composition 
and rhyolite produces the Modoc BA, OPOA and PA lavas 

tant FeO was used in the projection calculation. The QFM 
buffer and temperatures of 1,200 ~ C for HAB, 1,J00 ~ C for 
andesite and 1,000 ~ C for dacite and rhyolite were assumed. 
The compositional trend in Fig. 6 shows a linear variation 
from Modoc HAB to rhyolite and dacite. In other subpro- 
jections (Fig. 7) and in oxide-oxide variation diagrams 
(Fig. 8) a single linear trend is not visible. I f  it is assumed 
that magma mixing produced the trends, the olivine-plagio- 
clase-silica diagram shows several mixed lava groups. Mix- 
ing lines originating at rhyolite, and drawn through each 
group (Modoc BA, OPOA and PA) project to a variety 
of HAB parents (Fig. 7 b). The projections and the oxide- 
oxide plots show permissive evidence for mixing, but the 
trends are not obvious. The composition of phenocryst as- 
semblages and textural criteria provide supportive evidence 
(Gerlach and Grove J982), and some lavas (Glass Moun- 
tain dacite, Modoc BA, LPOA) can be identified as mix- 
tures of Mg-rich parental HAB and rhyolite. Other volcanic 
units (Lake Basalt, OPOA, PA) show evidence of mixing 
a compositionally evolved basalt parent and rhyolite, 
whereas others lack evidence for magma mixing. 
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Fig. 8. Harker variation diagrams show the compositional varia- 
tions among Medicine Lake lavas. Solid dots are the fractionation 
calculation (Table 6) plotted in 0A increments of F (% of liquid 
remaining) from F= t.0 to F=0.5 

Fractionation Models for Major Element Variation 

Olivine + Plagioclase + Clinopyroxene Fractionation. Several 
OPOA lavas studied by Gerlach and Grove (1982) do not 
contain textural or petrographic evidence for mixing of an 
Mg-rich basalt with rhyolite prior to eruption. We assumed 
that fractional crystallization of HAB at elevated pressures 
produced these lavas, and calculated a fractional crystalliza- 
tion path that approached the composition of these 
OPOAs. Warner basalt was chosen as the parent (Table 6) 
and removal of olivine + plagioclase in weight proportions 
(50: 50) followed by olivine + clinopyroxene + plagioclase in 
the weight proportions (30: 30: 40) reproduced the composi- 
tions of silica-poor OPOAs after 50% fractionation. This 
assumed fractionation path could occur at moderate crustal 
pressures (1 to 3 kbar) and water-undersaturated condi- 
tions. The calculated fractionation path (Fig. 7 b and Fig. 8) 
approaches the compositions of the OPOAs on the projec- 

tion scheme and on the variation diagrams for MgO, FeO + 
Fe20 3 vs. SiO2, but departs for AlzO 3 and K 2 0  vs. SiO 2. 
The lack of agreement between calculated KzO abundance 
and that observed in the OPOAs is extreme, and the inter- 
mediate lavas are 2 to 3 times higher in K 2 0  than calculated 
by the fractionation model. 

Fraetionation Models for Major Element Variation 

Amphibole Fractionation. The effects of amphibole fraction- 
ation on major and trace element abundances are poorly 
understood, and distribution coefficients vary widely de- 
pending on the composition of the melt and amphibole 
(Cawthorn 1976; Irving 1978). Amphibole fractionation 
would require high pressures and high water contents (P > 
8 kbar and 3 wt.% H20, Eggler and Burnham 1973). Geo- 
physical evidence permits the existence of a shallow magma 
chamber beneath Medicine Lake Highland (Finn and Wil- 
liams 1982). Though the presence of shallow magma reser- 
voirs does not preclude the possibility that amphibole frac- 
tionation played a role at Medicine Lake Highland, we 
find no petrographic evidence for amphibole early in the 
petrogenetic history. Amphibole occurs only rarely at Medi- 
cine Lake in the dacite and rhyolite glass flows (Mertzman 
and Williams 1981). The amphibole reported by Mertzman 
(1978) from Little Mount Hoffman HAB is compositionally 
similar to those found in the silicic magmas, and was prob- 
ably incorporated during magma mixing. Thus, we reject 
amphibole fractionation because we cannot model the 
process and because we see no petrographic evidence for 
early amphibole crystallization. 

