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Abstract. Over 200 H, O, Sr, Nd, and Pb isotope analyses,
in addition to geologic and petrologic constraints, docu-
ment the magmatic evolution of the 28.5-19 Ma Latir vol-
canic field and associated intrusive rocks, which includes
multiple stages of crustal assimilation, magma mixing, pro-
tracted crystallization, and open- and closed-system evolu-
tion in the upper crust. In contrast to data from younger
volcanic centers in northern New Mexico, relatively low
and restricted primary §'30 values (+6.4 to +7.4) rule

. out assimilation of supracrustal rocks enriched in 20. Ini-
tial 87Sr/55Sr ratios (0.705 to 0.708), eng values (—2 to —7),
and 2°6Pb/2%*Pb ratios (17.5 to 18.4) of metaluminous pre-
caldera volcanic rocks and postcaldera plutonic rocks sug-
gest that most Latir rocks were generated by fractional crys-
tallization of substantial volumes of mantle-derived basaltic
magma that had near-chondritic Nd isotope ratios, accom-
panied by assimilation of crustal material in two main
stages: 1) assimilation of non-radiogenic lower crust, fol-
lowed by 2) assimilation of middle and upper crust by inter-
mediate-composition magmas that had been contaminated
during the first stage. Magmatic evolution in the upper
crust peaked with eruption of the peralkaline Amalia Tuff
(~26 Ma), which evolved from metaluminous parental
magmas. A third stage of late, roofward assimilation of
Proterozoic rocks in the Amalia Tuff magma is indicated
by trends in initial #7Sr/%%Sr and 2°°Pb/2%*Pb ratios from
0.7057 to 0.7098 and 19.5 to 18.8, respectively, toward the
top of the pre-eruptive magma chamber. Highly evolved
postcaldera plutons are generally fine grained and are zoned
in initial ®7Sr/®6Sr and 2°°Pb/2°*Pb ratios, varying from
0.705 to 0.709 and 17.8 to 18.6, respectively. In contrast,
the coarser-grained Cabresto Lake (~25Ma) and Rio
Hondo (~ 21 Ma) plutons have relatively homogeneous ini-
tial ®7Sr/*°Sr and 2°°Pb/?°*Pb ratios of approximately
0.7053 and 17.94 and 17.55, respectively. enq values for all
the postcaldera plutons overlap those of the precaldera
rocks and Amalia Tuff, except for those for two late-stage
rhyolite dikes associated with the Rio Hondo pluton that
have gyg values of —8.6 and —9.5; these dikes are the only
Latir rocks which may be largely crustal melts.

Chemical and isotopic data from the Latir field suggest
that large fluxes of mantle-derived basaltic magma are nec-
essary for developing and sustaining large-volume volcanic
centers. Development of a detailed model suggests that
6-15 km of new crust may have been added beneath the
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volcanic center; such an addition may result in significant
changes in the chemical and Sr and Nd isotopic composi-
tions of the crust, although Pb isotope ratios will remain
relatively unchanged. If accompanied by assimilation, crys-
tallization of pooled basaltic magma near the MOHO may
produce substantial cumulates beneath the MOHO that
generate large changes in the isotopic composition of the
upper mantle. The Latir field may be similar to other large-
volume, long-lived intracratonal volcanic fields that funda-
mentally owe their origins to extensive injection of basaltic
magma into the lower parts of their magmatic systems.
Such fields may overlie areas of significant crustal growth
and hybridization.

Introduction

Detailed petrologic studies of continental volcanic centers
during the last decade have led to models for magmatic
systems that involve varying rates of injection of mantle-
derived basaltic magma into the crust, partial melting and
fractionation, and extrusion of the resulting differentiated
magmas (Smith 1979; Hildreth 1981; Shaw 1985). Three
types of volcanic center may be distinguished (e.g., Shaw
1985): 1) small basalt-rhyolite fields associated with spa-
tially restricted basaltic magma injection at low rates (e.g.,
Coso, California; Bacon 1982); 2) flood basalts associated
with regional basaltic magma injection at high rates; and
3) large-volume intermediate- to silicic-composition volca-
nic centers, commonly associated with calderas (Lipman
1984), that represent crustal magmatism that is intermediate
in terms of basaltic magma fluxes and extension to the
first two types. At such caldera centers, injection rates for
basaltic magma are sufficient to generate and sustain large,
long-lived magmatic systems, in which prolonged crustal
residence times allow generation of large volumes of com-
positionally zoned, generally crystal-poor silicic magma by
various mechanisms. We will argue below that large fluxes
of mantle-derived basaltic magma are needed to generate
and sustain large silicic volcanic centers, and that the major-
ity of rocks in the Latir field evolved by crystal fractiona-
tion of basaltic magma, accompanied by extensive interac-
tion with the crust. This hypothesis is at odds with models
that incorporate only minor basaltic components in the gen-
eration of silicic magmas by crustal melting (e.g., Chappell
et al. 1987; Chappell and Stephens 1988).
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Regional tilting and dissection by the Rio Grande rift
has exposed an exceptional cross section through the late-
Oligocene to early-Miocene Latir volcanic field and asso-
ciated Questa caldera and cogenetic plutonic rocks in north-
ern New Mexico (Fig. 1). Precaldera and caldera-related
volcanic rocks evolved in an open system by crystal frac-
tionation, magma mixing, and crustal assimilation (Johnson
and Lipman 1988). In contrast, internal chemical and min-
eral variations within postcaldera plutonic rocks were gen-
erated largely by closed-system crystal fractionation of in-
termediate-composition parental magmas (Johnson et al.
1989). Granites were produced at the upper margins of crys-
tal-rich chambers, largely by filter-pressing evolved magmas
from crystal-rich ““cumulate” zones. The plutonic suite rep-
resents the later stages of evolution of earlier high-level,
subvolcanic magma chambers that were crystal poor.

Interpretation of the isotopic data presented here relies
on previous geologic, petrologic, and geophysical work
(Lipman 1983; Cordell et al. 1986; Hagstrum and Lipman
1986; Lipman et al. 1986; Dillet and Czamanske 1987; Cza-
manske and Dillet 1988 ; Johnson and Lipman 1988; John-
son et al. 1989; Lipman 1988; Lipman and Reed 1989).
We develop here an integrated model for the origin and
evolution of the Latir field, based on over 200 H, O, Sr,
Nd, and Pb isotopic analyses, which we feel has general
application to many caldera complexes. Our initial focus
is on the origin of crustal components in the Latir magmas
and their relations to evolution of the magmatic system.
Discussion of the origin of large mantle components in the
Latir rocks, identified largely by Nd isotope data, is cen-
tered on assimilation/fractional crystallization of basaltic
magma versus melting of precursor basalts as possible mod-
els. We conclude with a semi-quantitative model for the
effects of magmatism on the chemical and isotopic composi-
tions of the pre-existing crust, young hybridized crust, and
upper lithospheric mantle.

Geologic setting

Erosional remnants of the Latir volcanic field cover an area of
1,200 km?, and mark the southern part of an extensive composite
Tertiary volcanic field exposed in the southern Rocky Mountains
of southern Colorado and northern New Mexico (Steven 1975;
Figs. 1 and 2). Most precaldera volcanic rocks (28.5-26 Ma, Lip-
man et al. 1986) have metaluminous, intermediate compositions,
ranging from olivine basaltic andesite (53 wt% SiO,) to quartz
latite (67 wt% SiO, ; Johnson and Lipman 1988). Volumetrically
subordinate early rhyolites contain as much as 77.5 wt% SiO,.
Chemical zonations in phenocrysts and non-linear variations of
many trace-element contents with SiO, contents suggest that crys-
tal fractionation was the dominant mechanism for generating the
diversity of precaldera Latir rocks (Johnson and Lipman 1988;
Fig. 3A and B). Major- and trace-element models and inherited,
high-Sr plagioclase in the early rhyolites, for example, suggest that
these rocks were derived by crystal fractionation of intermediate-
composition magmas similar to those which formed the extensive
Latir Peak Quartz Latite. High Mg and Cr contents of augite
rims and high whole-rock Ni and Cr contents of some intermedi-
ate-composition lavas indicate that these magmas mixed with prim-
itive basaltic magma prior to eruption; the basaltic component
mixed in the majority of lavas is <10 wt% (Johnson and Lipman
1988).

Although no true basalts were erupted within the Latir volcanic
field, silicic alkalic and minor tholeiitic basalts were erupted at
San Luis Hills, 20 km to the NW, approximately coincident with
caldera-forming volcanism at 26 Ma at the Latir field (Thompson
and Machette 1989). Chemical compositions of evolved basalts
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Fig. 1. Generalized geologic map of the Latir volcanic field and
the Questa caldera exposed in the Sangre de Cristo Mountains
of northern New Mexico, emphasizing the postcaldera intrusive
rocks. LVR Latir volcanic field and associated intrusions; TM
Timber and Brushy Mountains; SJVF San Juan volcanic field;
SLH San Luis Hills; TPVF Taos Plateau volcanic field. The Rio
Grande rift depression is largely delinated by the Taos Plateau
volcanic field. Tusas Mountains lavas are temporally correlative
with the Miocene lavas discussed here. San Luis Hills lavas are
temporally correlative with caldera-related Latir rocks. Based on
mapping by Lipman and Reed (1989)

from the San Luis Hills overlap those of the Latir basaltic andesites
(Fig. 3) and we consider the overlap of compositions that are too
mafic to be derived by crustal melting as evidence for basalt as
the magma composition that was parental to the precaldera Latir
basaltic andesite, andesite, and quartz latite.

As noted by Johnson and Lipman (1988), the occurrence of
quartz and feldspar xenocrysts in some lavas and elevated Pb con-
tents of all Latir rocks (Fig. 3C) indicate that most rocks contain
large crustal components. It is unlikely that the intermediate-com-
position rocks are products of crustal melting alone, because ap-
proximately 60% melting of mafic crust would be required (Helz
1976), which appears unlikely.

Inception of alkaline magmatism (alkalic dacite, comendite,
and the high-SiO, peralkaline Amalia Tuff) coincided with initia-
tion of regional extension at approximately 26 Ma (Lipman 1983;
Hagstrum and Lipman 1986; Lipman et al. 1986). The Questa cal-
dera formed 26 Ma ago upon eruption of 500-1,000 km? of the
Amalia Tuff. Relatively small volumes of peralkaline rhyolite
erupted during the later stages of caldera formation are composi-
tionally identical to late-erupted parts of the Amalia Tuff.

Four resurgent plutons, Virgin Canyon, Cafiada Pinabete, Rito
del Medio, and Cabresto Lake, were emplaced within 1.5 Ma of
caldera formation (Lipman etal. 1986; Hagstrum and Lipman
1986; K. Foland, personal communication 1989). The oldest gran-
ite is peralkaline and is compositionally identical to late-erupted
Amalia Tuff; it crops out along the northern margins of the Virgin
Canyon and Caflada Pinabete plutons (Johnson et al. 1989), as
a prominant ring dike along the northern caldera margin, and
as rare small dikes along the southern caldera margin. Phenocryst
compositions in the peralkaline granite suggest that the Amalia
Tuff magma evolved from a metaluminous parental magma, rich
in alkalies, Ba, Y, Zr, and REE’s (Czamanske and Dillet 1988;
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Fig. 2. Stratigraphy of Tertiary igneous rocks exposed in the Sangre
de Cristo Mountains (cast rift) and Timber and Brushy Mountains
(central rift) of northern New Mexico. Revised from Johnson and
Lipman (1988) using recently determined *°Ar/3°Ar ages (K. Fo-
land, personal communication, 1989). Silicic resurgent plutons in-
clude Virgin Canyon, Cailada Pinabete, and Rito del Medio.
Southern caldera margin intrusions include the Bear Canyon and
Sulphur Gulch plutons and the Red River intrusive complex. Stra-
tigraphy of Timber and Brushy Mountains from Thompson et al.
(1986)

Johnson et al. 1989). High halogen fluxes from degassing alkali
basalts or crystallizing lower parts of the magmatic system and
extensive alkali feldspar fractionation are interpreted as driving
forces for establishing the silicic peralkaline compositions.

Early and later facies of silicic metaluminous granite in the
Virgin Canyon and Caifiada Pinabete plutons, containing high Y,
Zr, Ba, and REE contents, were intruded shortly after emplacement
of the peralkaline granite; the most mafic sample (2C-41, 71 wt%
Si0,) is considered an appropriate analogue to the parental magma
for the Amalia Tuff (Johnson et al. 1989).

Part of the Virgin Canyon pluton and all older volcanic units
are tilted northeast (Hagstrum and Lipman 1986). Because the
Rito del Medio pluton is not tilted, and continues the differentia-
tion trend defined by metaluminous samples from the Virgin Can-
yon and Caifiada Pinabete plutons (Jobnson et al. 1989), the Rito
del Medio pluton is interpreted to have crystallized later. The rela-
tively mafic Cabresto Lake pluton, composed largely of monzo-
granite, was also emplaced during resurgence.

Intrusions emplaced at 25-24 Ma (X. Foland, personal com-
munication 1989) along the southern margin of the Questa caldera
are largely alkali-feldspar granite and granite porphyry (Johnson
et al. 1989). The two western plutons at Bear Canyon and Sulphur
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Fig. 3A-C. Selected SiO, variation diagrams for volcanic (symbols
plotted) and plutonic rocks (outlines only) of the Latir volcanic
field and Miocene lavas (symbols plotted) that crop out on the
northern flanks of the Latir field. Symbols also plotted for mafic
enclaves and a basait dike associated with the Rio Hondo pluton.
Outline of data also shown for San Luis Hills lavas. Data from
Johnson and Lipman (1988); Johnson et al. (1989); P. Lipman
(unpubl. data), and R. Thompson (unpubl. data). The same sym-
bols are used in subsequent figures. In stratigraphic order: @ Mio-
cene andesite; 8 Miocene basalt. Latir intrusions: ¥ Lucero Peak
pluton; 8 Rio Hondo dikes; ¢ Rio Hondo mafic enclaves; O Rio
Hondo pluton; O southern caldera margin intrusions; A Cabresto
Lake pluton. Silicic resurgent intrusions: O metaluminous granite;
@ peralkaline granite. Latir volcanic field: @ Amalia Tuff and
peralkaline rhyolite; A comendite; @ alkalic dacite; W olivine ba-
saltic-andesite; & Latir Peak Quartz Latite; ® andesite; @ Early
rhyolite

Gulch are the most porphyritic and silicic, and are associated with
molybdenite mineralization (Leonardson et al. 1983). The eastern-
most intrusive units form the Red River intrusive complex.

