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Late Cenozoic alkalic and tholeiitic basalts from the Rio Grande rift region display a wide range of Nd 
and Sr isotopic compositions which indicate the involvement of "enriched" mantle (EM), "depleted" 
mantle (DM), and crust in basalt petrogenesis. Isotopic compositions of alkali basalts (this study and 
published data) reflect the characteristics of their mantle source and correlate with tectonic setting: In the 
southern Basin and Range, a region of pronounced lithospheric extension and thinning, alkali basalts 
with ENd •-- + 7 to + 8 are derived from DM, which corresponds to upwelled, oceanic-type asthenosphere; 
alkali basalts from the Great Plains, northern Rio Grande rift, and eastern Colorado Plateau, regions 
which have undergone less lithospheric extension, have distinctly different isotopic compositions (ENd --- 0 
to +2) and were derived from EM; alkali basalts from the southeastern Colorado Plateau-Basin and 
Range transition zone have isotopic compositions that are intermediate between DM and EM values 
(ENd --- +6.6 to + 3.3) and were derived from the DM/EM boundary. The correlation of isotopic signa- 
tures and upper mantle geophysical properties with tectonic setting suggests a physical model for the 
evolution of basalt sources during lithospheric extension and rifting. Prior to regional extension and 
rifting, EM corresponds to lithospheric mantle with a history of trace element enrichment and isolation 
from the underlying asthenosphere. Once rifting begins, lithospheric extension and asthenospheric up- 
welling lead to thermal thinning and conversion of lithospheric mantle to asthenosphere. EM can take 
on asthenospheric physical properties, yet remain intact and a source of basalts until, at an advanced 
stage of rifting, it is physically replaced by convective mixing with the underlying DM/astheriosphere. 
Tholeiites, because they equilibrate at shallower depths than alkali basalts, generally equilibrate within 
EM. In contrast to alkali basalts, tholeiites typically are crustally contamined, probably because their 
lower volatile contents inhibit their ascent through the crust. Throughout much of the region, tholeiites 
assimilated small amounts (< 10%) of middle to upper crustal wall rock. In contrast, a variety of 
volcanic rocks (including tholeiites) from within the rift have assimilated lower crustal wall rock, prob- 
ably because the background temperatures in the lower crust of the rift are higher and because these 
rocks are associated with large-volume, long-lived volcanic fields that locally enhance thermal input into 
the lower crust. Lithospheric mantle of the Rio Grande rift region is younger than lithospheric mantle 
beneath the Archean craton to the north (1.7 versus 2.7 b.y. old), which is compatible with the higher ENd 
values of EM-derived volcanic rocks of the rift region. A "plum pudding" model of the mantle, in which 
the least refractory, more incompatible-element-enriched heterogeneities preferentially determine the iso- 
topic composition of melts, can account for the isotopic compositions of basalts in the rift region. 

INTRODUCTION 

Continental and mid-ocean ridge (MOR) tholeiites are typi- 
cally different in their chemical and isotopic compositions 
[e.g., DePaolo and Wasserburg, 1976a, 1979a' Alldgre et al., 
1982; Dupuy and Dostal, 1984]. Debate has centered on 
whether these differences are due to crustal interaction or 

whether they reflect differences between subcontinental and 
suboceanic mantle source regions. Continental alkali basalts, 
on the other hand, are frequently geochemically indistinguish- 
able from oceanic alkali basalts, evidence that suboceanic-type 
mantle (i.e., asthenosphere) is a source of basalts beneath some 

Copyright 1987 by the American Geophysical Union. 

Paper number 7B7001. 
0148-0227/87/007B-7001 $05.00 

continental areas [e.g., DePaolo and Wasserburg, 1976a; 
Alldgre et al., 1981; Fitton and Dunlop, 1985]. 

In the western United States, late Cenozoic extension has 
thinned much of the continental lithosphere, resulting in as- 
thenospheric upwelling. Late Cenozoic volcanic rocks from 
several localities at the western continental margin and in the 
Basin and Range Province have Nd and Sr isotopic compo- 
sitions typical of oceanic island basalts and appear to have 
been derived from the asthenosphere [DePaolo and Wasset- 
burg, 1976a; Carlson, 1984; Hart, 1985; Menzies et al., 1983, 
1985]. In contrast, volcanic rocks from the continental interior 
of the western United States (eastern Columbia Plateau, 
Snake River Plain-Yellowstone, Leucite Hills, southern Great 
Plains, and Smoky Butte, Montana) have lower 8Nd and higher 
878r/86Sr compared to most oceanic island basalts [Menzies 
et al., 1983; Phelps et al., 1983; Carlson, 1984; Volliner et el., 
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1984; Hart, 1985; Fraser et al., 1986]. These volcanic rocks 
occur in areas underlain by Precambrian basement and thick 
lithosphere and are interpreted as being derived from litho- 
spheric mantle that has a history of incompatible element en- 
richment and isolation from the underlying convecting as- 
thenosphere [e.g., Menzies et al., 1983; Vollrner et al., 1984]. 
Hart [1985] concluded that tholeiites from the northwestern 
Great Basin were derived from either lithospheric or astheno- 
spheric mantle or a mixture of the two, depending on geo- 
graphic position. Volcanism in that area straddled the bound- 
ary between Archean craton to the east and much younger 
crust of the continental margin to the west. 

In this paper we present Nd and Sr isotopic data and major 
and trace element data for late Cenozoic alkali basalts (sensu 
lato) and tholeiitic basalts from the Rio Grande rift and adja- 
cent regions of New Mexico. The Rio Grande rift is bounded 
by the Colorado Plateau, Great Plains, southern Rocky 
Mountains, and Basin and Range provinces and constitutes a 
unique geologic setting for studying the petrogenesis of conti- 
nental basalts. In the rift and adjacent Basin and Range, where 
extension has disrupted the lithosphere, the asthenosphere has 
probably been involved in basalt generation. In adjoining 
areas of tectonic stability (Colorado Plateau and Great 
Plains), lithospheric mantle was the probable source of basalts. 
The primary purpose of this study is to determine, using ba- 
salts as probes of mantle chemistry, the characteristics and 
configuration of magma sources beneath the rift and adjoining 
provinces. The coexistence of alkalic and tholeiitic basalts, 
which may have sampled the mantle at different depths, also 
provides an opportunity to search for vertical variations in 
magma source regions within particular tectonic settings. Last, 
the rift region is suitable for examining the importance of 
crustal interaction in the petrogenesis of different basalt types 
from different tectonic settings. 

GEOLOGIC SETTING 

The Rio Grande rift, which is expressed morphologically as 
a series of en echelon, fault-bounded basins extending from 
central Colorado through New Mexico (Figure 1, inset), re- 
sulted from middle and late Cenozoic extensional defor- 

mation. The northern and central parts of the rift form a 
narrow, well-defined series of axial grabens that separate the 
stable platform of the Colorado Plateau from the craton of the 
Great Plains. The southern rift is a less distinct tectonic fea- 

ture that merges with the southeastern Basin and Range. The 
rift is widest in the south where the earliest and greatest 
amount of extension occurred [-Chapin, 1979; Cordell, 1982; 
Seaget et al., 1984]. The Precambrian basement of the rift 
region consists mainly of terranes of two ages, a 1.69- to 1.78- 
b.y.-old terrane beneath Colorado, northern New Mexico, and 
northern Arizona and a slightly younger 1.61- to 1.68-b.y.-old 
terrane beneath southern New Mexico and southern Arizona 

[Van Schrnus and Bickford, 1981]. 
The lithospheric structure of the rift region can be inferred 

from geophysical studies [e.g., Stewart and Pakiser, 1962; 
Roller, 1965; Warren, 1969; Toppozada and Sanford, 1976; 
Cordell, 1978; Keller at al., 1979a, b; Olsen et al., 1979; Ander, 
1981; Daggett et al., 1981; Sinno et al., 1986]. The crust of the 
Rio Grande rift and southeastern Basin and Range (generally 
30-35 km thick) is thinner than the crust of the Colorado 
Plateau (40-45 km) or Great Plains (50 km). In addition, the 
crust of the northern rift is about 5 km thicker than that of the 

southern rift [Toppozada and Sanford, 1976; Keller et al., 
1979b; Sinno et al., 1986], consistent with a greater amount of 
crustal extension in the southern rift. Total lithospheric thick- 
ness in the rift region is more difficult to determine but prob- 
ably correlates with crustal thickness. Thermal and gravity 
modeling [Keller et al., 1979a] suggest that the thickness of 
lithosphere beneath the Great Plains is approximately 100 km. 
Upper mantle P, velocities beneath the Great Plains (8.2 km/s 
[Stewart and Pakiser, 1962]) are typical of "cold" lithosphere 
beneath stable continental areas and are consistent with the 

presence of thick subcrustal lithosphere. The lithosphere of the 
Colorado Plateau has been modeled as approximately 60 km 
thick [Keller et al., 1979a]. However, upper mantle P, veloci- 
ties beneath the Colorado Plateau (7.8 km/s [Roller, 1965]) 
are lower than those beneath the Great Plains, suggesting that 
the upper mantle is hotter and more "asthenospheric" in its 
properties. Lithospheric thickness beneath the Rio Grande rift, 
southern Basin and Range, and the southeastern Colorado 
Plateau margin adjacent to the rift is generally interpreted 
[e.g., Keller et al., 1979a; Sinno et al., 1986; Olsen et al., 1987] 
as coinciding with crustal thickness (i.e., the asthenosphere is 
in direct contact with the base of the crust with little or no 

intervening lithospheric mantle). 
Volcanism in the Rio Grande rift region during the last 10 

m.y. has been dominantly basaltic [Luedke and Smith, 1978], 
but significant volumes of intermediate and silicic rocks occur 
locally (e.g., Jemez and Mount Taylor volcanic fields, Figure 
1). Most of the volcanism in the rift region was controlled not 
by the rift, but rather by the Jemez lineament, a northeast 
trending alignment of late Cenozoic volcanic fields that ex- 
tends from the San Carlos volcanic field of Arizona to the 

Raton-Clayton volcanic field of northeastern New Mexico, a 
distance of about 700 km [Mayo, 1958; Laughlin et al., 1976; 
Smith and Luedke, 1984]. The tectonic boundary between the 
Basin and Range Province and the southeastern Colorado 
Plateau lies within the interior of the physiographic plateau 
and is coincident with the Colorado Plateau portion of the 
Jemez lineament (Figure 1). That part of the Colorado Plateau 
southeast of, and including, the Jemez lineament is "transition- 
al" in its upper crustal structure and lithospheric properties 
and is part of a broad transition zone concentric about the 
Colorado Plateau on the southeast, southwest, and west 
[Thompson and Zoback, 1979; Zoback and Zoback, 1980; 
Ander, 1981; Baldridge et al., 1983; Aldrich and Laughlin, 
19843. 

Mafic volcanic rocks of the rift region encompass a spec- 
trum of compositions that include nephelinite, basanite, alkali 
olivine basalt, hawaiite, mugearite, and olivine tholeiite. Com- 
positions do not correlate consistently with tectonic setting, 
although there is a tendency for the most alkalic (and under- 
saturated) compositions to occur in volcanic fields outside the 
rift axis [Lipman and Mehnert, 1975; Dungan et al., 1983; 
Olsen et al., 1987]. Both tholeiitic and mildly alkalic lavb. s 
have erupted within the rift axis as well as on the rift flanks 
(mainly along the Jemez lineament) and commonly occur 
within the same volcanic field [e.g., Lipman, 1969; Lipman and 
Moench, 1972; Laughlin et al., 1972, 1982; $tormer, 1972; 
Lipman and Mehnert, 1975, 1979a; Aoki and Kudo, 1976; Bal- 
dridge, 1979; Baldridge et al., 1987]. 