Fractionation Models for Major Element Variation 

Magnetite Fractionation. Osborn (1959) discussed the ef- 
fects produced by fractional crystallization under variable 
fo2 conditions, and suggested that the iron-enrichment (tho- 
leiitic) and the iron-depletion (calc-alkalic) trends could be 
produced by crystallizing the same parental magma at dif- 
ferent oxygen activities. Osborn proposed that the tholeiitic 
trend formed under conditions of low fo2 crystallization. 
The phase diagram (Fig. 4) confirms this prediction; paren- 
tal basalt magma crystallizes to the distributary reaction 
point A or A' and undergoes iron enrichment at constant 
silica contents until olivine and augite are removed from 
contact with the liquid. Osborn proposed that magnetite 
crystallized as a liquidus phase under oxidizing conditions 
and allowed the early silica enrichment and iron depletion 
characteristic of the calc-alkalic series. Osborn's hypothesis 
was tested experimentally using the Modoc intersertal HAB 
parent. Fractional crystallization experiments were per- 
formed at linear cooling rates at an fo2 of the NNO and 
QFM buffer, and isothermal experiments were performed 
2 and 4 orders of magnitude above the QFM buffer. The 
iron-enrichment trend is followed in the low pressure cool- 
ing rate experiments, as shown when the liquid composi- 
tions from these experiments are compared with the Medi- 
cine Lake lavas on FeO*/MgO vs. SiO2 and FeO* plots 
(Fig. 9, FeO* = FeO+ 0.9 FezO3). The contrasting trends 
parallel the tholeiitic and calc-alkalic trends as defined by 
Miyashiro (1974). Experimentally produced iron-enrich- 
ment occurs at the distributary point, where the reaction 
of olivine+augite+-+pigeonite occurs at constant silica 
values. When olivine and augite are removed from reaction, 
augite + pigeonite + plagioclase crystallization changes the 
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Fig. 9. FeO*/MgO plotted against SiO 2 and FeO* (FeO* = FeO + 
0.9 FezO3). Miyashiro (1974) used these coordinates to discuss 
calc-alkalic vs. tholeiitic differentiation trends. The Medicine Lake 
lavas follow a calc-alkalic trend, while residual liquids produced 
by crystallization of HAB (Tables 2 and 4) outline the tholeiitic 
trend 

liquid composition rapidly to the SiOz-rich cotectic. Im- 
miscible liquids of dacite and ferrobasalt form at the highest 
percentages of crystallization. (The compositions are not 
reported because the small size of the immiscible blebs pro- 
hibited quantitative analysis). Kuno (1965) found evidence 
for a similar fractionation path in Warner HAB lava flows. 

The AFM projection also shows the characteristic iron- 
enrichment path followed by Modoc HAB (Fig. 10) when 
crystallized at the QFM and NNO buffer. The isothermal 
experiments performed at highfo ' show early alkali enrich- 
ment and iron depletion, and as suggested by Osborn (1959), 
the early magnetite precipitation can produce a calc-alkalic 
trend. Fractional crystallization of the Modoc intersertal- 
porphyritic BA also follows a calc-alkalic trend (Fig. 10), 
which would be predicted by the phase diagram (Fig. 4). 
The Modoc BA lies above the line Oliv-Pig-A and fraction- 
ates along orthopyroxene and pigeonite-saturated curves 
to andesite, dacite and rhyolite residual liquids. 

The Medicine Lake Highland lavas follow the AFM 
trend characteristic of the calc-alkalic series (Fig. 10a). 
Note that the loss of ~ 30% Na20  displaces the experi- 
ments to lower K z O + N a 2 0  proportions (Fig. 10b). De- 
spite the limitations imposed by alkali loss, the contrasting 
fractionation trends are recognizable. The Modoc HAB 
parent crystallized along a line of iron-enrichment, and be- 
cause Modoc BA is compositionally evolved the calc-alkalic 
trend is followed during fractionation. The highfo2 experi- 
ments begin a trend that may follow a calc-alkalic line, 
and crystallization under oxidizing conditions can not be 
ruled out, in general, as a means for generating an iron- 
depletion and silica-enrichment trend. However, there is no 
evidence for the required high fo2 in the Medicine Lake 
lavas. Magnetite-ilmenite pairs from Medicine Lake dacites 
indicate fo ,  near QFM buffer (Gerlach and Grove 1982), 
and oxygen fugacity estimates from other Cascade volcan- 
oes yieldfo, near the NNO buffer (Drory and Ulmer 1974; 
Anderson 1975). 

In addition, fractional crystallization at high fo ,  also 
fails to account for the large increases in K20 (Fig. 8) from 
HAB (0.1 to 0.2) to OPOA lavas (0.6 to 1.0). Consequently, 
some of the major element variations in Medicine Lake 
lavas are consistent with fractional crystallization of oliv- 
ine+ plagioclase + clinopyroxene___ magnetite, but these 
fractionation models cannot reproduce the large increases 
in incompatible elements such as KzO. 

FeO + Fe203 A 

/ \ rhyol!te . 

K20 +Na20 MgO 
FeO§ Fe203 

A 
COOLING RATE A X 

B 

and / ~ \  X 
High fo2 / .  "N ~.O_ X 

K20 + Na20 MgO 
Fig. 10. A AFM diagram for Medicine Lake Highland volcanics. 
B Cooling rate and high fo2 experiments are plotted on the AFM 
diagram. Diamonds are highly fractionated liquids produced in 
cooling rate experiments on the HAB at the QFM buffer. The 
snowflake symbols are experiments performed at 2 and 4 orders 
of magnitude above QFM. These high fo2 experiments begin a 
calc-alkalic trend but have a higher Na/K ratio than the Medicine 
Lake lavas. The triangles are fractionated residual liquids from 
cooling rate experiments on 79-38b. These liquids follow the calc- 
alkalic trend 

