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ABSTRACT

New U-Pb zircon ages, geochemistry, and 
Nd isotopic data are presented from three 
localities in the Paleoproterozoic Mazatzal 
province of southern New Mexico, United 
States. These data help in understanding the 
source regions and tectonic setting of magma-
tism from 1680 to 1620 Ma, the timing of the 
Mazatzal orogeny, the nature of postorogenic 
magmatism, Proterozoic plate tectonics, and 
provide a link between Mazatzal subblocks 
in Arizona and northern New Mexico. The 
data indicate a period from 1680 to 1650 Ma 
in which juvenile felsic granitoids were 
formed, and a later event between 1646 and 
1633 Ma, when these rocks were deformed 
together with sedimentary rocks. No evidence 
of pre-1680 Ma rocks or inherited zircons 
was observed. The igneous rocks have εNd(t) 
from –1.2 to +4.3 with most between +2 and 
+4, suggesting a mantle source or derivation 
from similar-aged crust. Nd isotope and trace 
element concentrations are consistent with 
models for typical arc magmatism. Detrital 

zircon ages from metasedimentary rocks 
indicate that sedimentation occurred until at 
least 1646 Ma. Both local and Yavapai prov-
ince sources contributed to the detritus. All 
of the samples older than ca. 1650 Ma are 
deformed, whereas undeformed porphyrob-
lasts were found in the contact aureole of a 
previously dated 1633 Ma gabbro. Region-
ally, the Mazatzal orogeny occurred mainly 
between 1654 and 1643 Ma, during fi nal 
accretion of a series of island arcs and inter-
vening basins that may have amalgamated 
offshore. Rhyolite magmatism in the south-
ern Mazatzal province was coeval with gab-
bro intrusions at 1633 Ma and this bimodal 
magmatism may have been related to exten-
sional processes following arc accretion.

Keywords: Mazatzal province, New Mexico, 
Proterozoic, U-Pb geochronology, zircons, neo-
dymium.

INTRODUCTION

The Mazatzal province of Laurentia is marked 
by exposures of Paleoproterozoic rocks younger 
than 1.70 Ga in New Mexico, southwestern 
Arizona (United States), and northern Sonora, 
Mexico (Karlstrom and Bowring, 1988). This 
province mainly consists of juvenile arc-related 
igneous rocks and associated sedimentary rocks 
that were involved in a major deformational 

event known as the Mazatzal orogeny (Wilson, 
1939; Silver, 1965, 1978; Karlstrom and Bow-
ring, 1988; Conway and Silver, 1989; Karlstrom 
et al., 2004) that affected rocks of the Mazatzal 
and Yavapai provinces (Fig. 1). Geochronologic 
data suggest the Mazatzal orogeny occurred 
from 1.65 to 1.60 Ga (Karlstrom and Bowring, 
1993; Luther et al., 2006) or 1.65–1.63 Ga 
(Eisele and Isachsen, 2001). The Mazatzal orog-
eny was part of the progressive accretion of sev-
eral crustal blocks that resulted in the growth of 
Laurentia between 1.7 and 1.1 Ga.

Evaluation of the formation of the Mazatzal 
province and the timing of the Mazatzal orog-
eny has been hindered by the scarce outcrops 
of Paleoproterozoic crust in the southwestern 
United States and northern Sonora, widespread 
high-temperature overprinting by ca. 1.48–
1.38 Ga (hereafter ca. 1.4 Ga) magmatism 
and deformation, and extensive Laramide and 
Paleogene magmatism and deformation. Much 
of what we know about the Mazatzal orogeny 
comes from detailed studies in southern Colo-
rado, northern New Mexico, and parts of Ari-
zona (Silver, 1978; Condie, 1982; Karlstrom 
et al., 1987, 1990; Eisele and Isachsen, 2001). 
There have been relatively few detailed struc-
tural and geochronological studies of Paleo-
proterozoic rocks in southern New Mexico, 
yet this area provides an excellent opportunity 
to understand the formation and deformation 
of the Mazatzal province because Proterozoic 
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rocks are well exposed in a series of normal 
fault blocks related to Tertiary extensional tec-
tonism. In addition, the intensity of ca. 1.4 Ga 
deformation is signifi cantly less than in other 
areas of the Mazatzal province (Amato et al., 
2006; Boullion, 2006).

The Mazatzal province is considered a type 
example of continental growth by accretion of 
arc rocks, yet key questions remain concerning 
the origin of Mazatzal province crust and the 
timing of the Mazatzal orogeny. These questions 
include: (1) What is the age of the Mazatzal prov-
ince crust in southern New Mexico? (2) Does 
the Mazatzal province in southern New Mexico 
represent juvenile volcanic arc crust? (3) Is the 
Mazatzal province lithologically and isotopi-
cally homogeneous, or can it be subdivided into 

smaller blocks that originated in different tec-
tonic settings? (4) What is the age of initiation 
and duration of the Mazatzal orogeny?