ANALYTICAL PROCEDURES AND DATA REPRESENTATION 

Isotopic data for Nd is given in terms of e•a I'DePaolo and 
Wasserburg, 1976b, 1977], the deviation in parts in 10 '• of the 
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Fig. 1. Basalt sample localities and volcanic fields of the Rio Grande rift and the Colorado Plateau-Basin and Range 
transition zone. Sample numbers are given next to localities. Volcanic fields are T, Taos Plateau; J, Jemez Mountains; CR, 
Cerros del Rio; SA, Santa Ana Mesa; AV, Albuquerque Volcanoes; CH, Cat Hills; L, Lucero area; Mt, Mount Taylor; 
ZB, Zuni-Bandera; and RH, Red Hill. The Jemez lineament is marked by the RH, ZB, MT, J, and T volcanic fields. Line 
in the Lucero area connects sample 324 to its vent location. After Baldridge et al. [1983]. 
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initial •43Nd/•44Nd of the sample from the •43Nd/•44Nd of a 
model chondritic reservoir (CHUR)' 

•43Nd/a44Ndrock end '-- 104 -- 1 143-Njct / 144]Njr t 
• "•'/ • ß •CHUR 

where 143Nd/14•NdcHvR(today ) = 0.511836. Reference to SNa 
and S?Sr/S6Sr will always be to the initial values. No age 
correction of measured isotopic ratios was needed due to the 
young age of the samples and their low Rb/Sr and Sm/Nd 

ratios. The Sm/Nd enrichment factor, fsm/Na, is defined as 

fsmma = (•?Sm/l•Ndrock/0'1967) - 1 
Nd and Sr isotopic measurements and analysis of Nd, Sm, 

St, and Rb (by isotope dilution) were made at the University 
of California, Los Angeles (UCLA) and at the Los Alamos 
National Laboratory. Procedures used at UCLA are described 
by DePaolo [1981a3 except that Nd was measured as a NdO + 

rather than as a Nd + ion beam. Analyses at Los Alamos were 
performed on a 12-inch radius National Bureau of Standards 
(NBS)-style mass spectrometer in which Nd was measured as 
Nd +. Nd isotopic compositions were fractionation-corrected 
to •46Nd/•42Nd = 0.63613 and Sr isotopic compositions to 
86Sr/88Sr = 0.1194. The precisions for Nd and Sr isotopic 
measurements are reported as the 2a of the mean for an indi- 
vidual data collection run and reflect the internal precision 
within a particular run. Four analyses of the NBS 987 Sr 
standard at Los Alamos gave 87Sr/86Sr = 0.71015 + 2, 
0.71012 q-3, 0.71012 q- 2, and 0.71004 q- 3, giving a mean 
value of 0.71011 q- 9 (2a of four runs), which compares with a 
mean value of 0.71028 q- 3 (2a of four runs) obtained at 
UCLA. For equivalency, all of the Los Alamos data (Table 2) 
and data discussed from the literature were normalized to 

NBS 987 = 0.71028. A replicate analysis of sample 143 (Table 
2) done at Los Alamos gave a normalized 8*Sr/86Sr value of 
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TABLE 2. Nd and Sr Isotopic Compositions and Ages of Rio Grande Rift Region Basalts 

Age, 
Sample Type a m.y. Sm/Nd Rb/Sr 87sr/a6sr •'•3Nd/•'•'•Nd 

7 b AB 2.89 c 0.210 0.034 0.70369 + 3 0.512052 + 27 
22 b AB 2.01 c 0.213 0.031 0.70366 + 3 0.512091 + 18 
9 • AB 3.73 c 0.186 0.041 0.70354 + 2 0.512065 + 21 

31 • AB <3 0.206 0.040 0.70377 _+ 3 0.512047 +__ 21 
328 • AB 0.8 d 0.179 0.036 0.70343 +__ 3 0.512120 +__ 20 
384 AB •4 d 0.210 0.033 0.70320 ___ 2 0.512150 + 15 
417 AB 4.3 • 0.211 0.037 0.70306 + 3 0.512173 + 16 
400 AB 7.7-7.9 • 0.195 0.026 0.70442 + 2 0.512003 q- 19 
411 AB 7.2 e 0.201 0.027 0.70614 + 3 0.512053 ___ 20 

89 AB < 5 0.203 0.019 0.70557 + 3 0.512096 + 20 
142 AB <0.2 •c 0.212 0.026 0.70366 + 2 0.512115 +_ 23 
425 AB <5 0.213 0.059 0.70371 q- 2 0.512045 ___ 31 
143 • AB 0.14 g 0.234 0.019 0.70392 ___ 3 0.512080 q- 24 
61 AB 2-3 0.176 0.017 0.70410 q- 1 0.511950 _ 18 
63 OT 0.38 h 0.260 0.054 0.70594 +__ 2 0.511892 +__ 23 

AWL-40-70 OT 0.05 i 0.244 0.046 0.70521 q- 1 0.511910 ___ 22 
324 b OT 0.32 e 0.256 0.051 0.70636 q- 3 0.511822 +_ 16 
329 OT 3.4 • 0.252 0.041 0.70589 +__ 2 0.511866 +_ 12 

95 OT 0.19 e 0.259 0.037 0.70451 +__ 2 0.512047 +_ 20 
106 OT 0.19 e 0.260 0.025 0.70386 +__ 2 0.512079 +__ 23 
65 OT 2-3 0.199 0.034 0.70459 q- 1 0.511900 +__ 28 
87 OT 2-3 0.225 0.042 0.70476 +__ 3 0.511865 +__ 20 

aAB, alkali basalt; OT, olivine tholeiite. 
•Isotopic and isotope dilution measurements done at UCLA. 
CF. V. Perry and M. Shafiqullah (unpublished data, 1987). 
aBaldrid•te et al. [1987]. 
eBachman and Mehnert [1978]. 
SLaughlin et al. [1979]. 
gKudo et al. [1977]. 
hLipman and Mehnert [1979b]. 
iA. W. Laughlin and M. Shafiqullah (unpublished data, 1987). 

8Nd 

+4.2 
+ 5.O 
+4.5 
+4.1 
+5.5 

+6.1 
+6.6 

+3.3 
+4.2 
+5.1 
+5.4 
+4.1 
+4.8 
+2.2 
+1.1 
+ 1.4 
--0.3 

+0.6 
+4.1 
+4.8 
+ 1.2 
+0.6 

0.70389 q- 2 which compares to a value of 0.70392 q-3 ob- 
tained at UCLA. Two analyses of a UCLA Nd normal (/•Sd -" 
--17.29 q-0.40, measured at UCLA) gave /•Sd----17.52 
q- 0.48 and --16.97 q- 0.28 at Los Alamos during the period 

of data collection for this study. Five measurments of the 
UCLA Nd normal done previous to the period of data col- 
lection (by another operator) gave a mean /•Sd value of 
--17.17 q- 0.95 (20 of five runs) and a range of --16.63 ___ 0.52 
to --17.65 q-0.32. We are reasonably confident that the /•Sd 
values determined for this study are accurate to within about 
0.5 • units. Replicate isotope dilution measurements indicate a 
precision of about 1% for Nd, Sm, Sr, and Rb. Total pro- 
cedural blanks at Los Alamos and UCLA were, respectively, 
0.46, and 0.40 ng for Nd, 0.06 and 0.13 ng for Sm, 4.6 and 4.6 
ng for Sr, and 1.8 and 0.9 ng for Rb, all of which are negligible 
for these rocks. 

Major element, Zr, and Cr concentrations were obtained by 
X ray fluorescence analysis at the Los Alamos National Lab- 
oratory using procedures described by Vaniman et al. [1985]. 
Precisions for Zr and Cr are 3-5% and 5-10%, respectively. 

In general, we follow the terminology of Yoder and Tilley 
[1962] and Irvine and Bara•lar [1971] in classifying basalts as 
tholeiitic or alkalic. However, some of the hy-normative ba- 
salts lie in the alkali olivine basalt field of Irvine and Bara•lar 
[1971] and are more similar to the alkalic (i.e., ne-normative) 
rocks in their major and trace element compositions (and, we 
infer, in their petrogenesis) than to other hy-normative (tho- 
leiitic) basalts. Therefore, in contrast to previous studies in the 
area [e.g., Baldridge, 1979' Baldridge et al., 1982], we classify 
them with the alkali basalts. 

RESULTS 

We have analyzed the major and trace element compo- 
sitions and Nd and Sr isotopic compositions of 22 alkalic and 
tholeiitic basalts from the Rio Grande rift and the adjacent 
Colorado Plateau-Basin and Range transition zone (Figure 1 
and Tables 1 and 2). Samples were chosen to represent the 
major compositional group(s) within individual volcanic fields, 
and we generally chose the least evolved basalts within a com- 
positional group of a volcanic field. The ages of all of the 
samples are reasonably well known, either from K-Ar dates or 
from geologic relationships (Table 2). Except for two alkali 
basalts that are between 7 and 8 m.y. old, all of the basalts 
samples are < 5 m.y. old. Major element compositions of the 
basalts (Figure 2) include most of the basalt compositions 
found in the area of Figure 1. All of the tholeiites have > 10% 
normative hypersthene, while the normative compositions of 
the alkali basalts range from 16% nepheline to 7% hyper- 
sthene (Figure 3 and Table 1). 

Major Elements 

SiO 2 content of the alkali basalts ranges from 43 to 51 wt 
%, covering a large compositional range that includes basan- 
ite, alkali olivine basalt, ne-normative hawaiite, and hy- 
normative hawaiite. Mg numbers (100 x Mg/(Mg + Fe2+)) of 
the alkali basalts (adjusted to Fe 3 +/total Fe = 0.15) range 
from 45 to 69, with most values greater than 60. Basalts with 
Mg numbers > 68 probably represent primary mantle 
magmas that were in equilibrium with upper mantle olivine 
compositions and subsequently erupted at the surface without 
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Fig. 2. Alkalis versus silica for basalts of the Rio Grande rift 
region. "AB" and "OT" in legend are alkali basalt and olivine tho- 
leiite, respectively. Line separating alkaline from subalkaline fields is 
from Irvine and Baragar [1971]. 

significant compositional modification [e.g., Frey et al., 1978]. 
Two alkali basalts (22 and 89) contain spinel lherzolite xeno- 
liths, indicating rapid ascent from the mantle. Both have Mg 
numbers of 63, which suggests that some crystal fractionation 
may have taken place within the upper mantle before incor- 
poration of the xenoliths. 

Tholeiites encompass a relatively narrow compositional 
range (Figure 2), with SiO 2 of 49.8-51 wt % and Mg numbers 
of 59-65. Normative hypersthene ranges from 10 to 28%, with 
one sample (106) having a small amount of normative quartz. 
The tholeiites from the Colorado Plateau transition zone and 

the central Rio Grande rift form a distinct, compositionally 
homogeneous group having uniformly low alkali content (low- 
alkali tholeiites: Na 20 + K20 < 4%), while tholeiites from 
farther north in the rift (65 and 87) have a higher total alkali 
content (high-alkali tholeiites: Na20 + K20 > 4%). 

Trace Elements 

All of the basalts are light rare earth element (LREE) en- 
riched, which we infer from the fact that measured Sm/Nd 
ratios (Table 2) are lower than the chondritic value (0.325). 
Generally, the alkali basalts have lower Sm/Nd and higher 
Nd, Sm, Rb, Sr, and Zr concentrations than the tholeiites. 

Low-alkali tholeiites are relatively homogeneous in their trace 

Ne-- Di . Q 

.e ee'c•/ • Q 

Ol Hy 

Fig. 3. Cation normative compositions of Rio Grande rift region 
basalts. Symbols are as in Figure 2. Note that sample 31, an evolved 
alkali basalt with Mg number = 47 (Table 1), plots with the tholeiites 
in this projection because of its low normative olivine content. 