Trace Elements 

Medicine Lake volcano has been the subject of several ear- 
lier geochemical studies incorporating trace-element and 
isotopic analyses (Barsky 1975, Condie and Hayslip 1975; 
Mertzman 1977a, b, 1979). In this section we focus on ele- 
ments which are useful in identifying the relative roles of 
fractional crystallization, assimilation and mixing. For ex- 
ample, elements which are highly compatible with respect 
to the crystallizing assemblage are strongly controlled by 
fractionation, whereas elements which have low abun- 
dances in parental HAB relative to crustal rocks are sensi- 
tive to assimilation. 
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Fig. 12. Ni vs. SiO2 variations from Fig. 11 showing the fields of 
eruptive units. Burnt and DH outline the Ni data from Burnt 
lava flow and Devil's Homestead flow while Sch and Cal outline 
the Ni values for the Schonchin and Callahan flows. The fractiona- 
tion (frac) and AFC calculations from Table 6 are plotted as solid 
dots. Each dot is a 0.1 increment in F (F = % of liquid remaining) 
from F=I.0 to F=0.5. Lines with arrows show how mixing of 
rhyolite (assumed to be low in Ni) and HAB can produce the 
Ni variations observed in the Modoc BAs 
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Unfortunately the trace element data set available from 
the literature is of limited use because of incomplete data 
for some elements and poor documentation of sample loca- 
tions in some cases. Because most samples analyzed for 
trace elements were not identified in terms of Anderson's 
stratigraphy for the volcano, we have arbitrarily reclassified 
those samples which could not be assigned on the basis 
of location using compositional criteria (e.g. HABs have 
less than 3 ppm Rb and less than 5!% SiO2). Despite these 
difficulties, the trace-element data provide some important 
petrogenetic constraints. 

Compatible Elements: Ni  and Sr 

Variations in abundances of trace elements which are com- 
patible with respect to minerals in the low-pressure crystalli- 
zation assemblage are consistent with an important role 
for fractionation in the petrogenesis of Medicine Lake la- 
vas. Figure 11 displays the behavior of Ni, which is strongly 
partitioned into olivine and clinopyroxene, The steep drop 
in Ni concentrations in the HAB can be explained by the 
efficient extraction of this element from the melt by olivine 
and augite. The OPOA and PA groups have similar Ni 
contents ranging from less than 5 ppm to slightly over 
50 ppm. The Ni abundances in Modoc BAs are higher than 
those of the OPOAs and PAs. Such elevated Ni concentra- 
tions are not consistent with fractionation; the calculation 
reported in Table 6 predicts 20 to 1 ppm Ni in lavas with 
the major element compositions of Modoc BAs. As shown 
in Fig. 12 the Modoc BAs form elongate fields which repre- 
sent individual flows. The direction of elongation can be 
produced by mixing basalt with rhyolite (no analyses of 
Ni in rhyolite are reported, but Ni abundance is low, if 
similar to other calc-alkaline rhyolites). The highest Ni con- 
tents at 60% SiO 2 (20 ppm) are found in LPOA lavas, 
which show textural and phase chemistry evidence for mix- 
ing of basalt and rhyolite. Other OPOA and PA lavas re- 
quire mixing of Ni-rich and Ni-poor mafic magma with 
rhyolite. 

Plagioclase has played an important role in the petro- 
genesis of these rocks, as evidenced by petrographic obser- 
vations and the results of our crystallization experiments. 
Variations in the Sr contents of HAB parent magmas, 
changes in the proportion of phases in the crystallizing as- 
semblage and variations caused by the compositional de- 
pendence of DSp~ag combine to produce complicated Sr be- 
havior (Fig. 13). 

HAB's range widely in their Sr contents, from 150 to 
almost 600 ppm. OPOA lavas are characterized by uni- 
formly high concentrations (600-700 ppm), most PAs are 
lower (400-550), and rhyolite values cluster around 
100 ppm. Extreme diversity is found in the Modoc BA 
group, whose Sr contents span nearly the entire range found 
in all other rock types. Some individual flow units define 
elongate arrays that trend toward the rhyolite composition. 
As indicated schematically (Fig. 14), this elongation is con- 
sistent with late-stage mixing of rhyolite with more mafic 
Modoc magma. Sr concentrations in daeites can also be 
explained by mixing of rhyolite and less evolved composi- 
tions. 

Lithophile Elements.  Rb 

In the Medicine Lake lavas Rb contents are positively corre- 
lated with SiO2 (Fig. 15). Progressively higher Rb concen- 
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Fig. 14. Sr vs. SiO2 variations from Fig. 13 with the fields of erup- 
tive units outlined. HAB lavas show a wide variation in Sr content. 
Individual Modoc BA flows can be recognized on this plot as 
mixtures of low-Sr, high-SiO2 rhyolite and HAB of variable Sr 
content. Mixing lines emphasize the expected Sr variations. The 
fractionation ([rac) and AFC calculations from Table 6 are plotted 
as solid dots. Each dot represents a 0.1 increment in F (% of liquid 
remaining) from 1.0 to 0.5. The dotted line extending from the 
AFC calculation illustrates how continued AFC would produce 
some PA lavas 
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Fig. 15. Rb (ppm) vs. SiO 2 (wt.%) variations for Medicine Lake 
lavas 

trat ions are found in the sequence HAB-OPOA-PA ,  and 
Rb  variat ion in each lava type defines arrays which are 
elongated toward  the rhyolite composi t ion (Fig. 16). Da-  
cites and rhyolites are distinct from other rock types, with 
Rb  concentrat ions of  150-170 and 100-130 ppm respective- 
ly. All  intermediate lavas have Rb  concentrat ions in excess 
of  those which can be produced by simple fractional crystal- 
l ization of  reasonable amounts  o f  low pressure mineral  as- 
semblages from Medicine Lake  HAB composi t ion 
(Table 6). This statement applies to some other incompati-  
ble elements as well, and is characteristic of  other calc- 
alkalic suites (Gill 1981). Both assimilation of  Rb-r ich crus- 
tal rock and mixing with more Rb-rich magma such as 
rhyolite are capable of  producing such enrichments 

