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Abstract. Potassic latite in the transition zone of the Colora- 
do Plateau near Chino Valley, Arizona, contains abundant 
eclogite and amphibolite xenoliths and minor websterite 
and pyroxenite xenoliths. One unit contains peridotite xeno- 
liths; analyzed samples have rag-ratios of 68 and 71, 58 
and 63 wt% SiO2, and are enriched in potassium and other 
large ion lithophile (LIL) elements. Rare earth element 
(REE) patterns are light REE enriched with La greater than 
100 times chondritic abundance. The peridotite xenoliths 
are pa r ry  to totally altered, but contain remnant olivine, 
orthopyroxene, and clinopyroxene; one harzburgite nodule 
also contains spinel. Mineral compositions from the xeno- 
liths are relatively refractory and similar to those in other 
spinel peridotite xenoliths from the Colorado Plateau. Geo- 
thermometry on olivine-spinel and two-pyroxene pairs indi- 
cates equilibration temperatures of less than 800 ~ C for the 
peridotite nodules. The relatively low temperatures calcu- 
lated from mineral equilibria are consistent with tempera- 
ture estimates for other mantle nodules from under the 
Colorado Plateau. 

Peridotite xenoliths, rag-ratios, and Ni contents are evi- 
dence that the latite magma was derived from mantle peri- 
dotite. The potassic nature of the magma probably accounts 
for its silica-rich composition. The potassic, silica-rich na- 
ture of the latite and its enrichment in LREE and other 
LIL elements are consistent with a source which was meta- 
somatically enriched in these elements either before or dur- 
ing partial melting. The source could have been either spinel 
or garnet peridotite. 

Introduction 

Most mantle nodules are brought to the earth's surface 
in alkalic basalts or in more unusual magmas such as kim- 
berlites. Occurrences of mantle xenoliths in more felsic sili- 
ca-rich rocks are extremely rare (Aoki and Fujimaki 1982). 
Any such occurrence is therefore important for the implica- 
tions it may have on the possibility of generating silica-rich 
magmas directly from mantle peridotite. This possibility 
has been the subject of numerous experimental studies in 
recent years (Kushiro et al. 1972; Modreski and Boettcher 
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1973; Mysen et al. 1974; Mysen and Boettcher 1975; Wend- 
landt and Eggler 1980). 

One occurrence of peridotite nodules in a silica-rich host 
is in Chino Valley, Arizona (Fig. 1) where a potassium-rich 
latite contains peridotite xenoliths. The host rock is a part 
of the Sullivan Buttes Latite, a formation that consists of 
at least six mineralogically and chemically distinct types 
of latite (Tyner 1979; Tyner et al. 1981 ; Tyner 1984). Sever- 
al of the latite types contain abundant eclogite and amphib- 
olite xenoliths and minor websterite and pyroxenite xeno- 
liths (Smith 1978; Arculus and Smith 1979; Schulze et al. 
1978 ; Schulze and Helmstaedt 1979; Arculus et al. in press). 
These xenoliths are thought to have been derived from 
lower crustal and possibly upper mantle depths because 
mineral assemblages appear to have last equilibrated at 
pressures of  10 to 20 kb and temperatures of 700 to 1,000 ~ C 
(Arculus and Smith 1979; Smith 1978). Peridotite xenoliths 
were first recognized by Tyner et al. (1981) in a unit which 
had been previously called "basa l t "  when mapped in recon- 
naissance by Krieger (1967), but which has since been classi- 
fied as a latite based on its chemistry (Table 1 ; Tyner et al. 
1981 ; Tyner 1984). 

Three units of the Sullivan Buttes Latite have been dated 
by K - A r  methods at 26.7+1.1 and 23.4+1.0 m.y. 
(Krieger et al. 1971, corrected for currently used decay con- 
stants) and 25.0_+ 0.5 m.y. (F.W. McDowell, personal com- 
munication 1982). Although no age has been determined 
for the peridotite-bearing latite, field relationships show 
that it is one of the youngest units in the volcanic field. 
The latites were extruded near times when a subducting 
oceanic slab was present under this region of the southwest- 
ern United States (Lipman et al. 1972; Snyder et al. 1976; 
Cross and Pilger 1978; Dickinson and Snyder 1978), and 
when the Mendocino Fracture Zone may have been passing 
underneath this part of Arizona (Glazner and Supplee 
1982). The origins of these magmas may be important for 
models of magma generation in this region during mid- 
Tertiary time and for models of the mantle below the Colo- 
rado Plateau. 