0 702 0 703 0 704 0.705 0.706 0.707 0.708 

87 Sr/86Sr 

Fig. 4. Initial end versus 8*Sr/86Sr for alkali basalts (AB) and oli- 
vine tholeiites (OT) of the Rio Grande rift and Colorado Plateau 
transition zone measured in this study. Field for oceanic island ba- 
salts is from White [1985]. Altered samples are discussed in text. 

element content. The Cr, Zr, Nd, Sm, and Sr contents of all 
samples are similar within a factor of 1.5. Rb has the greatest 
range among the low-alkali tholeiites (7.4-16.3 ppm). High- 
alkali tholeiites are enriched relative to low-alkali tholeiites in 

Nd, Sm, Rb, Sr, and Zr and have lower Sm/Nd. All of the 
tholeiites are enriched in incompatible trace elements com- 
pared to normal MOR tholeiites [e.g., Sun et al., 1979]. 

Nd and Sr Isotopes 

Basalts from the Colorado Plateau transition zone define 

two distinct isotopic groups, one composed of alkali basalts 
and the other of tholeiites (Figure 4). Alkali basalts lie in the 
upper left quadrant of the Nd-Sr diagram (eNd = +6.6 to 
+ 3.3; S7Sr/S6Sr = 0.70306 to 0.70442). Two altered alkali ba- 
salts (discussed below) have substantially higher S?Sr/S6Sr. All 
of the low-alkali tholeiites from the transition zone have lower 

end and higher S?Sr/S6Sr compared to the unaltered alkali 
basalts. The end values of the tholeiites range from + 1.4 to 
--0.3 and S?Sr/S6Sr ranges from 0.70521 to 0.70636. 

Basalts from the Rio Grande rift are more complicated in 
their isotopic values. Two different alkali basalts from the Rio 
Grande rift have been analyzed: (1) an alkali basalt (61) from 
the Cerros del Rio field in the northern rift is distinguished 
from alkali basalts of the Colorado Plateau transition zone by 
lower end (+2.2) and higher 87Sr/S6Sr (0.70410), and (2) an 
alkali basalt (143) from farther south in the rift has higher end 
(+4.8) and lower 87Sr/86Sr (0.70392), similar to alkali basalts 
of the transition zone. The tholeiites that we have measured 

from the Rio Grande rift also fall into two isotopic groups:(1) 
high-alkali tholeiites from the Cerros del Rio and Santa Ana 
Mesa fields (65 and 87) are similar in end to tholeiites of the 
Colorado Plateau transition zone but have lower 87Sr/86Sr, 
and (2) low-alkali tholeiites from the Albuquerque Volcanoes 
(95 and 106) are simliar in end to alkali basalts from the transi- 
tion zone but have slightly higher 87Sr/86Sr. 

Alteration 

Two alkali basalts (89 and 411) from the Colorado Plateau 
transition zone have substantially higher 8*Sr/86Sr (0.70557 
and 0.70614) compared to the rest of the alkali basalts but 
similar end values (Figure 4). This higher S?Sr/S6Sr correlates 
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Fig. 5. Sr/Nd versus 87Sr/S6Sr for Rio Grande rift region basalts. 
Symbols are as in Figure 2. Arrow indicates the trend produced by 
interaction of basalts with low-temperature groundwater high in Sr. 
The trend to higher Sr/Nd produced by alteration is the opposite of 
that produced by crustal assimilation. The curve shown is a model for 
crustal assimilation/fractional crystallization (parameters given in 
Figure 9 caption) that can account for the trace element and isotopic 
compositions of tholelites as discused in the text. 

with higher Sr/Nd (Figure 5), which we interpret as indicating 
secondary alteration by high Sr/Nd, high 87Sr/86Sr ground- 
water. The trend to higher Sr/Nd is opposite to that expected 
for crustal contamination. In addition, both basalts have fairly 
high Mg numbers (63 and 66), and sample 89 carries spinel 
lherzolite xenoliths, so it is unlikely that any crustal contami- 
nation mechanism is responsible for their higher 87Sr/8asr. 
The high Sr contents of these samples (1200 ppm) reflect addi- 
tion of 400-500 ppm Sr (by comparison with the other alkali 
basalts of similar overall composition). Sample 411 shows 
some petrographic evidence of alteration (carbonate and 
minor clay in the groundmass), but sample 89 is free of any 
visible secondary minerals. This suggests to us that at least in 
the case of sample 89, Sr was mainly added along grain 
boundaries by interaction with low-temperature groundwater. 
This added Sr might have been removed by leaching, which 
we did not attempt. Sample 411 is one of our oldest samples 
(7.2 m.y. old) and occurs within a thick stack of flows, while 
sample 89 is from a portion of a volcanic neck that at one 
time was below the ground surface. Both of these situations 
permitted prolonged groundwater interaction. 

DISCUSSION 

The range in isotopic values in basalts from the Rio Grande 6 
rift region requires that more than one isotopically distinct 
component was involved in their petrogenesis. Lipman and • 
Mehnert [1975] proposed that late Cenozoic basalts from the • 4 
Rio Grande rift region were derived from two distinct mantle 
sources. They observed that basalts from the southern Basin 
and Range have systematically lower 87Sr/86Sr than those 
from the northern Rio Grande rift region. The Basin and 
Range basalts, with 87Sr/86Sr comparable to many oceanic 
island basalts, were interpreted as being derived from upwelled 
asthenospheric mantle. They cited Sr and Pb isotopic data to 
suggest that basalts from the northern Rio Grande rift and 
adjacent areas were generated within ancient lithospheric 
mantle, signifying that asthenospheric upwelling in these areas 

was not sufficient to involve the asthenosphere in basalt gen- 
esis. 

Our data on the Nd and Sr isotopic compositions of basalts 
from the Rio Grande rift region suggest that at least three 
isotopically distinct components were involved in their pet- 
rogenesis: two distinct mantle sources and upper or middle 
crust. We use the isotopic compositions of alkali basalts as a 
first constraint to evaluate the characteristics of the mantle 

source beneath the rift region because we are reasonably cer- 
tain that the alkali basalts have not interacted with the crust. 

Alkali Basalts: Configuration and Nature 
of Mantle Source Regions 

Two observations suggest that the isotopic variations of the 
alkali basalts reflect those in the mantle source and are not 

due to crustal interaction. (1) Two alkali basalts which we 
analyzed (22 and 89) contain spinel lherzolite xenoliths, indi- 
cating rapid ascent through the crust with little opportunity 
for crustal interaction or crystal fractionation. These basalts 
have SNa = + 5, which falls in the middle of the isotopic range 
for the alkali basalts we measured (SNa = +6.6 to +2.2). 
Other alkali basalts of the rift region that carry mantle xeno- 
liths have SNa ranging from + 8 to q- 1.4 [Zindler, 1980; Phelps 
et al., 1983], indicating that these isotopic variations are not 
due to crustal contamination. (2) Isotopic composition does 
not correlate with a fractionation indicator such as Mg 
number. For example, samples 61, 400, 411, and 425 have 
relatively primitive compositions with Mg numbers ranging 
from 65 to 69 but have among the lowest •NO values (the 
closest to crustal values), ranging from +4.2 to +2.2. We 
cannot rule out crustal contamination of tholelites using these 
arguments and will discuss their petrogenesis separately in the 
next section. 

A fundamental observation of this study is that the Nd and 
Sr isotopic compositions of alkali basalts from the Rio Grande 
rift region vary systematically with geographic position. The 
eNa values, for instance, generally decrease from south to north 
across the rift region (Figure 6). More importantly, isotopic 
values correlate with distinct tectonic settings that have under- 
gone differing degrees of lithospheric deformation during rift- 
ing and Basin and Range extension (Figure 7 and 8 and Table 
3). Mantle-xenolith-bearing alkali basalts from the southern 
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Fig. 6. Initial ENd versus latitude for alkali basalts of the Rio Grande 
rift region. Data are from this study and sources listed in Table 3. 
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Fig. 7. Regional variation of e•a for uncontaminated alkali ba- 
salts. Labeled volcanic fields are G, Geronimo; SC, San Carlos; B, 
Brazos; and RC, Raton-Clayton. Except for the range of values 
shown for alkali basalts of the Colorado Plateau transition zone, all 
of the 8Nd values are the highest measured at any particular location. 
Data are from this study and sources listed in Table 3. 

Basin and Range [Zindler, 1980; Menzies et al., 1983, 1985] 
have the most MORB-like isotopic compositions in the rift 
region, clustering at •Nd values of +7 to +8. In contrast, 
alkali basalts from the eastern Colorado Plateau, northern 

Rio Grande rift, and Great Plains [DePaolo and Wasserburg, 
1976a; Phelps et al., 1983; Williams, 1984; this study], some of 
which also carry mantle xenoliths [Phelps et al., 1983], have 
distinctly different isotopic compositions (eNd = 0 to +2.2) 
compared to alkali basalts from the southern Basin and 
Range. Alkali basalts from the Colorado Plateau-Basin and 
Range transition zone and the central Rio Grande rift south of 
Santa Ana Mesa (Figure 1) have isotopic compositions of in- 
termediate value (eNd values of + 3.3 to + 6.6). These relation- 
ships suggest that two mantle "end-members" exist beneath 
the Rio Grande rift region and that the intermediate isotopic 
values of basalts from the Colorado Plateau-Basin and Range 
transition zone may represent a mixture of these two end- 
members. We refer to these isotopic end members as "deple- 
ted" mantle (DM), producing basalts with e•d = +7 to +8, 
and "enriched" mantle (EM), producing basalts with s•d = 0 
to +2. The isotopic compositions of EM- and DM-derived 
alkali basalts indicate that EM has a history of lower Sm/Nd 
(LREE enrichment) and higher Rb/Sr relative to DM. 

The geochemistry and isotopic compositions of alkali ba- 
salts from the Colorado Plateau transition zone are compat- 
ible with an origin involving mixing of DM and EM compo- 
nents (Figure 9). The small range in Sr/Nd of these alkali 
basalts (excluding altered samples), regardless of the relative 
DM or EM contribution (Figure 5), indicates that DM and 
EM also have siimilar Sr/Nd ratios. This is compatible with 
the approximately straight-line mixing relationship in the iso- 
topic values (Figure 9). 

The Nd and Sr isotopic compositions of alkali basalts in the 
rift region lie within the range of known oceanic island basalt 
isotopic compositions (Figure 8). Therefore the first hypothesis 
to consider in evaluating the configuration of the mantle 
source is that all of the alkali basalts in the rift region are 
derived from a single oceanic-type mantle source that is iso- 
topically heterogeneous. If this hypothesis is correct, the 

source must be isotopically "zoned" from southwest to north- 
east, with DM concentrated beneath the southern Basin and 

Range and EM concentrated beneath the eastern Colorado 
Plateau, northern Rio Grande rift, and Great Plains. Large- 
scale regions with distinct isotopic characteristics have been 
recognized in the oceanic environment [Dupr• and Alltigre, 
1983; Hart, 1984-[, and an analogous situation (on a smaller 
scale) may exist beneath the rift region. 

An alternative to a single zoned source for the alkali basalts 
is a two-layer mantle, with DM and EM constituting different 
layers. We prefer this model for the rift region because of (1) 
the correspondence of distinct isotopic values for alkali basalts 
to certain tectonic settings, (2) the relationship of isotopic 
values to the lithospheric structure of the rift region known 
from geophysical studies, and (3) the way in which lithospheric 
structure and basalt source regions are modified by an evolv- 
ing rift. We will amplify these arguments in the remainder of 
this section. 