100 , , , , , , , , ' I ' ' ' ~ ' ' ' ' ' 

S i O  2 

Fig. 16. Schematic Rb vs. SiO2 relations similar to those for Ni 
(Fig. 12) and Sr (Fig. 14). Mixing lines, AFC and frac curves are 
the same as those described in Fig. 14. The dashed AFC line that 
enters the Modoc BA field schematically shows that a higher r 
value is required to produce the incompatible element (and 
isotopic) characteristics of Modoc BAs 
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Fig. 17. 878r/S6Sr vs. 1/St for Medicine Lake rocks. The figure 
shows existing and new analyses (Table 5). The aphyric Modoc 
BAs are those discussed by Mertzman (1979). The HAB field does 
not enclose the late highly variable Modoc HABs which range 
from 0.7027 to 0.7034 

(Fig. 16), but  discrimination between these two alternatives 
is difficult. This task requires integrat ion of  isotopic, tex- 
tural  and bulk chemical data,  and is discussed in the next 
section. 

Sr Isotopic Systematics 

Figure 17 is a 1/Sr vs. 87Sr/S6Sr d iagram on which all avail- 
able analyses of  rocks from Medicine Lake are plot ted 
(Mertzman 1979; Barsky 1975; Peterman et al. 1970) in- 
cluding da ta  for nine of  our samples (Table 5). The lavas 
form 4 broad  groups:  (1) Mos t  H A B  analyses fall in a field 
with roughly c o n s t a n t  8 7 S r / S 6 S r  and Sr concentrat ions 
which vary from 230 to 620 ppm, al though a few M o d o c  
HAB samples vary more widely in SVSr/S6Sr. ( 2 ) O P O A  
lavas are characterized by high Sr concentrat ions 
(430-670 ppm) which are negatively correlated with 87Sr/ 
S6Sr from 0.7029 to 0.7038. (3) M o d o c  BAs scatter widely 
in the region between the HAB and rhyolite fields. An  
aphyric  subset of  these analyzed by Mer tzman also shows 
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a correlation between 1/Sr and 87/86. Rhyolites and dacites 
plot in a restricted range of STSr/S~Sr (0.7039-0.7043), with 
Sr contents of around 100 and 225 ppm respectively. Thus, 
the lavas at Medicine Lake are quite heterogeneous with 
respect to isotopic composition, but there are some syste- 
matic aspects of their heterogeneity. 

Some of the isotopic variability is inherited from the 
source regions of the Medicine Lake HABs, because HABs 
with <2  ppm Rb range in SVSr/SGSr from 0,7027 to 0.7034. 
Consequently, at least this range is expected in lavas derived 
from the HAB. However, most andesites, dacites and rhyo- 
lites have higher 87Sr/86Sr, and an additional process is 
required. Mertzman (1979) ascribed all the isotopic hetero- 
geneity in HAB, OPOA and PA samples he analyzed to 
the source region, arguing that the correlation of Rb/Sr 
with 87Sr/S6Sr was a mantle isochron (Brooks et al. 1976). 
Such correlations or pseudo-isochrons have been reported 
from other andesitic volcanoes in both continental and 
island-arc settings (Ewart et al. 1973; Klerkx et al. 1977). 
Interpretation of these arrays as mantle isochrons with age 
significance is based on the assumption that the measured 
Rb/Sr ratios of the lavas reflect those of the source region. 
Such an assumption seems unwarranted for these rocks, 
since many of their features suggest later modification by 
fractionation and magma mixing, both of which would 
change their Rb/Sr ratios. One important point favoring 
the mantle isochron model was ~he excellent lineality of 
Mertzman's data. However, when these data are plotted 
together with other published analyses and our analyses 
of aphyric OPOAs (Table 5), a much greater amount of 
scatter is observed. 