Resolving these questions will refi ne the arc-
accretion model for Proterozoic crustal growth 
and help determine the global relevance of the 
model. The localities in this project provide a 
link between previous work in southeastern Ari-
zona and northern New Mexico. Trace element 
geochemical studies and Nd isotopic studies of 
Mazatzal-age crust in the southwestern United 
States also provide an opportunity to understand 
Proterozoic lithospheric growth and the nature 
of mid-crustal rocks that underlie a large part 
of southern Laurentia. A more comprehensive 
description of Mazatzal province geology will 
also help with tectonic reconstructions of the 

Rodinia supercontinent (Dalziel, 1991; Moores, 
1991; Karlstrom et al., 1999). Finally, this study 
is an assessment of Proterozoic tectonic pro-
cesses. In this paper we describe the geology of 
three areas in southern New Mexico with Pro-
terozoic exposures: the Burro Mountains, the 
Florida Mountains, and the San Andres Moun-
tains (Fig. 2). We use geochemistry and U-Pb 
zircon dating of deformed plutonic rocks and 
detrital zircons from metasedimentary rocks to 
address these questions and integrate our results 
with the regional Mazatzal province data set.

REGIONAL GEOLOGY

The generally accepted model for the Protero-
zoic growth of Laurentia involves the  progressive 
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accretion of juvenile island arc terranes onto 
Archean provinces (Condie, 1982; Karlstrom et 
al., 1987; Karlstrom and Bowring, 1988). The 
terranes involved in this accretion have been 
divided into three lithospheric blocks or prov-
inces based on the age and isotopic characteristics 
of the crust (Karlstrom et al., 2004): the Mojave 
province, the Yavapai province, and the Mazatzal 
province (Fig. 1). The Mojave province has intru-
sive rocks similar in age to the Yavapai province, 
but they are much more isotopically evolved 
(Rämö and Calzia, 1998); also, metasedimen-
tary and volcanic rocks contain Archean derived 
material (Farmer et al., 2005). The Yavapai prov-
ince mainly consists of 1.8–1.7 Ga juvenile arc 
rocks with some older material and the Mazat-
zal province consists of 1.70–1.65 Ga arc rocks 
and sedimentary rocks (Karlstrom and Bowring, 
1988). The Mojave and Yavapai provinces were 
deformed at the same time, and the boundary 
between them may be diffuse mainly because of 
postaccretion tectonic modifi cations (Shaw and 
Karlstrom, 1999). Magnani et al. (2004) imaged 
a doubly vergent crustal suture at the boundary 
between the Yavapai and the Mazatzal province 
beneath the Jemez lineament. The suture is char-
acterized by low-angle faults and structures that 
might account for the diffuse character of the 
boundary. Some igneous rocks in Arizona and 
Colorado have ages older than typical Yavapai or 

Mazatzal province ages (Hawkins et al., 1996), 
and these have been interpreted as evidence of 
Trans-Hudson Penokean crust in southwestern 
Laurentia (Hill and Bickford, 2001; Bickford 
and Hill, 2007).

There were three main orogenic events that 
resulted in the assembly of southwestern Lau-
rentia. The Mojave province was accreted to the 
Yavapai province ca. 1730 Ma in the Ivanpah 
orogeny (Wooden and Miller, 1990; Dueben-
dorfer et al., 2006; Duebendorfer et al., 2001). 
The Yavapai orogeny refers to accretion of arc 
crust beginning at 1.80 Ga culminating with 
accretion of the Yavapai and Mojave provinces 
to Laurentia (Karlstrom and Bowring, 1988; 
Karlstrom et al., 1990; Duebendorfer et al., 
2001). The Mazatzal orogeny was the result of 
the collision of the Mazatzal province with the 
Yavapai province. The timing of these collisions 
is controversial. It has been suggested that there 
were discrete events and that the Yavapai orog-
eny occurred ca. 1.72–1.68 Ga and the Mazatzal 
orogeny occurred at 1.65 Ga (Karlstrom et al., 
2004). Other studies have suggested a contin-
uum of deformation between 1.70 and 1.65 Ga 
(Williams et al., 1999). Some workers have 
presented evidence that the Mazatzal orogeny 
occurred over a protracted period between 1.65 
and 1.60 Ga (Bowring and Karlstrom, 1990; 
Luther et al., 2006).

The major rock types of the Mazatzal prov-
ince in northern New Mexico include 1.68–
1.65 Ga volcanic rocks such as those exposed in 
the southern Santa Fe Range and Sandia-Manz-
ano Mountains (Condie, 1980; Karlstrom et al., 
1998). Many of these rocks are greenstones with 
an ophiolitic origin (Condie, 1980). Felsic vol-
canic rocks ranging in age from 1.70 to 1.66 Ga 
(Reiche, 1949; Karlstrom et al., 1998) are asso-
ciated with metasedimentary rocks deposited 
between ca. 1.70–1.65 Ga (Grambling et al., 
1988; Karlstrom et al., 2004). Abundant plu-
tons dated as 1.68–1.65 Ga intrude the volcanic 
and sedimentary rocks (Karlstrom et al., 2004) 
and are generally considered to be juvenile arc 
rocks based on Nd isotopic and trace element 
geochemical studies (Condie, 1982; Nelson and 
DePaolo, 1985; Bennett and DePaolo, 1987). 

In Arizona, the Mazatzal province was divided 
into several tectonostratigraphic terranes or 
crustal blocks (Fig. 2) based on their ages and 
tectonic histories (Karlstrom and Bowring, 
1988). In southeastern Arizona, the Proterozoic 
rocks were further divided into the Cochise block 
and the Pinal block based on their age and isoto-
pic composition (Eisele and Isachsen, 2001). The 
Cochise block was interpreted as a juvenile volca-
nic arc with intermediate to felsic volcanic rocks 
with ages from 1647 to 1630 Ma. These were 
associated with sedimentary rocks  containing 
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1729–1630 Ma zircons. The Pinal block con-
sists mainly of 1.68–1.65 Ga volcanic rocks and 
basinal metaturbidites with detrital zircon ages of 
1731–1678 Ma interpreted as a continental margin 
accretionary prism (Eisele and Isachsen, 2001). 
These blocks are separated by rocks interpreted 
as an ophiolite sequence representing a possible 
suture (Swift and Force, 2001).