The Rayton-Clayton volcanic field lies on the Great Plains 
within the continental craton (Figure 7). The lithosphere be- 
neath this part of the Great Plains is presumed, from gravity, 
heat flow, and seismic data, to be at least 100 km thick [Keller 
et al., 1979a]. Basanites and nephelinites from the Raton- 
Clayton field have EM isotopic signatures and probably last 
equilibrated at depths of less than 100 kms [Green, 1970; 
Bultitude and Green, 1971]. Beneath the Great Plains, there- 
fore, we assume that EM corresponds to lithospheric mantle. 
Lithospheric mantle characterized by a history of high Rb/Sr 
and low Sm/Nd and isolation from the underlying astheno- 
sphere has been increasingly recognized as a source of conti- 
nental volcanic rocks from the North American craton [e.g., 
Menzies et al., 1983; Volliner et al., 1984; Hart, 1985, Fraser et 
al., 1986]. 

In contrast to the thick lithosphere beneath the Great 
Plains, the lithosphere beneath the southern Basin and Range 
has been substantially thinned by extensional deformation. 
Anomalously low upper mantle P, velocities of 7.8 km/s 
[Warren, 1969; Gish et al., 1981] as well as thermal and grav- 
ity modeling [Keller et al., 1979a] indicate that the astheno- 
sphere beneath the southern Basin and Range is in contact 
with the base of the crust at a depth of 25-30 km. Therefore 
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from White [-1985]. Data are from this study and sources listed in 
Table 3. Data for altered samples (Figure 4) are omitted. 
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TABLE 3. Summary of Nd and Sr Isotopic Compositions of Alkali Basalts From the Rio Grande Riff 
and Adjacent Regions 

Tectonic Volcanic 

Setting Field(s) n •Nd 87Sr/86Sra Reference 

Southern Basin 

and Range 

Colorado 

Plateau 

transition zone, 
central Rio 

Grande rift 

Northern Rio 

Grande rift, 
eastern Colorado 

Plateau, Great 
Plains 

Geronimo 9 + 8.3- 0.70298- Menzies et al. 

+ 5.2 0.70340 [1983, 1985] 
San Carlos 1 4-8.0 0.70298 Zindler [1980] 
see Figure 1 13 + 6.6- 0.70306- this study 

+ 3.3 0.70442 b 

Jemez, Cerros 2 +2.2- 0.70410- DePaolo and 
del Rio +0.2 0.70436 Wasserburg [1976a] and 

this study 

Brazos 3 + 2.1- 0.70417- Williams [ 1984] 
0 0.70423 

Raton-Clayton 3 + 1.4- 0.70406- Phelps et al. 
+ 1.0 0.70421 [1983] 

aAll 87Sr/86Sr ratios are relative to NBS 987 = 0.71028. 
bDoes not include altered samples 89 and 411. 

alkali basalts from this region probably equilibrated within 
the asthenosphere, and their DM isotopic signatures indicate 
that DM beneath this region corresponds to the astheno- 
sphere. 

We suggest that the DM/asthenosphere source beneath the 
southern Basin and Range is part of the convecting upper 
mantle present worldwide beneath both continents and 
oceans. The isotopic signature of DM (•ND--- +7 to +8, 
87Sr/86Sr--• 0.7032) corresponds to the PREMA ("prevalent 
mantle") component of Zindler and Hart [1986] and is an 
isotopic signature shared by a large number of oceanic island 
basalts, island arc basalts, and the most isotopically "deple- 
ted" continental basalts. It is clear, however, from isotopic 
measurements of oceanic basalts that the convecting upper 
mantle is chemically heterogeneous and includes both en- 
riched and depleted components. A physically plausible means 
of accounting for upper mantle heterogeneity is a "plum pud- 
ding" model (or more accurately, in the case of convecting 
mantle, a "marble cake" model) in which small-scale, 
incompatible-element-enriched components (the plums) are 
scattered throughout an incompatible-element-depleted lher- 
zolite matrix (the pudding) [e.g., Zartman and Doe, 1981; 
Davies, 1981, 1984; Morris and Hart, 1983; Batiza, 1984; Gill, 
1984; Zindler et al., 1984]. Isotopic variations on both large 
and small length scales could be due to variable con- 
centrations of enriched components or differences in the 
nature of the enriched components within different volumes of 
mantle. The enriched components may represent any combi- 
nation of basaltic intrusions, metasomatised lherzolite, sub- 
ducted oceanic crust, recycled continental material, detached 
subcontinental lithosphere, or material transported from the 
lower mantle [e.g., Zartman and Doe, 1981; Holmann and 
White, 1982; McKenzie and O'Nions, 1983; Morris and Hart, 
1983' Alldgre et al., 1984' Zindler et al., 1984]. 

According to the plum pudding model, the isotopic and 
trace element composition of a basalt depends on the relative 
proportion of enriched or depleted components that contrib- 
ute to the melt. For a small percentage of melting (e.g., alkali 
basalts), the more enriched (and less refractory) components 
are preferentially incorporated into the melt. At a larger per- 
centage of melting (e.g., MOR tholeiites), a larger proportion 

of depleted lherzolite contributes to the melt, diluting the en- 
riched component and resulting in a more depleted trace ele- 
ment and isotopic signature. If the plum pudding model is 
correct for the DM source, the DM isotopic signature must 
represent a reproducible mixture of enriched and depleted 
components. This would probably require that the enriched 
heterogeneities be small (a scale length of meters to tens of 
meters) and evenly distributed so that DM beneath the rift 
region is "homogeneous" on a scale of kilometers. Partial 
melts within a certain percentage range that produces alkali 
basalts could then acquire a reproducible DM isotopic signa- 
ture that represents the large-scale "homogeneity" of a source 
that is heterogeneous on a small scale. 

The simplest two-layer source model for the Rio Grande rift 
region is that EM always corresponds to subcrustal litho- 
sphere and the underlying DM always corresponds to as- 
thenosphere. Where the lithosphere has not been extended 
(Great Plains), the lithospheric mantle remains intact and 
EM/lithosphere is the source of basalts. Where considerable 
extension has occurred (southern Basin and Range), the litho- 
sphere has been thinned and the lithospheric mantle replaced 
by DM/asthenosphere. 

The simple two-layer model is not valid for all areas of the 
rift region. For instance, gravity and seismic data suggest that 
the asthenosphere is in contact with the base of the crust 
beneath the axial grabens of the Rio Grande rift in both 
northern and southern New Mexico [Olsen et al., 1979; Bal- 
dridge et al., 1984; Sinno et al., 1986; M. E. Ander, personal 
communication, 1986]. Below the eastern Colorado Plateau, 
mantle structure is less well known, but mantle Pnvelocities 
(7.9 km/s [Toppozada and Sanford, 1976]) are similar to those 
beneath the rift (,-•7.7 km/s), suggesting that the astheno- 
sphere here may also be near the base of the crust. Alkali 
basalts from the northern rift and eastern Colorado Plateau, 

however, have EM isotopic signatures. Likewise, anomalously 
low Pnvelocities (7.7-7.8 km/s) beneath the southeastern Col- 
orado Plateau-Basin and Range transition zone suggest that 
the asthenosphere is in contact with the base of the crust 
[Baldridge et al., 1984; K. H. Olsen, personal communication, 
1986]. Yet alkali basalts from the transition zone have Nd and 
Sr isotopic ratios that suggest a source containing both DM 
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Fig. 9. Petrogenetic model for Rio Grande rift region basalts in 
terms of eNa versus 87Sr/86Sr. Altered alkali basalts shown in Figure 4 
have been omitted. DM and EM fields encompass values of DM- 
derived alkali basalts from the Geronimo (G) and San Carlos (SC) 
volcanic fields, and EM-derived alkali basalts from the Jemez (J), 
Brazos (B), and Raton-Clayton (RC) volcanic fields (Table 3 and 
Figure 7). Alkali basalts from the Colorado Plateau transition zone 
and a tholeiite from the central Rio Grande rift define a mixing array 
between the DM and EM fields and were derived from the DM/EM 
boundary. Curves model fractional crystallization accompanied by 
crustal assimilation for mantle-derived magmas (AFC equations of 
DePaolo [1981c]). Upper tick marks along curves are values of F, the 
ratio of the final magma mass to the initial magma mass. Lower tick 
marks are values of M,/M,, ø, the ratio of the mass assimilated to the 
initial mass of magma. Values of r of each curve are the ratio of the 
assimilation rate to the fractionation rate. The solid square within the 
EM field is a model value (eNd = +2, 87Sr/86Sr = 0.7041, Nd = 12 
ppm, Sr = 300 ppm) for an EM-derived magma parental to the Col- 
orado Plateau tholeiites and Taos Plateau tholeiites and alkali basalts 

(field labeled TP). The assimilation/fractional crystallization (AFC) 
curves for the Colorado Plateau tholeiites and Albuquerque Volcano 
tholeiites (upper curve) assume an upper crustal contaminant with 
ENd --- --12, 87Sr/86Sr = 0.735, Nd = 30 ppm, Sr = 350 ppm. The 
dashed lines encompassing the Colorado Plateau tholeiites are the 
upper and lower bounds for several AFC curves that use a variety of 
upper crustal compositions as contaminants (see text and Figure 13, 
caption). A generalized AFC curve was calculated for Taos Plateau 
(TP) basalts assuming a Rb-depleted, lower crustal contaminant with 
87Sr/86Sr = 0.705, Sr = 450 ppm, end •--- --18, Nd = 30 ppm, with the 
isotopic values being suggested by the isotopic compositions of crust- 
ally derived dacites from the Taos Plateau [Williams, 1984]. The 
higher r value for the Taos Plateau basalts is consistent with the 
contamination by hot lower crust. 

and EM components. Thus some areas of the rift region, 
which have EM or partial EM isotopic signatures, are not 
detectably underlain by lithospheric mantle. Instead, the 
mantle beneath these areas has the geophysical properties of 
asthenosphere. This suggests that the asthenosphere/ 
lithosphere boundary (a rheological boundary) does not corre- 
spond to a geochemical boundary between DM and EM in 
these areas. We emphasize that both the northern Rio Grande 
rift and the Colorado Plateau transition zone are at an inter- 

mediate stage of lithospheric extension compared to the Great 
Plains and the southern Basin and Range. Our interpretation 
is that the lithospheric mantle beneath the northern Rio 
Grande rift and the transition zone has been "thermally 
thinned," acquiring the geophysical properties (low P, velocity 
and density) of asthenosphere but has not yet been completely 
replaced by chemically distinct DM. Therefore these sources 
have EM, or partial EM, isotopic signatures, but astheno- 
spheric geophysical properties. 

Mechanisms to account for lithospheric heating and thin- 
ning during rifting commonly assume an anomalous astheno- 
spheric heat source such as a mantle plume [e.g., $pohn and 
Schubert, 1983; Moretti and Froidevaux, 1986]. However, 
anomalously high sublithospheric heat may not be required to 
thermally thin the lithosphere. Buck [1986] modeled litho- 
spheric thinning through transport of heat into the lithosphere 
by small-scale asthenospheric convection induced by exten- 
sion. Small-scale convection results from horizontal temper- 
ature gradients that develop beneath rifts as the lithosphere is 
thinned by extension, and hotter, upwelled asthenosphere is 
juxtaposed against colder lithosphere beneath the rift flanks. 
The amount of heat transported into the lithosphere by small- 
scale convection is greater than that transported by purely 
conductive heat transport. Thermal expansion of the litho- 
sphere resulting from small-scale convection can account for 
the magnitude and distribution of flank uplift observed for 
many rifts [Buck, 1986]. Once lithosphere is thermally con- 
verted to asthenosphere, it can convectively mix with, and 
eventually be replaced by, DM/asthenosphere. This model of 
thermal thinning by small-scale convection is compatible with 
"passive" rifting and is probably more applicable to the Rio 
Grande rift than models postulating a deep-seated mantle heat 
source [e.g., Baldridge et al., 1984; Olsen et al., 1987]. Small- 
scale convection could also have been induced beneath the 

Colorado Plateau-Basin and Range transition zone as up- 
welled asthenosphere beneath the Basin and Range abutted 
against the lithosphere beneath the Colorado Plateau interior. 