The isotopic data can be explained if Medicine Lake 
Iavas formed by the interplay of assimilation, fractional 
crystallization and magma mixing. Though isotopic hetero- 
geneities exist in the parent basalt, the bulk of HAB data 
indicate that a relatively uniform magma composition with 
S7Sr/S6Sr=0.7029-0.7030, <2  ppm Rb and 250-350 ppm 
Sr was supplied to the volcano throughout its history. The 
elongate field of HABs (Fig, 17) is consistent in slope with 
fractionation of the low pressure assemblage used in b e  
AFC calculation, combined with assimilation of a small 
amount of wall rock such as the assumed graywacke com- 
position (Table 6, 87Sr/86Sr=0.7095). However, the lavas 
are enriched in Sr, when compared to the AFC calculation 
reported in Table 6. De Paolo (1981) has discussed a model 
for generating the high Sr concentrations observed in the 
mafic lavas from many subduction zone volcanic complexes 
which invokes high proportions of assimilation to fraction- 
ation (r) and suppression of plagioclase fractionation by 
either increasing water pressure or suspending the neutrally 
buoyant crystals. We have attempted to apply his model 
to Medicine Lake rocks and found it impossible to generate 
the observed major element variations without involving sub- 
stantial amounts of plagioclase (Table 6). Also, high ratios 
of r would produce a much steeper negative slope than 
is observed in the HAB array (Fig. 17), since incorporation 
of radiogenic Sr from the wall rock rapidly increases the 
87Sr/S6Sr of the magma, The high STSr/S6Sr (0.7095, 
Table 6) assumed for assimitant, however, seems necessary 
to account for the strong elevation of STSr/SeSr in the Mo- 
doc BAs. A possible explanation for the discrepancy be- 
tween the HAB trend and the model is that the evolution 
of HAB compositions may not take place in a shallow-level 
chamber; they could for example have been modified dur- 

ing ascent through the lower crust, or even pooled at the 
base of the crust, as suggested by Gilt (1981, his Fig. 3.8). 
In that case, HABs may have interacted with country rocks 
of much different composition from our proposed gray- 
wacke assimilant; a high-Sr, low 878r/S6Sr assimilant such 
as mafic igneous rock would be suitable for the observed 
HAB array. In summary, our AFC model (Table 6) fails 
to reproduce the high Sr contents of the intermediate rocks, 
which could result from errors in the assumed D~ ag or in 
the inferred phase assemblage. 

The strongest evidence of assimilation of high aTSr/S6Sr 
material is found in the OPOA and PA lavas which form 
an array with positive slope on Fig. 17 and are similar in 
this respect to lavas from other calc-alkaline volcanoes 
(Iames etaI. 1976; Briqueu and Lancelot 1979). Briqueu 
and Lancelot (1979) and DePaolo (1981) have discussed 
the possible role of AFC in producing such trends. The 
decreasing Sr concentrations in the increasingly contamin- 
ated OPOA and PA lavas indicate a higher bulk D for 
Sr during this stage of magmatic evolution than during 
the HAB stage ofevolution. The elevated Dsr may be caused 
by an increased proportion of plagioclase crystallization 
in the fractionating assemblage, or by higher D~ "g at these 
lower temperatures. The aphyric Modoc BAs follow a simi- 
lar trend of increasing 87Sr/S6Sr with decreasing Sr, which 
can be accounted for by the AFC process. Modoc lavas 
have higher Sr isotopic ratios at equal values of SiOz than 
their OPOA counterparts, suggesting higher r values, Evi- 
dence for mixing between rhyolite and HAB magma, which 
is a first-order feature of these rocks on many other dia- 
grams, is lacking in Fig. 17, in large part because of the 
paucity of multiple samples from single flows. In any case, 
because of the compression of the diagram at high Sr con- 
tents, and the much higher Sr concentrations of Modoc 
BA's relative to rhyolite, effects of mixing would not be 
well-displayed. The large degree of scatter in Modoc analy- 
ses when all samples are plotted may be from several 
sources. First, the source regions for Modoc magmas are 
heterogeneous (all three HAB with S7Sr/86Sa::/:0.7030• 
are Modoc rocks). Secondly, many are more porphyritic 
than their OPOA counterparts; inhomogeneous distribution 
of phenocrysts would cause scatter on Fig. 17. This is sug- 
gested by the tighter array formed by aphyric rocks. Finally, 
mixing of up to 35% rhyolite into these magmas prior to 
eruption would shift their compositions a small but variable 
distance to the right on Fig. 17. 

Rhyolites and dacites at Medicine Lake have the highest 
87Sr/86Sr measured from the area, indicating the largest 
degree of interaction with crustal rocks, but we conclude 
that these magmas are not chemically equivalent to the 
assimilated component. Since dacites show abundant tex- 
tural and chemical evidence of late stage mixing between 
rhyolite and more mafic magmas, their Sr isotope signature 
can be explained as a feature inherited from the rhyolite, 
which is the dominant component of the mix. 

Origin of Medicine Lake Lavas by Fractionation, 
Assimilation and Magma Mixing 

In the previous sections we considered the ways in which 
fractional crystallization, assimilation and magma mixing 
affect the liquid line of descent of an HAB parent magma. 
A fractional crystallization model using olivine+plagio- 
clase+clinopyroxene approached the composition of 
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OPOA lavas, amphibole or magnetite crystallization were 
rejected as having played a major role in producing the 
compositional spectrum, and trace element and isotopic 
data indicated that assimilation and magma mixing accom- 
panied fractionation in generating the Medicine Lake lavas. 
The variations in compatible element abundances (Ni and 
Sr) implied magma mixing and fractional crystallization. 
Lithophile element abundances (K and Rb) required that 
assimilation and magma mixing operated along with frac- 
tional crystallization. In the remainder of the paper we pres- 
ent a model for the compositional evolution of the Medicine 
Lake lavas, discuss the assimilation process and discuss ex- 
perimental evidence of the density-composition relations 
that lead to magma mixing. 