Description of host latite 

Petrography and Mineralogy 

The peridotite-bearing latite and a similar olivine-bearing latite 
were called "upper latite" by Tyner et al. (1981) and Tyner (1984) 
because they are the youngest latite rock types where they crop 
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Fig. 1, Location of Chino Valley (CV) in north-central Arizona. 
Boundary of the Colorado Plateau includes the transition zone. 
Modified fi'om McGetchin et al. (1977) 

Table 1. Whole rock chemical analyses and normative calculations 
for olivine-bearing (PRS 6) and peridotite-bearing (PRS 210) latites 

Sample PRS 6 PRS 210 

SiO2 58.64 61.12 
TiO2 0.84 0.72 
A1203 13.01 13.01 
Fe203 2.44 2.28 
FeO 3.51 1.89 
MnO 0.08 0.06 
MgO 6.72 5.40 
CaO 5.60 4.39 
Na20 2.62 2.38 
K20 4.43 6.03 
H20 + 0.55 1.22 
H 2 0 -  0.31 0.48 
P205 0.47 0.38 
COz 0.09 0.62 

Total 99.31 99.98 

100. Mg/(Mg+tota l  Fe) 68 71 

Q 7.35 10.41 
or 26.61 36.48 
ab 22.54 20.62 
an 10.84 7.18 
di 11.34 9.84 

wo 5.97 5.25 
en 4.46 4.38 
fs 0.92 0.21 

hy 15.14 9.86 
en 12.56 9.40 
fs 2.58 0.46 

mt 3.45 3.30 
il 1.62 1.40 
ap 1.13 0.92 

out. They occur in the Simmons Quadrangle, Yavapai County, 
Arizona, and were grouped with basalts in the map of Krieger 
(1967). The peridotite-bearing latite is both intrusive and extrusive. 
Flows overlie other latites and cap small mesas; one body with 
an outcrop area of about 0.3 km 2 intrudes other latite types. The 
olivine-bearing latite crops out on a gently sloping surface a few 
km to the southeast of the outcrops of peridotite-bearing latite. 

The xenolith-bearing latite contains 7 to 10% phenocrysts of 

biotite, averaging about 0.4 mm in size, and 5 to 7% phenocrysts 
of clinopyroxene, averaging about 0.3 mm. Most of the biotite 
phenocrysts have been largely altered to a fine-grained oxide-rich 
intergrowth, as in many of the extrusive units. The clinopyroxene 
phenocrysts are euhedral to subhedral; some of the larger crystals 
have sieve-textured cores, and some have oscillatory zoning near 
their rims. Microphenocrysts of apatite are also present. The 
groundmass is very fine-grained, perhaps largely altered glass, and 
contains numerous green microlites of pyroxene(?). Xenocrysts of 
a variety of minerals, including quartz, are present. The xenoliths 
are described in a subsequent section. 

The relatively xenolith-free olivine latite contains about 5 to 
7% biotite phenocrysts, averaging 0.2 to 0.3 mm in size, 8 to 10% 
clinopyroxene phenocrysts, averaging about 0.3 mm or less, and 
about 7% olivine microphenocrysts of 0.2 mm and smaller. All 
the phenocrysts are euhedral to subhedral. Some of the larger clino- 
pyroxene crystals have sieve-textured cores. Clinopyroxenes fre- 
quently appear in clusters and some show oscillatory zoning which 
is more prominent toward their rims. Biotite is rimmed or totally 
replaced by oxides. The groundmass is similar to the xenolith- 
bearing latite, as it is very fine-grained and may have originally 
been glassy. This sample also contains orthopyroxene xenocrysts(?) 
rimmed by reaction rims of clinopyroxene and xenocrysts of 
quartz. 

Analytical procedures 

All samples had exterior weathering surfaces removed with a rock 
hammer on a stainless steel plate. They were then crushed to pea 
size in a jaw crusher and converted to powders in a tungsten carbide 
ball mill. Care was taken to try to exclude xenoliths, but, due 
to the distribution of small xenoliths throughout the rocks, some 
contamination was unavoidable. These rock powders were used 
for major element, X-ray fluorescence (XRF) and Instrumental 
Neutron Activation Analysis (INAA) analyses. 

Pellets for XRF analyses were made with 13% bakelite binder 
(phenol formaldehyde). Precision of the XRF analyses (one relative 
standard deviation) was as follows: 1% or better for Sr and Zr, 
2-3% for Rb, 1-5% for Ni, and 2-6% for Ba. Accuracy of the 
analyses, judged from analyses of BCR-1 and AGV-I run as sec- 
ondary standards, is 5% or better for Sr and Zr, 12% or better 
for Rb, 18% or better for Ni and 2% for Ba. Analyses of minette 
samples show Sr, Rb, Ni, and Ba to be within 11% or better 
of values obtained by Roden (1981) using XRF (Woods Hole 
Oceanographic Institution) and INAA (MIT). 

Powders for INAA were placed in plastic vials that were pre- 
viously washed in dilute ( ~ 5 % )  nitric acid and then washed in 
distilled water. A blank vial run with the samples did not show 
contamination for any of the elements analyzed. Sample size was 
0.5 g. Samples were irradiated at the TRIGA Mark III reactor 
at Texas A&M University. Counting was done 6-9 days and 40 + 
days after irradiation using a Ge(Li) detector and a Canberra- 
Scorpio 4600 channel analyzer at the Texas A&M Nuclear Science 
Center. Data reduction methods used were those of Korotev (1976) 
and Jacobs et al. (1977) as modified by Tiezzi (1982). Precision 
for all elements is 1-4% with the following exceptions: Ta (28%), 
Th (34%), and Tb (7%). BCR-1 was used as a standard for all 
elements except Cr and Ni. 