The youngest plutons of the Latir field, which crop out south
of the Questa caldera, include the 22-21 Ma Rio Hondo pluton
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Table 1. H and O isotopic data for the Latir volcanic field and associated intrusive rocks

6Dwe" 3" 0wr 5180QTZ 8"*OrgLp AISOQTZ-FELD 3**Oyacma

Volcanic rocks of the Latir volcanic field

Latir Peak Quartz Latite

J-22 6.8 6.8
J-30 7 6.8 6.8
Amalia Tuff

J-1 -116 11.4 8.1 74
12 —120 10.9 8.1 7.1
J-3 —125 10.5 8.1 7.1

Plutonic rocks of the Latir volcanic field

Resurgent plutons:

Peralkaline granite of Virgin Canyon and Cafiada Pinabete

2C-38 - 87 71
2C-34 — 85 6.1
2C-49 - %4 73
J-45 6.8° 8.5 32 72

Early metaluminous granite of Virgin Canyon and Cafiada Pinabete

2C-41 -102 59

2C-40 — 90 7.2

2C-39 — 96 6.7

2C-33 — 98 53

Later metaluminous granite of Virgin Canyon and Cafiada Pinabete

2C-35 — 95 8.8

J-43 4.8° 8.0 34 4.6 6.5

Cabresto Lake pluton

2C-51 — 87 7.5
2C-51A — 82 8.2
T-18 7.4° 8.4 71 1.3 6.9

Southern caldera margin intrusions:

Bear Canyon pluton

J-37 - 95 7.8 8.9 5.8 31 7.4 H]
2C-8 —105 74 HJ
2C-10 —103 5.3 HJ
Sulphur Gulch pluton

J-36 — 95 5.1 8.3 2.7 5.6 6.8 HJ
2C-52 — 94 2.6 H
2C-55 —101 4.0 HJ
J-5 (rhyolite dike) —110 1.8 8.2 —0.6 8.8 6.7 HI
Red River intrusive complex

2C-44 —102 5.6

J-13 6.3 7.9 5.3 2.6 6.4

2 Whole-rock determination except where noted for samples J-12 and J-9

® Whole-rock value calculated from mineral modes

¢ Recrystallized quartz. I1J7=Data from Hagstrum and Johnson (1986) for which chemical analyses are available (Johnson et al. 1989).
Additional data reported in Hagstrum and Johnson and plotted in Fig. 5SA. §'®0macua calculated based on unaltered feldspar
(A" 8014 Mapma = 0) OF quartz in altered samples (6'*Ogy, pugma = 1.0 for volcanic rocks, and 1.5 for plutonic rocks; Bottinga and Javoy
1975). Replicate analyses indicate reproductibility of +1.5 and 0.2 per mil for H and O isotopic analyses, respectively. Five analyses
of NBS-30 (biotite) yield an average D value of —64.54+2 (1-sigma S.D.) per mil, and twenty analyses of NBS-28 (quariz) yield
an average 6'%0 value of 9.6+0.2 (1-sigma S.D.) per mil. Analyses of Menlo Park standard plagioclase ST-1 produced an average
6180 value of 8.4+0.2 (1-sigma S.D.)
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5DWR3 5180WR 6180QTZ alsoFELD AlBOQTZ~FELD 6180MAGMA
Southern plutons of Rio Hondo and Lucero Peak:
Rio Hondo pluton — granite
2C-30 - 97 7.3 HI
J-33 —103 5.2 8.4 4.2 4.2 6.9 HY
J-34 —103 5.4 8.6 4.1 4.5 7.1 HJ
J-99 — 98 7.6 8.4 6.1 23 6.9 HJ
Rio Hondo pluton — granodiorite
J-8 — 91 6.7 8.4 7.0 1.4 6.9 HJ
J-35 —110 2.9 8.4 0.7 7.7 6.9 HJ
2C-28 —117 6.0 HI
J-101 —117 5.8 8.5 4.7 3.8 7.0 HJ
J-55 —113 4.4 HJ
J-61 —109 4.8 8.4 3.6 4.8 6.9 HJ
2C-26 —118 5.8 HJ
J-12 (whole rock) —111 02 5.4¢ —1.2 6.6 - HJ
J-12 (biotite) —119 HI
J-12 (alt. biotite) —111 HJ
J-12 (hornblende) —114 HJ
Rio Hondo dikes
J-9 (alt. biotite) —123 2.5 HJ
Lucero Peak pluton
J-7 —100 7.7 HJ
J-46 —103 7.4 9.9 6.1 3.8 8.4 HJ
2C-13 - 99 7.1 HI
2C-15 —107 8.0 HI

and the 19 Ma Lucero Peak pluton (Lipman et al. 1986; I. Williams
and C. Johnson, unpublished data; K. Foland, personal communi-
cation 1988). Composed largely of coarse-grained granodiorite,
with minor granite, the Rio Hondo pluton is by far the largest
intrusive body exposed in the Latir field, and has the widest compo-
sitional variation. Notable features of the Rio Hondo pluton are
dissection by hundreds of NW-trending dikes of rhyolite, quartz
latite, and basalt, and occurrence in lower exposures of fine- and
coarse-grained mafic enclaves. The Lucero Peak pluton contains
minor molybdenite mineralization on its eastern margin (Lud-
ington 1981). Both plutons are relatively coarse grained and, al-
though emplaced at structural levels as deep as 5 km below the
Miocene surface, are now exposed in their roof zones.

Postcaldera volcanic rocks of the Latir field are not preserved
in the Sangre de Cristo Mountains, but are exposed on an intra-rift
horst at Timber and Brushy Mountains (Figs. 1 and 2; Thompson
et al. 1986). The Cabresto Lake pluton and southern caldera mar-
gin intrusions are chemically and temporally similar to the lower
lavas on the horst, and the young Rio Hondo and Lucero Peak
plutons are chemically similar to the upper lavas (Thompson et al.
1986).

Miocene (15 Ma) basalt and andesite lavas are exposed on the
northern flanks of the 29—19 Ma Latir field. Although these rocks
are not genetically related to the Latir field, they were erupted
during regional block-faulting (Hagstrum and Lipman 1986; Lip-
man et al. 1986) and are discussed here in the context of isotopic
variations in the mantle beneath the northern Rio Grande rift.
Two suites can be distinguished based on Sr contents (Fig. 3A)
and the low-Sr rocks have chemical compositions that are similar
to the 26 Ma San Luis Hills lavas.

Analytical techniques

Representative samples for isotopic analysis were selected from
those described in Johnson and Lipman (1988) and Johnson et al.

(1989); chemical analyses are tabulated in those reports. All H,
O, Pb and most Sr and Nd isotopic analyses were performed in
U.S.G.S. laboratories in Menlo Park, CA. Several samples were
analyzed for Sr isotope ratios, Rb and Sr contents, and Nd isotope
ratios at the University of Wisconsin at Madison. Some of the
volcanic rocks are hydrated, and high H,O content correlates with
anomalously high Mg, Ca, and Sr contents. Sanidine separates
were used for Sr and Pb isotopic analyses of these samples. Samples
containing less than 50 ppm Sr were analyzed by isotope dilution
mass spectrometry (IDMS) using a 34Sr spike, and are precise
to £0.2%. Samarium and Nd concentrations were determined by
TDMS using a total REE spike (including **°Nd and '#°Sm spikes)
and are precise to +0.2%

Hydrogen for mass spectrometric analysis was extracted by
fusing samples at 1400° C and converting the liberated H,O to
H, by reaction with U metal at 700° C (e.g., Bigeleisen et al. 1952).
Oxygen was extracted by reacting samples with CIF3 at 500° C
(Borthwick and Harmon 1982) and reacting the liberated O, with
graphite at 800° C to produce CO, for mass spectrometric analysis.
D/H and 306 ratios are expressed in the standard & notation
where 6D and 8180 values are defined as the relative differences
in the sample isotopic ratio and the SMOW (Standard Mean Ocean
Water) standard expressed in parts per 1000 (°/,, or per mil). Be-
cause whole rocks rarely retain their primary 680 values, either
because of low-temperature hydration effects in glassy volcanic
rocks (e.g., Taylor 1968; Johnson and O’Neil 1984) or sub-solidus
hydrothermal alteration (e.g., Taylor 1977), mineral separates were
also analyzed. In most cases, magmatic § '®0 values were estimated
from O isotopic compositions of quartz, which is highly resistant
to O isotopic exchange (e.g., Gregory and Criss 1986), or fresh
feldspar.

Strontium was separated by standard ion-exchange chromatog-
raphy, and mass-analyzed on either a double- or single-collector
mass spectrometer at the U.S.G.S., or a six-collector mass spec-
trometer at the UW. (“D”, “S”, or “UW?”’, respectively, Table 2).
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Total procedural blanks were <1 ng for U.S.G.S. analyses and
<0.1 ng for U.W. analyses, which are all negligible. Rb interfer-
ence was monitored at mass 85 and was negligible. Random repli-
cate analyses indicate a reproducibility of 40.00005 (2-sigma S.D.)
for the measured 87Sr/®Sr ratios for the single-collector mass spec-
trometer ; reproducibility for the double-collector mass spectrome-
ter is generally better, and precision of the six-collector mass spec-
trometer is +0.00001. Measured ratios for NBS-987 are identical
for all three mass spectrometers within external reproducibility of
standards determined on the single collector instrument, and no
corrections have been applied to the data.

Initial 87Sr/®%Sr and ***Nd/!***Nd ratios were calculated using
ages summarized in Lipman et al. (1986) and unpublished *°Ar/
3%Ar ages (K. Foland, personal communication 1989). Errors in
initial ratios, potentially large in some rocks with high Rb/Sr ratios,
were calculated using a squared-sum partial derivative expression
of the decay equation, taking into account the measured errors
in the concentrations and isotopic ratios and estimated age (gener-
ally +0.5 Ma). Initial 87Sr/®®Sr ratios are hereafter referred to as
“Ig, ratios”.

Neodymium was separated using HCI and 2-methyllactic acid
and was mass-analyzed as Nd*. Total procedural blanks were
<0.5ng for US.G.S. analyses and <0.1 ng for U.W. analyses.
Initial '*3Nd/*4#Nd ratios are reported as eyq values relative to
the chondrite reservoir (CHUR) at the time of crystallization. The
present-day *43Nd/**4Nd ratio of CHUR is assumed to be equal
to that of the BCR-1 standard (Wasserburg et al. 1981). The pres-
ent-day **’Sm/**4Nd ratio of CHUR is taken as 0.1967 (Jacobsen
and Wasserburg 1980). Most samples were spiked and the accuracy
of the corrected *3Nd/*#*Nd ratios was checked by comparing
the spike-corrected **5Nd/***Nd ratio measured on all samples
with that of the average ratio determined on non-spiked standards;
no significant differences were noticed. Spike correction of the
143d/**4Nd ratio was usually less than 0.5 gxq units.

Lead was separated using HBr and HCI on an anion-exchange
column and was mass-analyzed on the single collector mass spec-
trometer using a mixture of phosphoric acid and silica gel at tem-
peratures of 1200-1400° C. Total procedural blanks were <2 ng.
Most samples were analyzed twice under different conditions. Most
age corrections for the measured Pb isotope ratios are similar to
the analytical uncertainties and the measured ratios are taken as
initial ratios.

Results

Stable-isotope data are discussed first, both in terms of
primary magmatic compositions and the effects of element
mobility during hydrothermal alteration in the upper crust.
Radiogenic-isotope data are then discussed in terms of the
source(s) of volcanic and plutonic rocks, including the ex-
tent to which parental magmas are modified in the lower
and upper crust and evaluation of the role of crustal melt-
ing.

