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Garnet-pyroxene-amphibole xenoliths from Chino Valley, 
Arizona, and implications for continental lithosphere 
below the Moho 

Douglas Smith • , Richard J. Arculus 2, Janet E. Manchester •, 3, G. Nell Tyner 4, 5 

Abstract. Garnet-pyroxene-amphibole xenoliths illustrate how P and T histories can be 
recorded in rocks from the crust-mantle transition and document the diversity of continental 
lithosphere below the Mohorovicic discontinuity. The xenoliths are from the Sullivan Buttes 
Latite in Chino Valley, Arizona, in the Transition Zone of the Colorado Plateau. The most 
definitive depth assignments depend upon garnet-pyroxene thermobarometry coupled wit.h 
analysis of Ca and A1 gradients in orthopyroxene. Websterites that record temperatures of 600 
to 700øC contain orthopyroxene zoned in A1 but not Ca, and these rocks were carried up from 
depths of at least 43 km. Websterites that record temperatures of 800-900øC contain more 
homogeneous orthopyroxene, and they were erupted from 70 to 80 km. Most eclogite and 
amphibole-rich xenoliths record temperatures in the range bracketed by websterites and so were 
probably erupted from similar depths. Element abundances and Sr, Nd, and Pb isotope ratios 
establish that protoliths of most xenoliths formed by crystal-melt fractionation from basaltic 
magmas. Diverse Sr and Nd isotopic compositions range from end = +8 and 87Sr/86Sr =0.7045 
for two websterites to œNd = -9 and 87Sr/86Sr = 0.7064 for both parts of a composite eclogite. 
Most xenoliths probably have Proterozoic protoliths, although many record more recent thermal 
and metasomatic events, and a few probably formed from Cenozoic magmas. Observations are 
consistent with a reconstruction of the lithosphere in which eclogite and amphibole-rich rock 
were volumetrically important to depths of at least 70-80 km at 25 Ma. Anhydrous peridotite 
may not dominate just below the Mohorovicic discontinuity beneath Chino Valley or beneath 
some other localities on the Colorado Plateau and elsewhere. No evidence was observed in the 

Chino Valley suite for replacement of continental lithosphere during Phanerozic tectonism or for 
significant underplating in Cenozoic time. 

Introduction 

Pyroxene-garnet-amphibole xenoliths from Chino Valley, 
Arizona, have been analyzed to investigate continental litho- 
sphere near the crust-mantle boundary. We have made petro- 
graphic and electron probe analyses of many rocks, with 
particular attention to garnet websterites, and chemical and 
isotopic analyses of representative samples. The analyses were 
made with the following questions in mind. First, how are 
pressure-temperature histories of garnet-pyroxene-amphibole 
rocks best reconstructed? Second, how do these rocks contribute 
to understanding the crust-mantle transition? Third, how do the 
xenoliths clarify the evolution of continental lithosphere? 

Chino Valley is in the Transition Zone between the Colorado 
Plateau and Basin and Range provinces in the western United 
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States (Figure 1). Reconstructions of the lithosphere there may 
help in understanding the tectonic evolution of western North 
America and in interpreting seismic studies of the crust-mantle 
boundary. Uplift and deformation of these geologic provinces 
have been related to subterranean processes for over a century 
[Dutton, 1885; Morgan and Swanberg, 1985]. The region was 
underlain by subducted oceanic lithosphere earlier in Cenozoic 
time and was subjected to Laramide compression, perhaps 
accompanied by large-scale disruption of the lower crust and 
upper mantle [Coney and Reynolds, 1977; Bird; 1988]. In mid- 
Cenozoic time the Basin and Range province to the south of 
Chino Valley was extended [Coney, 1987], and magmatism was 
widespread [Nealey and Sheridan, 1989]. Many geophysical 
techniques have been used to probe the Transition Zone 
[Hendricks and Plescia, 1991], and seismic reflection and 
refraction transects pass near the xenolith localities (Figure 1) 
[Hauser et al., 1987; McCarthy and Kohler, 1990]. 

Overview of Chino Valley and Camp Creek 
Xenoliths 

The Chino Valley xenoliths were included in the Sullivan 
Buttes Latite at about 25 Ma [Krieger et al., 1971]. The host unit 
consists of shallow intrusions and volcanic rocks. Most of the 

host rocks are felsic and have K20/Na20 near or greater than 1; 
clinopyroxene, biotite, and amphibole are common phenocrysts 
[Tyner and Smith, 1986]. Some latite units contain dense 
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xenoliths in exceptional abundance and variety [Krieger, 1965; 
Schulze et al., 1978; Arculus and Smith, 1979; Schulze and 
Helmstaedt, 1979; Arculus et al., 1988; Stefanov and Holloway, 
1992]. Clinopyroxene, garnet, and amphibole constitute the bulk 
of most inclusions. Eclogites and amphibole-rich rocks are the 
most common types, but garnet-rich rocks, websterites, 
peridotites and a variety of other rock types are present. Minor 
and trace minerals include rutile, apatite, titanite, kyanite, 
clinozoisite, plagioclase, phlogopite, quartz, hercynite, allanite, 
and zircon. Metamorphic textures are typical. Peridotite 
xenoliths are rare and poorly preserved, and they have been 
recognized only in a few units of the formation [Tyner, 1984]. 
These peridotite inclusions appear to represent cool, depleted 
continental mantle, consistent with a mantle origin for some latite 
magma [Tyner and Smith, 1986]. •chulze and Helmstaedt [1990] 
and Manchester et al. [ 1990] suggested that some or all of the 
Chino Valley xenoliths also were from the mantle because 
calculated depths exceeded those assigned to the Mohorovicic 
discontinuity in seismic studies. 

Similar suites of xenoliths and host rocks have been reported 
at two other localities in the Transition Zone, one about 120 km 
southeast of Chino Valley at Camp Creek (Figure 1) and the 
other about 50 km east of Camp Creek at Reno Pass. The Reno 
Pass occurrence [Nealey and Sheridan, 1989] has not been 
described in detail. The xenoliths at Camp Creek were attributed 
to the lower crust by Esperanca and Holloway [1984], in part 
because a maximum pressure of 0.8 GPa was calculated for a 
plagioclase-garnet-clinopyroxene rock. Esperanca et al. [1988, 
1990] measured Sr, Nd, and Pb isotopic abundances in a varied 
suite of Camp Creek xenoliths and host latite, and they suggested 
that the xenoliths are samples of lower crest that formed in the 
Proterozoic. Johnson [1990] suggested that these xenoliths 
instead formed from Cenozoic or Mesozoic magmas but 
concurred that they are samples of the crest. 
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Figure 1. Location of the Chino Valley (CV) and Camp Creek 
(CC) localities in the Transition Zone between the Colorado 
Plateau and Basin and Range provinces. Consortium for 
Continental Reflection Profiling seismic traverses [Hauser et al., 
1987; Hauser and Lundy, 1989] are shown as short-dashed lines, 
and Pacific to Arizona Crustal Experiment traverses [McCarthy 
and Kohler, 1990; Wolf and Cipar, 1991] are shown as long- 
dashed lines. 
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Rock Types And Petrographic Interpretations 

More than 100 dense xenoliths were examined in thin section, 
and many more in hand specimen. Representative electron probe 
analyses of minerals in 34 xenoliths are tabulated in appendix 
Tables A1 and A21 on microfiche. Analyses were acquired by 
wavelength-dispersive spectroscopy at the University of Texas 
with a variety of analytical conditions and operators from 1976 to 
1992. Data were reduced by the methods of Bence and Albee 
[1968] and Albee and Ray [1970]. 