In order to relate the isotopic compositions of alkali basalts 
to the evolution and configuration of their source regions, we 
must first constrain the depth at which alkali basalts equilib- 
rate in the mantle. Experimental work by Takahashi [1980] 
and Takahashi and Kushiro [1983] showed that alkali olivine 
basalts which are chemically similar to rift region alkali ba- 
salts equilibrate with the mantle assemblage olivine, clinopy- 
roxene, and orthopyroxene at pressures of 14-20 kbar, equiva- 
lent to a depth of about 45-65 km. Although we consider this 
equilibration depth to be approximately correct for alkali ba- 
salts of the rift region, the absolute depth is not as important 
as the assumption that alkali basalts of similar composition, 
which occur in the northern rift, eastern Colorado Plateau, 
transition zone, and southern Basin and Range, equilibrated 
at similar PT conditions in the mantle and therefore at ap- 
proximately the same depth (within a range of 20 km) beneath 
all tectonic provinces. We can think of no reason, for instance, 
why alkali basalts from the southern Basin and Range would 
have systematically equilibrated at a different depth than com- 
positionally similar alkali basalts from the northern Rio 
Grande rift. Therefore the systematic isotopic differences of 
alkali basalts from different tectonic provinces, if not con- 
trolled by equilibration depth, must reflect different depths to 
the DM/EM boundary beneath these provinces. 

We propose that the depth to the DM/EM and astheno- 
sphere/lithosphere boundaries beneath different areas of the 
rift region reflects different evolutionary stages of rifting in 
each area (Figure 10). Prior to regional extensional defor- 
mation, the lithosphere is thick (•, 100 km) throughout the rift 
region, and the asthenosphere/lithosphere boundary coincides 
with the DM/EM boundary (Figure 10, stage 1). Thus DM 
corresponds to asthenosphere, and EM corresponds to litho- 
spheric mantle. This situation still exists beneath the Great 
Plains. At an intermediate stage of rifting (northern Rio 
Grande rift) the lithosphere is thermally thinned, and the as- 
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Fig. 10. Model depicting stages in the evolution of mantle sources and the relationship between the DM/EM bound- 
ary and the asthenosphere/lithosphere boundary (dashed line) during the evolution of the Rio Grande rift and adjacent 
regions. Prior to extension and rifting (stage 1), the DM/EM and asthenosphere/lithosphere boundaries coincide, and EM 
corresponds to lithospheric mantle. This situation presently exists beneath the Great Plains. After extension and rifting 
have been initiated (stage 2), asthenospheric upwelling and thermal thinning of the lithosphere bring the astheno- 
sphere/lithosphere boundary to the base of the crust. EM has been thinned by extension but is still largely intact. This is 
the present situation beneath the northern Rio Grande rift. EM now has the physical properties of asthenosphere and 
begins to convectively mix with the underlying DM/asthenosphere. Alkali basalts still equilibrate within EM. At an 
advanced stage of extension and rifting (stage 3), extension combined with convective mixing has considerably eroded EM 
and incorporated it into the DM/asthenosphere, which has now risen to near the base of the crust. Alkali basalts now 
equilibrate within DM. This stage corresponds to the southern Rio Grande rift and the southern Basin and Range. Alkali 
basalts from the Colorado Plateau-Basin and Range transition zone equilibrate at the DM/EM boundary, which is at an 
evolutionary stage between stages 2 and 3. 

thenosphere/lithosphere boundary (dashed line in Figure 10) 
has risen to the base of the crust (Figure 10, stage 2). At this 
stage the DM/EM boundary is still below the depth of alkali 
basalt equilibration (45-65 km) and alkali basalts equilibrate 
within EM. Beneath the rift, EM has asthenospheric physical 
properties and is able to flow, and the lower parts of EM 
begin to mix into the small-scale convective flow of DM/as- 
thenosphere. At an advanced stage of rifting (the southern 
Basin and Range and, by analogy, the southern Rio Grande 
rift), EM is extensively eroded and incorporated into the DM- 
/asthenosphere by small-scale convection (Figure 10, stage 3). 
Although a full discussion is beyond the scope of this paper, 
rifting and erosion of the lithospheric mantle may be a feasible 
mechanism of introducing enriched mantle components into 
the convecting upper mantle and could be an important 
source of mantle heterogeneity. 

At an advanced stage of rifting (Figure 10, stage 3), a signifi- 
cant EM component may reside in the uppermost DM/asthe- 
nosphere. The small proportion of alkali basalts in the south- 
ern Basin and Range that have end values as low as + 5 can be 
explained by the presence of an EM component in their 
source, but the larger proportion of alkali basalts with a DM 
isotopic signature indicates that the DM component is still 
volumetrically dominant in the uppermost asthenosphere. In 
contrast, all of the alkali basalts from the Colorado Plateau 
transition zone have isotopic compositions that indicate a 
subequal mixture of EM and DM components in their source. 
Equilibration of these basalts at the depth of the DM/EM 
boundary (which is probably a gradational boundary several 
kilometers thick) could account for the consistent presence of 
both components in their source. This explanation is not un- 
reasonable, since the transition zone lies between the Col- 

orado Plateau, where basalts equilibrate within EM, and the 
Basin and Range, where basalts equilibrate within DM. 

The assumption that compositionally similar alkali basalts 
equilibrated at similar depths in the mantle allows us to con- 
struct a physical model of the DM/EM boundary beneath the 
rift region (Figure 11). Since alkali basalts from the eastern 

Colorado Plateau, northern Rio Grande rift, and Great Plains 
were derived from EM, the DM/EM boundary beneath these 
areas must lie deeper than the depth of alkali basalt equili- 
bration. Conversely, most basalts from the Basin and Range 
were derived entirely from DM; hence the DM/EM boundary 
must be shallower than the depth of alkali basalt equili- 
bration. Basalts from the Colorado Plateau transition zone 

were derived from a source containing both DM and EM 
components, most likely the DM/EM boundary. 

The configuration of the EM and DM reservoirs beneath 
the Rio Grande rift region (Figure 11) reflects a recent stage in 
the evolution of the DM/EM boundary because it is based on 
the isotopic compositions of basalts <5 m.y. old. In the 
Lucero volcanic area (Figure 1), alkali basalts that are 7-8 
m.y. old (samples 400 and 411) have lower end values ( + 3.3 to 
+4.2) than alkali basalts that are 4 m.y. old and younger (eNd 
of +5.5 to +6.6; samples 328, 384, and 417). These data, 
considered along with systematic variations in major element 
compositions through time [Baldridge et al., 1987], suggest 
that basalts in this area record the rise of the DM/EM bound- 
ary between 7 and 4 m.y. ago and the increasing role of DM 
in the source of the younger basalts at EM is eroded. 

Tholeiites: Mantle Sources and Crustal Contamination 

Basaltic volcanism in the Rio Grande rift region is 
characterized by a close spatial and temporal association of 
olivine tholeiites and alkali basalts (Figure 1 and Table 2). In 
the Lucero area (Figure 1), for example, a low-alkali tholeiite 
(sample 324) dated at 0.3 m.y. has end = --0.3 and 
8VSr/86Sr = 0.7064. This tholeiite erupted only 5 km from the 
vent of an alkali basalt (sample 328) dated at 0.8 m.y., which 
has end = + 5.5 and 87Sr/86Sr = 0.7034. The isotopic compo- 
sitions of these two basalts encompass nearly the entire range 
measured in this study (Figure 4) and highlight a fundamental 
difference between the genesis of alkali basalts and tholeiites in 
this region. We argue below that the isotopic compositions of 
Rio Grande rift region tholeiites are generally due to a combi- 
nation of two factors: derivation from EM and contamination 
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Fig. 11. Block diagram of the Rio Grande rift region, encompassing New Mexico and a portion of eastern Arizona, 
which illustrates the relationship between mantle source regions and tectonic setting. The shaded surface represents the 
geochemically defined DM/EM boundary. The ruled plane is a typical depth of alkali basalt equilibration. Note that the 
crust is not portrayed. Volcanic fields represented area G, Geronimo; MT, Mount Taylor; J, Jemez; B, Brazos; and RC, 
Raton-Clayton. The mantle source region for a particular alkali basalt depends primarily on the depth to the DM/EM 
boundary, a function of tectonic setting. Alkali basalts from the southern Basin and Range (Geronimo) are derived from 
DM. Alkali basalts from the northern Rio Grande rift and adjacent Colorado Plateau and Great Plains (Brazos, Jemez, 
and Raton-Clayton) are derived from EM. Note that nephelinites from Raton-Clayton, which probably equilibrated at a 
greater depth than alkali basalts, are still derived from EM due to its thickness beneath the Great Plains. Alkali basalts 
from the Colorado Plateau transition zone (Mount Taylor) are derived from the DM/EM boundary where it intersects the 
depth of alkali basalt equilibration. (Illustration by J. Tubb.) 

by middle to upper crustal wall rock. In addition, all of the 
tholeiites have been compositionally modified to some degree 
by fractional crystallization, as indicated by their low Mg 
numbers (64.5-59.4). 

Mantle source. It is widely accepted, based on may experi- 
mental and theoretical studies, that olivine tholeiites generally 
equilibrate at shallower depths in the mantle (corresponding 
to a pressure of 7-11 kbar) than alkali olivine basalts (pres- 
sures of_> 11 kbar) [e.g., Kushiro, 1968; Green, 1971; Nicholls 
et al., 1971; DePaolo, 1979; Presnall et al., 1978, 1979; Jaques 
and Green, 1980; Fujii and Bou•7ault, 1983; Takahashi and 
Kushiro, 1983; Presnall and Hoover, 1984]. Equilibration of 
rift region tholeiites at shallower depths than alkali basalts is 
compatible with the geochemical model of a layered upper 
mantle presented in the previous section. Thus, if alkali basalts 
from the Colorado Plateau transition zone equilibrated near 
the DM/EM boundary as discussed previously, tholeiites from 
the transition zone probably equilibrated at a depth above the 
DM/EM boundary within EM. Likewise, since alkali basalts 
from the northern Rio Grande rift equilibrated within EM, 
tholeiites from the northern rift (Jemez, Cerros del Rio, Santa 
Ana Mesa, and Taos Plateau volcanic fields) also must have 
equilibrated within EM. Tholeiites from the Albuquerque Vol- 
canoes in the central rift have isotopic compositions that are 
similar to those of alkali basalts from the transition zone, 

which suggests that they also equilibrated near the DM/EM 
boundary. If these tholeiites equilibrated at a shallower depth 
than the alkali basalts, the DM/EM boundary must be at a 
shallower depth beneath the central rift axis, as is the astheno- 
sphere/lithosphere boundary [e.g., Olsen et al., 1979]. With the 
exception of tholeiites from the Albuquerque Volcanoes, we 
conclude that all of the tholeiites considered in this paper 
equilibrated within EM (Figure 12). 

EM-derived tholeiites from this study do not have the same 
isotopic compositions as EM-derived alkali basalts but in- 
stead always have higher 87Sr/86Sr (Figure 4). In a detailed Sr 
isotopic study of the Cerros del Rio field in the northern rift, 
Crowley [1984] found the same systematic shift i,n 87Sr/86Sr. 
Twelve alkali basalts have 87Sr/86Sr ranging from 0.7039 to 
0.7042 (EM source), while four tholeiites have 87Sr/86Sr rang- 
ing from 0.7047 to 0.7049. These results agree with our 
measurements of an alkali basalt and tholeiite (samples 61 and 
87, respectively) from the Cerros del Rio field. In general, 
therefore, we can be fairly certain that tholeiites from the rift 
region have systematically higher 87Sr/86Sr compared to 
alkali basalts, even when both have equilibrated within EM. 