H and O isotope data

Primary O isotope compositions. The majority of primary
(magmatic) 580 values for both volcanic and plutonic
rocks are relatively restricted, ranging from +6.4 to +7.4
(Table 1 and Fig. 4A). Primary 6'%0 values correlate nei-
ther with SiO, content nor occurrence as volcanic or plu-
tonic rocks. A single sample from the Lucero Peak pluton,
the youngest unit in the Latir field, has a primary 630
value of +8.4. In contrast, whole-rock 6180 values range
from +0.2 to +11.4 per mil, indicating that both low-
temperature hydration (increases in 20 values) and high-
temperature alteration by meteoric waters (decreases in
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Fig. 4 A—C. Histograms of primary ¢'30 values for Tertiary volca-
nic centers in the southern Rocky Mountains. A Late-Oligocene
to early-Miocene Latir volcanic field (this study, Table 1). Mag-
matic (primary) compositions calculated based on analyses of unal-
tered feldspar or quartz. B Early-Oligocene to Miocene San Juan
volcanic field (Larson and Taylor 1986). Magmatic compositions
calculated based on analyses of feldspar, biotite, and quartz. C
Whole-rock values for the late Miocene to Pliocene Taos Plateau
volcanic field (Dungan etal. 1986). Chemical and radiogenic
isotope data indicate that magmas at all three volcanic centers
assimilated substantial volumes of crust; the differences in §'%0-
values are interpreted to reflect interaction with different parts
of the crust

530 values) has occurred. Whole-rock 580 values > +9
are restricted to devitrified samples of Amalia Tuff.
Primary 8'%0 values for the Latir rocks are similar to
those for the San Juan volcanic field (Fig. 4B; Larson and
Taylor 1986). Relatively silicic ash-flow tuffs in the San
Juan volcanic field tend to have higher primary §*20 values
as compared to those of the more mafic rocks, although
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Fig. 5. A 6D and 6'20 values for Latir plutonic rocks and local
“modern meteoric waters (®). Field for local Proterozoic rocks
from Hagstrum and Johnson (1986). Field of primary compositions
from Taylor (1977). The whole-rock 6D and 680 values scatter
about an isotopic trend (solid curve) that is typical of those pro-
duced by meteoric-hydrothermal alteration (Taylor 1977); the max-
imum calculated fluid/rock ratio (atomic) for samples from the
Rio Hondo pluton that have low 620 values is 0.70 (marked).
See Hagstrum and Johnson (1986) for further discussion. B Whole-
rock variations in 6*%0 values and initial ®7Sr/3%Sr ratios (g, ra-
tios) for Latir plutonic rocks. Rio Hondo samples plotted in Fig. 6
noted. Field for magmatic compositions calculated from mineral
data. J-5 is the only sample that may have undergone a shift in
both 87Sr/®®Sr (increase) and 180/*0 (decrease) ratios as a result
of high-temperature hydrothermal alteration by meteoric waters
that circulated through radiogenic Proterozoic rocks

this distinction cannot be made in the Latir field. Given
the evidence for significant crustal components in both the
San Juan and the Latir magmas (Lipman et al. 1978; this
study), the relatively low and restricted primary §*20 values
of these centers suggest that the crust involved in both mag-
matic systems had 5150 values < +9, ruling out interaction
with supracrustal rocks enriched in 180 (e.g., Taylor 1980).
Whole-rock 680 values for the largely Pliocene Taos
Plateau volcanic field range from +5.8 to +9.6 (Fig. 4C);
6180 values systematically increase from basalt to dacite,
suggesting that the Taos magmas can be explained by pro-
gressive assimilation of supracrustal rocks relatively rich
in *®0 (approximately + 11 per mil) (Dugan et al. 1986).
Although some of the high §'®0 values in the Taos rocks
may be due to low-temperature alteration of glass, the high
6*80 values suggest interaction with unusual supracrustal
rocks (high '¥0/*50 but low U/Pb ratios; see below).
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Fig. 6 A—C. Sr-isochron diagrams (measured ®7Sr/%6Sr—8"Rb/®%Sr)
for selected samples from the Rio Hondo pluton. Large symbols
used for clarity. Analytical error boxes also shown. BIO biotite;
WR whole rock; CHL BIO strongly chloritized biotite; HB horn-
blende; SPHN sphene; GDM AF groundmass alkali feldspar;
MEGA AF megacrystic alkali feldspar; PLG plagioclase. All biotite
separates contain some chlorite. A Sample J-35. 630 values for
whole rock, quartz, alkali feldspar, and biotite=+2.9, +8.4,
+0.7, and —4.4, respectively, indicating extensive exchange with
meteoric waters. Anomalously old age is due to incorporation of
radiogenic St in biotite. B Sample J-8. §'80 values for whole rock,
quartz, alkali feldspar, and biotite= +6.7, +8.4, +7.0, +2.7, re-
spectively, which approximate primary isotope fractionations (e.g.,
Bottinga and Javoy 1975). Biotite-whole rock age of 21.5 Ma is
similar to the average of incremental heating *°Ar/>°Ar and zircon
U-Pb ages. C Sample J-12. §'80 values for whole rock, quartz,
and alkali feldspar= +0.2, +5.4, —1.2, respectively, indicating
substantial exchange with meteoric waters. Quartz in this sample
is recrystallized along internal fractures in the rock; the low §'%0
value indicates the presence of magmatic and hydrothermal quartz
in the separate

H and O isotope compositions of hydrothermally altered in-
trusive rocks. As previously reported by Hagstrum and
Johnson (1986), the Bear Canyon, Sulphur Gulch, and Rio
Hondo plutons have been altered by subsolidus interaction
with hot meteoric waters. The less drastically lowered
whole-rock 0D values of the Sulphur Gulch pluton
(Fig. 5A), the most strongly mineralized pluton in the Latir
field, are probably due to a saline magmatic fluid compo-
nent, consistent with the alteration assemblages (e.g., Leon-
ardson et al. 1983). The Lucero Peak pluton is relatively
unaltered, as indicated by high whole-rock 6180 values and
only modest lowering of 6D values. The most extensive me-
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Table 2. Rb and Sr isotopic data for the Latir volcanic field and associated intrusive rocks

87Sr/86Sr Rb Sr 87Rb/®6Sr 87Sr/8%Sr Mass
measured ppm ppm initial spec

Volcanic rocks of the Latir volcanic field

Early rhyolites

J-121AC 0.70665+ 4 119 283 1.2164 0.70618+ 5 S
J-135B 0.70651+ 7 106 194 1.5806 0.70590+ 8 S
J-109B 0.71018+ 4 140 53 7.6444 0.70725+ 10 S
J-117 0.71006+ 4 149 68 6.3410 0.70763+ 9 S
Augite andesite

J-113 0.70577+ 2 81 855 0.2740 0.70566+ 3 S
J-119 0.70566 + 5 68 935 0.2103 0.70558+ 5 S
Latir hornblende andesite

J-110 0.70605+ 5 58 880 0.1906 0.70598+ 5 S
IL-20 0.70563+ 7 69 971 0.2055 0.70555+ 7 Uw
Latir Peak Quartz Latite

J-22 (plagioclase) 0.70536+ 3 16.1 1998 0.0233 0.70535+ 3 D
J-PWL 0.70556+ 2 148 840 0.5096 0.70536+ 2 S
J-125 0.70566+ 4 68 645 0.3049 0.70554+ 4 S
J-30 0.70596+ 7 66 770 0.2479 0.70586+ 7 S
J-104 0.70561+ 2 75 760 0.2854 0.70550+ 2 S
J-116 0.705434+ 5 53 745 0.2057 0.70535+ 5 S
J-139 (silicic sample) 0.70621+ 2 117 202 1.6755 0.70557+ 3 S
Xenocrystic andesite

J-4 0.705124+ 3 53 800 0.1952 0.70504+ 3 D
J-118 0.70537+ 3 88 745 0.3416 0.70524+ 3 S
J-123 0.705744+ 35 103 930 0.3203 0.70562+ 35 S
Alkalic dacite

1-106 0.70614+ 4 82 376 0.6308 0.70590+ 4 S
J-114 0.70634+ 3 58 482 0.3481 0.70621+ 3 S
Comendite

J-38 0.72686+ 2 95 14.02* 19.641 0.71960+ 18 S
Amalia Tuff

#1 Camp Creek section,

in stratigraphic order

J-39 (TOP, sanidine) 0.71381+ 4 29.39* 7.77% 10.9503 0.70977+ 15 Uw
J-41 (sanidine) 0.707994+ 2 26.65* 19.59* 3.9361 0.70653+ 5 UwW
J-42A (sanidine) 0.70703+ 2 85.73 68.57* 3.6171 0.70569+ 4 Uw
4J-204 (sanidine) 0.71087+ 2 115.72 25.222 13.2807 0.70597+ 11 Uw
4J-205 (BASE, sanidine) 0.714474+ 4 64.52* 12.662 14.7549 0.70902+ 16 UwW
Miocene lavas

Hornblende andesite

J-136 0.70393+ 5 44 1750 0.0727 0.70390+ 6 S
J-126 0.70420+ 2 48.5 1570 0.0893 0.70417+ 2 S
J-138 0.70415+ 4 42.5 1730 0.0710 0.70412+ 4 S
Basalts

J-107 0.70605+ 2 20.5 1820 0.0325 0.70604+ 2 S
J-108 0.704794+ 3 24 575 0.1207 0.704764 3 S
J-115 0.704344+ 2 19.5 530 0.1064 0.704324+ 2 S

87Sr/®6Sr ratios normalized to ®°Sr/®8Sr=0.1194. Rb and Sr concentrations by XRF (+2~3% 1-sigma S.D.), except where noted

2 isotope dilution (+0.2% 1-sigma S.D.) 87Sr/®8Sr of NBS-987 equal to 0.71023+4 (2-sigma S.E., n=10) for U.S.G.S. double-collector
(D) mass spectrometer, 0.71029+8 (2-sigma S.E., n=20) for U.S.G.S. single-collector (S) mass spectrometer, and 0.71024+1 (2-sigma
S.E., n=350) for University of Wisconsin (UW) mass spectrometer (multicollector peak-hoping mode). No bias has been applied to
the data. Analyses on whole-rocks except where noted. Errors in isotope ratios are reported as + 2-sigma S.E., where n (number
of 10-ratio blocks) equals 4-6 for U.S.G.S. data, and 8-10 for U.W. data
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B78r/%%8r Rb St 87Rb/®%Sr 87Sr/85Sr Mass
measured ppm ppm initial spec
Plutonic rocks of the Latir volcanic field
Resurgent plutons:
Peralkaline granite of Virgin Canyon and Cafiada Pinabete
2C-38 0.71423+ 2 122 19.57* 18.048 0.70757+ 15 S
2C-49 0.80837 +35 144 1.58 267.13 0.70972 + 460 S
2C-34 0.71492+ 2 119 15.822 21.778 0.70687+ 18 S
Early metaluminous granite of Virgin Canyon and Caiiada Pinabete
2C-39 0.707574+ 2 110 150 2.1216 0.70678 + 3 S
2C-40 0.70808+ 2 117 141 2.4008 0.70719+ 3 D
2C-33 0.70743+ 2 107 167 1.8537 0.70675+ 3 D
Later metaluminous granite of Virgin Canyon and Cafiada Pinabete
2C-35 0.70882+ 2 118 86 3.9702 0.70735+ 5 S
J-43 (alkali feld) 0.70899+ 2 171 116 4.2655 070741+ 5 D
Rito del Medio pluton
J-24 0.74992+ 2 187 4.62* 117.59 0.70700 + 123 S
Cabresto Lake pluton
2C-51A 0.70904+ 2 210 55 11.048 0.70500+ 10 D
J-17 0.70569+ 2 112 357 0.9075 0.70535+ 2 S
3C-20 0.70629+ 2 131 226 1.6768 0.70568 + 3 S
J-18 (plagioclase) 0.70520+ 2 20.9 304 0.1988 0.70512+ 2 D
3C-14 0.70548 + 4 103 373 0.7987 0.70519+ 5 S
3C-12E enclave 0.70520+ 4 92 520 0.5117 0.70501+ 4 S
Southern caldera margin intrusions:
Bear Canyon pluton
2C-10 0.70766 + 2 144 143 2.9134 0.70672+ 4 D
J-37 0.71283+ 2 248 36.292 19.781 0.70650+ 15 S
Sulphur Gulch pluton
2C-52 0.70834+ 2 191 108 5.1170 0.70670+ 5 D
J-36 0.71098+ 2 214 52.05° 11.899 0.707184+¢ 9 S
J-5 Rhyolite dike 0.71172+ 2 232 66 10.174 0.70847+ 9 D
Red River intrusive complex
J-16 0.71622+ 4 174 17.34* 29.056 0.70693 + 25 S
J-14 0.70577 +11 130 183 2.0549 0.70511+ 12 S
J-13 0.70588 + 2 116 211 1.5903 0.70537+ 3 D
2C-44 0.70563 4+ 2 73 795 0.2656 0.70554+ 2 D
Southern plutons of Rio Hondo and Lucero Peak:
Rio Hondo pluton — granite
2C-30 0.70841+ 3 180 75 6.9442 0.70588+ 7 D
J-99 0.70665+ 5 146 105 4.0225 0.70518+ 8 S
J-33 0.706874+ 3 154 132 3.3751 0.70564+ 5 S
2C-2 0.70599+ 2 100 413 0.7004 0.70573+ 2 S
Rio Hondo pluton — granodiorite
J-8 0.70553+ 5 72 520 0.4005 0.70538+ S S
J-8 (biotite) 0.71060 + 4 404.0* 68.62* 17.038 S
2C-28 0.70548 + 2 49.5 580 0.2468 0.70538+ 2 D
J-35 0.70548+ 2 77 615 0.3621 0.70534+ 2 S
J-35 (alt biotite) 070977+ 5 334.4* 86.89* 11.137 S
J-55 0.70544+ 3 67 735 0.2636 0.70534+ 3 S
J-101 0.70546+ 4 66 745 0.2562 0.705374+ 4 S
2C-26 0.70534+ 2 52 1000 0.1504 0.70528+ 2 D
J-12 (biotite) 0.71244+ 2 288 44.2 18.860 D
J-12 (alt biotite) 0.70771 + 2 203 99.8 5.8850 D
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Table 2. (continued)

87Sr/86Sr Rb Sr 87Rb/®eSr 878r/8%8r Mass

measured ppm ppm initial spec
J-12 (hornblende) 0.70645+ 2 78.6 136 1.6719 D
J-12 (mega alk fsp) 0.705544+ 2 123 791 0.4498 D
J-12 (grnd alk fsp) 0.70582+ 2 170 621 0.7918 D
J-12 (grnd plag) 0.70562+ 2 34.7 660 0.1520 D
J-12 (sphene) 0.70597+ 2 21.4 5441 1.1442 D
Rio Hondo mafic enclaves
4J-6E 0.70586+ S 115 428 0.7772 0.70558+ 5 S
J-35BE 0.70558+ 4 152 500 0.8793 0.70526+ 5 S
4J-199E 0.70546+ 2 129 491 0.7599 0.70518+ 2 S
Rio Hondo dikes
J-102 (basalt) 0.70560+ 5 56 1170 0.1384 0.705554+ 5 S
J-131 (qtz latite) 0.70639+ 3 80 595 0.3889 0.70625+ 3 S
J-9 (rhyolite) 0.70563+ 2 129 295 1.2649 0.70516+ 3 D
2C-27 (rhyolite) 0.70610+ 2 132 108 3.5356 0.70481+ 4 D
Lucero Peak pluton
2C-13 0.72371+ 5 215 15.21*# 40.961 0.71062+ 32 D
2C-15 0.70695 433 189 101 5.4137 0.70522+ 36 D
J-7 0.70600+ 2 121 175 2.0004 0.70536+ 3 D

teoric water flow was localized along fractures in the Rio
Hondo pluton (Hagstrum and Johnson 1986). Although
calculated fluid/rock ratios are highest for the Rio Hondon
pluton, this pluton generally appears fresher in hand sample
and thin section than the mineralized southern caldera mar-
gin intrusions, suggesting that the meteoric fluid which al-
tered the Rio Hondo pluton was relatively dilute. Low 6D
and 6'80 values of Proterozoic rocks that host the Rio
Hondo and Lucero Peak plutons indicate that hydrother-
mal circulation extended several kilometers outside of the
plutons (Hagstrum and Johnson 1986).