Common Eclogites, Garnet-Rich Rocks, Pyroxenites, and 
Amphibole-Rich Rocks 

Common inclusions are composed primarily of garnet, 
clinopyroxene, and amphibole in various proportions. The 
xenoliths are typically foliated, and many contain layers and 
irregular domains with contrasting mineral proportions. 
Eclogites, composed primarily of garnet and clinopyroxene, are 
most abundant in some latite units and amphibole-rich rocks are 
most abundant in others [Tyner, 1984]. Typical eclogites have 
garnets in the "Group B" classification of Coleman et al. [ 1965] 
and clinopyroxene with 5-30% jadeite component (Figure 2). 
Rutile and apatite are the common accessory minerals. Titanite is 
relatively uncommon, and it occurs both as rims about rutile and 
as apparently primary grains that share the metamorphic fabrics. 
Manchester [ 1989] investigated the relative stability of rutile and 
titanite in these eclogites and found that garnet and clinopyroxene 
are more Fe-rich in rocks with titanite than in rocks with only 
rutile (Figure 2). Kyanite, quartz, clinozoisite, epidote, 
phlogopite, and other minor minerals that appear to be parts of 
the metamorphic assemblages are rare. Corundum, hercynite, 
and plagioclase typically occur only in textures consistent with 
formation from partial melts created during interactions with host 
latite. Plagioclase that appears to have been part of the metamor- 
phic assemblage is very rare in these mafic xenoliths. Hence the 
term "amphibole-rich rock" is used here for the rocks referred to 
as "amphibolite" by Arculus and Smith [1979], in accordance 
with a suggestion of D. J. Schulze (oral communication, 1990). 
Amphiboles are hornblendes, hastingsites, and pargasites in the 
classification of Leake [ 1978]; representative analyses (appendix 
Table A1) range in K/Na from 0.02 to 0.66, with most values less 
than 0.3, a contrast to the latite host rocks, for which almost all 
values for bulk rocks exceed 0.6 [Tyner, 1984; Tyner and Smith, 
1986]. 

Websterites 

Websterite, composed mostly of two pyroxenes and garnet, is 
uncommon. Many of these rocks contain porphyroclasts of 
pyroxene up to 5 cm in diameter and with exsolution lamellae of 
garnet [Schulze and Helmstaedt, 1979; Smith and Barron, 1991]. 
The exsolution textures are commonly partly recrystallized to 
mosaic intergrowths. Before garnet exsolution, orthopyroxene 
contained 6-7 wt % A1203, and Arculus and Smith [1979] and 
Smith and Barron [ 1991 ] concluded that such aluminous orthopy- 
roxene must have crystallized from high-temperature magmas. 
Schulze and Helmstaedt [ 1990] described a composite sample in 
which an "intrusion" of garnet pyroxenite cut across layering in 
an eclogite, consistent with the inferred magmatic origin. In one 
websterite (Pn-1-20) a garnet-rich layer contains zircons, inter- 

1 Appendix Tables A1 and A2 are available with entire article on 
microfiche. Order from American Geophysical Union, 2000 Florida 
Ave., N. W., Washington, D.C. 20009. Document B93-013; $2.50. 
Payment must accompany order. 
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Figure 2. Garnet and clinopyroxene compositions in the Chino 
Valley suite. Lines in the garnet ternary diagram separate the A, 
B, and C eclogite groups of Coleman et al. [ 1965]. 

preted as a result of crystal accumulation from a magma. Spinel 
rimmed by garnet occurs in some rocks. Aluminous pyroxenes, 
spinel, and zircon thus appear to have been among the igneous 
phases in the websterites. Amphibole may have been an igneous 
phase because some is included in garnet and pyroxene, but it 
also occurs in apparent replacement textures. Garnet, pyroxene, 
and amphibole commonly occur together in foliated textures, and 
layers with different proportions of minerals are common. Such 
layers may have formed both by igneous processes and by meta- 
morphic differentiation. 

Unusual Rock Types 

Two unusual xenoliths illustrate the diversity of the Chino 
Valley suite. An allanite-bearing eclogite (Prs 90j) contains 
poikilitic garnets that include omphacite (Jd40), rutile, allanite, 
and zircon. The pyroxene is more sodic than any other in the 
suite (Figure 2). The allanite is zoned in composition, and the 
rock does not have a metamorphic texture like those typical of 
other eclogites. A quartz-rich inclusion (Prs 82) is one of the few 
rocks that has a high metamorphic grade but that clearly had a 
sedimentary protolith. This inclusion is composed of a quartz- 
rich matrix about a lens consisting primarily of clinopyroxene 
and clinozoisite with minor garnet, titanite, and amphibole; 
garnet and pyroxene compositions (Figure 2) are unlike others in 
the suite. 

Interactions Between Xenoliths and Host Rocks 

Interpretation of xenolith histories in part depends upon recog- 
nition of features that formed during interactions with the host 
latites, in the latter part of the evolutionary sequence discussed in 
more detail by Arculus and Smith [1979]. A few of the inclu- 
sions appear to have formed by accumulation of crystals from the 
latites, because they consist of phenocryst minerals 
(clinopyroxene, biotite, and apatite) in cumulate textures, with 
interstitial glass and alteration products. Textures in most other 
inclusions appear to be at least in part metamorphic, although 
commonly the metamorphic textures are overprinted by textures 
formed after entrainment in the host magmas. For instance, 
clinopyroxene grains in some rocks have turbid rims, a texture 
commonly formed during decompression of xenolith 
clinopyroxene [Carswell, 1975]. Garnets in many rocks have 
opaque rims made of oxide-silicate intergrowths with approxi- 
mate garnet stoichiometry but slightly more sodic than the 
replaced garnet. Pockets of glass and alteration products, 
commonly with quench crystals of plagioclase, amphibole, 
pyroxene, and corundum, are present in some inclusions in which 
mosaic textures predominate. Quench orthopyroxene and 
clinopyroxene associated with glass are prismatic, zoned, and A1- 
rich, and they probably crystallized just before eruption 
[Stapleton, 1991]. Amphibole appears to replace clinopyroxene 
in unannealed textures in some rocks, although amphibole also 
occurs in mosaic textures together with garnet and pyroxene. 
Insofar as it has been possible to distinguish them, features that 
formed during interactions with the host latites during or after 
eruption are not considered further here. 

Mineral Compositions and P T Assignments 

Reconstruction of the depths and temperatures from which the 
xenoliths were plucked depends upon interpretations of the 
kinetics of garnet-pyroxene equilibration. If minerals in 
xenoliths were not in chemical equilibrium when entrained in 
host magmas, then calculated pressures and temperatures may 
represent conditions at some earlier time, or conditions never 
experienced by the rocks [Harte et al., 1981; Griffin et al., 1990]. 
Equilibration in these rocks has been evaluated by analysis of 
gradients at mineral contacts, with particular attention to 
websterites, and by comparisons of pressure (P) and temperature 
(T) calculated with different thermobarometers. 

P T Assignments for Garnet Websterites 

Correlations of petrographic and electron microprobe analyses 
of pyroxene and garnet are critical for assessment of the calcu- 
lated pressures and temperatures. Six websterites, three of which 
were also studied by Arculus and Smith [1979], have been 
analyzed (Table 1). Equilibration conditions for these samples 
have been calculated by a variety of methods (Figure 3). 
Combined pressure-temperature calculations depend on the 
orthopyroxene-gamet thermobarometer, and the formulations of 
Harley [1984a, b] are preferred (Figure 3a), based upon the as- 
sessments of Brey and Kohler [1990] and Smith and Barron 
[1991]. 