The systematically higher 87Sr/86Sr of the tholeiites could 
simply reflect a heterogeneous EM source. We will argue in a 
later section that the EM source is in fact heterogeneous, but 
we do not think that this heterogeneity can account for the 
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Fig. 12. Schematic cross section showing mantle structure and its 
relation to basalt genesis beneath the Colorado Plateau-Basin and 
Range transition zone and the central Rio Grande rift. The •Na of EM 
and DM represent values of derived melts and imply nothing about 
mantle homogeneity. Numbers on the earth's surface are •Na values of 
the erupted basalts. Alkali basalts (A) from the transition zone equi- 
librate at the DM/EM boundary and ascend without crustal interac- 
tion to erupt with •sa values that reflect the relative proportions of 
DM and EM components incorporated in the mantle source region. 
Tholelites (T) from the transition zone equilibrate within EM but, 
because of a longer crustal residence time, are contaminated by minor 
amounts of middle to upper crustal wall rock and erupt with •sa 
values that are shifted slightly toward crustal esa values. Tholeiites 
from the central Rio Grande rift are derived from the elevated 

DM/EM boundary and ascend through the crust with little crustal 
interaction, perhaps due to the more pronounced deformation within 
the rift axis, as evidence by fault displacements of several kilometers 
versus tens to hundreds of meters in the transition zone [Olsen et al., 
1987]. 

higher 87Sr/86Sr of the tholeiites. If a plum pudding model 
accounts for EM heterogeneity and it is heterogeneous on a 
small scale, tholeiites would have to preferentially tap the en- 
riched components in the source compared to the alkali ba- 
salts. If a small-scale heterogeneous source is able to produce 
isotopic differences between tholeiites and alkali basalts, we 
would expect that the alkali basalts, representing the smaller 
degree of partial melting, would preferentially incorporate the 
less refractory, more enriched components, but this is exactly 
the opposite of what we observe. If the isotopic differences 
reflect heterogeneity on a larger scale (i.e., kilometers), we can 
conceive of no mechanism that would cause tholerites to 

always tap the more enriched regions of the mantle. Another 
possibility, which cannot be evaluated using the available 
data, is that the EM source is isotopically zoned with the 
upper portion (tholeiite source) having higher 87Sr/86Sr. 

Crustal contamination. We propose that the higher 
87Sr/S6Sr of the tholeiites compared to EM-derived alkali ba- 
salts is not due to a heterogeneous mantle source but is in- 
stead due to interaction with high-87Sr/S6Sr wall rock of the 
middle to upper crust. Crustal contamination can be evalu- 
ated quite rigorously for tholeiites of the rift region and can 
reasonably account for all of their geochemical and isotopic 
characteristics. 

The nearly horizontal trend defined by these tholeiites (a 
shift to higher 87Sr/86Sr with only a small shift to lower 
Figure 9) indicates that the contaminant has high S•Sr/S6Sr. 
DePaolo and Wasserburg [1979b] and DePaolo [1981a] pre- 
sented a generalized model for the Nd and Sr isotopic compo- 
sition of Precambrian upper and lower crust. According to 
this model, granulite-facies lower crust has relatively low 
87Sr/86Sr as a result of Rb depletion during high-grade 

(granulite facies) metamorphism, while upper crustal rocks 
have high 87Sr/86Sr. Sm-Nd systematics are relatively unaffec- 
ted by high-grade metamorphism, and Nd isotopic compo- 
sitions are thus approximately the same in both the upper and 
lower crust. 

Isotopic data from the Rio Grande rift region indicate that 
the above model can be applied to the upper and lower crust 
of the rift region. For example, nearly all measured Precam- 
brian granitic (and thus presumably upper crustal) rocks of 
New Mexico have 87Sr/86Sr greater than 0.72 (95% of 175 
samples, Figure 13). In contrast, granulites (presumably repre- 
senting lower crust) from the Precambrian of Colorado, part 
of the same crustal terrane as is present in northern New 
Mexico, have 87Sr/86Sr less than 0.71 [DePaolo, 1981a, b]. 

The best evidence that the lower crust beneath the rift 

region is characterized by low 87Sr/86Sr comes from crustally 
contaminated volcanic rocks of the Taos Plateau and Jemez 

volcanic fields. Because contamination of magmas involves a 
relatively large "sampling" of crust, isotopic trends that result 
from contamination can be considered to reflect the "average" 
properties of that crust. In contrast, characteristics of the 
lower crust inferred from studies of lower crustal xenoliths 

may only reflect the characteristics of a small sample popu- 
lation and not the bulk characteristics of a heterogeneous 
region. Lead isotopic compositions of basalts, andesites, and 
dacites of the Taos Plateau become systematically less radio- 
genic with increasing SiO 2 content [Dungan et al., 1986], 
strongly indicating progressive contamination of magmas by 
old, uranium-depleted wall rock. Uranium depletion is charac- 
teristic of granulite-facies lower crust [e.g., DePaolo et al., 
1982; Rudnick et al., 1985]. The Taos Plateau lead data are 
coupled to Nd and Sr isotopic data which define a vertical 
trend of decreasing esa with relatively little shift to higher 
87Sr/86Sr [Williams, 1984]. This trend, which is fundamentally 
different from the nearly horizontal trend defined by tholeiitic 
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Fig. 13. Sr versus measured 87Sr/86Sr for New Mexico Precam- 
brian rocks. Rock types include granite, granodiorite, quartz monzon- 
ite, quartz diorite, granitic gneiss, schist, and felsic metavolcanic 
rocks. Data sources are Mukhopadhyay et al. [1975], Taggart and 
Brookins r1975], White [1978], Wobus and Hedge [1980], Brookins et 
al. [1980, 1985], Brookins and Majumdar [1982], and Brookins and 
Laughlin [1983]. Model values (open squares) used in AFC calcula- 
tions include a value not shown at 87Sr/86Sr = 1.5 and Sr -- 25 ppm. 
MT6a is a granite xenolith from the Mount Taylor volcanic field. 
Five samples not shown have 87Sr/86Sr ranging from 1.25 to 1.92 
with Sr-- 51 to 10 ppm. 
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basalts of this study, indicates contamination by low-S?Sr/S6Sr 
wall rock. In light of the lead data, this low-S?Sr/86Sr wall 
rock is best interpreted as residing in the lower crust. Nd and 
Sr isotopic data from basalts, andesites, and dacites of the 
Jemez volcanic field [Loeffier and Futa, 1985] also display a 
vertical Nd-Sr trend compatible with contamination by 
low-S?Sr/S6Sr lower crustal wall rock. Thus the lower crust 
beneath the Rio Grande rift region appears to be largely com- 
posed of granulite-facies rock characterized by low 87Sr/a6Sr, 
Rb/Sr, and U/Pb. Contamination by lower crust with these 
characteristics could not produce the isotopic array displayed 
by the tholeiites of this study. 

All of the tholeiites that we have studied represent some 
degree of fractional crystallization from primary melts, as indi- 
cated by their low Mg numbers (64.5-59.4). If these tholeiites 
are crustally contaminated, we assume that fractional crys- 
tallization accompanied crustal contamination and have used 
the assimilation/fractional crystallization (AFC) equations of 
DePaolo [1981c] to model their evolution. To model quantita- 
tively the AFC evolution of a magma, it is necessary to know 
the magma's fractionation history and the geochemical 
characteristics of the assimilated wall rock. These parameters 
can be estimated with some confidence for tholeiites and for 

the upper crust in the rift region. 
Only a few Nd isotopic measurements have been made for 

upper crustal granitic rocks in this region. These include 1.7- 
b.y.-old granodiorites from northern New Mexico and Col- 
orado [DePaolo, 1981b] with end=--11.2 to --13.3 and 
Nd - 16 to 42 ppm; a 1.4-b.y.-old anorogenic granite from the 
central Rio Grande rift [Nelson and DePaolo, 1985] with 
end----12.9 and Nd- 65 ppm; and a granite xenolith 
(MT6a) from the Mount Taylor volcanic field (F. V. Perry, 
unpublished data, 1987) with end = --15.0 and Nd - 56 ppm. 
The Nd isotopic composition of upper crustal granitic rocks 
from this region can also be estimated from their age and 
Sm/Nd ratios, a ratio which is fairly constant for most crustal 
rocks. Assuming a range in fsu/md (the Sm/Nd enrichment 
factor) of --0.35 to --0.45 for upper crust [DePaolo and Wass- 
erburg, 1979b] and an age of 1.7 b.y., end of the upper crust is 
calculated to range from about --11 to --15, using the deple- 
ted mantle model of DePaolo [1981b]. This calculated range 
of values coincides with the measured range; /•Nd --- --12 and 
Nd = 30 ppm are thus reasonable model values for the upper 
crustal contaminant. We have also used the Mount Taylor 
granite xenolith as a contaminant since it is a direct sample of 
basement beneath the Colorado Plateau transition zone, and 

it extends the range of our model values to low,er •Nd and 
higher Nd. 

In contrast to Nd, the Sr concentrations and isotopic com- 
positions of upper crustal basement rocks in New Mexico 
encompass a large range of values. However, because 
87Sr/a6Sr and Sr concentrations of upper crustal rocks are 
inversely correlated (Figure 13), the exact values chosen are 
not critical. This is because the isotopic shifts produced in a 
magma by contamination are dependent on the product of the 
isotopic composition and the elemental concentration of the 
contaminant [DePaolo, 1985]. To demonstrate this, several 
crustal values were used in our model, chosen to cover a range 
of isotopic values and concentrations (Figure 13). 

To model the fractionation history of the Colorado Plateau 
tholeiites, all of which contain olivine and plagioclase as 
phenocryst phases, we used the program EQUIL [Nielsen and 
Dungan, 1983; Nielsen, 1985], which simulates low-pressure 

fractionation in mafic systems. For a starting composition we 
chose an olivine tholeiite from Takahashi and Kushiro [1983' 
Table 3, KRB, 10.5 kbar], which is very similar in major 
element composition to tholeiites of the Colorado Plateau 
transition zone but has a primitive Mg number of 70. This 
model indicates that the transition zone tholeiites represent an 
F value (fraction of residual magma) of 0.9-0.8 (constrained to 
correspond to Mg numbers of 60-65) with olivine 
+ plagioclase + trace spinel being the fractionating phases. 

The cumulative fraction of plagioclase removed in the frac- 
tionating assemblage is 0.27 for F = 0.9, increasing to 0.48 for 
F = 0.8. These proportions are reasonable because olivine was 
probably the liquidus phase and the dominant fractionating 
phase during the early stages of fractionation. Using this ap- 
proximate fractionating mineral assemblage and appropriate 
partition coefficients for Sr and Nd [Drake and Weill, 1975' 
Hanson, 1980] gives Dsr--0.5 and DNd---0.1, where D is the 
bulk crystal/liquid partition coefficient. These D values can be 
taken as constant over the small range of crystallization con- 
sidered. 