Chemical and isotopic data 

M a j o r  e lement  analyses  o f  b o t h  types o f  uppe r  la t i te  show 
close affinit ies to the analyses  o f  o the r  rocks  in the Sul l ivan 
Buttes  Lat i te ,  as discussed in m o r e  detai l  by Tyner  (1984). 
H i g h  po t a sh  and  silica, re la t ively l ow i ron  enr ichment ,  low 
a lumina ,  and  K 2 0 / N a 2 0  ra t ios  near  one  o r  h igher  are  typi-  
cal o f  the fo rma t ion .  The  high K 2 0 / N a 2 0  ra t ios  o f  the 
Sul l ivan But tes  rocks  indica te  tha t  they are  m o r e  app rop r i -  
ately cal led shoshoni t ic  t han  calc-alkal ic  (Tyner  1984). 

Desp i te  its close aff ini ty  to o the r  rock  types in the Sulli- 
van  Buttes  Lati te ,  the uppe r  lat i te  has  dis t inct ive ma jo r -  



Table 2. Trace element concentrations in ppm of olivine-bearing 
latite (PRS 6) and peridotite-bearing latite (PRS 210). Ni", Rb, 
Sr, Zr, and Ba by XRF; all other analyses by INAA 

PRS 6 PRS 210 

La 67.7 47.3 
Ce 137.7 96.3 
Sm 8.1 5.8 
Eu 2.12 1.43 
Tb 0.58 0.46 
Yb 1.15 0.66 

Sc 15 8 
Cr 298 273 
Co 36 27 
Ni 203 211 
Ni a 211 219 

Rb 136 194 
Sr 804 790 
Zr 280 308 
Ba 1,402 1,542 

Hf 6.9 8.3 
Ta 1.70 1.74 
Th 42 26 

K/Rb 270 258 
Rb/Sr 0.169 0.249 
Ba/Rb 10.3 7.9 
La/Yb 56.4 67.6 
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Fig. 2. Rare earth element abundances of upper latite samples nor- 
malized to composite chondrite values of Frey et al. (1968) 

element characterist ics compared  with other rocks in the 
formation.  The two analyzed samples of  upper latite have 
rag-ratios [100. M g / ( M g + t o t a l  Fe)] of  71 and 68, in the 
range appropr ia te  for magmas  in equil ibrium with mantle  
olivine, assuming a K d  of  about  0.3 (Roeder  and Emslie 
1970). Analyzed ferric/ferrous rat ios are 0.57 and 0.33. The 
high ferric component  is undoubtedly  due to late stage oxi- 
dat ion as evidenced by oxidat ion of  biot i te  phenocrysts.  
Since the magma  must  have had  some ferric iron, the melt  
mg-ratios were undoubtedly  higher than the values given. 
One analyzed rock contains 58 wt% SiO2, the other 63 
wt%.  Other latite types that  have relatively high silica have 
lower mg-ratios and hence appear  to be more evolved mag-  
mas (Tyner 1984; Tyner  and Smith in preparat ion) .  Though 
the analysis of  the xenolith-rich lava (PRS 210, Table  1) 
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may  reflect a l terat ion and the presence of  xenolithic mater i-  
al, most  significant chemical features of  the rock are also 
shared by the almost  xenolith-free rock (PRS 6, Table 1), 
which is relatively fresh and contains l i t t le-altered micro- 
phenocrysts  of  olivine (Fa17-  20). 

All  the rock types in the Sullivan Buttes Lati te contain 
high concentrat ions of  LREE,  Sr, Rb,  Zr, Ba and Th (Tyner 
et al. 1981; Tyner  1984) (Table 2, Fig. 2). Concentra t ions  
of  compat ible  elements, such as Ni,  Cr, and Co, vary with 
the degree of  apparen t  differentiat ion of  each latite type 
(Tyner 1984; Tyner  and Smith in preparat ion) .  The upper  
latite has relatively high Ni  and Cr contents,  as do some 
of  the more  mafic rock types in the formation.  

The range of  initial 87Sr/S6Sr rat ios for six latites from 
the format ion  is 0.7059 to 0.7068. The initial s t ront ium 
rat io of  the relatively xenolith-free latite (PRS 6, Table 1) 
is 0.7063 (_+ 0.0001), that  of  the xenol i th-bearing latite (PRS 
210, Table  1) is 0.7064 ( -I- 0.0001). The range of  S r contents 
for the whole format ion  is 660 to 1,265 ppm. The high 
Sr concentrat ions and lack of  Eu anomalies  lend suppor t  
to the idea that  initial rat ios reflect source values ra ther  
than crustal contaminat ion  (Tyner et al. 1981 ; Tyner  1984). 

Description of peridotite nodules 

Petrography and mineralogy 

The xenolith population of the nodule-rich unit is diverse, and 
it includes eclogites and websterites as well as peridotites. Peridotite 
xenoliths are most abundant, however, and they comprise up to 
about 2% by volume of the rock, Most are less than 2 cm in 
diameter, and all are at least partly altered. They are comprised 
of olivine (mostly altered), !p r imary  and secondary orthopyrox- 
ene and clinopyroxene, • spinel, and alteration products (mostly 
clay minerals, some iddingsite and possibly talc). Olivine was typi- 
cally most abundant with primary orthopyroxene second most 
abundant; primary clinopyroxene is much less common than these 
phases. Typical original grain sizes are around 1 mm; remnant 
olivine fragments are smaller. Crystals within the xenoliths are 
generally equant; the textures present generally are granuloblastic 
according to the terminology of Harte (1977). 