The webstefites can be classed into two groups according to 
their calculated temperatures. Four of the six websterites have 
relatively low, similar equilibration temperatures in the range 600 
- 700øC, whereas the remaining two appear to have been hotter, 
near 900øC (Table 1 and Figure 3). The temperature differences 
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Table 1. Websterites Analyzed in Detail for Pressure and Temperature Ass! gnments. 

Rock Comments A1203 in Opx 
Near Garnet, 

Wt % 

104 x P, kbar; T, øC, T, øC at 20 
Ca/(Ca+Fe+Mg) Harley kbar, Krogh 

in Opx [1984a, b] [1988] 

79 21.6; 849 851 Pn-l-20 

Pn-l-48 

Prs68 

Prs90q 

Prt5g 

Pr35 

all opx mosaic; this layered opx-cpx- 
amph-garnet rock contains zircons a 

all opx mosaic; some opx grains are 
inhomogeneous, with lower A1 in 
interiors; garnet is altered a 

some opx mosaic and some in strained 
porphyroclasts with exsolved garnet 

all opx mosaic; opx grains are zoned to 
low A1 at margins; garnet exsolved 
to pyroxene boundaries b 

some opx mosaic and some in strained 
porphyroclasts with exsolved garnet; 
spinel rimmed by garnet 

some opx mosaic and some in strained 
porphyroclasts with exsolved 
garnet a, b, c 

a Arculus and Smith [ 1979]. 
b Smith and Barron [ 1991 ]. 
c Arculus et al. [ 1988]. 
Opx, orthopyroxene; cpx, clinopyroxene; amph, amphibole. 

1.59 

0.91 

1.10 

0.68 

0.75 

61 23; 903 829 

25 20; 690 646 

26 16.8; 636 627 

32 20.6; 671 628 

21 17.7; 612 613 

between the two groups are consistent in comparisons based on 
Fe-Mg exchange thermometers utilizing orthopyroxene-garnet 
[Harley, 1984a, b] and clinopyroxene-garnet [Krogh, 1988] 
(Figure 3d). These temperature groupings are also distinct on the 
basis of Ca-in-orthopyroxene (Figure 3e) but not on the basis of 
thermometry dependent on Ca-in-clinopyroxene (Figure 3c), 
probably because compositional corrections are more complex 
for clinopyroxene and because of uncertainties in two-pyroxene 
thermometry at low temperatures [Finnerty and Boyd, 1984; 
Witt-Eickschen and Seck, 1991 ]. 

Orthopyroxene grains in both groups are homogeneous in Ca, 
but the low-T orthopyroxenes are not homogeneous in A1, a 
critical element for pressure calculations. Gradients were charac- 
terized in detail in orthopyroxene adjacent to garnet in two of the 
low-T websterites (Pr35 and Prs 90q) by Smith and Barron 
[1991]. A1 was found to be lower in proximity to exsolved 
garnet, but gradients of Ca were not detected (Figure 4), consis- 
tent with the interpretation that Ca and other divalent cations 
diffuse faster than A1 in orthopyroxene [Smith and Barron, 1991; 
Witt-Eickschen and Seck, 1991 ]. The two websterite xenoliths 
that yield higher temperatures contain pyroxene and garnet in 
mosaic textures, not in exsolution intergrowths. In the sample 
analyzed in most detail (Pn-l-20), orthopyroxene appears almost 
homogeneous in A1 (Figure 4); the slightly higher A1 at a contact 
may be real or may be due to beam interaction with adjacent 
alteration products of garnet. The relative homogeneity of A1 in 
orthopyroxene of the high-T group compared with the 
pronounced gradients found in grains of the low-T group is addi- 
tional evidence that the differences in calculated temperatures are 
meaningful. The rocks appear to be from sources with tempera- 
tures spanning a range of 200-300øC. 

Evaluation of calculated pressures is more difficult. 
Compositions of orthopyroxene close to garnet were used for 
pressure calculations, but compositions within a micrometer or 

two of the contacts could not be measured accurately. Moreover, 
even close to garnet contacts, A1 may have ceased to equilibrate 
during cooling at higher temperatures than did Ca and Fe/Mg. 
Calculations for the low-T websterites therefore may yield only 
minimum pressures, as indicated by the schematic arrows in 
Figures 3a and 3b pointing toward higher values. Assuming that 
kinetic effects were not important and that the Harley [1984b] 
barometer is accurate, a pressure range of about 5 kbar is 
recorded by the 6 websterites, with the lowest pressures being 
about 17 kbar. The Al-in-orthopyroxene formulation of Brey and 
Kohler [ 1990] yields a wider pressure range, from about 12 to 24 
kbar when combined with the garnet-clinopyroxene thermometer 
of Krogh [1988] (Figure 3b): a pressure of 12 kbar corresponds 
to a depth of about 43 km, and this depth is a likely minimum for 
the websterite suite. Because orthopyroxene in the high-T 
websterites is more homogeneous, the accuracies of pressures 
calculated for these rocks are dependent primarily upon calibra- 
tions of the thermobarometers rather than upon kinetics of 
equilibration. Results from both sets of thermobarometers for the 
two high-T websterites are in the range from 20 to 24 kbar 
(Figure 3), corresponding to about 70 to 80 km. 

P T Assignments for Other Rock Types 

Garnet-clinopyroxene equilibria provide a basis to compare 
temperatures recorded by websterites, eclogites, and amphibole- 
rich rocks. The garnet-clinopyroxene method of Krogh [1988] 
was used for these comparisons because it yields temperatures for 
the six websterites similar to those from the gamet-orthopyroxene 
thermobarometer of Harley [ 1984a, b] (Figure 3d). A pressure of 
20 kbar, an intermediate value for the websterites (Figure 3a), 
was chosen for calculation of temperatures for xenoliths without 
orthopyroxene. Garnets typically are zoned to rims with slightly 
higher Fe/Mg, as expected if the garnet rims reequilibrated with 
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Figure 3. Calculated temperature (T) and pressure (P) for the 
websterites described in Table 1. (a) Orthopyroxene-garnet 
thermobarometry of Harley [1984a, b]. The effect of possible 
disequilibrium for the four low-temperature websterites is 
indicated schematically by the arrow and question mark. Curves 
are representative 40 mW/m 2 and 80 mW/m 2 lithosphere 
geotherms [Turcotte and Schubert, 1982, equation 4-31], with 
heat fluxes to the base of the lithosphere of 24 and 30 mW/m 2, 
respectively. (b) Garnet-clinopyroxene thermometry of Krogh 
[1988] combined with Al-in-orthopyroxene barometry of Brey 
and Kohler [1990]. Curves and arrow as for Figure 3a. (c) 
Comparison of temperatures from orthopyroxene-garnet 
thermobarometry of Harley [1984a, b] and two-pyroxene 
thermometry of Wells [1977]. (d) Comparison of temperatures 
from orthopyroxene-garnet thermobarometry of Harley [1984a, 
b] and gamet-clinopyroxene thermometry of Krogh [ 1988] (latter 
at 20 kbar). (e) Comparison of temperatures from 
orthopyroxene-garnet thermobarometry of Harley [1984a, b] and 
CaJ(Ca + Fe + Mg) in orthopyroxene. 

clinopyroxene during cooling; a slight reversal of the gradients 
within tens of micrometers of some garnet rims may have formed 
during heating by host magmas (Figure 5). Compositions of 
garnet and clinopyroxene close to mutual contacts were used for 
temperature calculations, except when precluded by alteration at 
grain rims. Manchester [1989] used rocks with little-altered 
garnet and clinopyroxene to evaluate temperature discrepancies 
due to use of compositions of grain interiors rather than rims; she 
found temperatures calculated from rim compositions typically 
20-40øC lower. As much as several tens of degrees of the range 
of temperatures calculated for various rocks (Figure 6) may be 
due to the textural contexts of the analyzed points. 