Compositional Evolution of Medicine Lake Lavas 

The compositions of the parent HAB liquids indicate sepa- 
ration from a source residue at depths of 45-60 km (Stolper 
1980). HAB magma blobs rise and fail to interact with 
their surroundings during ascent until reaching upper crus- 
tal levels where density differences impede further ascent 
(Marsh and Kantha 1978). Trapped in crustal magma 
chambers, the HAB assimilates crustal material and under- 
goes fractional crystallization. Eruptions sample the evolv- 
ing magma chamber(s), providing the observed composi- 
tional spectrum. 

The fractional crystallization model (Table 6) was de- 
signed to reproduce the evolution of the parent HAB in 
an upper crustal magma chamber. Notable deviations from 
the model are caused by magma mixing. The linear trends 
formed by Modoc BAs on NazO, MgO and K20 vs. SiO 2 
(Fig. 8) and on Ni, Sr and Rb diagrams (Figs. 11, 13, 15) 
result from mixing rhyolite with mafic lava. Other depar- 
tures from the calculated fractionation path require assimi- 
lation of a crustal component. In Table 6 the compositions 
of unmixed OPOAs with 55% SiO2 are compared with frac- 
tionation and AFC calculations. Both graywacke and rhyo- 
lite were calculated as assimilants and r was chosen as 0.11. 
The assimilation models produce values of A120 3, MgO, 
K20 , CaO, etc. comparable to those observed in the OPOA 
lavas. The AFC models also enrich Rb (Fig. 16) to values 
that could not be achieved solely by fractionation, and ele- 
vate Ni contents at comparable SiOz contents (Fig. 12). 
Under the assumptions of the model (Table 6), both frac- 
tionation and AFC (Fig. 14) fail to produce the Sr enrich- 
ments found in the OPOA (600 ppm). The HAB starting 
composition (390 ppm St) is enriched to 525 ppm by frac- 
tionation, and 450 or 475 ppm by the AFC models. Models 
that successfully reproduce the major element chemistry can 
not generate the Sr contents, a failure that may be related 
to variability in the Sr content of the HAB parent. Varia- 
tions in Sr (Fig. 14) result from a combination of processes. 
Variability in HAB Sr contents is partly a source region 
characteristic. AFC produces some enrichment in Sr, and 
the low-SiO2 members of the PA tavas and Modoc mixed 
rocks may have been produced by AFC of an HAB parent 
with variable Sr (~  200 ppm for Burnt and Devil's Home- 
stead and ~ 400 ppm for Callahan and PA lavas). Fraction- 
ation models have not been calculated beyond 56% SiO2, 
but by increasing the percentage of plagioclase and remov- 
ing orthopyroxene/pigeonite + magnetite, a drop in Sr and 
an increase in SiO2 could lead to rhyolite. Alternatively, 
the processes that generate rhyolite could be different from 

those that produce compositional variation in the mafic 
lavas. Finally, mixing of HAB and rhyolite has produced 
hybrid intermediate lavas: the Modoc BAs, the dacite, and 
some OPOA and PA lavas. Thus, Sr heterogeneity in the 
HAB parents, AFC and magma mixing have conspired to 
produce the complex Sr variations. 

The Rb abundances indicate assimilation of a crustal 
component and variation in r through the eruptive history. 
As illustrated in Fig. 16 the AFC model (r = 0.11, solid line) 
can elevate Rb to values observed in the low SiO20POAs 
and PAs. The elongation of the OPOAs and PA trends 
is produced by mixing of the mafic AFC-generated lava 
with rhyolite. The Modoc BA trend appears to be produced 
by mixing HAB and rhyolite, but 87Sr/86Sr, Sr abundance 
and major elements show that assimilation at higher r (r-- 
0.4, dashed line on Fig. 16) is required to produce the char- 
acteristics of the Modoc rocks. Major and trace elements 
indicate mixing of up to ~ 30% rhyolite with mafic lava 
to produce the Callahan and Schonchin flows, but the Sr 
contents (~  350 and ~ 650 ppm) and 87Sr/86Sr (as high as 
0.7038 and 0.7040) require the isotopic characteristics of 
these mixed lavas to be dominated by the AFC-produced 
basaltic end member. Mixing of rhyolite with 100 ppm Sr 
and STSr/S6Sr of 0.7040 will not elevate STSr/S6Sr suffi- 
ciently to the observed values. An elevated 87Sr/86Sr can 
be generated in the mafic member of the mix by performing 
AFC at high r on an HAB parent that has a high 878r/a6Sr. 
Isotopic analyses of the Modoc HABs indicate the existence 
of high 87Sr/86Sr (0.7034) parental basalts in the late history 
of the volcano. Modoc OPOA and PA lavas have experi- 
enced AFC and mixing, but the isotopic characteristics of 
the HAB parent and r have varied. The high Rb contents 
in Burnt lava flow are puzzling and could result from mix- 
ing rhyolite with a very peculiar Rb-enriched mafic magma. 