Although this study and further work may 
provide clues to divide the Mazatzal province 
into further subblocks, the term Mazatzal prov-
ince is still useful to describe rocks that have the 
following characteristics: (1) igneous rocks with 
an age range from 1700 to 1600 Ma are present; 
(2) most igneous rocks have juvenile isotopic 
geochemical signatures; (3) sedimentary rocks 
associated with rhyolite volcanism were depos-
ited from ca. 1700–1650 Ma and include locally 
derived detritus as well as detritus older than 
Mazatzal province rocks; (4) rocks older than 
1650 Ma are generally pervasively deformed, 
whereas rocks with ages between 1650 and 
1600 Ma are only locally deformed; (5) rocks 
are metamorphosed to greenschist or amphibo-
lite grade, but it is unclear how much of this 
metamorphism occurred before 1.5–1.4 Ga; 
and (6) they are generally located south of an 
northeast-southwest–trending line that extends 
from southeastern Arizona to northwestern 
Mexico (Fig. 1).

The distribution and lithology of Precam-
brian rocks in southern New Mexico (Fig. 2) are 
known from early mapping of Proterozoic rocks 
in the Burro Mountains (Hewitt, 1959; Hedlund, 
1978h; Condie and Budding, 1979) and San 
Andres Mountains (Condie and Budding, 1979) 
and a compilation map of the Precambrian expo-
sures of the region (Condie, 1981). Sparse U-Pb 
geochronological studies (Stacey and Hedlund, 
1983; Evans and Clemons, 1988; Roths, 1991) 
indicated that some rocks were coeval with 

abundant 1.5–1.4 Ga magmatism, whereas oth-
ers may be related to the 1.70–1.65 Ga develop-
ment of the Mazatzal province.

The Paleoproterozoic igneous rocks of the 
Mazatzal province in southern New Mexico 
can be divided into two broad age groups based 
on this study and an age compilation done by 
Karlstrom et al. (2004): 1680–1650 Ma and 
1630–1620 Ma. In general, the older group 
consists of rocks that are pervasively deformed, 
and the younger group includes rocks that are 
undeformed or only locally deformed. In this 
study we collected rocks suspected to be older 
than 1.6 Ga in age for geochronology and geo-
chemical studies from the following southern 
New Mexico localities: the southern San Andres 
Mountains, the Florida Mountains, and the 
Burro Mountains (Fig. 2). All of them contain 
exposed blocks that were uplifted during late 
Paleogene extension (Mack, 2004).

PALEOPROTEROZOIC ROCKS OF 
SOUTHERN NEW MEXICO

In this paper we focus on the Paleoprotero-
zoic rocks of southern New Mexico because 
they have not been studied as extensively as 
coeval exposures in central and northern New 
Mexico, and we consider that they may help to 
clarify our understanding of the nature of the 
Mazatzal province and the timing and extent of 
the Mazatzal orogeny. New geologic mapping 
was conducted in parts of the San Andres and 
Burro Mountains, and samples were collected 
for petrology, geochronology, and geochemis-
try. The Florida Mountains exposures are rela-
tively small and this area was not remapped, but 
one sample of granitic gneiss was collected for 
geochemical and geochronologic studies. Our 
new data are described in context of previous 
work by the U.S. Geological Survey and from 

unpublished Masters theses. All of the analyzed 
samples are listed in Table 1.

San Andres Mountains

The Paleoproterozoic rocks of the San Andres 
Mountains (Fig. 3) are exposed at the base of the 
eastern fl ank of west-tilted fault blocks below an 
unconformity with the Cambrian–Ordovician 
Bliss sandstone (Kottlowski et al., 1956; Bach-
man and Harbour, 1970; Condie and Budding, 
1979; Seager, 1981; Roths, 1991; Vollbrecht, 
1997). These include both igneous and metased-
imentary rocks.

The igneous rocks include gneiss, granite, 
amphibolite, and metavolcanic rocks. The 
granite gneiss was interpreted to have a felsic 
igneous protolith and was previously dated as 
1730 ± 130 Ma by U-Pb on multiple zircon 
fractions (Roths, 1991). The gneiss is strongly 
foliated and folded. Foliation strikes east-west 
and is steeply dipping. Tight to isoclinal folds 
have steep axial planes and fold axes that 
plunge gently west (Roths, 1991). Granites of 
Paleoproterozoic age include the Strawberry 
Peak pluton that was dated as ca. 1630 Ma 
(Vollbrecht, 1997) and a foliated granite of 
1632 ± 24 Ma exposed in Dead Man Canyon 
(Roths, 1991). Several other granitic plutons 
are undeformed and likely range in age from 
1.5 to 1.4 Ga, such as the 1462 ± 67 Ma Min-
eral Hill pluton (Roths, 1991). Amphibolite is 
common in the San Andres Mountains. Min-
eralogy includes hornblende and plagioclase 
with minor quartz and biotite. In some loca-
tions it is present as small boudinaged bodies 
within orthogneiss, and in others it is more 
massive. This unit has been interpreted as both 
fl ows and dikes ( Vollbrecht, 1997). Metavolca-
nic rocks are felsic and deformed and dated as 
ca. 1650 Ma (Vollbrecht, 1997).