Almost all of these diverse xenoliths yield garnet-clinopyrox- 
ene temperatures within the range calculated for the websterites, 
from about 600-850øC (Figure 6). The spread of calculated 
temperatures is attributed at least in part to a range of equilibra- 
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Figure 4. Electron probe traverse data for CaO and A120 3 in 
orthopyroxene adjacent to garnet in two websterites, one with 
low calculated temperatures (Prs90q) and one with high values 
(Pn-l-20). Traverses at two grain boundaries are displayed for 
low-T websterite Prs90q. Note that A1203 is scaled differently in 
plots of the two traverses. 
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Figure 5. Compositional profile across a garnet in eclogite SB 1- 
48, analyzed by electron probe. 

tion conditions, although other causes, including textural context 
and differences in ferric iron content, must also contribute. Just 

as found for orthopyroxene and garnet in the low-temperature 
websterites [Smith and Barron, 1991], the dominant composi- 
tional zonation of eclogite garnet records cooling (Figure 5). 
Because most of the eclogites, amphibolites, and websterites 
record cooling to similar temperatures, all may be derived from 
within the same depth interval. Depths from 43 to 80 km (12 to 



688 SMITH ET AL.' DIVERSE ROCK TYPES FROM CONTINENTAL MANTLE 

55 

• 45 

+ 

+ 35 

u_ 25 
o 
o 

i 
i 

x 
[] 

On [] no • 

I 

[] 

15 , I • I •, I 

550 650 750 850 950 

T øC (Krogh at 20 kb) 

I Websterites X Amphibole-rich rocks 

[] Rutile eclogites • Quartz-clinozoisite rock 
ß Titanite eclogites ß • Allanite-bearing eclogite 

Figure 6. Comparison of temperatures calculated for all 
xenoliths using one thermometer, the garnet-clinopyroxene 
formulation of Krogh [1988] for a pressure of 20 kbar. 
Calculated temperatures are plotted against Fe/(Fe + Mg + Ca) in 
garnet in order to separate some of the rock types. 

24 kbar) span results from two thermobarometer pairs for the 
websterites (Figures 3a, b). Minimum depths in excess of 43 km 
are consistent with the rarity of plagioclase in metamorphic 
textures in these rocks, although the requirements of bulk 
composition, pressure, and temperature for plagioclase stability 
in mafic rocks are not well defined [e.g., Griffin et al., 1990]. 

Several unusual xenoliths provide additional constraints on 
equilibration conditions. One eclogite contains a trace of 
orthopyroxene, and Manchester [1989] used the thermobarome- 
try of Harley [1984a, b] to calculate equilibration conditions of 
810øC, 20 kbar for the rock (SB1-27, appendix Table A1). A 
kyanite eclogite (Prs 63) yields a temperature of 760øC, and 
kyanite requires a minimum pressure of about 9 kbar to be stable 
at that temperature [Hemingway et al., 1991]. The allanite- 
bearing eclogite with poikilitic garnet (Prs 90j) records an 
unusually high garnet-clinopyroxene temperature, about 930øC. 
Clinopyroxene included in garnet contains about 40% jadeite; 
assuming that activity of jadeite in omphacite may be approxi- 
mated by mole fraction [Holland, 1983] and that the low-pressure 
limit of jadeite stability is defined by breakdown to albite and 
nepheline as determined by Newton and Kennedy [1968], a 
minimum pressure in excess of 16 kbar is required for 
crystallization of this unusual eclogite. Manchester [1989] made 
similar calculations to establish a minimum pressure of 11 kbar 
for an eclogite containing pyroxene with 17% jadeite component. 
Thermometry of quartz-rich xenolith Prs 82 yields a temperature 
of about 800øC, a value similar to those for the eclogites and 
websterites. Rims of garnet and pyroxene grains in Prs 82 are 
altered, and so no temperature or pressure history can be 
deciphered from gradients, but a crustal protolith appears to be 
required for the rock. Depth of extraction of the xenolith is 
constrained only by the quartz-coesite transition, occurring at 
about 28 kbar at 800øC [Bohlen and Boettcher, 1982]. 

Compositions of Bulk Rocks 

One representative of each major type, eclogite, websterite, 
and amphibole-rich rock, was selected for bulk chemical and 

isotopic analysis. The eclogite, about 14 cm maximum diameter, 
consisted of subequal garnet-rich (garnet:clinopyroxene:amph- 
ibole of 52:30:18) and garnet-poor parts (9:91:0.2), each 
relatively uniform and separated by a sharp contact; the two parts 
were analyzed separately. This composite eclogite and the 
amphibole-rich rock were partly characterized by Arculus and 
Smith [1979] and Arculus et al. [1988]. Powders for analysis 
were prepared in tungsten carbide grinding vessels, with 
attendant possibilities for Ta and Nb contamination [Potts, 
1987]. Analytical methods included conventional wet chemistry, 
inductively coupled plasma-atomic emission spectrometry, and 
Xray fluorescence at the University of Texas; instrumental 
neutron activation at Texas A&M University; and isotope 
dilution mass spectrometry at the University of Florida. Splits of 
powders of two of these samples, Pr175 and Pr149a, were also 
analyzed by spark source mass spectrometry at Australian 
National University, using the procedures of Taylor and Gorton 
[1977]. The two sets of analyses for Pr175 and Pr149a are in 
approximate agreement for most trace elements, although results 
for Pb abundance are discrepant. Data for the four samples are 
given in Table 2, and results for six additional Chino Valley 
xenoliths, first presented graphically by Arculus et al. [1988], 
are in appendix Table A2 on microfiche. 

The analyzed rocks probably all had igneous protoliths, but 
their compositions are unlikely to represent parent magmas. The 
high Ni (170 to 310 ppm) and Cr (200 to 1110 ppm) indicate 
origins related to primary basaltic melts. Only the amphibole- 
rich rock (Pr175), however, has a major-element composition that 
is approximately basaltic; normative mineral proportions (CIPW) 
in the rock are 30% olivine, 24% orthopyroxene, 30% plagio- 
clase, and 7% nepheline. Although absolute abundances of most 
incompatible trace elements in this amphibole-rich rock are in the 
ranges expected for a basalt, relative abundances of these 
elements are not all typical (Figure 7). Abundances of Rb, Nb, 
La, Ce, Zr, and Hf are relatively low, whereas Ba, K, and Li are 
relatively high in Pr175. Arculus et al. [1988] noted an unusual 
relative enrichment in Ba, accompanied in some rocks by 
enrichments in K and Sr, in several other Chino Valley rocks 
(appendix Table A2). Compositions may have been affected both 
by melt-crystal separation and by metamorphic processes, 
including metasomatism. 