Near-magmatic, whole-rock §'%0 values indicate that
the resurgent plutons underwent the least meteoric hydro-
thermal alteration (Table 1), although modest alteration is
indicated by slightly lowered whole-rock JD values and
moderately large quartz-feldspar fractionations. Precaldera
andesitic lavas within the caldera were variably hydrother-
mally altered, as indicated both by petrologic and isotopic
data. These rocks are locally prophylitically altered and
hornfelsed to albite-chlorite assemblages; whole-rock 520
values range from +0.7 to +6.2 (C. Johnson, unpubl.
data). The lowest 4'30 values occur in the central part of
the resurgent dome near contacts with the resurgent intru-
sions. These values are markedly lower than those for the
nearby plutons, indicating that extensive meteoric-hydro-
thermal alteration of the caldera block occurred prior to
solidification of the plutons. One andesite from the east
caldera margin has a 620 value of +7.1, suggesting that
no significant meteoric-hydrothermal alteration occurred in
this part of the caldera.

The calculated average early Miocene meteoric water
composition is dD=-—90 and §'®%0=—12.5 per mil
(Fig. 5A), assuming a 30%, fractionation in the D/H ratio
between water and rock, appropriate for an integrated ex-
change temperature of 400-500° C (Suzuoki and Epstein
1976). This calculated Miocene JD value is at least 20%,
heavier than that of average local meteoric water, as mea-
sured for a cold spring (Fig. 5A; C. Johnson, unpubl. data).

If the integrated exchange temperature was 100° C less than
that noted above, the discrepancy becomes 30-40%,. This
contrast is similar to that determined using analyses of hy-
drated volcanic rocks in southern Colorado (see references
in Sheppard 1986) and suggests an increase in surface eleva-
tion since the early Miocene that is consistent with estimates
of 1-3 km of late-Tertiary uplift in the region, based on
paleobiological (Axelrod and Bailey 1976) and fission-track
data (Kelly and Duncan 1986).

Effects of hydrothermal alteration on radiogenic isotope ra-
tios. We avoided collecting samples that appeared altered
in hand sample, particularly from the mineralized Bear
Canyon and Sulphur Gulch plutons. Except for one dike
sample taken near the Sulphur Gulch pluton (J-5), which
has a relatively high I, ratio and low %0 value, there
is no correlation between the extent of high-temperature
alteration (as measured by a decrease in whole-rock §*20
value) and the whole-rock I, ratio (Fig. 5B). The constancy
of whole-rock I, ratios is particularly striking for samples
from the Rio Hondo pluton, where 130/*®0 ratios of some
rocks have been lowered 7%,. Similar relations have been
noted in the Idaho batholith (Criss and Fleck 1987). In
agreement with earlier work by Dickin et al. (1980), Sr
isotope mobility in whole-rock samples is generally not a
problem, unless low-Sr rocks are extensively altered in the
presence of high-saline fluids. The '20-depleted dike (J-5)
has a low Sr content (66 ppm), suggesting that the high
I, ratio (0.70847) may in part be due to incorporation of
radiogenic Sr from the host Proterozoic rocks during hydro-
thermal alteration.

Three samples from the Rio Hondo pluton that have
been variably altered by hydrothermal fluids, based only
on their whole-rock §*20 values (all appear relatively fresh
in hand sample and thin section), demonstrate that Sr mobi-
lity has occurred on the scale of individual minerals (Fig. 6).
Recent *°Ar/??Ar (K. Foland, personal communication
1989) and U-Pb zircon (1. Williams and C. Johnson, un-



publ. data) age determinations indicate that the Rio Hondo
pluton crystallized between 22 and 21 Ma, in agreement
with a two-point isochron for sample J§ that has mineral
and whole-rock 6'%0 values that approximate primary
(magmatic) values. In contrast, two samples that have
anomalously low whole-rock, feldspar, and biotite 6130
values have Rb-Sr mineral ages that are too old (samples
J-35 and J-12, Fig. 6), suggesting that Sr-poor minerals such
as biotite and chlorite (Table 2) have gained radiogenic Sr
from the surrounding Proterozoic rocks. Loss of Rb during
hydrothermal alteration cannot explain the anomalously
old ages, as alteration occurred during cooling of the pluton
and there is no evidence for recent alteration that would
be required to remove Rb without concomitant changes
in 87Sr/®5Sr ratios due to 3’Rb decay. Relatively high
Sr contents in the whole-rocks and feldspars have allowed
them to retain their primary Sr isotopic compositions.

No correlations are observed between Nd and Pb con-
centrations or isotopic compositions of whole-rock and de-
gree of alteration, either in hand sample or as indicated
by whole-rock 680 values (compare Tables 1, 2, 3, and
4). This is consistent with previous studies that indicate
Nd to be relatively immobile (Dickin and Jones 1983; Far-
mer and DePaolo 1987), but contrasts with hydrothermal
systems that involve extensive albitization and Pb transport
(Dickin and Jones 1983).

Sr isotope data

Precaldera intermediate-composition volcanic rocks have
relatively uniform I, ratios, in contrast to their varied phe-
nocryst mineralogies; the average ratio, 0.7055 (Table 2),
is similar to that measured for evolved lavas at the nearby
San Luis Hills. This ratio is identical to the average for
slightly older intermediate-composition lavas of the San
Juan volcanic field (Lipman et al. 1978), but is significantly
higher than that for the younger lavas of the Taos Plateau
and Tusas Mountains (avg, 0.7047). Mildly alkalic basalts
and hornblende andesites of mid-Miocene age that crop
out in the northern part of the Latir field also have low
I, ratios (avg, 0.7045, suggesting that these represent man-
tle ratios. One Sr-rich Miocene basanite lava (J-107) has
a high I, ratio of 0.7061.

Caldera-related rocks vary greatly in Iy, ratio; the com-
endite has a high I, ratio of 0.71960 and I, ratios in the
Amalia Tuff increase monotonically with decreasing Sr con-
tent from 0.70569 to 0.70977 (Fig. 8). These relations gener-
ally follow stratigraphic sequence, although correlations are
complicated by variations in eruption sequence as inferred
by variations in welding sequences. The Sr-poor parts of
the Amalia Tuff are thought to represent the earliest erup-
ted parts of the tuff, as inferred by variation in Eu contents
(Johnson and Lipman 1988) and comparison with concen-
tration-stratigraphic zonations in other silicic tuffs (e.g.,
Hildreth 1981). The occurrence of Sr-poor, crystal-rich tuff
at the top of the #1 Camp Creek section (Table 2) may
reflect eruption of remnant upper parts of the Amalia Tuff
magma chamber that underwent extensive glass elutriation.
The silicic resurgent intrusions, including the peralkaline
granite that continues chemical and mineralogic zonations
in the Amalia Tuff, have higher I, ratios than the Sr-rich
(late-erupted) tuff, suggesting that assimilation of roof
rocks occurred after caldera formation.

Fine-grained, porphyritic granite in the Bear Canyon
and Sulphur Gulch plutons and Red River intrusive com-
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plex has relatively low Sr contents and high I ratios, simi-
lar to those for the metaluminous early rhyolite lavas and
silicic resurgent intrusions (Fig. 7B). The I, ratio for the
sample of the Sulphur Gulch pluton reported by Laughlin
et al. (1969) falls within the range of values reported here.
The coarse-grained, resurgent Cabresto Lake pluton and
extracaldera Rio Hondo pluton have relatively constant
I, ratios, averaging 0.7053, despite a range in Sr content
from 50-1000 ppm. This I, ratio is similar to the average
for intermediate-composition precaldera lavas in both the
Latir and San Juan volcanic fields. Two samples from the
coarse-grained interior of the Lucero Peak pluton have rela-
tively low I, ratios that are similar to those of the Cabresto
Lake and Rio Hondo plutons, despite Sr contents as low
as 90 ppm. Fine-grained aplite at the roof of the Lucero
Peak pluton has a relatively high g, ratio of 0.7106.

Nd isotope data

ena values for most Latir volcanic and plutonic rocks vary
from —4 to —7 (Table 3, Fig. 9), about midway between
chondritic values and values typical of exposed Proterozoic
rocks in New Mexico and Colorado (DePaolo 1981 a; Nel-
son and DePaolo 1985; Jacobsen and Wasserburg 1980),
although a precaldera basaltic andesite has an é&yng value
of —2. exq values for Latir volcanic and plutonic rocks
overlap, and decrease ~4 gyq units with increasing SiO,
content. Two rhyolite dikes associated with the Rio Hondo
pluton have the lowest eyg values in the Latir ficld, averag-
ing —9. The caldera-related rocks (comendite, peralkaline
rhyolite, Amalia Tuff, and peralkaline granite) have
eng values that are indistinguishable at —6.5. Analyses of
samples from several stratigraphic levels in the Amalia Tuff,
including an early vitrophyre and late peralkaline rhyolite
lava, confirm that it is homogeneous with respect to Nd
isotopic composition. One lithic-rich bulk tuff sample has
a relatively low eng value of —8; this value is inferred to
reflect a mixture of Proterozoic clasts (eng, < —12) and
primary tuff (eng= —6.5), although the majority of lithics
in the tuff are precaldera volcanic rocks.

The Latir data fall within a trend of decreasing &yq with
increasing SiO, content that is defined by other rocks in
the region (Fig. 9A), including basalts. Miocene lavas on
the north side of the Latir field generally have higher
éng values than those for the Latir field, from —2.5 for
a basanite to +0.2 for a hornblende andesite. The most
primitive tholeiitic and alkalic basalts in the region have
&ng values between +1 and —1; these lavas span an age
range of 26 to ~3 Ma and include those in the San Luis
Hills (26 Ma; C. Johnson and R. Thompson, unpublished
data), Tusas Mountains (15 Ma; Williams 1984), Taos Pla-
teau (~3 Ma; Williams 1984), and Rayton-Clayton centers
(~3 Ma; Phelps et al. 1983). These values suggest that the
mantle source region for all these mafic volcanic rocks had
a relatively uniform &y4 value of approximately zero.

Pb isotope data

206ph/2%4Pb ratios in the precaldera Latir rocks generally
decrease with increasing SiO, content for mafic- to interme-
diate-composition rocks, a trend similar to that defined by
data from the San Luis Hills and Taos Plateau suites
(Fig. 10 A). The most primitive lavas in the region, regard-
less of age, have *°°Pb/2%*Pb ratios of approximately 18.2,
suggesting that this represents the mantle beneath northern
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Table 3. Sm and Nd isotopic data for the Latir volcanic field and associated intrusive rocks

143Nd/144Nd Sm Nd 1478m/ 44N £,,5(T) Tenur Tom

measured ppm ppm Ma Ma
Volcanic rocks of the Latir volcanic field
Early rhyolites
J-121AC 0.512226+ 9 5.62 29.98 0.1133 —-7.34+0.2 687 1176
J-135B 0.512358 411 4.58 28.37 0.0976 —4.740.2 371 847
J-109B 0.512280+14 4.61 29.11 0.0957 —6.240.3 481 932
Augite andesite
J-113 0.512328+10 6.20 35.72 0.1049 —534+0.2 452 945
Latir hornblende andesite
J-110 0.512311+18 7.18 40.21 0.1080 —5.6+04 498 996
1L-20 0.512300+ 3* —6.0+0.1¢
Latir Peak Quartz Latite
J-22 0.512248 426 5.14 29.61 0.1049 —6.94+0.5 585 1055
J-PWL 0.512296+12 5.02 28.91 0.1050 —5940.2 506 989
J-139 0.5123014+18 3.79 22.16 0.1034 —5.8404 488 968
Xenocrystic andesite
J-118 0.512325416 7.30 44.24 0.0998 —5.340.3 431 906
Olivine basaltic andesite
9L-14 0.512517+ 3! —1.840.11
Alkalic dacite
J-114 0.512383+16 10.96 53.58 0.1237 —4.3+0.3 460 1052
J-106 0.512396+ 11 10.21 50.16 0.1231 —4.040.2 429 1024
Comendite
J-141A 0.512253+14 15.02 93.07 0.0976 —6.7+0.3 532 981
Amalia Tuff
J-39 bulk tuff 0.512200+31 10.13 38.07 0.1609 —8.0+0.6 1739 2349
J-41P (pumice) 0.5122784 7 12.84 63.41 0.1224 —63+0.1 668 1210
4J-204P (pumice) 0.512306+25 11.25 31.78 0.2140 —6.140.5 - -
J-27 (vitrophyre) 0.512264+15 14.45 68.25 0.1280 —6.61+0.3 756 1313
Peralkaline rhyolite
J-124 (lava) 0.512303+ 16 5.20 17.58 0.1788 —6.04+0.3 2629 3241
Miocene lavas
Hornblende andesite
J-136 0.5125054-12 7.04 42.65 0.0998 —1.8+0.2 148 674
J-126 0.512611+29 6.97 42.55 0.0990 0.2+0.6 - 534
Basalts
J-107 0.512480+ 10 11.37 69.66 0.0987 —2.5402 197 709
J-108 0.5125784+ 9 5.37 24.01 0.1352 —0.6+0.2 79 851
J-115 0.512565+18 5.06 22.57 0.1355 —0940.4 112 378