TABLE 1. SAMPLES ANALYZED, METHODS USED, AND LOCATIONS  

 yrtsimehcoeG     noitacoL gnitaD bP-U
Sample Location Rock type XRF ICPMS  εNd(t) LA-MC-ICPMS SHRIMP Zone E N 
DMC-1 San Andres Mountains Foliated granite X X   X 13S 352830 3634955 
SA-2 San Andres Mountains Granite gneiss X X X  X 13S 363000 3608523 

 4377063 961263 S31 X     ssieng etinarG sniatnuoM serdnA naS C2-AS
 3206463 560353 S31  X    etiztrauq cihtiL sniatnuoM serdnA naS Q1-CHAS
 3930653 538942 S31 X X    ssieng etinarG sniatnuoM adirolF 3-MF10
 0785163 458037 S21     X etilobihpmA sniatnuoM orruB 471-MB50

05BM-158 Burro Mountains Granitic gneiss or migmatite X  X X  12S 728361 3617380 
04BM-137 Burro Mountains Granitic gneiss or migmatite X X  X  12S 732676 3618653 
03BM-117 Burro Mountains Metasedimentary migmatite X X X X X 12S 729689 3620750 
01BM-19a Burro Mountains Biotite-garnet schist   X   12S 725437 3621603 
01BM-33 Burro Mountains Biotite-garnet schist   X   12S 723030 3624474 
01BM-9 Burro Mountains Biotite-garnet schist    X  12S 724716 3621247 
03BM-84 Burro Mountains Quartz-muscovite schist    X  12S 715491 3623878 
03BM-86 Burro Mountains   Quartz-muscovite schist    X  12S 715471 3623924 

 4182263 120827 S21 X     etiloyhrateM sniatnuoM orruB 011-MB30
   Notes: Locations are based on Universal Transverse Mercator Datum NAD27. 
SHRIMP—sensitive high-resolution ion microprobe;  
IC-MC-ICPMS—laser ablation multicollector inductively coupled plasma mass spectrometry. 
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amphibolite

quartzite

Figure 3. Simplifi ed map of the Proterozoic rocks of the 
San Andres Mountains with enlarged maps showing the 
location of studied samples. The western contact is an 
unconformity with Paleozoic sedimentary rocks, and the 
eastern contact is a fault with Quaternary sedimentary 
rocks in the Tularosa basin. Inset shows mapping credits: 
(1) Condie and Budding (1979); (2) Vollbrecht (1997); 
(3) Roths (1991) and this study; (4) Bachman and Myers 
(1969); (5) Roths (1991); (6) Serna (2006) and this study; 
(7) Seager (1981).
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Metasedimentary rocks in the San Andres 
Mountains range have been referred to as the 
Hembrillo Canyon succession (Alford, 1987) and 
consist of foliated metaconglomerate, quartzite, 
phyllite, and mica schist (Condie and Budding, 
1979; Alford, 1987; Vollbrecht, 1997). The phyl-
lite and schist both contain strongly foliated 
quartz and white mica with minor biotite, gar-
net, and andalusite (Vollbrecht, 1997). Quartzite 
has 90% quartz with minor feldspar and biotite. 
Other sandstones are more arksosic (Vollbrecht, 
1997). Trough cross-bedding and ripple struc-
tures are preserved. Paleocurrent measurements 
from metasedimentary rocks yielded N40W 

fl ow and S30E fl ow directions (Alford, 1987). 
Peak regional metamorphic conditions in the 
metasedimentary rocks were estimated as 350 °C 
and 0.15–0.25 GPa with temperatures reaching 
600–650 °C near intrusions (Alford, 1987).

Deformation in the San Andres Mountains 
includes formation of foliations in granites and 
metasedimentary rocks and gneissic banding in 
the granite gneiss. This fabric was subsequently 
folded in open and isoclinal folds. Intrafolial 
folds of thin schistose layers were reported 
adjacent to resistant quartzite with preserved 
primary structures, indicating that all metasedi-
mentary rocks were affected by this deformation 

(Voll brecht, 1997). The timing of this folding is 
unknown, but the formation of the foliations was 
interpreted to have occurred between 1650 Ma 
and 1630 Ma based on deformed ca. 1650 Ma 
metavolcanic rocks and an interpretation of late 
syntectonic granite emplacement at 1630 Ma 
(Vollbrecht, 1997).

Florida Mountains

The Paleoproterozoic exposures in the Florida 
Mountains are restricted to a <1 km2 area on the 
northwest fl ank of the range (Clemons, 1998). 
Rock types include granitic orthogneiss cut by 
amphibolite dikes. The foliation in the orthog-
neiss strikes northeast, but variable strikes were 
also reported (Clemons, 1998). The amphibo-
lite (referred to as hornblende gneiss) has ~50% 
hornblende, ~30% plagioclase, 15% quartz, and 
minor potassium feldspar and biotite. The orthog-
neiss has 207Pb/206Pb zircon dates from 1570 to 
1550 Ma (Evans and Clemons, 1988), but these 
data were from highly discordant zircons.