Outer borders of these xenoliths and disaggregated fragments 
of peridotitic material (typically ~ 1 mm size crystals of olivine 
and orthopyroxene) have thin black selvages, presumably com- 
posed of oxidation products. At the margins of and within the 
xenoliths, fine-grained orthopyroxene reaction rims, which origi- 
nally formed around olivine grains, are commonly preserved. The 
small grain size of these rims indicates that they probably formed 
as late-stage reaction products. Where present, these reaction rims 
typically lie inside the later oxidation rims. In some cases, orthopy- 
roxene is seen to have reacted to form clinopyroxene before forma- 
tion of the oxidation rims. 

One harzburgite xenolith (2.5 x 1.7 ram) studied in detail con- 
tains a reddish-black spinel (about 0.6 mm by 0.2 mm in cross 
section), orthopyroxene grains, fragments of large olivine crystals, 
small olivine crystals with thick orthopyroxene reaction rims, and 
small apparently secondary clinopyroxene crystals. Maximum 
grain size is about 1 ram; smaller crystals and remnant fragments 
average about 0.2 ram. 

Mineral chemistry 

Mineral  analyses (Tables 3 and 4) were made using an 
A R L - E M X  electron microprobe  equipped with three crys- 
tal spectrometers.  Da ta  corrections were made using the 
methods  of  Bence and Albee (1968) and the factors of  Albee 
and Ray  (1970). Points were analyzed with 1-3 gm diameter  
focussed beams. Three olivine-bearing nodules were stud- 



66 

Table 3. Representative wavelength dispersive electron microprobe 
analyses of olivine and spinel from peridotite xenoliths in PRS 
210 

Olivines Spinel 

1 2 3 4 5 

SiO2 40.2 40.4 39.8 0.11 0.09 
TiO2 0.01 0.02 0.02 0.50 0.55 
A1203 nd nd nd 29.9 30.7 
FeO 8.93 8.44 11.3 18.4 21.1 
MgO 50.3 49.7 48.0 14.2 13.4 
Cr203 0.06 0.04 0.08 33.6 33.8 
NiO 0.38 0.30 0.53 0.34 0.35 

Total 99.9 98.9 99.7 97.1 100.0 

Analyses 1 and 2 are from olivine coexisting with spinel of analyses 
4 and 5. Analysis 3 is a small olivine grain surrounded by opx 
of analysis 4 (Table 4). nd = not detected; all iron as FeO 

ied. Only one contains spinel, and representative analyses 
from this nodule (Table 3) were used for spinel-olivine geo- 
thermometry. Three orthopyroxene or orthopyroxene- and 
clinopyroxene-bearing nodules were also studied; represen- 
tative analyses from one of  the two-pyroxene nodules (Ta- 
ble 4) also were used for geothermometry. 

Most  of  the olivines in the xenoliths are altered; the 
preserved fragments are magnesian (Fo87-Fo91)  and Ca- 
poor  (less than about  0.05 weight percent CaO). Small oliv- 
ine crystals with thick orthopyroxene rims are more iron- 
rich than grains which are large with respect to the reaction 
rim (Table 3), indicating that re-equilibration of  small 
grains has probably occurred. No  compositional zoning 
within olivine grains was detected. Orthopyroxenes are Mg- 
rich and AI-, Ti-, and Fe-poor;  the spinel is relatively Cr- 
rich. The orthopyroxene reaction rims are more Fe-rich 
than primary orthopyroxenes (Table 4). 

It is unlikely that the large mineral grains in the xeno- 
liths re-equilibrated to any significant extent during trans- 
port  and cooling in the latite magma because the transport  
time was relatively short (based on the presence of  xeno- 
liths). Also, no compositional zoning due to partial re-equi- 

libration was observed in the minerals, and the liquidus 
temperature of  the latite magma was undoubtedly higher 
than the temperatures indicated by the mineral composi- 
tions in the xenoliths (Esperan9a and Holloway 1984). The 
smaller isolated olivine grains with thick pyroxene reaction 
rims and more iron-rich compositions were not  used in the 
temperature calculations, as they appear to have partly re- 
equilibrated during ascent. 

Petrology 

Nodule formation and equilibration 

The mineral compositions in the spinel harzburgite xenolith 
are Mg- and Cr-rich and Ti- and Al-poor and are similar 
to those from other xenolith localities on the Colorado Pla- 
teau. The silicate phases have compositions like those in 
lherzolite-harzburgite xenoliths f rom the Green Knobs  dia- 
treme (Smith and Levy 1976), al though Al103 is even lower 
than in pyroxenes from those nodules. The low Ti and Fe 
of  the nodule phases indicate that the rock represents more 
depleted material than do other spinel peridotite xenoliths 
studied from the Colorado Plateau (Smith and Levy 1976; 
Smith and Roden 1981). The high Cr/ (Cr+A1) of  the ana- 
lyzed spinel is also consistent with a mantle of  a depleted, 
refractory nature (Frey and Prinz 1978). 