143Nd/1*4Nd ratios normalized to **Nd/***Nd =0.7219. Sm and Nd concentrations by isotope dilution (+0.2% 1-sigma S.D.), except
4J-6 (INAA). Analyses on whole-rocks except where noted. Teyur and Tpy are model Nd ages calculated relative to chondrite and
depleted-mantle reservoirs, respectively (Wasserburg et al. 1981; DePaolo 1981a). ***Nd/'**Nd of BCR-1=0.512618+6 (2-sigma S.E,,
n=11). 3Nd/***Nd of Caltech nNdy, =0.511900 + 17 (2-sigma S.E., n=6), which is equivalent to an ey, value of —14.0. "*3Nd/***Nd
of Nd lab normal (Ames metal)=0.512139+11 (2-sigma S.E. n=7), which is equivalent to an ey, value of —9.3. Twenty four standard
runs produced an average '#SNd/!*4Nd =0.348385+3 (2-sigma S.E.), which is identical within the external precision error for spike-
corrected ratios measured on samples. Errors in isotope ratios are reported as +2-sigma, where n=15-20 (number of 10-ratio blocks).
! Determination at U.W. (*43Nd/"“*Nd of BCR-1=0.512620+5 (2-Sigma S.E., n=35); &ng (T) calculated using average Sm/Nd ratio

of precaldera andesite and quartz latite
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Table 3. (continued)

143N d/ 44 Nd Sm Nd 1478m/M44Nd  gy,3(T) Teaur Tom

measured ppm ppm Ma Ma
Plutonic rocks of the Latir volcanic field
Resurgent plutons:
Peratkaline granite of Virgin Canyon and Cafiada Pinabete
3C-23 0.512298 +17 26.60 149.9 0.1073 —-59+03 517 1009
2C-38 0.512292+19 10.34 41.30 0.1514 —6.2+04 1063 1745
J-94 0.512253 +30 8.37 36.12 0.1401 —6.9+0.6 952 1554
Early metaluminous granite of Virgin Canyon and Cafiada Pinabete
2C-40 0.512336+23 8.43 45.00 0.1133 —5.240.5 486 1013
Later metaluminous granite of Virgin Canyon and Caiada Pinabete
J-43 0.512313+ 18 7.90 42.66 0.1120 —5.6+04 520 1034
J-82 0.512355+17 5.00 28.21 0.1072 —4.840.3 419 928
Rito del Medio pluton
J-28 0.512293422 2.77 21.14 0.0792 —59+04 394 803
Cabresto Lake pluton
J-17 0.512365+ 16 428 27.79 0.0931 —4.6+0.3 344 808
3C-12E enclave 0.512393+29 6.56 38.87 0.1020 —4.0+0.6 334 836
Southern caldera margin intrusions:
Bear Canyon pluton
2C-10 0.512244 +12 3.00 17.37 0.1044 —-7.0+0.2 593 1059
J-37 0.512269 +13 0.572 3.87 0.0894 —6.5+0.3 471 900
Sulphur Gulch pluton
2C-52 0.512246 +11 2.46 15.69 0.0948 —6.9+0.2 532 970
Red River intrusive complex
2C-44 0.512338+25 6.50 38.14 0.1030 —51+0.5 428 917
J-16 0.512337+17 0.900 6.59 0.0826 —-5140.3 348 774
Southern plutons of Rio Hondo and Lucero Peak:
Rio Hondo pluton — granite
J-99 0.512263 £27 1.06 8.11 0.0790 —6.5+0.5 432 835
Rio Hondo pluton — granodiorite
J-101 0.512267+15 4.18 27.06 0.0934 ~6.5+0.3 490 930
4J-6 0.512304+ 13 3.5 224 0.0944 —5.8+0.3 440 893
Rio Hondo malfic enclave
4J-6E 0.512320+ 14 4.85 30.31 0.0967 ~5440.3 426 890
Rio Hondo dikes
J-100 (qtz latite) 0.512277+ 16 5.37 34.11 0.0952 —6.340.3 484 932
2C-27 (rhyolite) 0.512116+16 14.45 68.25 0.1280 —9.5+03 1083 1574
J-9 (rhyolite) 0.512157+18 2.92 19.12 0.0923 —8.6+04 645 1057
Lucero Peak pluton
J-7 0.512281+17 292 21.76 —6.24+0.3 420 831

0.0811

New Mexico. This ratio is similar to that estimated for
the mantle source for Miocene Hinsdale lavas in southern
Colorado (Doe et al. 1969).

In contrast, silicic volcanic rocks and several plutons
that are exclusively silicic in composition are highly variable
in 2°°Pb/2%4Pb ratio (17.6 to 19.4). Peralkaline rocks have
the highest >°°Pb/2%4Pb ratios in the Latir field. The Amalia

Tuff is zoned from 2°°Pb/2%*Pb = 18.82 near the base (carly-
erupted) to 19.36 at the top (late-erupted). The peralkaline
rhyolite and granite have 2°°Pb/2%“Pb ratios that are similar
to those for the late-erupted Amalia Tuff (as high as 19.45).
Analyses of peralkaline granite and early and later metalu-
minous granite in the resurgent Virgin Canyon and Cafiada
Pinabete plutons indicate that a significant gap in Pb
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Table 4. Pb isotopic data for the Latir volcanic field and associated
intrusive rocks

206Pb 207Pb ZOSPb PbWR
204Pb 204Pb 204Pb ppm
Volcanic rocks of the Latir volcanic field
Early rhyolites
J-121AC 17.999 15.531 37.353 36
J-135B 17.582 15499 37246 25
J-109B 18.380  15.571 37.625 31
Augite andesite
J-113 17.83¢ 15504  37.388 18
Latir hornblende andesite
J-110 18.114 15548  37.632 20
Latir Peak Quartz Latite
J-22 17.534 15488 37.229 25
J-PWL 17.673 15.508  37.382 23
J-139 17.453 15493  37.174 25
Xenocrystic andesite
J-118 17.553 15492  37.308 18
Olivine basaltic andesite
9L-14 17.869 15478  37.320
Alkalic dacite
J-114 17.814 15509 37460 12
J-106 17.843 15.518  37.497 12
Amalia Tuff
J-39 (sanidine) 19.360 15.652 37.886 21
J-41 (sanidine) 18.822 15618 37910 18
4J-204 (sanidine) 18.943 15.638  37.951 34
4J-205 (sanidine) 18.902 15610  37.848 23
Peralkaline rhyolite
J-124 19.378 15.650  37.956 19
Miocene lavas
Hornblende andesite
J-136 17.342 15457  37.061 14
I-126 17.377 15469  37.110 12
Basalts
J-107 18.151 15.529  37.737 9
J-108 18.062  15.546  37.752 6
J-115 18.033 15.513  37.649 3
Plutonic rocks of the Latir volcanic field
Resurgent plutons:
Peralkaline granite of Virgin Canyon
and Canada Pinabete
3C-23 19.116 15625 37.946 26
2C-38 19.272 15.653 37938 20
J-94 19.252 15.661 37.928 19
3C-30 19.449  15.659  37.942
Early metaluminous granite of Virgin Canyon
and Cafiada Pinabete
J-93 18.570  15.559  37.590 29
2C-40 18.420 15579  37.654 26

Table 4. (continued)

206Pb 207Pb ZOBPb PbWR
204Pb 204Pb 204Pb ppm
Latir metaluminous granite of Virgin Canyon
and Cafiada Pinabete
J-43 18.463 15568  37.567 35
I-82 18.432 15584 37673 22
Rito del Medio pluton
J-28 18.412  15.575 37.616 22
2C-22 18.284 15542 37557 21
2C-18A 18246  15.532 37491 26
Cabresto Lake pluton
J-17 17.930  15.527 37418 16
3C-12E enclave 17962 15541 37487 14
Southern Caldera margin intrusions:
Bear Canyon pluton
2C-10 18.243 15563  37.540 24
J-37 17.881  15.527 37382 34
Sulphur Gulch pluton
2C-52 18.110  15.551 37475 21
Red River intrusive complex
2C-44 17.815 15526 37411 21
J-16 18.128 15.543 37.498 18
Southern plutons of Rio Hondo and Lucero Peak:
Rio Hondo pluton — granite
J-99 17.575 15493  37.228 26
Rio Hondo pluton — granodiorite
J-101 17.500 15493  37.223 17
43-6 17.569 15496  37.243 17
Rio Hondo enclave
4J-6E 17.558 15490 37201 13
Rio Hondo dikes
J-100 gtz latite 17.526 15486  37.188 18
2C-27 rhyolite 17349 15473 37137 28
J-9 rhyolite 17.365 15453  37.053 23
Lucero Peak pluton
J-7 17.688  15.508  37.173 24

Pb concentrations by XRF (+10% 1-sigma S.D.). Pb isotope ra-
tios corrected using +90.12% per mass unit for mass fractionation
based on analyses of NBS-981 and 982. Average internal precision
(5-6 10-ratio blocks) is £0.035% (£0.014% 1-sigma S.D. of the
pool of errors). Most samples mass-analyzed in duplicate using
separate filaments; average external relative % difference in the
two analyses is 0.045% (+£0.035% 1-sigma S.D. of the pool of
errors)

isotopic composition occurs between the closely related per-
alkaline and metaluminous rocks (Fig. 10B).

The coarse-grained Cabresto Lake and Rio Hondo plu-
tons have relatively constant 2°°Pb/*°4Pb ratios over a wide
range of SiO, contents. The Rio Hondo pluton has Pb
isotopic compositions that are indistinguishable from those
of the precaldera Latir Peak Quartz Latite and may repre-
sent a “base-level” composition for intermediate-composi-
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Fig. 7A, B. I, ratio — SiO, content variations in Latir and Miocene
volcanic rocks (A) and Latir plutonic rocks (B). Data from the
San Luis Hills (C. Johnson and R. Thompson, unpubl. data),
Brushy Mountain (Williams 1984), Tusas Mountains (Williams
1984), and Taos Plateau volcanic field (Williams 1984; Dungan
et al. 1986) suggest similar mantle source and crustal assimilation
processes. Intermediate-composition Latir rocks are thought to be
products of AFC involving mantle-derived basaltic magmas; tem-
porally-related San Luis Hills lavas may represent magmas that
evolved in a manner similar to parental Latir magmas. Large arrow
in A indicates roofward zonation in the pre-eruptive Amalia Tuff
magma chamber

tion, metaluminous magmas in the Latir field. Two rhyolite
dikes associated with the Rio Hondo pluton have the lowest
206ph/204P} ratios in the Latir field.

207pb/2%Pb and 2°°Pb/2°*Pb ratios in the Latir field
rocks are well-correlated and define a secondary isochron
age of 1540 4 120 Ma that plots significantly above the field
for oceanic basalts, but nearly intersects the Stacey-
Kramers crustal growth curve (Fig. 11). This age is indistin-
guishable from the age of the youngest Proterozoic rocks
exposed in the Sangre de Cristo Mountains of northern
New Mexico at 1620 Ma (Reed 1984). The 26 Ma San Luis
Hills basalts have Pb isotopic compositions that overlap
those of the Latir field and define the same secondary iso-
chron. Lead isotopic compositions of the Latir rocks over-
lap the lower range of values measured for Proterozoic
rocks from northern New Mexico, which have 2°%Pb/
204Pp ratios between 17 and 33 (J. Wooden, C. Johnson,
and J. Reed Jr., unpubl. data).

In contrast to relatively systematic 2°°Pb/2%4Pb-297Pb/
204Ph variations in the Latir field and San Luis Hills lavas,
Pb isotopic compositions of precaldera and caldera-related
rocks from the San Juan volcanic field may be divided into
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Fig. 8. I, ratio — Sr content variations in caldera-related Amalia
Tuff and peralkaline granite. Field for magma compositions calcu-
lated from sanidine separates from Amalia Tuff (connected with
dashed line) using Sr Kd’s of 2-5 (see references in Johnson and
Lipman 1988). Anomalously high I, ratios in peralkaline granite
(whole rock values plotted) interpreted as due to assimilation after
caldera collapse. Analytical error boxes shown; circles used for
clarity

several groups of secondary isochronms, varying from
14004500 to 19704250 Ma, averaging 1860+110 Ma
(Lipman et al. 1978). Compared to the Latir data, most
high-precision Si-gel analyses of San Juan rocks have lower
207ph/2%4Pb ratios at a given 2°°Pb/2°*Pb ratio, suggesting
interaction with crust that had formed in the Proterozoic
from reservoirs that had markedly different Pb isotopic
compositions from that from which the crust underlying
the Latir field and San Luis Hills was generated. Interaction
with crust of variable initial Pb isotopic composition is indi-
cated for data from the Hinsdale lavas, which define a
206ph/204ph_207Ph/204Ph secondary isochron that is too
old to represent a crust formation age.

Peralkaline Latir rocks have anamalously low 2°8Pb/
204Pb ratios at relatively high 2°°Pb/?%*Pb ratios, indjcat-
ing interaction with crust characterized by exceptionally low
Th/U, but high U/Pb ratios. Time-integrated Th/Pb ratios
for the source regions of the Latir rocks are less than those
of average crust, and U/Pb ratios vary from less than those
of average crust to values that are slightly greater, indicat-
ing that most Pb was derived from the lower crust.