Burro Mountains

The Burro Mountains have some of the most 
extensive exposures of Proterozoic rocks in 
southern New Mexico (Fig. 4), and the entire 
range has been mapped in detail (Hewitt, 1959; 
Hedlund, 1978a, 1978b, 1978c, 1978d, 1978e, 
1978f, 1978g, 1978h; 1980a, 1980b, 1980c; 
Finnell, 1987). Paleoproterozoic rocks include 
deformed igneous rocks and a diverse suite 
of metasedimentary rocks. These units are 
intruded by voluminous 1.5–1.4 Ga plutonic 
rocks and abundant ca. 1.2–1.1 Ga diabase 
dikes that are beyond the scope of this paper.

The 1.7–1.6 Ga metasedimentary rocks of 
the region were previously divided into the Ash 
Creek Formation in the Redrock area (Fig. 3) 
and Bullard Peak Formation elsewhere in the 
range (Hewitt, 1959). The rocks in the Ash 
Creek area near Redrock include greenschist 
facies calc-silicate rocks, marble, and white-
mica schists (Hewitt, 1959; Sanders, 2003). The 
metasedimentary rocks in the rest of the Burro 
Mountains are amphibolite grade and rock types 
include metapelite (biotite-garnet-sillimanite 
schists), calc-silicate rocks, quartzofeldspathic 
gneiss, and migmatite (Hedlund, 1980a; Sand-
ers, 2003). The metapelite unit has the largest 
geographic distribution of the metasedimentary 
rocks found in the Burro Mountains (Figs. 5A, 
5B). This unit is strongly foliated, and the rock 
texture is schistose to locally gneissic. Mineral-
ogy includes biotite, quartz, microcline, plagio-
clase, sillimanite, garnet, and retrograde white 
mica. A mineral stretching lineation is defi ned 
by sillimanite.
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Figure 4. Simplifi ed map of the Proterozoic rocks of the Burro Mountains. Modifi ed from 
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Finnell (1987), Rämö et al. (2003), and Boullion (2006).
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Igneous rocks of 1.7–1.6 Ga age are less 
abundant than the metasedimentary rocks and 
include migmatite, granite gneiss, amphibolite, 
and gabbro. It is unclear if the protoliths of the 
quartzofeldspathic gneiss and migmatite are 
granites or arkosic sandstones. Migmatite has 
evidence of partial melting, which is displayed 
in granitic bands parallel to the foliation. This 
rock has highly variable composition with abun-
dant quartz, feldspar, and biotite, and unlike the 
metasedimentary rocks, the migmatite sam-
ples do not break easily along foliation planes 
(Fig. 5C). Gneiss with leucogranite protoliths 
is present but not abundant. These rocks have 
a strong foliation and consist of quartz, plagio-
clase, K-feldspar, and biotite (Fig. 5D). Gran-
ite gneiss was described as quartzofeldspathic 
gneiss by previous workers, who considered 
that some of them might have metasedimentary 
protoliths (Hedlund, 1980b; Sanders, 2003). 
Rocks with possible metavolcanic protoliths 
are also present. These are leucocratic, fi ne-
grained rocks with a weak foliation (Figs. 5E, 
5F). Amphibolite is abundant in the Burro 
Mountains and is associated with exposures 
of metasedimentary rocks. The amphibolite is 
generally strongly foliated and locally lineated 
(Fig. 5G). Mineralogy consists of hornblende 
and plagioclase. Some samples have as much 
as 10% quartz and 10% biotite, and may have 
a sedimentary or volcanic protolith, whereas 
most are typical amphibolites with protoliths of 
mafi c volcanic rocks or dikes. Gabbro is found 
as undeformed intrusions in the Redrock area. 
This unit was previously described as diabase 
(Hedlund, 1980b; Rämö et al., 2003), but it is 
coarse grained and signifi cantly different in 
texture from the 1.2–1.1 Ga diabase dikes that 
cut all of the Proterozoic units in the range. The 
gabbro was dated as 1633 ± 5 Ma by U-Pb dat-
ing of individual zircons (Rämö et al., 2003).

Metasedimentary rocks in the contact aureole 
of the 1.63 Ga gabbro in the Burro Mountains 
have textures indicating static recrystalliza-
tion. These static textures are recorded by por-
phyroblasts with muscovite compositions and 
grow over an earlier foliation defi ned by white 
mica and fl attened quartz. It is possible that the 
porphyroblasts may have recrystallized during 
younger regional reheating, but because these 
textures are only found adjacent to the mafi c 
intrusion, it strongly suggests that whatever the 
original phase may have been, it grew statically 
during 1.63 Ga contact metamorphism.

STRUCTURAL GEOLOGY

A full treatment of the structures recorded 
in the pre–1.5 Ga rocks of southern New Mex-
ico is beyond the scope of this paper. Multiple 
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Figure 5. Outcrop and hand-sample photographs from various 1.7–1.6 Ga rocks in the Burro 
Mountains. (A) Outcrop of foliated metapelitic schist. (B) Hand sample of metapelitic schist. 
(C) Hand sample of quartzofeldspathic gneiss; sample is 20 cm long. (D) Folded orthogneiss. 
Hammer is 40 cm long. (E) Outcrop where sample 01BM-110 was collected. Weak foliation 
and felsic composition suggests that this sample may be a metarhyolite. (F) Strongly foliated 
amphibolite with folded quartz-rich layers. Heterogeneous layering is evidence that this 
rock may have a metasedimentary protolith; width of photo is 50 cm. (G) Photomicrograph 
of white mica porphyroblasts from a quartz-mica schist in the contact aureole of the 1.63 Ga 
gabbro. Static growth over an existing foliation indicates that deformation had ceased by 
1.63 Ga. Porphyroblast is 0.5 mm wide.