Compositions of  coexisting spinel and olivine from the 
spinel harzburgite xenolith were used with the geothermom- 
eters of  Fujii (1978), Fabrics (1979), and Roeder et al. 
(1979) to estimate the temperatures at which the nodules 
last equilibrated. The two-pyroxene geothermometer of  
Wells (1977) was used for a pair of  coexisting pyroxenes 
in another nodule. Temperatures calculated using these geo- 
thermometers lie between 684 and 763 ~ C. Agreement be- 
tween the results using algorithms of  Fabrics (1979) and 
Roeder et al. (1979) for olivine-spinel equilibration is good 
(within 16 ~ C); Fujii's (1978) method yields the lowest tem- 
perature, 684 ~ C. Similar systematically lower calculated 
temperatures using Fujii's (1978) method compared to the 
other methods were also observed for olivine-spinel pairs 
by Smith and Roden (1981). The two-pyroxene geother- 
mometer  of  Wells (1977) yields the highest temperature, 
but it is within 8 ~ o f  the temperature determined using Fa- 
brics' (1979) method for the olivine-spinel pair. By each 

Table 4. Representative wavelength dispersive electron microprobe analyses of orthopyroxenes and clinopyroxenes from peridotite nodules 

Orthopyroxenes Clinopyroxenes 

1 2 3 4 5 6 7 8 9 i0 11 

SiO2 55.4 55.4 54.9 54.4 54.3 54.6 54.6 54.8 51.7 52.0 51.7 
TiO2 0.07 0.05 0.07 0.03 0.05 0.06 0.06 0.07 0.11 0.01 0.12 
AlzO3 1.64 1.52 1.73 1.17 1.94 1.64 1.65 1.64 1.33 1.21 1.52 
FeO 5.65 5.59 5.80 7.31 5.42 5.53 5.53 5.49 1.94 1.99 1.96 
MgO 35.2 35.4 35.0 34.0 35.2 35.3 35.0 35.2 18.0 18.0 17.7 
CaO 0.29 0.34 0.31 0.63 0.31 0.30 0.30 1.33 24.3 24.4 24.2 
Na20 nd nd nd nd nd nd nd nd 0.27 0.25 0.31 
CrzO3 0.30 0.28 0.25 0.07 0.28 0.28 0.28 0.29 0.32 0.32 0.58 

Total 98.6 98.6 98.1 97.6 97.5 97.7 97.4 98.8 98.0 98.2 98.1 

Analyses 1, 2, 3 and 4 coexist with olivines and spinel (2, 3, 4 and 5 from Table 3) from the spinel harzburgite nodule. Analysis 
4 is opx rim around small olivine of analysis 3. These grains appear to have re-equilibrated. Analyses 5, 6, 7, and 8 are across an 
opx coexisting with cpx of analyses 9, 10, and 11. All iron as FeO; nd = not detected 
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method, the nodules apparently last equilibrated at relative- 
ly low temperatures (less than 800 ~ C). 

Other methods of estimating equilibration temperatures 
were investigated. The mole percent Wo component in or- 
thopyroxene coexisting with clinopyroxene in the analyzed 
xenoliths is 0.56 to 0.58. These low Ca concentrations, when 
plotted on Fig. 11 of Takahashi (1980), yield temperature 
estimates of about 780 to 830 ~ C at 10 and 30 kb, respective- 
ly. These values are consistent with the relatively low tem- 
peratures calculated from olivine-spinel pairs. Sachtleben 
and Seck (1981) formulated a geothermometer based on 
the A1 and Ca solubility in orthopyroxene coexisting with 
spinel. Their calculations do not allow for temperatures 
below 800 ~ C, and thus were not useful in the present study. 
Nevertheless the low A1 and Ca in the orthopyroxenes from 
the xenoliths are consistent with relatively low tempera- 
tures. 

No plagioclase was observed in any of the peridotite 
xenoliths, so they may have originated from depths below 
the transition of plagioclase peridotite to spinel peridotite. 
This transition takes place between 8 and 14 kb depending 
upon the bulk chemical composition of the system (Green 
and Hibberson 1970). Thus 8 kb represents a likely mini- 
mum pressure from which the peridotite xenoliths were 
erupted. 

At the other extreme, because no garnet was found in 
any of the peridotite xenoliths, the transition from spinel 
to garnet peridotite represents probable maximum pressure 
conditions. This transition has been studied by Jenkins and 
Newton (1979) and O'Neill (1981) in the experimental sys- 
tem of C a O -  M g O -  A1203-  SiO2 (CMAS). Jenkins and 
Newton (1979) found that the transition is bracketed be- 
tween 15.0 and 16.0 kb (+0.5 kb) for 900 and 1,000 ~ C, 
respectively. O'Neill (1981) found that spinel and garnet 
lherzolite are in equilibrium from 16.1 kb at 800~ to 
18.7 kb at 1,100 ~ C (_+ 0.3 kb). Although O'Neill's calcula- 
tions are slightly higher than those of Jenkins and Newton 
(1979), his methods were used in the present study because 
his data extend to lower temperatures, and because he eval- 
uated the effects of adding chromium and iron to the 
CMAS system. Application of O'Neill's (1981) calculations 
for lherzolites to the mineral compositions in the spinel- 
bearing xenolith can only yield gross estimates of the maxi- 
mum pressure from which the nodule could have erupted 
because the nodule does not contain primary clinopyroxene. 
However, clinopyroxene is found in other peridotite xeno- 
liths in the same rock and the compositions of orthopyrox- 
enes in all the peridotite xenoliths analyzed are essentially 
the same whether they are seen to coexist with clinopyrox- 
ene or not. The two-pyroxene xenoliths also yield similar 
temperature estimates to those determined for the olivine- 
spinel pair from the harzburgite nodule. 