Discussion

Isotopic variations in the Latir field are broadly similar
to those found for other lavas and tuffs in the northern
Rio Grande rift region, and suggest that interaction be-
tween mantle-derived basalt and crust were also broadly
similar. Evolved rocks that are part of largely basaltic lava
sequences (i.e., San Luis Hills, Hinsdale Formation, Taos
Plateau) have isotopic compositions which are similar to
those of intermediate-composition Latir volcanic and plu-
tonic rocks, suggesting that the early and late Latir magmas
also evolved through interaction between lower crust and
initially basaltic parental magmas. Isotopic compositions
of caldera-related magmas in the Latir field indicate interac-
tion with relatively shallow crust, possibly middle crust,
a conclusion also reached by Lipman et al. (1978) for the
voluminous ash-flow tuffs of the San Juan volcanic field.
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Fig. 9A, B. &y value — SiO, content variations in Latir and Mio-
cene volcanic rocks (A) and Latir plutonic rocks (B). Data from
San Luis Hills, Brushy Mountain, Tusas Mountains, and Taos
Plateau also shown (sources as in Fig. 7). Anomalously low
eng value for one sample of bulk Amalia Tuff interpreted to reflect
inclusion of Proterozoic lithic fragments. Histogram of measured
£na values of Proterozoic basement rocks in New Mexico and Colo-
rado (B, 41 analyses) from DePaolo (1981a) and Nelson and De-
Paolo (1984; 1985). Few, if any, Latir rocks have ¢y, values that
indicate derivation by melting Proterozoic crust, but instead are
interpreted as mixtures of mantle-derived basalt (enqg~0) and Pro-
terozoic crust (gng < —12)

Mantle reservoirs

Involvement of primitive basaltic magma in generating the
precaldera and post-caldera intermediate-composition
rocks is suggested by 1) occurrence of lavas that are too
mafic to represent crustal melts, such as the olivine basaltic
andesite and late basalt dikes in the Rio Hondo pluton;
2) minimum chemical zonations within plutons from silicic
compositions to as little as 64 wt% SiO,; 3) evidence for
mixing between primitive basaltic magmas and evolved
magmas (Johnson and Lipman 1988); and 4) chemical and
mineralogic relations that indicate crystal fractionation as
a major mechanism for producing the intermediate-compo-
sition lavas (Johnson and Lipman 1988). The relatively
mafic Latir rocks cannot have been produced by “remag-
matization” melting of the crust involving variable propor-
tions of restite (e.g., Chappell et al. 1987; Chappell and
Stephens 1988) because none of the volcanic rocks and very
few of the plutonic rocks contain significant cumulate com-
ponents (Fig. 3; Johnson and Lipman 1988; Johnson et al.
1989). Isotopic compositions of primitive parental basaltic
magma may be estimated from basaltic lavas in the region
that have primitive chemical compositions (high-Mg, -Cr,
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Fig. 10A, B. 2°°Pb/2°*Pb ratio — SiO, content variations in Latir
and Miocene volcanic rocks (A) and Latir plutonic rocks (B). Data
from San Luis Hills and Taos Plateau also shown (sources as in
Fig. 7). Samples of early- and late-erupted Amalia Tuff taken in
stratigraphic sequence indicate that 2°°Pb/2°4Pb ratios monotoni-
cally decreased roofward in the pre-eruptive magma chamber.
206ph/204Ph ratio — SiO, variations are interpreted as indicating
interaction between mafic parental magmas and relatively non-
radiogenic lower crust (STAGE 1) followed by interaction with
relatively radiogenic middle crust (STAGE 2). Late assimilation
in Amalia Tuff magma chamber interpreted as STAGE 3. See text

-Ni; low-Si0O,). Based primarily on data from the nearby,
temporally-related San Luis Hills center, we estimate that
parental basaltic magma contributory to the Latir field had
I, ratios between 0.7040 and 0.7050, exg values of approxi-
mately 0, and 2°6Pb/*°*Pb ratios of approximately 18.2.
The mantle source of this basalt was apparently distinct
from that which has underlain the Rio Grande rift for the
past few million years in central New Mexico, where alkali
and tholeiitic basalts have gng values of +6 to +2 and
+35to —1, respectively (Perry et al. 1987).

Crustal reservoirs and the origin
of crustal components in Latir magmas

Relatively low primary 620 values and the initial Sr and
Pb isotope ratios of intermediate-composition Latir rocks,
combined with the petrographic evidence, high Pb contents,
and low exng values indicating assimilation, suggest that
many of the Latir magmas were contaminated by mafic
lower crustal rocks of amphibolite or possibly granulite
grade (e.g., Gray and Oversby 1972). Although present-day
ena values for Proterozoic rocks in New Mexico and Colo-
rado range from —24 to +14 (DePaolo 1981a; Nelson
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distinctly above the field for MORB and Hawaiian lavas, and at a lower slope than the field of ash-flow tuffs from San Juan calderas.
Data from San Luis Hills (C. Johnson and R. Thompson, unpubl. data), San Juan volcanic field and Hinsdale Formation basalts
(Lipman et al. 1978), and MORB and Hawaiian lavas (Dupre and Allegre 1980; Cohen et al. 1980; Cohen and O’Nions 1982, Stille
et al. 1983; Staudigel et al. 1984; Hegner et al. 1986) also shown. Some of the variation in 2°7Pb/?%*Pb ratios for the San Juan rocks
due to large analytical errors associated with the PbS-NH,NO; technique (Lipman et al. 1978)

and DePaolo 1984, 1985), the lowest value measured is from
a LREE-rich anorogenic granite (GSP-1, DePaolo 1981a)
and positive values are found only in some greenstones
(Nelson and DePaolo 1984); most values lie between — 10
and —14 (Fig. 8 B). Measured 2°°Pb/2%*Pb ratios for Pro-
terozoic rocks range from 17 to 33 (J. Wooden, C. Johnson,
and J. Reed Jr., unpubl. data). Less than 5 wt% assimila-
tion of the most radiogenic exposed rocks would markedly
increase the 296Pb/?°“Pb ratios of the Latir magmas, sug-
gesting that most crustal interaction occurred in the middle
and lower crust.

Increasing I, ratios and decreasing eng values with in-
creasing SiO, content in basalt-andesite suites in the volca-
nic sequences of San Luis Hills, Brushy Mountain, the Tu-
sas Mountains, and the Taos Plateau have been interpreted
as a result of coupled assimilation/fractional crystallization
(AFC; Taylor 1980; DePaolo 1981b) involving mantle-de-
rived basaltic magma (Thompson etal. 1986; Williams
1984; Dungan et al. 1986). The fact that the isotopic and
chemical compositions of the basaltic andesite and interme-
diate-composition Latir rocks overlap those of comparably
evolved rocks in the more mafic centers, in addition to
evidence for crystal fractionation in the Latir system,
strongly suggests that AFC was the primary mechanism

for producing the intermediate-composition volcanic and
plutonic rocks in the Latir field. Mixing of basaltic and
rhyolitic magma cannot have been a major mechanism for
producing the intermediate-composition rocks, based both
on chemical variations noted above and rheological consid-
erations (e.g., Sparks and Marshall 1986). Moreover, the
elevated I, ratios of the intermediate-composition rocks
cannot be explained by mixing between basaltic magma,
with chemical and isotopic compositions similar to those
of the San Luis Hills rocks, and silicic magma of the compo-
sitions of the Latir early rhyolites, because the markedly
lower Sr content of the silicic magma will result in little
shift in the Sr isotopic composition of mixtures, unless
highly radiogenic Ig, ratios (>0.720) are invoked for the
silicic magma.

Neodymium isotope data for the Latir field are best
explained by AFC, at a relatively high assimilation:crystal-
lization ratio of 1:2, involving continental crust containing
30-60 ppm Nd with an &y, value of approximately —12
and basaltic parental magmas containing 20-30 ppm Nd
that initially had an &g value of 0 (similar to primitive
lavas from the San Luis Hills; Figs. 12 and 13; Table 5).
The Nd and Sr data are well modeled using an I, ratio
of 0.708 for the Proterozoic crust, although a range of I, ra-
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Fig. 12. syq value — I, ratio variation for Latir and Miocene rocks.
Short-dashed outlines indicate field of data for: CL Cabresto Lake
pluton; AD alkalic dacite; R Red River intrusive complex; RH
Rio Hondo pluton; AQ precaldera andesite lavas and Latir Peak
Quartz Latite; BC-SG-LP Bear Canyon, Sulphur Gulch, and Lu-
cero Peak plutons; RHRD Rio Hondo rhyolite dikes; M Metalumi-
nous rocks of the silicic resurgent plutons; P peralkaline granite.
Dashed arrows indicate pre-eruptive, roofward zonation of the
Amalia Tuff. Long-dashed outlines indicate fields of data for: SLH
San Luis Hills; ML Miocene lavas. Simple mixing curve also illus-
trated (labeled long-dashed line) between BASALT (eng=0) and
PROTEROZOIC CRUST (gng= —12) endmembers, assuming
crust containing 60 ppm Nd and basaltic magma containing
20 ppm Nd. Solid curves indicate AFC curves using basaltic magma
and crust as endmembers, with assimilation:crystallization ratios
(R) of 1:10 and 1:2, as marked. Curves end at 99% crystallization.
Upper curves of the AFC bands are calculated for crust containing
30 ppm Nd. Lower curves of the AFC bands are calculated for
crust containing 60 ppm Nd. Basaltic magma and crustal Sr con-
tents taken as 1000 and 500 ppm, respectively, for all AFC and
mixing calculations. K4(Sr) and K4(Nd)=1 and 0.3, respectively.
Basaltic magma Nd concentration taken as 20 ppm for AFC curves

tios and concentrations fit the data; initial crustal interac-
tion probably involved less radiogenic lower crust (Table 5).
An important feature of AFC trends is the fact that the
low K, ’s, appropriate for Nd in mafic magmas (e.g., Hen-
derson 1982), cause eng values in fractionated magmas to
quickly attain a ““steady-state” value that is higher than
that for assimilated crust. This is consistent with the relative
constancy of eyg values in the intermedidate- to silicic-com-
position Latir rocks. Production of the intermediate-com-
position Latir rocks by mixing primitive basaltic magma
with crustal melts is not consistent with these relations
(Fig. 12).

Partial melting of Proterozoic rocks that had an &yg
(26 Ma) value of —6 (the average of most Latir rocks)
is inconsistent with measured &yq values for Proterozoic
rocks and the REE contents of the Latir rocks. Partial melt-
ing of the crust without involving accessory minerals will
result in little fractionation of the REEs and would require
melts produced from Proterozoic crust with a present-day
eng value of —6 to have a '*7Sm/™*Nd ratio of 0.15
(Fig. 13). Although the Amalia Tuff has REE contents that
encompass this ratio, REE variations within the tuff are
solely due to late-stage differentiation (Johrscn and Lip-
man 1988). Moreover, partial melting invoiving the com-
mon accessory minerals sphene, apatite, and zircon cannot
produce the highly fractionated REE compaositions ob-
served (Johnson et al. 1989). Large decreases inn Sm/Nd ra-
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Fig. 13. &yq value — *#7Sm/*#*Nd ratio relations of data from the
Latir field (outlines), Miocene lavas (plotted), and San Luis Hills
(& plotted). Field of present-day values for Proterozoic crust (circa
1800 Ma) encloses 95% of the data (see also Fig. 9B). Data sources
cited in text. CHUR denotes average composition of chondritic
meteorites (Jacobsen and Wasserburg 1980). AFC trends illustrated
(heavy arrows) assume basaltic magma endmember has gyg=0 and
contains 20 ppm Nd, with Sm and Nd K4’s=0.3. Crust composi-
tion taken at gng= —12. Both AFC trends calculated using assimi-
lation :crystallization ratio of 1:2 and arrows end at 99% crystalli-
zation. Short arrow calculated for crust containing 30 ppm Nd,
and long arrow calculated for crust containing 60 ppm Nd. AFC
trends calculated using assimilation :crystallization ratios less than
1:2 generally do not intersect the Latir data (see also Fig. 12). Sm
and Nd K,’s for melting calculations from Nicholls and Harris
(1980) and Henderson (1982). Melting arrows (plotted at exg= —12)
calculated for 50% modal equilibrium melting. Source-rock acces-
sory mineral abundances noted. Large ranges in Sm/Nd ratios in
the peralkaline rocks solely due to late-stage crystal fractionation.
Model Nd ages shown at top, assuming derivation from depleted
mantle (DePaolo 1981 a) and an &y, value of —12

tio during partial melting can only be accomplished by in-
voking large amounts of residual garnet and unreasonably
high degrees of partial melting (> 50 wt%, Fig. 13). We
further reject an origin by crustal melting for at least the
metaluminous Latir rhyolites and granites because petro-
logic and chemical data suggest that these rocks fraction-
ated from intermediate~composition (and more mafic) pa-
rental magmas that are too mafic to be crustal melts (John-
son and Lipman 1988 ; Johnson et al. 1989). Although there
are no clear genetic links between the Amalia Tuff and
exposed intermediate-composition rocks, as there are for
precaldera rocks and postcaldera plutons, extensive crystal
fractionation probably was the primary mechanism for pro-
ducing the compositional variations within the tuff and also
helped to drive evolution of metaluminous parental magma
(approx. 71 wt% Si0O,?) to peralkaline compositions (John-
son and Lipman 1988 ; Johnson et al. 1989). The only rocks
that may be direct melts of Proterozoic crust are two anom-
alous (low eyg and 2°Pb/>°4Pb) rhyolite dikes that cut the
Rio Hondo pluton.

Generation of the Amalia Tuff magma by melting pre-
cursor Tertiary basalts that had assimilated substantial
amounts of Proterozoic crust could explain the Nd-isotope
and Pb-concentration data; however, equilibrium partial
melting of hornblende-bearing mafic rocks at middle- and
lower-crust pressures produces strongly corundum-norma-
tive magmas (Helz 1986), inconsistent with the postulated
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Table 5. Crystallization and assimilation models for the Latir volcanic field

Major Unit Exposed/erupted Percent Parental basaltic magma

volume (km?) crystallization

of basalt Volume?®/km? Ma/Mo®

Early rhyolite (ER) 50+ 10 85+ 10 333+ 232 0.57+0.28
Intermediate-composition lavas (4AND) 10004+ 200 75410 400041789 0.50+0.25
Caldera-related peralkaline rocks (CALD) 800+ 200 85+10 533343797 0.5240.23
Metaluminous resurgent and southern caldera
margin intrusions (MRES/SCM) 100+ 10 85410 667+ 449 0.574+0.28
Rio Hondo pluton (RH) 65+ 10 . 85+10 4344 292 0.57+0.28
Lucero Peak pluton (LP) 35+ 10 85+10 234+ 157 0.57+£0.28
Model 1 total: 2050+ 283 11000 +4252
Buried plutons® 4500+ 1000 75+10 1800048237 0.50+0.25
Model 2 total — (TOT EST PLUTONS): 6550 +1040 29000 + 9269
Assimilation/fractional crystallization models and parameters?

ppm Sr 878r/%Sr ppm Nd &g ppm Pb 206ph/204ph
Mantle peridotite® 10 0.7045 1 0 0.2 18.2
Parental basaltic magma 500 0.7045 20 0 2 18.2
Lower crust (STAGE 1 AFC) 1000 0.7055 30 -~12 20 17.0
Average crust (STAGE 2 AFC) 250 0.7080 40 —12 20 20.0
End of STAGE 1 (0-40% crystallization) 800 0.7050 42 -5 12 17.2
End of STAGE 2 (40-85% crystallization) 100 0.7074 90f -9 28 19.1

2 Initial crystallization (40+10%) of parental magmas assumed to form ultramafic olivine and pyroxene cumulates bencath MOHO
(STAGE 1, Fig. 14). ® Lipman 1988. ° Ma/Mo equal to ratio of mass assimilated (crust) relative to original mass of basalt, calculated
using ratio of assimilation:crystallization of 0.375+0.125. ¢ See Fig. 14. Calculated assuming assimilation:crystallization ratio of 0.5.
STAGE 1 K’s: 0.8 (Sr), 0.3 (Nd), and 0.5 (Pb). STAGE 2 Ky’s: 2.0 (Sr), 0.5 (ND), and 0.7 (Pb). See Johnson and Lipman (1988)
and Johnson et al. (1989). ° Jagoutz et al. (1979). T Poor fit not considered important because Nd concentrations in silicic rocks can
be substantially lowered due to late-stage crystallization of accessory minerals (Johnson and Lipman 1988; Johnson et al. 1989)

Abbrevations used in Fig. 15 and 16 listed in iralics

compositions of the parental Amalia Tuff magma (Johnson
and Lipman 1988). As noted below, injection of large vol-
umes of mantle-derived basaltic magma significantly lowers
Pb concentrations in the crust (but does not significantly
affect Pbisotope ratios). Markedly lower Pb contents in
the late-erupted (‘““more primitive”) parts of the Amalia
Tuff (Fig. 3C) are consistent with melting precursor basalts.