Rare earth elements (REE) were analyzed to investigate the 
phases involved in formation of these rock compositions (Figure 
8), particularly to look for a Eu signature of plagioclase-melt 
fractionation. Garnet websterite Prt5g has a generally flat 
chondrite-normalized REE pattern, with a slight depletion in La, 
much like the pattern in the other analyzed websterite (Pr35: 
Appendix Table A2; Arculus et al., 1988): the lack of enrichment 
in heavy REE is consistent with textural evidence that the garnet 
in these rocks is subsolidus. Amphibole-rich rock Pr175 is 
slightly enriched in the intermediate REE, with a slight positive 
Eu anomaly apparent in both data sets for the sample. The 
abundances of light and heavy REE in the composite eclogite 
(Figure 8) are in accord with the relative proportions of garnet 
and clinopyroxene and are consistent with either igneous or 
metamorphic differentiation. The absence of pronounced 
europium anomalies indicates little role for plagioclase-melt 
separation in formation of these four bulk compositions. 
Although Arculus et al. [1988] found a distinct positive Eu 
anomaly in clinopyroxenite Pr31 and a negative anomaly in 
kyanite eclogite Pr75 (appendix Table A2), these rocks are 
mineralogically distinct from most of the suite and also contain 
textural evidence of late-stage interaction with transporting melts. 
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Table 2. Whole Rock Analyses of Chino Valley Xenoliths 

Websterite Amphibole-Rich Rock Clinopyroxene-Rich 
Part of Eclogite 

Sample Prt5g Pr 175 Pr 175 a Pr 149a Pr 149a a 
SiO 2 47.53 43.89 51.62 
TiO 2 0.87 1.23 0.44 
A1203 9.20 12.79 6.59 
Fe as FeO 12.32 11.71 6.30 
MnO 0.21 0.13 0.06 

MgO 15.25 13.31 12.45 
CaO 11.67 10.72 19.88 

Na20 0.87 2.41 1.91 
K20 0.06 0.50 0.02 
P205 0.13 0.13 0.09 
CO 2 0.02 n.d. n.d. 
H20+ 0.57 1.43 0.30 
H20- 0.29 0.29 0.06 
sum 98.99 98.54 99.72 
Li 15 16 6 

Rb 1.3 1 0.8 0.2 0.13 
Sr 40.4 206 198 1 44 121 
Ba 90 200 156 48 16 
Pb 0.4 0.16 3.1 0.06 0.8 
La 2.3 2.66 2.95 1.56 1.86 
Ce 14.67 4.56 8.6 12.2 7.5 

Pr 1.77 1.93 
Nd 6.1 8.4 10.41 9.9 12.16 
Sm 2.3 2.6 3.04 2.6 2.72 
Eu 0.9 1.09 1.15 0.74 0.63 
Gd 3.01 1.53 
Tb 0.51 0.31 0.46 0.22 0.16 

Dy 2.65 0.81 
Ho 0.47 0.12 

Er 1.15 0.2 
Yb 2.59 0.91 0.94 0.21 0.2 
Y 14 3 
Zr 26 17 15.1 28 19 

Hf 1.17 0.65 0.9 1.27 0.9 
Th 0.76 0.33 0.25 
Ta 0.95 0.45 1 

Nb 1.2 0.4 

Sc 59 49 54 
V 330 424 556 
Cr 904 198 774 

Co 86 75 66 
Ni 313 168 277 

Zn 99 116 82 
87Sr/86Sr 0.70445 0.70396 0.70401 0.70634 0.70641 
143Nd/144Nd 0.51307 0.512433 0.512465 0.51215 0.512145 
œ Nd (25 Ma) 8.4 -4.0 -3.3 -9.4 -9.4 
206 pb/2ø4pb 18.551 18.605 19.018 
2ø7 pb/2ø4pb 15.607 15.519 15.620 
208pb/204pb 38.286 3 8.129 3 8.701 

Garnet-Rich 

Part of Eclogite 

Pr149c 

45.24 

0.41 

15.62 

11.59 
0.29 

12.85 

12.77 

0.85 

0.04 

0.11 

n.d. 

0.36 

0.06 

100.19 
5 

0.44 

68.5 

220 

0.12 
0.55 

7.58 

4.4 

1.85 

0.89 

0.57 

6.57 

4 

0.62 
0.31 
2.38 

91 

320 

1114 

84 

213 

70 

0.70659 
0.512203 

-8.7 

18.475 

15.534 
38.152 

Oxide compositions are in weight percent and are by wet chemical techniques (analyst G. K. Hoops, University of Texas at 
Austin); analyses of Pr175, Pr149a, and Pr149c are repeated from Arculus and Smith [ 1979]. Trace element compositions are in 
parts per million. Techniques and analysts for Li, Ba, V, Cr, Co, and Zn are inductively-coupled plasma spectroscopy, S. 
Thieben, University of Texas at Austin; for Rb, Sr, Nd, Sm, 87Sr/86Sr, and 143Nd/144Nd are isotope dilution mass spectroscopy, 

87 86 G. N. Tyner, University of Florida, with 143Nd/•44Nd normalized to •46Nd/•44Nd = 0.7219 and Sr/ Sr normalized to 
86Sr/88Sr = 0.1194 (the lab reports 0.710244 for SRM987); for Pb are graphite-furnace atomic absorption, S. Metz, Florida 
Institute of Technology; for La, Ce, Eu, Tb, Yb, Hf, Th, Ta, and Sc are instrumental neutron activation analysis by L. Tiezzi, 

206 204 207 204 Texas A&M University; for Zr and Ni are Xray fluorescence, University of Texas at Austin; for Pb/ Pb, Pb/ Pb, and 
2ø8pb/204pb are mass spectroscopy, B. Shuster, University of Florida (the fractionation correction for Pb is 0.05% per amu). 

a Trace elements by spark source mass spectroscopy; isotope ratios by solid source mass spectroscopy [Arculus et al., 1988]. 
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Figure 7. Trace elements in amphibole-rich xenolith Pr175 
normalized to abundances in E-type mid-ocean ridge basalt 
(MORB) [Sun and McDonough, 1989]. 
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Figure 8. Abundances of rare earth elements in Chino Valley 
xenoliths, normalized to the chondritic values of Anders and 

Grevesse [1989]. Two sets of data (Table 2) are shown by circles 
for both Pr149a and Pr175. Single data sets for Pr149c and Prt5g 
are shown by filled squares. 

Isotopic Constraints on Xenolith Histories 

Sr, Nd, and Pb isotope ratios (Table 2) were measured on 
powders of the amphibole-rich rock, the websterite, and both 
parts of the composite eclogite. These isotopic ratios were 
determined using a VG 354 thermal ionization mass spectrometer 
at the University of Florida, after sample dissolutions and separa- 
tions in ion exchange columns. Additional measurements of Sr 
and Nd isotopes in six Chino Valley xenoliths (Table 3) were 

presented graphically by Arculus et al. [1988]. Sr and Nd 
isotopic ratios determined by the two laboratiories for two 
samples in common, Pr175 and Pr149a, are in satisfactory 
agreement (Table 2). These data for Chino Valley xenoliths 
complement Sr, Nd, and Pb studies of the host Sullivan Buttes 
Latite [Tyner et al., 1987] and of rocks from the similar Camp 
Creek locality [Esperanca et al., 1988]. 