The previous discussion has revealed complexities in the 
interaction between AFC and magma mixing. Variability 
in r, differences in the end member compositions of magma 
mixing and changes in the characteristics of the parent HAB 
have occurred during the volcano's eruptive history. Chan- 
ges in the AFC process, coupled with magma mixing 
(Fig. 5) can produce an infinite number of fractionation 
paths. For this reason we have not modeled fractionation 
of HAB to rhyolite. Rhyolites form a distinctly separate 
compositional group, and the absence of a recognizable 
variation from HAB to rhyolite prevents a quantitative 
treatment of the liquid line of descent to these residue com- 
positions. In a fractionation-dominated AFC process the 
liquid path calculated from HAB to OPOA could be contin- 
ued to rhyolite by removal of plagioclase + orthopyroxene/ 
pigeonite + F e - T i  oxides. Alternatively, if assimilation 
dominated the production of rhyolite, the characteristics 
of the wall rock (or stoped block) melting process would 
control the rhyolite composition. Fractional crystallization 
of HAB could produce a small amount of rhyolite, which 
would have isotopic characteristics identical to those of 
HAB parent. As r increases, the liquid line of descent 
changes and the volume of rhyolite attainable through frac- 
tional crystallization increases, because the general effect 
of assimilation is to move the bulk composition of the mag- 
matic system further toward the end products of fractiona- 
tion. The available data on silicic magmas are limited to 
the youngest rhyolite units, which have higher 878r/86Sr 
than any of the late Modoc HABs. The elevated 87Sr/86Sr 
indicates that AFC played a role in producing these compo- 
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sitions, but it is impossible with the available information 
to estimate r and the liquid line of  descent to rhyolite. 

The characteristics of the magma chamber(s) beneath 
Medicine Lake Highland control the processes that led to 
rhyolite. Assimilation of crust is controlled by the thermal 
energy that can be extracted from crystallization of the 
HAB (Bowen 1928, Ch. 10). Assume the wallrock is at 
200 ~ C, has its solidus at 1,000 ~ C, and that its specific heat 
is 0.25 cal/g~ To raise one gram ofwallrock to the melting 
temperature requires 200 calories. An additional 100 cal/g 
must be supplied as latent heat of fusion. To melt 1 g of 
wallrock requires approximately 300 calories. Assuming a 
latent heat of crystallization of 100 cal/g for the HAB par- 
ent magma, crystallization of 3 g of basalt would produce 
the energy necessary to assimilate 1 gram of crustal materi- 
al. A hypothetical magma body could assimilate wallrock 
in one of two ways. (1) Assimilation of stoped blocks could 
occur as part of the intrusion process that accompanies 
the formation of the magma chamber. For this assimilant/ 
magma geometry small stoped blocks could be thermally 
engulfed by the surrounding magma and easily heated to 
solidus temperatures. In this case rhyolite could be pro- 
duced as the end product of AFC. (2) If  assimilation occurs 
at the boundary of the chamber, the magma must be in 
convective motion to raise the contact temperature above 
its solidus, because contact temperatures at a static magma/ 
wallrock interface would never reach the solidus (Jaeger 
1957) for the boundary conditions assumed above. In such 
a convecting system, the interaction of assimilated liquid 
and parental basalt would be influenced by convection rate 
and geometry. The value of r could vary, depending on 
the interaction between the boundary layer, where assimila- 
tion occurs, and the convecting interior of the magma 
chamber. I f  the light, buoyant boundary layer rises to the 
top of the chamber (McBirney 1980) and has a minimum 
interaction with the basalt, the r estimated from geochemi- 
cal criteria would be large and in the extreme case resemble 
an anatectic melt. The reader is referred to McBirney (1980) 
for a discussion of the possible complexities in large con- 
vecting crustal magma chambers. 

Liquid Densities and Magma Mixing 

Stolper and Walker (1980) found that tholeiitic liquids de- 
creased in density during crystallization of olivine as a liqui- 
dus phase and increased in density when plagioclase and 
pyroxene joined the crystallization sequence. Densities were 
calculated for the experimentally produced Medicine Lake 
liquids using the partial molar volumes of Bottinga and 
Weill (1970). Olivine+plagioclase crystallize as liquidus 
phases and the densities of residual liquids increase. Pyrox- 
erie joins the crystallizing assemblage and the density con- 
tinues to increase (Fig. 18 a) to a maximum at point A for 
HAB 79.35g, which is also the solidus for this composition. 
The Modoc BA (79.38b) has its density maximum at reac- 
tion point B, where olivine reacts out and continued plagio- 
clase + pigeonite + oxide crystallization causes liquid density 
to decrease. 

Densities of Medicine Lake volcanics were also calcu- 
lated using the Bottinga and Weill (1970) partial molar vo- 
lume data (Fig. 18b). F e O + F e 2 0  3 were recalculated to 
temperatures and oxygen fugacities of the QFM buffer 
(Sack et al. 1980), assuming 1,200~ C for HAB, 1,100~ C 
for andesite and 1,000 ~ C for rhyolite and dacite. The addi- 
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Fig. 18. A Density vs. Fe / (Fe+Mg)  calculated for the HAB and 
Modoc BA experimental liquids. A maximum in density in the 
HAB data is reached at point A (Fig. 4) and the maximum density 
in the Modoc BAs occurs at point B. B Calculated densities of 
Medicine Lake lavas. Solid lines are the experimentally determined 
trends from (a). The dotted line shows the calculated variation 
in density for the fractional crystallization model (Table 6). Calcu- 
lated density variations for an AFC model would have a steeper 
negative slope 

tion of water to these lavas would lower the calculated 
densities. Assuming that water acts as an incompatible ele- 
ment, the density decrease would be greater for the evolved 
liquids than for the basalts, but the overall trend of decreas- 
ing density with increasing fractionation would not be al- 
tered. 