The evolution of the Mazatzal province

 Geological Society of America Bulletin, March/April 2008 335

post-Mazatzal orogeny deformational events, 
which have modifi ed the original characteristics 
of foliations, lineations, and folds, have occurred 
in the region. These include unknown deformation 
associated with the Mesoproterozoic Grenville 
orogeny, Jurassic rifting, and more recent events 
such as Laramide (Late Cretaceous–Paleogene) 
shortening and a history of late Paleogene–Neo-
gene extension related to both Basin and Range 
deformation and rifting along the Rio Grande 
corridor (Mack, 2004; Seager, 2004).

Several studies have measured gneissic 
foliations in metaplutonic rocks and the folia-
tions associated with cleavage or schistosity in 
metasedimentary rocks (Alford, 1987; Roths, 
1991; Vollbrecht, 1997; Clemons, 1998; Boul-
lion, 2006; Serna, 2006). These are divided into 
metasedimentary and gneissic categories and 
plotted on stereonets, but the data are plotted in 
their current orientation and not corrected for 
younger tilting (Fig. 6). Phanerozoic deforma-
tion would not change the relative orientations 
of the structures within each domain within one 
mountain range, but it likely precludes direct 
comparison of attitudes between ranges. It is 
clear that even within one mountain range, there 
is a wide range of foliation attitudes, but in gen-
eral foliations are steeply dipping. In both the 
Burro Mountains and San Andres Mountains, 
gneissic foliation in quartzofeldspathic gneiss 
and granite gneiss is similar to the schistos-
ity in adjacent metapelitic units. In the Burro 
Mountains, the majority of the foliations strike 
between ~N45W and N45E, and dips are >70°. 
In the San Andres range, most attitudes strike 
northwest with steep dips. The orthogneiss in 
the Florida Mountains has both northeast- and 
northwest-striking foliations that dip >70°. In the 
San Andres Mountains, boudins of amphibolite 
within granitic orthogneiss have axes trending 
nearly east-west with shallow plunges.

Studies of ca. 1.4 Ga igneous rocks in south-
western New Mexico (Amato et al., 2006) 

 indicate that the oldest rocks dated as part of this 
magmatic event are 1.46 Ga and do not contain 
a pervasive, consistent fabric such as the one 
recorded in the granite gneiss and metapelitic 
schist of southern New Mexico. These intru-
sions heated the area to temperatures suffi cient 
to reset the 40Ar/39Ar system in hornblende from 
amphibolite (Amato et al., 2006).

GEOCHEMISTRY RESULTS

Several of the ca. 1.6 Ga igneous rocks were 
analyzed for major (Table 2) and trace ele-
ment geochemistry (GSA Data Repository 
Table DR11). The analytical techniques can be 
found in the Data Repository. Samples SA-2, 
04BM-137, and 05BM-158 are weakly peralu-
minous granitic gneisses from the San Andres 
and Burro Mountains according to the alkali 
ratios (A/CNK), based on the molar concen-
trations of Al

2
O

3
/(K

2
O + Na

2
O + CaO). They 

have SiO
2
 concentrations ranging from 74.4 

to 78.0 wt%, <0.3% TiO
2
, <0.7% MgO, total 

Fe as FeO (FeO*) between 1%–2%, and K
2
O 

between 4.7% and 5.7%. The chondrite-normal-
ized rare earth element (REE) plot for sample 
SA-2 shows a light REE-enriched pattern, with 
a slope defi ned by a normalized ratio of La/Lu 
of ~13, and a strong negative Eu anomaly char-
acterized by a Eu/Eu* ratio of 0.26 (Fig. 7). 
Sample 04BM-137 has elevated light REE con-
centrations, a positive Ce anomaly, a negative 
Eu anomaly with Eu/Eu* = 0.65, and increasing 
concentrations of heavy REE with increasing 
atomic number.

Sample DMC-1a is a foliated granite, not a 
gneiss, but shares geochemical characteristics 

1GSA Data Repository Item 2007262, Analytical 
techniques, complete geochemical and geochrono-
logical data sets, and summary of data sources for 
Figure 13, is available at www.geosociety.org/pubs/
ft2007.htm. Requests may also be sent to editing@
geosociety.org.

TABLE 2. MAJOR ELEMENT GEOCHEMISTRY 

Sample 05BM-174 03BM-117 05BM-158 SA-2 DMC-1a 04BM-137 
Rock type amphibolite migmatite migmatite orthogneiss foliated granite orthogneiss 
SiO2  50.53 62.76 74.43 77.57 77.79 78.02 
TiO2  1.46 0.96 0.29 0.17 0.1 0.15 
Al2O3  15.93 18.13 12.77 11.42 11.81 11.39 
FeO* 11.5 6.84 1.86 1.03 1.15 1.35 
MnO  0.19 0.1 0.05 0.01 0.01 0.01 
MgO  6.3 1.7 0.6 0.08 0.15 0.03 
CaO  8.87 1.84 0.95 0.13 0.25 0.39 
Na2O  2.98 2.32 2.69 2.79 3.03 2.72 
K2O  0.69 3.34 4.71 5.71 5.08 5.15 
P2O5  0.15 0.2 0.05 0.04 0.02 0.02 
Sum 98.6 98.17 98.42 98.97 99.38 99.24 
A/CNK n/a 1.68 1.13 1.04 1.08 1.06 
   Notes: All values are in weight %. Data were collected by X-ray fluorescence at the Washington State 
University GeoAnalytical Laboratory. A/CNK = molar Al2O3/( CaO + Na2O + K2O).