The addition of Cr and Fe 3 § to the CMAS system raises 
the stability field of spinel to higher pressures, whereas the 
addition of Fe 2 ~ has the opposite effect. The presence of 
ferrous iron has been ignored for these magnesian spinel 
compositions. Spinel has Xcr = 0.40-0.41 and Xw3 § = 0.06 
0.05. For these values the method of O'Neill (1981) yields 
a maximum pressure of about 29 kb at 800 ~ C. The range 
of pressure from which the spinel harzburgite xenolith likely 
erupted is therefore between 8 and about 29 kb. This range 
accommodates the limits of 10 to 20 kb calculated by Arcu- 
lus and Smith (1979) and Smith (1978) for the xenoliths 
from the eclogite-amphibolite suite, and extends beyond 

those limits to depths on the order of 100 km. The calcu- 
lated equilibration temperatures also lie close to the lower 
limit of 700 ~ C determined for the last temperature of equili- 
bration of eclogite-amphibolite suite nodules (Arculus and 
Smith 1979). Thus the pressure and temperature estimates 
for mineral pairs in the peridotite nodules indicate that they 
likely were derived from depths similar to or slightly greater 
than the eclogite-amphibolite xenoliths. 

Origin of the latite magma 

The presence of peridotite nodules which appear to be frag- 
ments of mantle material is evidence that the magma was 
generated in the upper mantle. The peridotite nodules of 
course could have had a crustal source, or could have been 
carried up by a more mafic magma as advocated for perido- 
dire xenoliths in an andesite magma by Sakuyama and 
Koyaguchi (1984). The thin reaction rims of finely-crystal- 
line orthopyroxene around olivine in peridotites in the xe- 
nolith-rich lava are probably late reaction products. This 
late-stage reaction might reflect the crystallization of biotite 
with a consequent change in melt composition or a loss 
of water upon ascent or extrusion of the magma. The pres- 
ence of euhedral unreacted Fa17-2o microphenocrysts in 
one flow in the unit (rock PRS 6, Table 1) indicates that 
lavas of these bulk compositions can be in equilibrium with 
olivine: the Fe-rich nature of these microphenocrysts may 
be due to fractionation during prior crystallization of the 
biotite and pyroxene phenocrysts. 

The rag-ratios and the Cr contents of the two analyzed 
latite samples are also consistent with direct derivation from 
a peridotite source. Although the Ni contents (near 210 
ppm) are lower than those considered appropriate for man- 
tle-derived basalt magmas, they are still consistent with the 
hypothesis that the latites are primary melts. The distribu- 
tion coefficient for Ni between olivine and melts is sensitive 
to composition, probably to the number of octahedral sites 
in the melt (Hart and Davis 1978). Because these latites 
are more siliceous and less magnesian than primary basalts, 
their Ni contents may be appropriate for equilibration with 
mantle olivine. The Ni contents are essentially identical in 
the two latites (Table 2), so disaggregated xenoliths may 
not have significantly affected the Ni concentrations. 

Whether the chemistry of the rocks was significantly 
affected by wall-rock interaction during ascent or by subse- 
quent alteration also must be considered. Study of the inter- 
action between a basaltic melt and felsic wall-rock suggests 
that selective diffusive contamination of a magma by REE 
and K is likely to occur over short periods of time, i.e. 
days (Watson 1982). However, because the potassium con- 
tent of the melt is buffered when it reaches about one-third 
of its value in the contaminating felsic material, this process 
cannot account for the very high K20  in the latites. Only 
by large-scale bulk assimilation could the potassium con- 
tents be increased further. Bulk assimilation is unlikely to 
have been important for several reasons: 1. petrographic 
evidence of upper crustal xenoliths is present but minimal; 
2. the host latites do not show positive Eu anomalies which 
would be produced by significant assimilation of crustal 
feldspar; 3. bulk assimilation would cause crystallization 
and fractionation and the resultant magma would have a 
lower rag-ratio and lower Cr and Ni; and 4. the analyzed 
latite with very few xenoliths has the same essential chemi- 
cal characteristics as the latite with abundant nodules. 
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Alteration does not seem to be responsible for the high 
potassium contents. Although secondary alteration can 
create potassic bulk compositions (Chapin and Glazner 
1983), some rocks in the Sullivan Buttes Latite appear al- 
most unaltered. But because the samples were not perfectly 
fresh, minor effects cannot be excluded. High potassium 
contents in the rocks of the formation are correlated with 
phenocrystal biotite, however, not with degree of alteration. 
For instance, the lava with only slightly altered microphe- 
nocrysts of olivine (PRS 6, Table 1) is also potassic. 