The Modoc and Warner HABs form a separate trend 
of highest density, OPOA's and Modoc BA's are intermedi- 
ate, PA's are lower at a density of ~2.5, and rhyolites 
and dacites are the lowest density lavas (p~2.37 to 2.42). 
The density-composition trends for the experiments diverge 
from the general trend of decreasing density with increasing 
Fe/(Fe + Mg) formed by the lavas. Density variations for the 
calculated fractional crystallization model which produced 
OPOAs from an HAB parent (Table 6) are also shown in 
Fig. 18b. Density decreases steadily with increasing Fe/ 
(Fe+Mg)  and parallels the overall trend shown by the 
Medicine Lake lavas. 

The following evolutionary model could generate the 
observed compositional spectrum in a single magma 
chamber and explain the mixed rocks. The overall trend 
of decreasing density from HAB to rhyolite is consistent 
with the magma chamber stratigraphy envisioned by 
McBirney (1980). Hot  HAB supplied at the base of the 
chamber would be trapped beneath the cooler, lighter over- 
lying layers. Assume that a magma chamber filled with 
parental HAB begins to cool and crystallize. At the bound- 
aries of the chamber AFC produces a light liquid which 
rises to the roof to form a rhyolite cap. Within the convect- 
ing interior the magma density decreases during AFC in- 
volving olivine + plagioclase + clinopyroxene. Eventually, 
the residual liquid might begin to increase in density in 
a manner similar to the density increase shown by the 
79-38b liquids as they approach point B. If  another batch 
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of  HAB is injected into the base of  the chamber, it will 
be initially denser and trapped below the fractionated HAB. 
As the fresh batch of  HAB cools and fractionates, its den- 
sity decreases until it is less than that of  the overlying frac- 
tionated liquid. Mixing of  the two layers could then occur. 
The consequence of  this mixing event could be to cool and 
crystallize the HAB, causing saturation with respect to a 
vapor phase, and resulting in boiling and eruption of  a 
mixed lava (Eichelberger 1980; Rice 1981). 

The petrographic and chemical evidence for magma 
mixing indicate that basalt and rhyolite were mixed to pro- 
duce the Modoc  BAs, and that OPOA and a rhyolite were 
mixed to form the PA lavas. The process discussed above 
only mixes evolved basaltic liquids, which differ slightly 
in composition, density and temperature, and does not pro- 
vide a mechanism to mix the overlying rhyolite with the 
underlying HAB lavas. Perhaps the predicted mixing event 
triggers catastrophic mixing of  several layers above and 
below those which initially mixed. In summary, the density 
vs. composition path followed during fractionation in calc- 
alkalic systems changes from decreasing to increasing den- 
sity with continued fractionation in the vicinity of  reaction 
point B. As in tholeiitic systems, which show their density 
maximum as A is approached, the compositions o f  the 
mixed liquids differ only slightly. 

Summary and Conclusions 

When Bowen laid the framework for our understanding 
of  the process of  assimilation, he argued that the major  
effect of  assimilation was to move the magma further along 
in its fractionation history, and to promote crystallization 
of  the phases already on the liquidus. He suggested that 
the liquid line of  descent would remain essentially unal- 
tered, and residual liquids from fractionation would remain 
unchanged. As we have seen in this experimental study, 
the complex topologies of  silicate systems allow assimilation 
to significantly alter the liquid line of  descent. As demon- 
strated by the HAB experiments, fractional crystallization 
produces an iron-enrichment trend (the Skaergaard trend) 
and the residual liquid composition approaches rhyolite. 
Assimilation of  crustal material by basalt changes the bulk 
composition of  the system so that fractionation produces 
calc-alkalic lavas which follow a different set of  cotectics 
to rhyolitic residual liquids. 

Processes that allow a parent basalt to follow differenti- 
ation trends characteristic of  the calc-alkalic series are frac- 
tional crystallization at elevated H 2 0  pressure, assimilation 
and magma mixing. Fractional crystallization at p H 2 0  > 
1 kbar will allow liquids to evolve to compositions that 
can follow the calc-alkalic trend, if the liquid is moved to 
a shallow magma reservoir and allowed to crystallize fur- 
ther under low pressure conditions. Fractionation assisted 
by assimilation and magma mixing of  basalt and rhyolite 
will also produce compositions that are andesitic and that 
can fractionate along the pigeonite and orthopyroxene satu- 
rated cotectics that are followed during calc-alkalic differen- 
tiation. Many liquid lines of  descent are possible in the 
differentiation of  parental basalt to rhyolite. Miyashiro 
(1974) recognized that there was not a clear distinction be- 
tween calc-alkalic and tholeiitic differentiation trends and 
that a continuum between these two extremes existed. Frac- 
tionation, assimilation and magma mixing can exercise con- 
trols on the production of  this range of  trends. 
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