Strontium and Pb isotope variations suggest that at least
two main stages of crustal interaction were involved in the
genesis of the Latir rocks (Figs. 10 and 14, Table 5), with
a third stage required for the Amalia Tuff; each stage oc-
curred at a distinct level within the crust. Dungan et al.
(1986) note that *°°Pb/?°4Pb ratios systematically decrease
for the sequence basalt-andesite-dacite in the Taos Plateau
volcanic field, accompanied by little change in Iy ratio,
suggesting interaction with relatively non-radiogenic lower
crustal rocks. We suggest that the parental basaltic magmas
of the Latir field initially evolved by AFC along a trend
similar to that of the Taos Plateau magmas, reflecting inter-
action with lower crustal rocks (I, <0.705, ena= —12,
206ph/204pb < 17.4). Latir lavas from this stage did not
reach the surface, possibly due to compressional stresses
in the crust during precaldera magmatism (e.g., Lipman
1983).

The exposed intermediate- to silicic-composition rocks
are best explained as resulting from a second stage of con-
tamination by AFC involving more radiogenic, middle to
upper crust (Figs. 10 and 14; Table 5). This second stage
involved assimilation of middle- to upper-crustal rocks by

intermediate-composition magmas that had been contamin-
ated during stage 1. Finally, we distinguish a third stage
of crustal interaction to produce the isotopic zonation with-
in the Amalia Tuff magma (Fig. 8), which apparently assi-
milated Proterozoic rocks characterized by relatively high
87Sr/85Sr but low 2°°Pb/2%*Pb ratios. Limited assimilation
in the peralkaline granite occurred after caldera formation

(Fig. 8).

Isotopic zonations in Latir magma chambers

Late-stage, roofward contamination of the Amalia Tuff
magma, as indicated by Sr and Pb isotope zonations (Fig. 8
and 11}, is supported by an increase in the proportion of
zircons with Proterozoic cores relative to non-cored Terti-
ary zircons (in equilibrium with the Zr-rich, mildly peralka-
line tuff) toward the base of the Amalia Tuff, as well as
by lack of Proterozoic zircon cores in the cogenetic peralka-
line granite (Johnson 1989). Calculation of the amount of
assimilation effected by the Amalia Tuff magma, using
I, ratios, is difficult because the low Sr contents of the
Amalia Tuff (<20 ppm) make this ratio highly sensitive
to contamination. The amount of late-stage crustal assimi-
lation is better constrained by Pb isotope ratios, because
Pb contents of the Amalia Tuff are relatively high
(10-39 ppm). AFC- or simple~mixing calculations indicate
that Proterozoic rocks with high Th/U and low U/Pb ratios,
similar to those analyzed by Stacey and Hedlung (1983)
from southern New Mexico, appear to be the most likely
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Fig. 14. Cross section through crust and upper mantle depicting
extent and locations of Latir and San Luis Hills magmatism. Rela-
tively primitive basaltic and evolved magmas that interact largely
with lower crust (STAGE 1) were erupted at San Luis Hills but
are rare in the Latir field. Magmatism associated with STAGES 2
and 3 is preserved in the Latir field (see text). Accumulation of
mafic and ultramafic cumulates in the lower part of the magmatic
system represents return of material to the mantle beneath the
MOHO. Cartoon intended to illustrate various stages of Latir mag-
matism, and not a cross section of the crust after cessation of
magmatism

contaminant. These rocks have 2°°Pb/?°4Pb and 2°®Pb/
204pp ratios (avg, 17.3 and 38.3, respectively) that lie to
the left of the Stacey-Kramers curve (Fig. 11C and 11D).
Although these compositions are similar to those given by
curves for present-day plumbotectonic models of the lower
crust (Doe and Zartman 1979; Zartman and Doe 1981),
we envision that late-stage contamination occurred in the
upper crust, possibly involving supracrustal rocks that may
have been depleted in U during diagenesis shortly after
deposition.

Although assimilation of crust may occur by melting
roof rocks, as recently highlighted by the experiments of
Campbell and Turner (1987), the lack of Nd isotope zona-
tion or discontinuity in the Amalia Tuff (or any pluton)
precludes this as a significant assimilation mechanism. Giv-
en evidence for increasing crystal contents downward in
upper-crustal magma chambers and inferred cumulate
zones in their lower portions (e.g., Druitt and Bacon 1988),
in addition to consideration of high thermal diffusivities
in magmas, the heat required for assimilation in the upper
portions of such magma chambers is probably driven by

crystallization at deeper levels (e.g., Grove etal. 1988;
Johnson 1989). Late-stage, roofward assimilation in the
Amalia Tuff magma, therefore, is interpreted to have oc-
curred by bulk assimilation, as opposed to AFC or mixing
partial melts of the crust.

Approximately 15-20 wt% late-stage assimilation of
Proterozoic rocks that had average crustal Pb contents can
explain the Pb isotopic variations in the Amalia Tuff, as-
suming simple mixing as the primary mechanism for incor-
poration of roof rocks in the phenocryst-poor magma. High
Nd contents (30-70 ppm) in the Amalia Tuff preclude large
shifts in &ngq values in the tuff unless there is more than
20-30 wt% assimilation of Proterozoic crust with an
eng value of —12, a scenario inconsistent with the relatively
uniform exg values in the silicic peralkaline rocks.

Modest increases in Iy, ratio in the porphyritic peralka-
line granites of Virgin Canyon and Cafiada Pinabete, and
in the more evolved porphyritic to fine-grained portions
of the Bear Canyon, Sulphur Gulch, and Lucero Peak plu-
tons can be explained by approximately 5 wt% assimilation
of Proterozoic roof rocks. This contrasts with homogeneity
in Sr and Pb isotope compositions in the coarse-grained
Cabresto Lake and Rio Hondo plutons, and in the domi-
nant volume of the Lucero Peak pluton which is also coarse
grained. These plutons are zoned to lower Sr and higher
Pb contents toward their silicic roofs and margins — Ca-
bresto Lake (373-50 and 16-22 ppm, respectively); Rio
Hondo (1000-75 and 14-26 ppm); Lucero Peak (175-91
and 24-35 ppm). Although the Sr contents of these plutons
are not as low as those in the Amalia Tuff, the Pb contents
are generally lower than those in the early tuff, indicating
that the Pb isotope compositions of the magmas that solidi-
fied as plutons were more sensitive to modification by late-
stage assimilation of Proterozoic rocks than the Amalia
Tuff magma. In light of the highly radiogenic Pb isotope
ratios of the Proterozoic rocks intruded by these coarse-
grained plutons, it is unlikely that they assimilated Protero-
zoic crust during the late stages of their magmatic evolution.
The relatively uniform gng values that characterize these
plutons also suggest that late-stage assimilation did not oc-
cur, inasmuch as Nd contents decrease from 28 to 8 ppm
toward the granitic margins of the Cabresto Lake and Rio
Hondo plutons, making &yg values especially susceptible to
modification by assimilation.

We suggest that the contrast between evidence for late-
stage assimilation in the Amalia Tuff magma and, to a
lesser extent, magmas that quenched as porhyritic to fine-
grained granite, as compared to the lack of evidence for
assimilation in magmas that crystallized to form coarse-
grained plutons, is directly related to contrasts in the abun-
dance of crystals in the respective magmas at high levels
in the crust, heat content and cooling history of the magma
chambers, and, ultimately, flux of basaltic magma into the
lower parts of the magmatic system. For example, nearly
concordant K-Ar and zircon and apatite fission-track ages
(Lipman et al. 1986) in the resurgent plutons and the rela-
tive lack of meteoric-hydrothermal alteration in the plutons
as compared to the host andesites, suggests that these plu-
tons cooled relatively rapidly and had minimal time to as-
similate roof rock. The larger isotopic variations in fine-
grained parts of the Bear Canyon, Sulphur Guich, and Lu-
cero Peak plutons, and greater inferred assimilation of roof
rocks may be a result of slightly slower cooling at somewhat
greater depths.



In contrast, deeper parts of the magma chambers, now
represented by coarse-grained rocks of the Cabresto Lake
and Rio Hondo plutons may have had little opportunity
to assimilate roof rock because they represented the upper-
most portions of crystal-rich systems. Strongly discordant
conventional K-Ar and fission-track ages for samples of
the Rio Hondo granodiorite (Lipman et al. 1986) suggest
that the magma was crystal rich and near its solidus for
an extended period (e.g., Spera 1980). In comparison to
its granitic facies, the deeper, granodioritic portion of the
Rio Hondo pluton has markedly lower quartz-magnetite
oxygen-isotope temperatures and has undergone more ex-
tensive hydrothermal alteration (Hagstrum and Johnson
1986), suggesting that it cooled significantly more slowly
than the upper granitic portion. These factors suggest that
the total heat available for assimilation in the upper part
of the crystal-rich portion of the Rio Hondo magma
chamber was relatively low, consistent with the lack of
isotopic zonation in the pluton. If stoping and sinking of
roof blocks is the dominant mechanism for assimilation,
there is probably a limit to the crystal content through
which the blocks can sink, effectively precluding assimila-
tion.

Effects of magmatism on chemical and isotopic compositions
of the crust and lithospheric mantle

Voluminous basalt injection as a general requirement for the
origin of caldera complexes and large-volume volcanic fields.
The combination of sustained (as much as 15-20 m.y. dura-
tion) eruption of magma with generally low crystal contents
at some magmatic centers and the common occurrence of
recurrent caldera forming eruptions of highly evolved
magma over relatively short time intervals (< 1-2 m.y.) has
led many workers to suggest that a general requirement
for developing caldera complexes is a large flux of mantle-
derived basaltic magma into the lower parts of the mag-
matic system. This basaltic magma provides the heat and
mass required to evolve silicic, largely liquid magmas at
high levels within the crust and to sustain magmatism for
long periods of time (e.g., Christiansen and Lipman 1972;
Smith 1979; Hildreth 1981; Spera and Crisp 1981). Geo-
physical data provide evidence for large partial melt zones
extending into the mantle beneath recent calderas (Eaton
et al. 1975), presumably reflecting large volumes of basaltic
magma.

Crystal fractionation was important during evolution
of the Latir magmas, and the chemical and isotopic compo-
sitions of the metaluminous intermediate- to silicic-compo-
sition volcanic and plutonic rocks are well explained by
AFC involving basaltic parental magmas. Generation of
the silicic peralkaline units and development of composi-
tional gradients in the Amalia Tuff magma also was in
part due to extensive crystal fractionation, although halo-
gen fluxing and other processes (e.g., Macdonald and Smith
1988) probably had a significant affect (Johnson et al.
1989). Substantial volumes of basaltic magma were required
to generate the Amalia Tuff magma, regardless of whether
it originated by AFC of basaltic parental magmas or partial
melting of contaminated precursor basalt/andesite, For ex-
ample, to generate the chemical and isotopic compositions
of the tuff, a 5-25 wt% partial melt of precursor basalt/
andesite would require essentially the same volume of basalt
as 75-95% AFC of a basaltic parental magma (Table 5).
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Recent Nd isotope data for silicic rocks in volcanic
centers erupted through Proterozoic crust in the southwest-
ern U.S. support a model for substantial basaitic compo-
nents in large magmatic systems: the Kane Springs Wash
caldera (eya= —35 to —7, Novak 1985), McDermitt and
Silent Canyon calderas (exg= +3 and —5, Tegtmeyer and
Farmer 1987), Woods Mountain volcanic field (eng= +2
to —7, Musselwhite et al. 1989), Mount Taylor volcanic
field (ena= —2, Perry etal. 1983), Jemez volcanic field
(eng= —1 to —4, Loeffler and Futa 1985), and possibly
the Timber Mountain caldera (Tegtmeyer and Farmer
1987; G. Farmer, personal commun. 1988). Cenozoic silicic
volcanic rocks in eastern Mexico have eng values of +1
to —2 (Verma 1983, 1984; Cameron and Cameron 1985),
significantly higher than those for exposed Proterozoic
rocks (Patchett and Ruiz 1987). In contrast, silicic volcanic
rocks in western Mexico are probably underlain by Phaner-
ozoic basement, and have relatively high ey values of 0
to +5 (Cameron and Cameron 1985; Mahood and Halli-
day 1988). The majority of rhyolites erupted from the Yel-
lowstone caldera have gxq values near — 9, which is marked-
ly higher than the average of Archean crust through which
the magmas were erupted (Halliday et al. 1986). Exposed
plutons associated with cogenetic volcanic rocks in the Latir
field are inferred to represent an underlying batholith, based
on gravity measurements (Lipman 1988). Lipman (1984)
emphasized the association of large volumes of plutonic
rocks with volcanic centers. General models of magmatism
suggest that volumetric ratios of plutonism to volcanism
are approximately 10:1 (Crisp 1984; Shaw 1985), indicating
that the extent of basaltic magma injection calculated from
volumes of volcanic rocks alone are probably minimums.