Sr and Nd isotopic ratios in Chino Valley xenoliths are diverse 
(Figure 9). Both Chino Valley websterites have epsilon Nd 
values of about +8, consistent with recent derivation from 

depleted mantle, but 87Sr/86Sr values are too radiogenic. 
Clinopyroxene-garnet rocks and amphibolites have negative 
epsilon Nd values and a range of 87Sr/86Sr. No simple relation- 
ship can be discerned between xenolith types. Values are 
generally distinct from those reported for inclusions at Camp 
Creek, although the host rocks at the two localities have similar 
ratios (Figure 9). Because ratios in the latites are unlike those 
measured in any xenolith, the latites and inclusions cannot be 
related by crystal-melt fractionation without involvement of 
additional components. 

Pb isotope ratios for the Chino Valley amphibolite and 
composite eclogite (Figure 10) plot in or near the cluster of 
values for Camp Creek xenoliths, which partially overlaps Pb 
ratios in the latite hosts at the two localities and is also similar to 

values for normal mid-ocean ridge basalt (MORB) [Esperanca et 
al., 1988; G. N. Tyner, unpublished data, 1987]. Only the 
websterite appears clearly distinct, with Pb isotope ratios more 
like those of the slightly younger basalts erupted nearby 10 to 20 
m. y. after latite emplacement [Wittke et al., 1989]. 

The composite eclogite (Pr149) offers the best possibility for 
providing insights into the time of isotopic equilibration. The 
analyzed powders were prepared from parts of the rock separated 
by several centimeters across the sharp contact betweeen the 
pyroxene- and garnet-rich volumes. On a 87Sr/86Sr versus 
87Rb/86Sr diagram (Figure 11) the slope of the line connecting 
Rb-Sr analyses of the two parts corresponds to an age of 1200 
Ma. The slope is critically dependent upon the Rb contents of 
less than 0.5 ppm in the eclogite (Table 2), however, and host 
latites typically contain 100 to 150 ppm Rb [Tyner, 1984]. 
Because of the possibility that Rb was introduced from host 
latites, no significance is ascribed to the 1200 Ma value. Possible 
contamination is less important for Sm-Nd systematics, as 
concentrations are similar in latites [Tyner, 1984] and the rock 
(Table 2). On a plot of 143Nd/144Nd versus 147Sm/144Nd (Figure 
11) a line passing through the two eclogite points corresponds to 
an age of 87 Ma. This 87 Ma result cannot be simply interpreted 
as an age, because it depends upon the kinetics of equilibration 
between the two portions of the rock, and it must have substantial 
but undefined uncertainty. It is clear that the present REE 
distribution is not Proterozoic but was partly equilibrated much 
closer to the time of eruption at 25 Ma. Similarly, Esperanca et 
al. [1988] calculated a Sm-Nd age of 30 _+12 Ma for a garnet- 
clinopyroxene pair from an eclogite from Camp Creek. These 
young ages are consistent with estimates that closure 
temperatures for the Sm-Nd system in some metamorphic rocks 
may be as low as 600øC [Mezger et al., 1992]. 

The diverse Sr and Nd isotopic characteristics of the Chino 
Valley inclusions are plausible consequences of diverse processes 
and long-term isolation of xenolith sources in continental litho- 
sphere; they cannot be unmodified samples of subducted ocean 
lithosphere of Phanerozoic age or be products of Mesozoic or 
Cenozoic melts from MORB-like sources without additional 

components. The radiogenic Pb isotopic compositions of Camp 
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Table 3. Sr and Nd Isotopic Abundances in Additional Chino Valley Xenoliths 

Rock 87Sr/86Sr 143Nd/144Nd Petrographic Comments 

Pr35 0.70490 0.513037 

Pr75 0.70401 0.512581 

Pr63 0.70742 0.513037 

Pr31 0.70602 0.512014 

websterite; orthopyroxene porphyroclasts have garnet lamellae; 
characterized by Arculus and Smith [ 1979] and Smith and Barron [ 1991] 

kyanite eclogite containing pockets of corundum + glass + plagioclase + 
spinel probably formed by partial kyanite reaction during decompression 

amphibole-rich rock containing garnet and biotite; characterized by 
Arculus and Smith [ 1979] 

green clinopyroxenite containing titanire, apatite, and trace interstitial 
plagioclase; most clinopyroxene filled with inclusions, possibly due to 
late-stage melt interaction; characterized by Arculus and Smith [ 1979] 

Isotopic ratios are unpublished data of Arculus et al. [ 1988]. The 143Nd/144Nd is normalized to 146Nd/144Nd = 0.7219. 
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Figure 9. Sr - Nd isotopic systematics in Chino Valley xenoliths, 
Camp Creek xenoliths and host rock [Esperanca et al., 1988], 
and Chino Valley host rock (G. N. Tyner, unpublished data, 
1987). The dashed lines define quadrants that meet at an 
approximate value for the bulk earth, as drawn by Faure [ 1986]. 

Creek xenoliths have been interpreted as derived from 
Phanerozoic basaltic underplating by Rudnick and Goldstein 
[1990] and Johnson [1990]. Esperanca et al. [1990] have 
proposed, instead, that the Camp Creek xenoliths are products of 
Proterozoic processes, perhaps influenced by more recent 
interactions with basaltic melts. The pertinence of the Chino 
Valley xenoliths to these interpretations is discussed below. 
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Figure 10. Pb isotope ratios in Chino Valley xenoliths (Table 2) 
and Camp Creek xenoliths and host rock [Esperanca et al., 
1988]. 

Discussion 

Comparisons between depths to the Mohorovicic discontinuity 
and depths calculated for the xenoliths are useful for reconstruc- 
tions of the lithosphere. McCarthy and Kohler [ 1990] interpreted 
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147Sm / 143Nd 
The 8?Sr/86Sr, 8?Rb/86Sr, ]43Ncl/]44Nd, and 

147Sm/143Nd in four bulk samples (Table 2). Triangles are 
values for both parts of composite eclogite, Pr149; the squares 
are for websterite Prt5g and the circles are for amphibole-rich 
rock Pr175. The "ages" assigned to lines through points for the 
composite eclogite are for reference only. 

refraction data along a Pacific to Arizona Crustal Experiment 
(PACE) profile (Figure 1) to indicate that the Moho is at 35-40 
km beneath the near edge of the Colorado Plateau, rising to about 
28 km beneath the Basin and Range; crustal thickness within the 
Transition Zone has been estimated as 34 km by Benz et al. 
[ 1990] and 38-40 km by Howie et al. [ 1991 ]. Before extension 
accompanying formation of the Basin and Range, the depth to the 
Moho below Chino Valley may have been greater, perhaps in the 
46 to 50 km range measured below the interior of the Colorado 
Plateau by Hauser and Lundy [1989] and Wolf and Cipar [1991]. 
Minimum depths greater than 43 km were calculated for the low- 
temperature group of garnet websterites, and it is possible that all 
websterites were carried up from the 70 to 80 km depth range 
calculated for the high-temperature group. Many of the xenoliths 
at Camp Creek (Figure 1) are similar to those at Chino Valley 
and so may be from the same depth range, although the Camp 
Creek rocks containing plagioclase in metamorphic textures must 
be from shallower depths [Esperanca and Holloway, 1984]. The 
unusual quartz-rich xenolith from Chino Valley must have a 
crustal protolith and also may be from relatively shallow depth. 

The xenoliths of ultramafic rock present in a few units of the 
Sullivan Buttes Latite may have been brought up from the same 
depth interval as the eclogites, websterites, and amphibole-rich 

rocks, because mineral assemblages in these peridotites yield 
temperatures from 680 to 760øC [Tyner and Smith, 1986], in the 
range recorded by the other inclusions (Figure 6). The litho- 
sphere from 43 km to at least 80 km thus may have consisted of 
eclogite, websterite, amphibole-rich rock, and peridotite. The 
Camp Creek [Johnson, 1990; Esperanca et al., 1990] and Chino 
Valley [Arculus et al., 1988] suites represent a rich source of 
material for study of crustal evolution, and so it is important to 
establish if they are from the lower part of a crustal section above 
the Moho or if they were intermixed with peridotite to substan- 
tially greater depth. The latter alternative is consistent with the 
thermobarometry. 