The hypothesis that such siliceous magmas are derived 
from the mantle is made more plausible by their potassic 
nature and biotite phenocrysts. Kushiro (1975) summarized 
the effects of various oxides upon the liquidus boundary 
between forsterite and protoenstatite and discussed applica- 
tions to magma genesis. He found that at 20 kb, K20  had 
an effect even stronger than that of H20  in shifting the 
liquidus boundary towards SiO2; hence, melts produced 
from a phlogopite peridotite would be relatively silica-rich 
at low mantle pressures. 

Esperanga and Holloway (1984) found that the liquidus 
temperature of a more evolved but otherwise similar latite 
exceeded 1,000 ~ C. Since the equilibration temperatures of 
the nodules are below 800 ~ C, the latite magma must have 
been generated from hotter, deeper material. Estimates of 
the maximum pressure at which partial melts of phlogopite- 
bearing peridotite would be silica-saturated vary from 15 kb 
(Bravo and O 'Hara  1975) up to 35 kb (Modreski and 
Boettcher 1973). Most workers favor an estimate of about 
20 kb with melts forming at higher pressures being silica- 
undersaturated (Kushiro 1975; Wendlandt and Eggler 
1980). Ehrenberg (1982a) estimated that megacrystalline 
nodules in the Thumb, a minette diatreme in the Navajo 
volcanic field, originated at a depth of 110 km. I f  silica- 
undersaturated minette magma was generated from hy- 
drous metasomatized peridotite at pressures on the order 
of 35 kb or more in this region then it seems plausible that 
a silica-saturated latite magma must have been generated 
at lower pressures. 

Trace elements may also give clues to the mineralogy 
of the mantle source. Phlogopite fractionates Ba over Sr 
and K over Rb. Amphibole behaves in an opposite manner; 
thus, if one of these phases were present in the source after 
partial melting, the ratios of Ba, Rb, Sr and K of the melt 
should reflect this difference in fractionation. In fact, the 
K/Rb ratios of the latites are relatively low (250-350) com- 
pared with those typical of calc-alkaline (340-430) and tho- 
leiitic (870-1,000) suites (Jakeg and White 1972), so residual 
phlogopite in the source would seem to be more likely than 
amphibole. However, Ba/Sr and Ba/Rb ratios are very high, 
as would be caused by residual amphibole. Thus no clear 
conclusion can be drawn about which of these phases was 
more likely residual to the magmas, and perhaps neither 
phase remained. 

The upper latite unit is atypical of the Sullivan Buttes 
Latite in that many units in the formation not only are 
more evolved chemically, but also contain a spectacular 
and very unusual suite of eclogite, amphibolite, and web- 
sterite nodules (Arculus and Smith 1979; Schulze and 
Helmstaedt 1979; Schulze et al. 1978). The association of 
the unusual magma type and the unusual nodule suite is 
suggestive of a genetic connection. The probability of such 
a connection is enhanced by the discovery of potassic latites 
like those in the more evolved units of the Sullivan Buttes 

Latite approximately 120 km to the southeast at Camp 
Creek, Arizona (F.C. Bishop, personal communication, 
1979; Esperanga and Holloway 1982, 1984). The Camp 
Creek rocks contain a similar eclogite and amphibolite xe- 
nolith suite. Several arguments indicate that the latites were 
not derived from eclogite, amphibolite or websterite materi- 
al like that which forms the bulk of the xenoliths, but that 
they may have been contaminated by this material as the 
magmas traversed through it (Tyner 1984). For instance, 
partial melting models using a clinopyroxene-rich eclogite, 
the only analyzed xenolith with an rng-ratio high enough 
to generate the most mafic latites, cannot enrich La enough 
to match the concentrations in any of the latites as calcu- 
lated values are 4 to 6 times too low. Other more La-rich 
xenoliths all have Fe/Mg ratios that are too high to have 
generated the Mg-rich upper latite magmas. Combined as- 
similation-fractional crystallization models using the meth- 
ods of DePaolo (1981) have also been investigated, and 
model fits for the more evolved units are better (Tyner 
1984; Tyner and Smith in preparation). 

Arculus and Smith (1979) calculated that the websterite 
and eclogite suite at Chino Valley last equilibrated in the 
range of 700-1,000~ C and 10-20 kb; the pressure range 
spans the mantle-crust boundary. If  the most primitive latite 
magmas were derived from phlogopite peridotite in the up- 
permost mantle, then that unusual mantle may owe its ex- 
istence to an unspecified series of events responsible for 
the eclogite-websterite-amphibolite suite. Intrusion of a ba- 
salt magma from greater depth may have provided the heat 
source necessary for production of the latite. Large temper- 
ature gradients may have existed near the intruding basalt 
magma and thus low-temperature peridotite may have re- 
mained to be sampled by the rising melt. 

Regional considerations 

Other potassium-rich, peridotite-bearing volcanic rocks of 
about the same age are found on the Colorado Plateau 
(Roden et al. 1979). Some of these minettes are felsic, and 
they have major element compositions which resemble 
those of the upper latites of the Sullivan Buttes Latite. Some 
of these felsic minettes also contain peridotite nodules (Ro- 
den and Smith 1979; Roden 1981). Potassic trachybasalts 
were extruded in the same region as the latites, but about 
10 m.y. later (Wittke 1984; Wittke et al. in press). 