Implications for modification of the crust and lithospheric
mantle. Significant crustal thickening, hybridization, and
compositional changes occur in the crust and upper mantle
during evolution of large magmatic centers that are gener-
ated and sustained by high fluxes of mantle-derived basaltic
magma into the crust. Using petrologic and isotopic con-
straints on the percentages of crystallization and relative
proportions of parental basaltic magma and crust involved
in generating the major units in the Latir field (Table 53),
we consider estimates of the percentages of crystallization
required to 1) produce the exposed volume of volcanic and
plutonic rocks (model-1 “LP” stage, Figs. 15 and 16, Ta-
ble 5) and 2) produce the exposed volume of volcanic and
plutonic rocks, as well as the volumes of low-density plu-
tonic rocks inferred to inderlie the Latir field, based on
gravity data (model 2- “TOTAL EST PLUTONS” stage,
Figs. 15 and 16, Table 5; Cordell et al. 1986; Lipman 1988).
Between 1100044000 km® (model1) and 29000+
9000 km? (model 2) of mantle-derived basaltic magma was
involved in the Latir magmatism (after individually propo-
gating all errors for each model, Table 5). Given that the
low density plutonic rocks that are inferred to underlie the
Latir field probably have intermediate- to silicic-composi-
tions, we consider model 1 to be an extreme lower limit,
and model 2 to be more representative.

These large volumes of mantle-derived basaltic magma
probably pooled near the Mohoroviti¢ seismic discontin-
uity (MOHO), given O, Sr, and Pb isotope data that indi-
cate substantial interaction with the lower crust, Volume
and compositional calculations assume that early crystalli-
zation {40+10%; Table 3) of olivine and pyroxene oc-
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Fig. 15. Time-related variations in thickness and volume for total
crust and hybridized crust for the Latir volcanic field. Abbreva-
tions, initial conditions, and estimated errors for calculations listed
in Table 5. Initial crustal thickness is assumed to be 40 km (Lipman
1988) and locus of magmatism is assumed to be restricted to
1200 km? area. Hybridized crust is defined as the sum of new
crust (components of mantle-derived magmas remaining in the
crust) and pre-existing Proterozoic crust that has been assimilated.
Error bars indicate sum of propogated errors in volume estimates
and errors in age determinations for the major units. ER, AND,
CALD, MRES/SCM, RH, and LP labels here and in Fig. 16 repre-
sent calculated evolution accompanying units (Model 1, Table 5).
TOTAL EST PLUTONS labels here and in Fig. 16 include exposed
units and estimates for buried plutons (Model 2, Table 5). Vertical
bars on right side of figure indicate final values for Model 2

curred near the MOHO, and that the resulting cumulate
zones lay beneath the MOHO (Fig. 14). These cumulate
zones substantially reduce difficulties such as large-scale
uplift that should be associated with the crustal thickening
that would accompany injection of 11000 to 29000 km?
of basaltic magma into the crust. Moreover, if accompanied
by crustal assimilation, early crystallization and cumulate
formation provides a mechanism for transferring crustal
components into the upper mantle. Finally, we define the
hybridized crust as the sum of 1) the mass of Proterozoic
crust that was assimilated by magmas that remained in the
crust and 2) the mass of relatively fractionated magma that
remained in the crust following early olivine and pyroxene
crystallization. It is important to note that although the
geologic and petrologic evolution of the Latir field is rea-
sonably well-constrained, many parameters involved in the
volume and compositional calculations are not (Table 5,
Figs. 15 and 16). Our emphasis is on the general trends
in chemical and isotopic compositions of the crust and up-
per mantle.

Assuming that inferred magma volumes underlay an
area of 1200 km?, crustal thickness increased between
5.54+2.2km (model 1) and 14.5+4.9 km (model 2) during
Latir magmatism. The thickness of hybridized crust at the
end of Latir magmatism ranged from 8.5+4.6 km (mod-
el 1) to 22.0+8.6 km (model 2). AFC that occurred during
the initial 30-50% crystallization of parental magmas at
the MOHO resulted in a net transfer of 2.0+1.6 km (mod-
el 1) to 5.0+ 3.6 km (model 2) of crust into the upper man-
tle. Spread under the 1200 km? area of the Latir field, the
total volume of basaltic magma extracted from the upper
mantle (not including cumulates returned) is equivalent to
9.243.6 km (model 1) to 24.2+ 7.7 km (model 2) thickness
of material. For purpose of illustration, we have chosen
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Fig. 16 A-D. Compositional variations in total and hybridized crust
and upper mantle, with time, for the Latir field. Calculations based
on volumes calculated for Fig. 15. Isotopic, concentration, and
K, parameters listed in Table 5. Error bars calculated by propoga-
tion of errors noted in Table 5. Vertical bars with circles on right
side of figures indicate final compositions for Model 2. A 57Sr/
86Sr ratios; B eng values; C 2°5Pb/2%4Pb ratios; D Pb concentra-
tions



24.2 km to represent that portion of the upper mantle in-
volved in crustal recycling during initial crystallization at
the MOHO.

Model calculations indicate that 87Sr/®°Sr ratios for the
total crust may drop 20+ 9 (model 1) to 40+ 14 (model 2)
percent closer to that of the mantle, whereas the average
879r/%68r ratio for the hybridized crust may drop 80+11
percent closer (Fig. 16A). 87Sr/®5Sr ratios for the upper
mantle (24.2 km beneath the MOHO in our model) may
increase 80+20 (model1) to 90+ 10 (model 2) percent
closer to that of the lower crust during initial crystallization
at the MOHO (Fig. 16 A). enq values for the total crust rise
only slightly toward that of the mantle, between 7 + 3 (mod-
el 1) and 16 +8 (model 2) percent, and the average sng value
for the hybridized crust may increase 53 418 percent closer
(Fig. 16 B). &eng values for the upper mantle may drop
57+26 (model 1) to 77+ 17 (model 2) percent closer to that
of the crust (Fig. 16B).

The shift in Pb isotope ratios for both the total and
hybridized crust is relatively small, primarily because injec-
tion of mantle-derived basaltic magma involves low Pb
fluxes into the crust. 2°°Pb/2%4Pb ratios for the total crust
drop only 1 to 4 percent closer to that of the mantle and
the hybridized crust drops 22+12% closer (Fig. 16C). In
contrast, Pb isotope ratios in the upper mantle drop 77+ 18
(model 1) to 9143 (model 2) percent closer to that of the
lower crust (Fig. 16C). Despite large uncertainities in the
volume of initial basaltic magma and assimilation: crystalli-
zation ratios, the calculations demonstrate that injection
of large amounts of mantle-derived basaltic magma into
the crust results in little change in the Pb isotopic composi-
tion of the pre-existing crust. Injection of mantle-derived
basaltic magma into the crust largely dilutes average
Pb concentrations; model calculations indicate that total
crustal Pb concentrations may drop 1145 (model 1) to
24+ 11 (model 2) percent closer to that in the parental ba-
saltic magma, and that Pb concentrations in the hybridized
crust may drop 68416 percent closer (Fig. 16D). If any
significant crystal accumulation occurs near the MOHO
during AFC, however, the low Pb (and Sr and Nd) contents
of the upper mantle allow addition of relatively small vol-
umes of crust to almost completely overprint original man-
tle isotopic compositions with crustal isotopic composi-
tions.

The calculations illustrated in Figs. 15 and 16 indicate
that the lower crust beneath large-volume volcanic centers
may largely consist of hybridized crust that contains multi-
ple basaltic intrusions which have undergone mixing, assim-
ilation, and crystallization. In terms of surface uplift, mafic
and ultramafic rocks crystallized in the lower crust and
upper mantle may largely offset the effects of net additions
to the crust. Generation of ultramafic cumulates beneath
the southern Rocky Mountain volcanic centers may explain
the comparable depths to the MOHO under the Great
Plains and southern Rocky Mountains (Prodehl and Lip-
man 1989). Late-Tertiary uplift, as indicated by other stu-
dies and data discussed here, probably is related to recent
lithospheric processes (Bird 1984; Lipman 1988), as op-
posed to the magmatic processes discussed for the Latir
field. Anomalously low seismic velocities in the middle crust
beneath the Latir field, in comparison to crust beneath the
Great Plains to the east (Prodehl and Lipman 1989), may
provide evidence for extensive hybridization in the middle
and uppper crust in the form of extensive intermediate-

121

to silicic-composition intrusions. Our model is similar to
the “MASH zone” proposed by Hildreth and Moorbath
(1988), although they call upon crustal melting as a more
important process. Compressional tectonics may promote
crustal melting, and this is an important contrast between
the tectonic setting of the Latir field, for which our model
has been developed, and the Andean arc environment for
which Hildreth and Moorbath (1988) developed their mod-
el.

Chemical and isotopic analyses of evolved rocks at long-
lived volcanic centers can provide important tests of our
model. For example, as a magmatic system evolves, a
greater proportion of evolved magmas should have relative-
ly primitive isotopic compositions. This will be reflected
in magmas that either assimilate hybridized crust, or are
generated from it by crustal melting. Moreover, our model
predicts major changes in the St and Nd (but not Pb) isotope
compositions and Pb concentrations of progressively
younger magmas derived by crustal melting or assimilation.
If the crust is largely composed of supracrustal rocks en-
riched in 180, late crustal melts should have substantially
lower 6180 values as a result of continued mantle input
into crust that is melted/assimilated. This trend was ob-
served in Tertiary rhyolites of the Sonoma/Tolay volcanic
field in western California (Johnson and O’Neil 1984).

Summary and conclusions

Geologic, geophysical, and petrologic constraints provide
a detailed model for magmatic evolution of the Latir mag-
matic system which addresses questions regarding: 1) roles
of the crust and mantle in generation and evolution of the
magmas, 2) sections of the continental crust involved in
magmatism, and 3) conditions under which the chemical
and isotopic compositions of magmas may be modified at
high levels within the crust. Most Latir rocks represent mag-
mas that underwent two stages of assimilation: 1) assimila-
tion by basaltic parental magmas of lower crust that had
relatively non-radiogenic 2°6Pb/2%*Pb ratios (<17.3), and
2) assimilation of middle- and upper-crustal rocks that had
relatively radiogenic 2°6Pb/2°4Pb ratios (>19.5) by inter-
mediate-composition magmas that had been contaminated
in the lower crust. No rocks representing purely stage 1
assimilation are exposed in the Latir field; model calcula-
tions and comparison with regional volcanic fields that
dominantly contain mafic rocks suggest that stage 1 mag-
mas represent initial 30-50% crystallization of parental ba-
saltic magma. Evidence for this stage is inferred by compari-
son of isotopic variations in. Latir rocks of basaltic-andesite
to quartz latite compositions, with data for mafic- to inter-
mediate-composition volcanic centers in the region, particu-
larly the temporally related San Luis Hills. A third stage
of assimilation, restricted to high levels in the crust, is indi-
cated for magmas that formed the Amalia Tuff and por-
phyritic to fine-grained silicic rocks. Coarse-grained plutons
crystallized from crystal-rich portions of the magmatic sys-
tem; hence, relatively little additional heat, required for
assimilation at high levels, could be generated by further
crystallization. Despite this contrast in high-level evolution,
the majority of both volcanic and plutonic rocks of the
Latir field originated by fractionation of large volumes of
parental basaltic magma that had assimilated substantial
volumes of crust. A critical factor in this interpretation is
establishment of genetic relations between fractionated and
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relatively mafic rocks (basaltic andesite) that are too mafic
to be crustal melts. The lack of true basalts exposed within
the locus of Latir magmatism may be due to the presence
of large volumes of silicic magma. Interpretations based
on analyses of the silicic rocks alone are, therefore, ambi-
gous.

Injection of large volumes of basaltic magma may sub-
stantially change the isotopic and chemical composition of
the total crust, may effect even larger changes in the volume
of crust that represents a hybridized mixture of mantle and
pre-existing crust, and may significantly modify the isotopic
composition of the upper mantle. We note that models for
the origin of silicic rocks, whether by melting of precursor
basaltic rocks that have been contaminated, or by AFC
involving basaltic parental magmas, require injection of
mantle-derived basaltic magma that is approximately
10 times the volume of the silicic rocks. To the extent that
large volumes of basaltic magma were involved in genera-
tion of the precaldera lavas, we also favor an origin for
the Amalia Tuff magma that involves protracted AFC of
magma that was initially basaltic. The largest shifts in
isotope ratios within the crust occur for Sr and Nd because
injection of basaltic magma involves large fluxes of mantle-
derived Sr and Nd. In contrast, the relatively low Pb con-
tent of mantle-derived basaltic magma causes little change
in Pb isotopic compositions in either the total or hybridized
crust. These effects are directly mirrored in the relatively
restricted Nd and Sr (except for very low-Sr units) isotope
ratios of the majority of the Latir rocks, in contrast to
large variations in Pb isotope ratios. Substantial changes
in Sr, Nd, and Pb isotope ratios in the upper mantle can
occur during AFC of basaltic magma at the MOHO and
subsequent transfer of crustal components to the mantle
by crystal accumulation. Although debate on the chemical
and isotopic compositions of the lower crust has focussed
on granulite-facies metamorphic rocks and the effects of
metamorphism on Rb/Sr, Sm/Nd, Th/Pb, and U/Pb ratios
and their daugther isotope ratios (e.g., Green et al. 1972;
Weaver and Tarney 1980; Ben Othman et al. 1984; McCul-
loch and Black 1984; Windrim et al. 1984; McCulloch et al.
1987), a substantial volume of the crust beneath large volca-
nic centers that are younger than the oldest crust in the
region may consist of mantle-derived material that equals
or exceeds the volume of ancient, granulite-grade crust. In
addition, the evidence presented here for extensive injection
of mantle-derived basaltic magmas as a driving force for
developing large-volume volcanic centers provides a link
to recent discussions on the origin of granulite-facies meta-
morphic rocks that call upon intrusion of mafic magmas
as the heat source for metamorphism (e.g., Bohlen and
Mezger 1989, and references within).
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