A

B

C

Figure 6. Equal-area stereonets showing the 
poles to foliations and cleavage. (A) Burro 
Mountains (Sanders, 2003; Boullion, 2006). 
(B) San Andres Mountains (Roths, 1991; 
Serna, 2006). (C) Florida Mountains (Clem-
ons, 1998). Gneissic foliation is from orthog-
neiss or quartzofeldspathic gneiss, whereas 
cleavage and/or schistosity data are from 
metasedimentary rocks.
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with these other rocks, such as SiO
2
 of 77.8%, 

K
2
O of 5.1%, and FeO* of 1.2%. The REE pat-

tern is enriched in the light REEs and it has the 
highest concentrations of heavy REEs and the 
strongest negative Eu anomaly at Eu/Eu* = 
0.07. A chondrite-normalized trace element spi-
dergram shows that the gneisses have enriched 
concentrations of large-ion lithophile elements 
(LILE) such as Rb, Th, and K, and they have 
low concentrations of Nb and Ta (Fig. 8).

Sample 03BM-117 is a strongly peralumi-
nous migmatite, based on an A/CNK ratio of 
1.68, with a possible sedimentary protolith. It 
has 62.8 wt% SiO

2
, ~7% total FeO*, and Al

2
O

3
 

of 18%. It has a light REE–enriched chondrite-
normalized pattern with La/Lu = 6.1, a negative 
Eu anomaly with Eu/Eu* = 0.60, and relatively 
fl at pattern for the heavy REEs. The concentra-
tions of light REEs are nearly as high as those 
from samples 05BM-158, SA-2, and DMC-1a.

The amphibolite, sample 05BM-174, has 
a basaltic protolith composition, with SiO

2
 of 

51% and K
2
O of 0.7%. MgO is 6.3% and FeO* 

is 11.5%. The REE pattern is slightly enriched 
in the light REEs with chondrite-normalized 
La/Lu of 2.1. This sample does not have a Eu 
anomaly, and it has lower concentrations of 
LILE and fairly low Nb and Ta relative to K and 
La (Fig. 8).

GEOCHRONOLOGICAL RESULTS

U-Pb geochronology was carried out using 
two methods. Sensitive high-resolution ion 
microprobe (reverse geometry) (SHRIMP-RG) 
dating was conducted at the Stanford–U.S. Geo-
logical Survey Ion Probe Facility. Laser ablation 
multicollector inductively coupled plasma mass 
spectrometry (LA-MC-ICPMS) dating was con-
ducted on both igneous and metasedimentary 
rocks at the University of Arizona. (For a discus-
sion of the analytical techniques and data reduc-
tion procedures, see footnote 1.) A summary 
of the ages obtained is reported in Table 3. All 
uncertainties are reported in the text at the 2σ 
level. Complete results are listed in Tables DR2, 
DR3, and DR4 (see footnote 1).

1680–1650 Ma Igneous Rocks

The granite gneisses dated include sample 
04BM-137 from the Burro Mountains, samples 
SA-2C and SA-2 from the San Andres Moun-
tains, and sample 01FM-3 from the Florida 
Mountains (Fig. 9).

Sample 04BM-137 is a foliated and recrystal-
lized leucocratic granite or migmatite with <5% 
biotite. Zircon grains were analyzed by LA-
MC-ICPMS with a beam size of 35 μm. Zircons 
are euhedral with aspect ratios of 2:1–3:1 and 
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Figure 7. Chondrite-normalized rare earth element plots of some 
of the studied Proterozoic samples. Normalization factors are from 
Anders and Grevesse (1989).
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Figure 8. Chondrite-normalized trace element spidergram of some of 
the studied Proterozoic samples. Chondrite values are from Thomp-
son (1982).
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lengths ranging from 100 to 300 μm. Cathodolu-
minescence (CL) imaging of these grains shows 
that most of them have oscillatory zonation. A 
few grains appear to have low-U cores. Of the 
48 analytical spots, all but one had 238U/206Pb 
spot ages that were within +5% and –30% of 
the 207Pb/206Pb ages. Th/U ratios range from 0.2 
to 1.3. The weighted mean of all 207Pb/206Pb 
ages is 1676 ± 11 Ma with a mean square of 
weighted deviates (MSWD) of 2.0. Inclusion of 
systematic errors yields an interpreted crystal-
lization age of 1676 ± 17 Ma. A few 207Pb/206Pb 
ages from this sample are older than 1700 Ma, 
but these are generally discordant and their age 
minus the uncertainty overlaps with an age at 
or younger than 1680 Ma (Fig. 9). The tip and 
core zircon ages overlap within 2σ uncertainty. 
Sample 05BM-158, a granitic gneiss–migmatite 
from the Burro Mountains, has a preliminary 
age of 1640 ± 40 Ma, but complexities in the 
zircon ages owing to Pb loss and metamorphism 
need to be resolved. We are confi dent, however, 
that the sample is essentially similar to the other 
deformed Burro Mountains granitic rocks.