We made no attempt in our AFC calculations to model the 
evolution of individual tholeiites, only the general trend that 
the tholeiites define. Each tholeiite undoubtedly evolved along 
a unique AFC path, but the coherent trend indicates that 
these paths were grossly similar. Five AFC models were calcu- 
lated using a bulk crustal contaminant composition of end = 
-- 12, Nd- 30 ppm, and a range of 87Sr/a6Sr and Sr values 

(Figure 13). In addition, a granite xenolith from Mount Taylor 
(MT6a) was used as a crustal contaminant. All of these models 
produce very similar results (Figure 9). This illustrates that 
because the upper crust in this region has a relatively uniform 
Nd isotopic composition and Sr isotopic compositions that 
vary systematically with Sr concentration, nearly all upper 
crustal contaminants (or combinations of contaminants) will 
produce an AFC curve consistent with the tholeiite trend. This 
result is also compatible with a physical model in which tho- 
leiites rising through the crust are exposed to a variety of wall 
rock compositions. 

The AFC curve shown in Figure 9 for the Colorado Plateau 
tholeiites illustrates several features common to all of the cal- 

culated models. First, the F values shown are slightly higher 
than the F values estimated from simple fractionation because 
they take into account the mass added to the magma by as- 
similation. The F value for simple fractionation is always a 
minimum value, but the two cases converge for large F values 
or small values of r (assimilation rate/crystal fractionation 
rate). Second, if the F value, composition of the contaminant, 
and initial composition of the magma (see Figure 9 caption) 
can be estimated, values of r can be determined by trial and 
error (varying r until the F values are appropriate) or by using 
equation (4) of DePaolo [1985], which relates the rate of 
change of the isotopic composition (in terms of F) to r. These 
calculations show that values for the parameter r of between 
0.2 and 0.3 were likely during the evolution of the tholeiites. 
From these values, the ratio of the mass assimilated to the 
original mass of magma, Ma/Mm ø [Farmer and DePaolo, 
1983], can be calculated and fall in the range of 0.03-0.08 in 
all the models considered. Such low values of Ma/Mm ø would 
not generally be noticeable in the major element chemistry, 
but elements such as Rb and K appear to be sensitive indica- 
tors of contamination by Rb-rich (upper crustal) wall rock 
(Figure 14). 

Compared to tholeiites from the Colorado Plateau transi- 
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Fig. 14. Normalized trace element abundances [after Thompson 
et al., 1982] for selected low-alkali tholeiites. Rb and K show the 
largest variations among these tholeiites, and their abundances corre- 
late with degree of crustal contamination as indicated by 87Sr/86Sr 
values (shown next to Rb values). Samples 106 and 95, both from the 
Albuquerque Volcanoes, are assumed to be derived from the same 
mantle source, indicating that the Rb and K variations are due to 
small amounts of crustal contamination and not differences in mantle 

source regions. 

tion zone, tholeiites from the Rio Grande rift have lower 

87Sr/86Sr at a similar degree of chemical evolution. Tholeiites 
from the northern rift are from volcanic fields peripheral to 
the Jemez volcanic field where Nd and Sr isotopic data I-Loef- 
tier and Futa, 1985-] indicate contamination by low-8?Sr/S6Sr 
lower crustal wall rock. It is possible then that the relative 
lack of 87Sr/86Sr enrichment in the northern riff tholeiites is 
due to a larger component of lower crustal contamination. 
Another possibility is that these rift tholeiites are contami- 
nated by upper crustal wall rock, but to a lesser degree than 
Colorado Plateau tholeiites (Figure 12). This possibility was 
modeled for the Albuquerque Volcanoes (Figure 9). Sample 
106 is not (or is only minimally) crustally contaminated based 
on its isotopic composition and, significantly, has the lowest 
Rb content (7.4 ppm) of any of the tholeiites in this study. 
Using the isotopic and trace element composition of sample 
106 as a parental composition and a likely degree of crys- 
tallization based on Mg number, sample 95 is modeled as 
having undergone a small amount of upper crustal contami- 
nation. The parameter r is smaller than in the case of the 
Colorado Plateau tholeiites (0.15 versus 0.3) and M,/M= ø is 
between 0.01 and 0.02. Despite this small amount of contami- 
nation, the Rb content of sample 95 (11.5 ppm) is 50% higher 
than that of sample 106, attesting to the sensitivity of Rb as an 
indicator of upper crustal contamination. 

Crustal Contamination: Relation to Magma 
Composition and Crustal Structure 

There is no evidence that the alkali basalts of this study, 
which are typical of most rift region alkali basalts, have been 
crustally contaminated. In contrast, the geochemistry and iso- 
topic compositions of tholeiites can be well accounted for by a 

model of fractional crystallization combined with small 
amounts of crustal contamination. We hypothesize that this 
difference reflects small but significant differences in the physi- 
cal properties of alkalic and tholeiitic magmas, properties 
which control their relative ascent rates through the crust and 
thus their opportunity to interact with crustal wall rock. 

A first-order indication of relative ascent rate is the presence 
or absence of mantle xenoliths, which are often found in rift 

region alkali basalts but have never been observed in rift 
region tholeiites. We accept the implication that tholeiite 
ascent rates are insufficient to entrain dense mantle xenoliths. 

Factors which influence the ascent rate of a magma include 
volatile content, density, and viscosity. Alkali basalts in the rift 
region generally erupt to form cinder cones, while tholeiites 
typically erupt from fissure systems or shield cones [e.g., Bal- 
dridge et al., 1987], indicating that alkaline magmas have a 
higher volatile content at the time of eruption. High volatile 
contents play an important role in the rapid ascent of alkaline 
magmas, mainly by controlling the initial ascent velocity via a 
crack propagation mechanism [Spera, 1984]. Higher volatile 
content also decreases magma viscosity and density, further 
enhancing magma ascent. Kushiro [-1982] determined experi- 
mentally that at pressures of 7-15 kbar, alkali basalts are 
inherently less dense than tholeiites and attributed this to the 
relatively large partial molar volumes of alkalis in silicate 
melts. 

Crustal properties also undoubtedly play a key role in con- 
trolling the ascent of magmas. Olsen et al. [-1987] emphasized 
the dominance of horizontal structures within the middle and 

upper crust of the Rio Grande rift region. A prominent feature 
of this horizontally stratified crust is a well-defined Conrad 
discontinuity at about 20 km depth, which corresponds to a 
density interface within the crust [Toppozada and Sanford, 
1976; Olsen et al., 1979]. This level of the middle crust was 
probably extended by discontinuous ductile flow resutling in 
subhorizontal, lensoidal "megaboudins" of contrasting physi- 
cal properties. Slowly ascending tholeiitic magmas would have 
difficulty traversing such a horizontally stratified density inter- 
face within the crust. They would likely pause to form sill-like 
magma bodies such as the Socorro magma chamber found at 
midcrustal depths in the south central Rio Grande rift [Rine- 
hart et al., 1979]. Sill-like magma chambers would have large 
surface area/volume ratios and would be favorable sites for 
crustal contamination to occur. 

If all types of volcanic rocks (excluding rhyolites) from the 
Rio Grande rift region are considered, significant differences 
are apparent concerning the depth of crustal contamination 
(upper versus lower crust). Different depths of contamination 
can be related to differences in the thermal and structural 

characteristics of crust within the rift compared to those of 
crust outside of the rift. 

Tholeiites from the Colorado Plateau-Basin and Range 
transition zone were contaminated by middle to upper crustal 
wall rock, as discussed previously. The Nd and Sr isotopic 
compositions of latites and quartz latites from the Mount 
Taylor volcanic field, which is within the transition zone 
(Figure 1), also suggest contamination by predominantly 
upper crustal wall rock [Perry et al., 1983; F. V. Perry, unpub- 
lished data, 1987]. In contrast, volcanic rocks showing evi- 
dence of lower crustal contamination occur within the rift and 

are associated with large-volume, long-lived volcanic fields 
(specifically, the Jemez and Taos Plateau volcanic fields, the 
most voluminous fields in the Rio Grande rift). For example, 
several andesites and dacites from the Taos Plateau have 
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and < --12 and 87Sr/S6Sr < 0.706 [Williams, 1984], indicating 
a very large component of lower crustal melt. Alkali basalts 
from the Taos Plateau (discussed below) probably also inter- 
acted with lower crust, in contrast to alkali basalts elsewhere 
in the rift region, suggesting that possibly no magmas could 
ascend through the crust in this area without undergoing 
some lower crustal interaction. The lower crust beneath the 

Taos Plateau must have been unusually hot, not only because 
of higher background temperatures in the lower crust of the 
rift compared to lower crust beneath the rift flanks [e.g., Olsen 
et al., 1987] but also because of local heat input associated 
with the large volumes of volcanic rocks that were erupted. 
Both of these conditions may have to exist concurrently in 
order for significant lower crustal contamination to occur. 
Note that tholeiites from the Albuquerque Volcanoes, a short- 
lived volcanic field of small volume within the Rio Grande rift, 
do not appear to have interacted with lower crustal wall rock 
(Figure 9). High temperatures within the lower crust of the rift 
could promote incorporation of lower crustal materials into 
magmas because (1) the hot lower crust has a slightly lower 
density, which would tend to slow magma transit through it, 
and (2) wall rock is closer to its melting point and can there- 
fore be more easily melted and incorporated into the rising 
magmas. Once magmas passed into the brittlely extended 
upper crust of the fit, access to deeper, more throughgoing 
fracture systems (compared to fractures on the rift flanks) 
might result in minimal wall rock interaction before eruption. 

Alkali basalts of the Taos Plateau probably interacted with 
lower crustal wall rock. These alkali basalts do not carry 
mantle xenoliths and are compositionally evolved, with SiO 2 
ranging from 50 to 53 wt % and Mg numbers <58 [Lipman 
and Mehnert, 1975, 1979a; Basaltic Volcanism Study Project, 
1981; Dungan et al., 1984]. Their major element and isotopic 
compositions are distinct from most other alkali basalts in the 
rift region and are compatible with a petrogenesis involving 
lower crustal interaction. We have calculated a generalized 
AFC curve for tholeiites and alkali basalts of the Taos Plateau 

(Figure 9) that uses a likely lower crustal composition as a 
contaminant. A major difference between our model of basalt 
contamination and that of Williams [1983, 1984] is the choice 
of a mantle end-member. Williams assumed that the source 

region beneath the Taos Plateau was asthenosphere that gave 
rise to MORB-like parental melts (i.e., and---+11 and 
87Sr/86Sr ---- 0.7025), despite the fact that no basalts in the vol- 
canic field are known to have and > 0. We suggest that the 
source of Taos Plateau basalts was EM that had been ther- 

mally converted to asthenosphere, as indicated by the isotopic 
compositions of uncontaminated alkali basalts from other 
areas of the northern rift and the adjacent Colorado Plateau 
and Great Plains (Table 3 and Figure 7). 

Nature of the Subcontinental Lithospheric Mantle 

Characterization of EM/lithosphere beneath the Rio 
Grande rift region encounters an apparent paradox. Evidence 
for heterogeneity in the EM source beneath the Rio Grande 
rift region comes from studies of lithospheric spinel lherzolite 
xenoliths entrained in asthenosphere-derived alkali basalts [da- 
goutz et al., 1980; Menzies et al., 1985; Zindler and Jagoutz, 
1987]. Clinopyroxenes, representing the major reservoirs of 
Nd and Sr in these xenoliths, have isotopic compositions 
ranging from MORB-like values (aNd "- q-13) to values near 
and -- 0 (Figure 15). These data highlight the extreme isotopic 
diversity to be found within the EM source. EM-derived alkali 
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Fig. 15. Measured ENd versus 87Sr/SOSr for clinopyroxenes in 
spinel lherzolite xenoliths from the San Carlos and Geronimo vol- 
canic fields, Arizona, and Kilbourne Hole, New Mexico [dagoutz et 
al., 1980; Menzies et al., 1985; Zindler and da#outz, 1987-1. "EM" is 
the field for EM-derived alkali basalts (Figure 9). The end versus Nd 
for clinopyroxenes (inset) shows that the most isotopically "enriched" 
(lowest end ) clinopyroxenes tend to be most enriched in Nd. 

basalts, however, even though erupted several hundred kilom- 
eters apart (Figure 7), display a very limited range of isotopic 
compositions (Figure 15), suggesting a homogeneous EM 
source. This paradox can be resolved with a plum pudding 
model analogous to that proposed earlier for DM/asthenosp- 
here. We think that the bulk of EM is composed of 
incompatible-element-depleted lherzolite that represents con- 
vecting upper mantle converted to lithosphere at the time of 
crustal formation and stabilization of the lithosphere 1.7 b.y. 
ago. Within the depleted lherzolite matrix occur numerous 
small volumes of incompatible-element-enriched lherzolite or 
magmatic intrusions. Some of these enriched heterogeneities 
were present prior to lithosphere stabilization, others were 
created during and subsequent to lithosphere stabilization by 
migrating melts and associated fluid phases [e.g., Spera, 1984; 
Wilshire, 1984; Menzies et al., 1985]. 