The composition of the lithosphere below the Mohorovicic 
discontinuity is important in studies of crustal evolution. Griffin 
and O'Reilly [1987] distinguished the Moho from the actual 
crust/mantle boundary (CMB), placing the CMB at the transition 
to a dominantly peridotitic upper mantle. Incorporation and 
survival of xenoliths probably depend upon rock type, and 
relative proportions of xenoliths cannot be used to establish 
proportions of rock types at depth. Eclogite and amphibole-rich 
rocks are the dominant xenolith types, however, and so they may 
have been the dominant lithologies in the depth interval sampled. 
Below Chino Valley at 25 Ma, xenolith evidence is consistent 
with a depth to the CMB greater than 70 to 80 km, based on 
barometry for the websterites. 

Xenolith-based reconstructions of the mantle lithosphere 
below the western United States are typically for the hot, 
extended terrains of the Basin and Range. In most suites of dense 
inclusions in these regions, peridotites dominate, spinel 
clinopyroxenites are subordinate, and eclogites are extremely rare 
[Wilshire et al., 1988; Menzies et al., 1987]. An uppermost 
mantle almost exclusively of peridotite is consistent with these 
proportions. However, gabbro and pyroxenite xenoliths and 
composite xenoliths, some composed of peridotite and 
amphibole-bearing pyroxenite, are common at several localities 
in the Basin and Range west of Chino Valley [Wilshire, 1990; 
Wilshire et al., 1991]. Wilshire et al. [ 1991 ] emphasized that the 
mafic rocks might be derived from dikes and zones of melt 
infiltration in peridotite in a 15-km-thick interval beneath the 
Mohoo The processes discussed by Wilshire [1990] and Wilshire 
et al. [1991 ] illustrate how pyroxenites, some amphibole-bearing, 
can be introduced below the Moho, but the rocks from these 
Basin and Range localities are different in mineralogy, texture, 
and chemistry from those at Chino Valley. The mineralogical 
differences in part must be due to the cooler temperatures 
recorded in Chino Valley suite, but in addition, the textures and 
compositions may have evolved by processes more complex than 
dike intrusion. At least some of the Chino Valley rocks appear to 
have been cumulates, perhaps from layers like those in the mantle 
reconstructions of Griffin and O'Reilly [1987]. The rarity of 
similar rock types at Basin and Range localities does not neces- 
sarily document that they were always rare in the lithosphere 
there. Amphibole-rich rocks and eclogites might not survive as 
mantle is heated and extended, even if they were once present 
[Menzies et al., 1987], and Leeman and Harry [1993] appeal to 
mafic compositions as mantle sources for magmas produced early 
in the extension of the Gmat Basin. 

Xenolith data are insufficient to establish if the reconstruction 

of Chino Valley lithosphere is representative for much of the 
Colorado Plateau. The nearest well-characterized xenolith locali- 

ties on the plateau are in the Grand Canyon field about 160 km to 
the north and in the Navajo field over 300 km to the northeast. 
The xenolith population of each area is distinct, although 
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xenoliths of depleted spinel peridotite are found in the Grand 
Canyon basanites [Best, 1974], the Navajo minettes [Roden and 
Shimizu, 1993], and the Chino Valley latite [Tyner and Smith, 
1986]. In the Grand Canyon field, Best [1975] found amphibole- 
pyroxene-rich xenoliths to be common although less than a tenth 
as abundant as peridotite; most of the peridotite inclusions there 
contain amphibole or amphibole breakdown products [Menzies et 
al., 1987]. In some of the Navajo diatremes, low-temperature 
eclogites and hydrated peridotites are common [McGetchin and 
Silver, 1972; Helmstaedt and Schulze, 1988] but unlike the 
garnet-pyroxene-amphibole rocks at Chino Valley or the Grand 
Canyon field. Mafic granulite inclusions unusually rich in Sr and 
Ba occur in basalts of the San Francisco volcanic field about 50 

km northeast of Chino Valley [Nealey and Unruh, 1991], but 
they also are distinctly different from Chino Valley rock types. 
The volumetric importance of rock types in plateau lithosphere 
cannot be established from these diverse xenolith populations. It 
is clear, however, that a variety of mafic and hydrous xenoliths 
were sampled from beneath the Mohorovicic discontinuity of the 
western Colorado Plateau in the last 25 m. y., and anhydrous 
peridotite is not the dominant xenolith type at many of the 
localities. 

Proportions of xenolith types in some other relatively stable 
continental areas also are consistent with the possibility that at 
least locally anhydrous peridotite is not the most common rock 
just below the Moho. The Colorado-Wyoming kimberlites, about 
900 km northeast of Chino Valley, brought up a varied suite of 
mantle xenoliths including eclogite, pyroxenite, websterite, and 
enriched peridotite [Eggler et al., 1987a]; only about 20% of the 
lithosphere sampled between the base of the "crust" and a depth 
of 100 km was infertile peridotite. The high proportion of other 
rock types might be related to anomalous dike concentrations, or 
it might be typical of the sub-Moho lithosphere there [Eggler et 
al., 1987b]. Xenolith suites from eastern Australia and southern 
Africa also include mafic rocks from depths of 50 to 75 km 
[O'Reilly et al., 1988; Griffin et al., 1990]. 

Seismic traverses (Figure 1) should be interpreted in the light 
of xenolith reconstructions of the lithosphere, and these traverses 
also offer an opportunity to investigate whether the xenoliths 
represent mantle components that were only below latite locali- 
ties in the Transition Zone at 25 Ma or if the rock types are below 
a more extensive region today. The most common inclusions in 
the Chino Valley suite are mixtures of pyroxene, garnet, and 
amphibole; garnet pyroxenite and amphibole-rich rock will have 
compressional wave velocities at least 0.2 km/s less than olivine- 
rich lherzolite in the upper mantle [O'Reilly et al., 1990]. Based 
on the PACE refraction and wide-angle reflection data, Benz et 
al. [ 1990] postulated an upper mantle low-velocity zone from 34 
to 49 km depth below the Transition Zone, and they correlated 
the low velocity with the presence of melt. Rock types other than 
anhydrous peridotite might instead be responsible for the lower 
velocities. Benz et al. [ 1990] also noted a velocity discontinuity 
at about 80 km depth along the PACE traverse. On a seismic 
traverse to the east nearer the Camp Creek locality, Warren 
[1969] noted numerous reflecting horizons in the mantle below 
the Transition Zone, the most prominent at about 70 km. 
Contacts between rock types common in the Chino Valley suites 
may cause the reflections. 