Evidence for mantle hydration is present in Plateau 
rocks. Diatremes of serpentinized ultramafic breccias (Pla- 
teau "kimberli te")  of the Navajo volcanic field are found 
along the New Mexico - Arizona border (Smith and Levy 
1976; Ehrenberg 1979; Hunter 1979). Studies of the xeno- 
liths in these diatremes have established the presence of 
hydrated spinel and garnet peridotite in the upper mantle 
beneath the Plateau (Smith and Levy 1976; Smith 1979; 
Hunter and Smith 1981; Aines and Rossman 1984). The 
P - T  estimates for the peridotite xenoliths from this study 
are consistent with the mantle P - T  conditions inferred for 
the hydrated rocks (Hunter and Smith 1981) and with low 
heat-flow values (40-50 mW/m2), such as those of Chap- 
man and Pollack (1977). Best (1975a) also has described 
amphibole-bearing xenoliths from basalts in the western 
Grand Canyon region about 180 km to the north-northwest 
of Chino Valley. 

The minettes of the Navajo field contain xenoliths of 
spinel and garnet peridotite. Metasomatism of garnet peri- 
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dotite has been suggested for the mantle beneath the Colo- 
rado Plateau based upon studies of the minette suite (Eh- 
renberg 1979, 1982a, 1982b; Smith and Ehrenberg 1984). 
Ehrenberg (1982a) suggests that three different infiltration 
metasomatic processes may have occurred independently 
of one another in garnet peridotite nodules from the 
Thumb. These processes are: 1. addition of Fe and Ti; 
2. the formation of phlogopite, and 3. the introduction and 
enrichment of LREE in major-element depleted lherzolites 
(Ehrenberg 1982a). The high concentrations of K, LREE 
and other LIL elements and the high rag-ratios of the upper 
latites indicate that the latter two processes would yield 
source compositions most appropriate for generation of the 
latite magmas, thus phlogopite-bearing, LREE-enriched re- 
fractory peridotite may also have been produced under 
Chino Valley at this time. Wittke et al. (in press) have hy- 
pothesized such a source for the potassic trachybasalts ex- 
truded in the same region 10 million years later. 

Conclusions 

The upper latite member of the Sullivan Buttes Latite suite 
is one of the rare occurrences of mantle peridotite nodules 
in a silica-rich magma. Perhaps the magma owes its silica- 
rich nature in part to its high potassium content, since po- 
tassium has such an important effect in extending the liqui- 
dus field of olivine to more siliceous compositions. Chemi- 
cal characteristics of the magma are all compatible with 
derivation from a mantle source. Contamination by upper- 
crustal sources is unlikely to have played an important role 
in producing the compositions of these magmas. 

Peridotite xenoliths which appear to have last equili- 
brated at relatively low temperatures (less than 800 ~ C) indi- 
cate that the magmas erupted through relatively cool spinel 
peridotite in the upper mantle and were derived from hotter 
material at some lower depth. High rng-ratios, LREE, K 
and other LIL contents indicate that the magma source 
was probably peridotite which had been metasomatically 
enriched in LIL elements. A garnet peridotite source is con- 
sistent with the HREE-depletion, relatively low alumina, 
and the depths at which the magmas may have been gener- 
ated. But if the source were enriched in LREE by metaso- 
matic processes before the latite magmas were formed, then 
the LREE-fractionated profiles of the latites may not re- 
quire having residual garnet in the source. Either a spinel 
or garnet peridotite source is consistent with the data. 

Experimental studies demonstrate that generation of sil- 
ica-rich magmas from peridotite requires a high H20/CO2 
ratio, and that the generation of potassium-rich magmas 
requires a potassium-bearing phase such as phlogopite or 
amphibole (Kushiro 1980; Wendlandt and Eggler 1980; 
Mysen and Boettcher 1975). Mantle hydration and the for- 
mation of metasomatically-enriched peridotite may have 
been caused by mantle diapirism (Smith and Levy 1976; 
Smith 1979; Ehrenberg 1982a). The possibility that the la- 
tite magmas were generated from a subducted slab at depth 
has been considered but seems unlikely based upon their 
enrichment in incompatible elements, particularly Sr, and 
the high rag-ratios of several of the latite types. 

Other volcanic rocks of about the same age in the south- 
western United States may be related to slab subduction 
(Lipman et al. 1972) or to the passing of the Mendocino 
Fracture Zone underneath this region about 20 m.y. ago 
(Glazner and Supplee 1982). Water derived from a dehy- 

drating slab could cause melting in overlying asthenosphere 
(Best 1975b) and basalt magmas generated above or from 
a subducted slab could have provided the heat necessary 
to generate the latite melts. Alternatively, Bird (1979) has 
suggested that continental delamination took place at this 
time and produced upwelling of asthenospheric material 
and related magmatism. Finally, the locality is near a postu- 
lated 1,700 m.y. old Precambrian plate boundary (Ander- 
son and Silver 1976) which could have served to concentrate 
magmatic activity. Whatever the mechanism which trig- 
gered melting and subsequent eruption of the latite mag- 
mas, the latites with the high rng-ratios and high silica ap- 
pear to be relatively undifferentiated partial melting prod- 
ucts of metasomatized mantle material. 
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