We assume that the isotopic compositions of clinopyrox- 
enes from spinel lherzolites represent the isotopic diversity 
within EM beneath the Rio Grande rift region. Melting of 
heterogeneous EM thus involves a combination of enriched 
and depleted components. Probably only the least refractory 
and most enriched components in any volume of mantle 
would be significantly involved in a melting event. This is 
compatible with field data showing that basalt fields of the 
Rio Grande rift region typically include a range of compo- 
sitions and are of small volume (several to a few tens of cubic 
kilometers of erupted material, accumulated after many sepa- 
rate eruptions). These relationships imply a heat source that 
produces only isolated instances of local melting [Olsen et al., 
1987]. Under these conditions, the enriched and less refractory 
components would dominate the isotopic compositions of 
melts, since they contribute more to the melt and tend to have 
higher incompatible element concentrations (Figure 15, inset). 
The isotopic compositions of EM-derived basalts (Figure 15) 
would thus be weighted toward the more enriched, less refrac- 
tory (and less abundant) components in the source and would 
not be representative of the "bulk" isotopic composition of 
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EM. The more "enriched" isotopic signature of heterogeneous 
EM compared to heterogeneous DM can be accounted for by 
differences in the nature of their enriched heterogeneities. He- 
terogeneities in EM are probably on the average more iso- 
topically "enriched" because of their long-term isolation from 
major melting (depletion) events and upper mantle convection. 
Just as for DM, the isotopic homogeneity of EM-derived ba- 
salts implies that EM, while heterogeneous on a small scale, is 
"homogeneous" on a regional scale. 

Finally, the isotopic composition of incompatible-element- 
enriched components in the EM/lithosphere is partly a func- 
tion of their age. A plausible mechanisms for the enrichment 
of lithosphere involves a large flux of magma and fluids 
through newly stabilized lithosphere at the time of local crust 
formation. Thus each segment of Precambrian continental 
crust in the western United States [see Nelson and DePao!o, 
1985] is underlain by lithospheric mantle of equivalent age 
possessing isotopic characteristics which reflect that age. For 
example, volcanic rocks from the Archean craton of Wyom- 
ing, Montana, and Idaho have lower end values compared to 
Rio Grande rift region basalts, consistent with derivation from 
a lithospheric mantle source that is considerably older (2.7 b.y. 
old versus 1.7 b.y. old) than that beneath the rift region, but 
not necessarily different in the degree of incompatible-element 
enrichment. 

The isotopic compositions of uncontaminated volcanic 
rocks from the Archean craton correlate with composition, a 
relationship we do not see in the rift region. Mafic ultrapotas- 
sic volcanic rocks form Leucite Hills, Wyoming [Volliner et 
al., 1984] and Smoky Butte, Montana [Fraser et al., 1986] 
have low •Nd values (--10 to --26), while olivine tholeiites 
from the Snake River Plain show a more restricted range of 
end values of --3 to --6 [Menzies et al., 1983]. All of these 
volcanic rocks have a similar 87Sr/86Sr. This relationship is 
compatible with a plum pudding model for the Archean litho- 
sphere. The ultrapotassic rocks could represent extremely 
small amounts of partial melt that sampled only the least 
refractory, LREE-enriched component within the Archean 
lithosphere (a small fraction of melting from the previously 
unmelted "plums"). Snake River Plain olivine tholeiites, which 
are both voluminous and homogeneous in composition (ap- 
parently due to a long-lived and major heat source), represent 
melting of a much greater volume of mantle, and they presum- 
ably sampled a greater proportion of refractory, LREE- 
depleted lherzolite. Alternatively, since ultrapotassic rocks are 
probably derived from a much greater depth than olivine tho- 
leiites, the Archean lithosphere may be zoned, becoming more 
LREE enriched (greater magma and fluid flux?) with depth 
[Farmer, 1987]. 

In the Rio Grande rift region, stabilization of the litho- 
spheric mantle was more recent. This lithosphere is therefore 
characterized by higher end values than Archean lithosphere. 
Thus this model involving the structure and age of subcon- 
tinental lithospheric mantle is compatible with the observed 
range in isotopic values of lithosphere-derived basalts 
throughout the western United States. 

SUMMARY 

1. Alkali basalts from the Rio Grande rift region are gen- 
erally unaffected by crustal contamination and were derived 
from two distinct mantle sources which we characterize as 

"depleted" mantle (DM) and "enriched" mantle (EM). Alkali 
basalts from areas of pronounced lithospheric extension 

(southern Basin and Range and southern Rio Grande rift) 
equilibrated within DM, which corresponds to upwelled as- 
thenosphere. Alkali basalts from areas of relatively less exten- 
sion (northern Rio Grande rift, eastern Colorado Plateau and 
Great Plains) equilibrated witin EM. Alkali basalts from the 
Colorado Plateau-Basin and Range transition zone were 
derived from a mixed zone at the DM/EM boundary. EM 
corresponds to lithospheric mantle prior to extension and dis- 
ruption of the lithosphere. At an intermediate stage of exten- 
sion, the lithosphere is thermally converted to asthenosphere, 
but EM remains physically intact. At an advanced stage of 
extension, EM is extensively eroded by convective mixing and 
is replaced by DM. 

2. Tholeiites, which equilibrate at a shallower depth than 
alkali basalts, generally equilibrated within EM. The tholeiites 
that we have studied have higher 87Sr/86Sr compared to EM- 
derived alkali basalts, which can be accounted for by assimi- 
lation of small amounts (< 10%) of middle to upper crustal 
wall rock. This amount of assimilation is not measurably re- 
flected in the major element chemistry but can be detected by 
higher concentrations of Rb and, to a lesser extent, K. Crustal 
contamination of tholeiites may be favored relative to alkali 
basalts because of their slower ascent rate through the crust, 
which is partly a function of volatile content and magma den- 
sity. 

3. Volcanic rocks from the most voluminous volcanic 

fields within the Rio Grande rift (Jemez and Taos Plateau 
volcanic fields) are contaminated primarily by lower crustal 
wall rock. Sites of more voluminous volcanism may locally 
enhance thermal input into the lower crust, and it may be that 
this additional thermal input into an already hot lower crust is 
necessary for significant lower crustal contamination to occur. 

4. The isotopic compositions of EM- and DM-derived ba- 
salts can be accounted for by a "plum pudding" model of the 
mantle in which small-scale, trace element and isotopically 
"enriched" heterogeneities are embedded in a "depleted" and 
more refractory lherzolite matrix. Although both DM and EM 
are heterogeneous on a small scale, they are "homogeneous" 
on a regional scale. The more "enriched" isotopic signature of 
EM relative to DM reflects the age of the lithospheric mantle 
beneath this region and its long-term isolation from the un- 
derlying, convecting asthenosphere. Regional extension and 
rifting are rapidly bringing isolation of lithospheric mantle to 
an end. 

APPENDIX: SAMPLE LOCATIONS 

Sample 7. Lower flow, southeast edge of La Jara Mesa. 
San Mateo 7.5-minute quadrangle (quad.) 107ø41'13"W, 
35ø15'12"N. 

Sample 22. Flow extending west from cinder cone on 
northeast corner of Horace Mesa. Lobo Springs, 7.5-minute 
quad. 107ø39'28"W, 35ø13'04"N. 

Sample 9. Lowest flow on northeast side of Horace Mesa 

at Big Spring. Lobo Springs 7.5-minute quad. 107ø40'00"W, 
35o 11'43"N. 

Sample 31. Capping flow from exposure in upper Rincon- 
ads, Canyon, southeastern flank of Mount Taylor. Lobo 
Springs 7.5-minute quad. 107ø38'20"W, 35ø12'14"N. 

Sample 328. Flow extending northwest from Volcano Hill. 
Cerro Verde 7.5-minute quad. 107ø19'22"W, 34ø49'07"N. 

Sample 384. Middle flow in canyon on west side of Tres 
Hermanos Mesa. Table Mountain 7.5-minute quad. 
107ø33'03"W, 34ø29'37"N. 
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Sample 417. East side of plug, westernmost Tres Her- 
manos Peaks. Table Mountain 7.5-minute quad. 107ø33'03"W, 
34ø27'29"N. 

Sample 400. Third flow from top of exposure on northeast 
edge of Chicken Mountain. Chicken Mountain 7.5-minute 
quad. 107ø16'47"W, 34ø39'47"N. 

Sample 411. Second flow above base of exposure on south- 
east edge of Mesa Gallina. Mesa Aparejo 15-minute quad. 
107ø13'45"W, 34ø43'02"N. 

Sample 89. North side of Cerro de Guadalupe plug, 
Puerco Necks. Guadalupe 7.5-minute quad. 107ø08'20"W, 
35ø33'59"N. 

Sample 142. Upper flow, approximately 100 m south of 
Bandera Crater breach. Ice Caves 7.5-minute quad. 
108ø05'07"W, 34 ø59'48"N. 

Sample 425. Flow extending from small cinder cone 4 km 
southeast of Red Hill. Red Hill 7.5-minute quad. 108ø49'10"W, 
34ø12'37"N. 

Sample 143. Flow on east side of Cat Hills. Dalies 7.5- 
minute quad. 106ø48'56"W, 34ø52'28"N. Additional data from 
Baldridge et al. [-1982]. 

Sample 61. Capping flow on rim of White Rock Canyon. 
Cochiti Dam 7.5-minute quad. 106ø18'23"W, 35ø39'35"N. 

Sample 63. Flow east of Laguna. Mesita 7.5-minute quad. 
107ø20'33"W, 35ø02'34"N. 

Sample AWL-40-70. Laguna flow of Nichols [1946]. Lies 
beneath the McCartys flow. Grants SE 7.5-minute quad. 
107ø46'39"W, 35ø05'28"N. Collected by A. W. Laughlin. 

Sample 324. Distal end of flow originating at Cerro Verde. 
From roadcut on Highway 6. South Garcia 15-minute quad. 
107ø03'05"W, 34ø50'18"N. 

Sample 329. Capping flow on east edge of Mesa del Oro. 
Chicken Mount ain 7.5-minute quad. 107022 ' 14"W, 
34ø41'26"N. 

Sample 95. Lower flow from exposure on south side of 
Albuquerque Volcanoes. La Mesita Negra SE 7.5-minute 
quad. 106ø45'38"W, 35ø06'45"N. 

Sample 106. Lower flow from exposure on east side of 
Albuquerque Volcanoes. Los Griegos 7.5-minute quad. 
106ø43'22"W, 35ø09'52"N. 

Sample 65. Bomb from quarry in cinder cone on Santa 
Ana Mesa. San Felipe Pueblo 7.5-minute quad. 106ø29'26"W, 
35ø29'48"N. 

Sample 87. Flow in Ancho Canyon. White Rock 7.5- 
minute quad. 106ø14'38"W, 35ø46'52"N. 
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