The pressure-temperature reconstructions contribute to 
understanding the thermal evolution of Transition Zone litho- 
sphere, subject to limitations imposed by kinetics of mineral 
equilibration and by possible local heating due to intrusions of 
latite or other magma. The four low-temperature websterites fall 

near conductive geotherms for heat flows in the range 60 to 80 
mW/m 2 (Figure 3). The 12 to 20 kbar pressures calculated for 
these four websterites may only be minimum values, however, 
because of the zonation of A1 in orthopyroxene and the limited 
resolution of electron probe analysis. For example, the very low 
pressures (<10 kbar) calculated for two websterites by Arculus 
and Smith [1979] were based on analyses too far from garnet- 
pyroxene contacts to be accurate. Cooler geotherms would be 
appropriate for these four rocks, if the calculated pressures are 
too low. Heating related to the magmatism that sampled these 
low-temperature rocks did not affect the calculated temperatures, 
because the compositional zonation in them records only cooling. 
Calculated conditions for the two high-temperature websterities 
are 800-900øC and 20-24 kbar, values that approximate those on 
an 80 mW/m 2 conductive geotherm (Figure 3). In contrast to the 
situation for the low-temperature rocks the pressures and temper- 
atures calculated for the two high-temperature websterites prob- 
ably record conditions from which they were sampled. No record 
of cooling was recognized in these two rocks, however, and so 
the temperatures may have been raised by advective heat 
transport related to latite magmas. Most measured heat flow 
values in the Transition Zone near Chino Valley fall in the range 
62-85 mW/m 2 [Eggleston and Reiter, 1984]. The geotherm at 25 
Ma may have been similar to that today, or the lithosphere at 25 
Ma may have been cooler, at least to depths of 80 km or so. 

The diversity of rock types below the Moho probably extended 
deeper than the 70-80 km recorded by xenoliths, into the hotter 
source regions of the Sullivan Buttes Latite and of the younger 
basalts. Esperanca and Holloway [1986] concluded that 
temperatures of latite magma at Camp Creek exceeded 1000øC, 
about 100øC higher than the limit of websterite equilibration. 
Such high temperatures are consistent with a mantle origin for the 
potassic latites, as also inferred by Tyner and Smith [1986]. 
Xenolith-rich latites at Chino Valley are felsic, with bulk rock 
SiO 2 near 60 wt % [Tyner, 1984]; formation of such unusual 
magmas below the Moho is more plausible if peridotite was not 
the dominant rock type in the source region. The isotopic 
compositions of the latites (Figure 9) are distinct from those of 
rhyolites in the region that appear to have major crustal compo- 
nents [Esperanca and Moyer, 1992], consistent with the sub- 
Moho source inferred for the latites. The basalts that erupted 
between 15 and 4 Ma near the xenolith localities have yet 
different isotopic compositions [Wittke et al., 1989] and require 
peridotite sources at yet higher temperatures. Neither the 
xenoliths nor these diverse melts have Sr or Nd isotopic compo- 
sitions resembling oceanic basalts, and they appear to have 
formed in heterogeneous continental lithosphere that extended to 
depths exceeding 70-80 km at 25 Ma. 

The isotopic characteristics and mineralogy of these mafic 
rocks contribute to understanding the evolution and stability of 
continental lithosphere. Based on Sr, Nd, and Pb isotopic data 
for Camp Creek xenoliths [Esperanca et al., 1988], Johnson 
[1990] proposed that the xenoliths are products of Mesozoic or 
Tertiary magmas derived from continental lithosphere, whereas 
Esperanca et al. [1990] suggested that the inclusions were 
recrystallized products of Proterozoic magmatism. The isotopic 
data alone for Chino Valley xenoliths do not resolve this 
ambiguity, but mineral assemblages and textures are more 
consistent with a Proterozoic origin for the protoliths of most 
xenoliths. Some websterites record temperatures below 700øC at 
depths appropriate for a conductive geotherm of heat flow near or 
below 60 mW/m 2 (Figure 3). The low-temperature websterites 
and most eclogites record slow cooling (Figures 4 and 5), not 
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heating. Because neither the heating nor the high temperatures 
expected from recent magmatism are apparent in these xenoliths, 
formation from earlier magma is more likely, perhaps during the 
deformation and magmatism documented in crustal rocks in the 
period 1.8-1.6 Ga [Anderson and Silver, 1976; Karlstrom and 
Bowring, 1991]. None of the xenoliths has isotopic characteris- 
tics of Cenozoic or Mesozoic ocean lithosphere, like that 
suggested to replace continental lithosphere in the region by Bird 
[ 1988]; rather, heterogeneous continental lithosphere containing a 
significant eclogite component may have persisted for 1.6 b. y. or 
longer, without delamination. 

Protoliths of most Chino Valley xenoliths probably formed 
from basaltic magmas in the Proterozoic, but how they formed 
and what processes subsequently affected them are not well 
established. Even in the absence of metasomatism and metamor- 

phic differentiation, histories of mafic xenoliths are difficult to 
reconstruct [Rudnick and Taylor, 1987]. The higher-temperature 
websterites may record Cenozoic heating. The allanite-bearing 
eclogite, which has a high equilibration temperature (Figure 6), 
may have crystallized from Cenozoic magma. Amphibole in 
many xenoliths appears to replace pyroxene and garnet, and it 
may have formed as fluids were introduced in Cenozoic or 
Mesozoic time. Ba, Sr, and other elements may have been 
introduced in these fluids, because Arculus et al. [1988] noted 
that Ba and Sr were enriched relative to similar incompatible 
elements in some Chino Vally xenoliths; relative Ba and Sr 
enrichment has been confirmed in the amphibole-rich rock 
analyzed here, and such enrichment also characterizes some 
basalts erupted nearby about 10 to 15 m. y. after the Sullivan 
Buttes Latite [Wittke et al., 1989]. 

Conclusions 

Most dense xenoliths in the Sullivan Buttes Latite were 

brought up from below the Mohorovicic discontinuity, as 
suggested by Schulze and Helmstaedt [1990]. Only minimum 
depths can be assigned to websterires with calculated tempera- 
tures below about 700øC, because A1 is zoned in orthopyroxene 
adjacent to garnet; these low-temperature websterires probably 
were brought up from depths of at least 43 km. The depths of 70 
to 80 km calculated for the higher-temperature websterites are 
better established, dependent primarily upon the accuracies of the 
thermobarometers and not upon kinetics. Because most eclogites 
and amphibole-rich rocks record cooling to within the 
temperature range defined by the websterires, they appear to have 
come from the same depth range. The CMB as defined by 
Griffin and O'Reilly [1987] may have extended to a depth of at 
least 70 to 80 km at 25 Ma. The interval between the Moho and 

the CMB was a mix of peridotire, eclogite, and amphibole-rich 
rock, with diverse other rock types also present. The proportions 
of rock types cannot be reconstructed from the xenolith studies. 

The diverse nature of the continental lithosphere between the 
Moho and CMB in the Transition Zone of the Colorado Plateau is 

probably inherited from Proterozoic processes. Rock types 
sampled from below the Moho have a variety of Sr and Nd 
isotopic compositions, none like those found in unaltered 
MORBs. Diverse isotopic volumes probably extended well 
below 80 km at 25 Ma, into the source regions of the latite. The 
temperature-depth relationships calculated for the websterires 
plot near conductive geotherms for heat flows in the range 60-80 
mW/m 2, but the higher temperatures may be perturbed by the 
magmatism associated with xenolith plucking, and heat flow at 
25 Ma may have been significantly less than 60 rnW/m 2. A few 

xenoliths probably formed from the Cenozoic magmas, and many 
may have been altered by fluids introduced during Phanerozoic 
subduction. The unusual latite magmas and the accompanying 
xenolith suites may have evolved from unusual mantle volumes 
present only locally, but complex sub-Moho lithosphere with 
important components in addition to anhydrous peridotite may be 
common below the Colorado Plateau and elsewhere. Seismic 

data may help resolve the proportions of rock types and their 
distribution. 
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