Samples SA-2 and 03SA-2c are granite 
gneisses from San Nicolas Canyon (Fig. 3) col-
lected from the same general area as a sample 
previously dated as 1730 ± 130 Ma (Roths, 
1991). The dated samples have 5%–10% bio-
tite and a strong macroscopic foliation. Sample 
03SA-2c is cut by a boudinaged amphibolite 
and is also cut by small dikes probably of the 
ca. 1.45 Ga Mineral Hill granite. Zircons from 
sample SA-2C were analyzed by SHRIMP. The 
grains are 75–150 μm in length and have aspect 
ratios of 2:1–3:1. Although some of the grains 
are euhedral, many are subhedral to rounded. 
CL images show concentric zonation and a dif-
ference in CL intensity between the cores and 
rims. The rims have a brighter CL intensity, 
indicating lower U concentrations. Two groups 
of 207Pb/206Pb ages are found in the 15 grains 
analyzed. The oldest ages are from the cores of 
zircons and four grains yielded a weighted mean 
207Pb/206Pb age of 1674 ± 26 Ma (MSWD = 1.6). 
These grains all have Th/U of 0.5. The younger 
age group is discussed in the next section.

Zircons from sample SA-2 were also ana-
lyzed by SHRIMP. The grains are 100–150 μm 
in length and have aspect ratios of 2:1–3:1. There 
are two populations of zircon grains. Some are 
euhedral to subhedral, have concentric zonation, 
and brighter CL rims and no evidence of inher-
ited cores. The other population has high U, 
extreme discordance, and mottled, irregular CL 
patterns suggestive of hydrothermal alteration. 
All of the zircons ages reported are from the 
unaltered population. CL images show concen-
tric zonation and no evidence of inherited cores. 
In the eight grains analyzed, Th/U ranges from 
0.3 to 0.5 with U concentrations ranging from 
500 to 900 ppm. One grain has a core age of 
1645 ± 10 Ma and a rim age of 1612 ± 23 Ma. 
The weighted mean of all eight of the 207Pb/206Pb 
ages is 1649 ± 13 Ma (MSWD = 1.5).

The Florida Mountains sample, 01FM-3, is 
a recrystallized, strongly foliated biotite gran-
ite orthogneiss. Zircons were analyzed by LA-
MC-ICPMS during two separate sessions with 
variable beam size (15 μm and 50 μm), result-
ing in different levels of precision on individ-
ual spot analyses. The zircons are euhedral and 
range from 200 to 250 μm in length with aspect 
ratios ranging from 2:1 to 5:1. Many grains have 
small inclusions. Th/U is generally high (0.5–
1.5) and U concentrations average ~75 ppm. 
The 207Pb/206Pb ages range from ca. 1800 to 
1580 Ma, but a weighted mean of the largest 
population of 41 grains yields an age of 1652 
± 33 Ma with inclusion of systematic errors 
(MSWD = 1.2). The upper intercept age on a 
concordia diagram is 1671 ± 26 Ma (MSWD 
= 2.6). Most of the ages older than1700 Ma are 
discordant or have high uncertainties.

1630–1615 Ma Igneous Rocks

Sample DMC-1a is from a weakly foliated 
coarse-grained granite pluton in Dead Man Can-
yon. It consists of potassium feldspar megacrysts 
as long as 2 cm, plagioclase, quartz, and ~15% 
biotite. A sample from this unit was previously 
dated as 1632 ± 24 Ma (Roths, 1991). Previous 
workers noted that the rock was foliated, but 

our work indicates that the foliation is likely a 
fl ow fabric because it is variable in intensity and 
potassium feldspar megacrysts do not align with 
the foliation defi ned by biotite. Eight zircons 
were analyzed by SHRIMP (Fig. 10) and all have 
Th/U between 0.4 and 0.7. Grains are euhedral, 
100–200 μm long, and have aspect ratios rang-
ing from 2:1 to 8:1. Zonation is oscillatory and 
most grains have a thin, low CL (high U) rim. 
One analysis is >30% discordant and has a >5% 
uncertainty, and another has an anomalously 
young 207Pb/206Pb age. If all of the concordant 
data (six analyses) are considered, the weighted 
mean 207Pb/206Pb age is 1631 ± 24 Ma (MSWD 
= 2.1). The younger ages from sample SA-2C 
are mainly from the rims of the zircon grains. 
These rims generally have lower Th/U (<0.5), 
and together 11 analyses yield a weighted mean 
age of 1617 ± 11 Ma (MSWD = 1.6).

Sample 03BM-110 is a weakly foliated, 
fi ne-grained leucocratic rock with a possible 
metavolcanic protolith. Zircons were analyzed 
by SHRIMP and are euhedral with concentric 
zonation. They are 100–200 μm in length with 
aspect ratios of 2:1–3:1. Th/U ranges from 0.4 
to 0.7, and one of the analyzed grains has high 
U and is highly discordant. The weighted mean 
207Pb/206Pb age of the remaining 17 analyses is 
1633 ± 8 Ma (MSWD = 1.4).

Detrital Zircon Ages from 
Metasedimentary Rocks

Detrital zircons from four samples from the 
Burro and San Andres Mountains were analyzed 
by LA-MC-ICPMS (Fig. 11; Table DR4 [see 
footnote 1]). Peaks on relative probability distri-
bution diagrams (Ludwig, 2003) are considered 
signifi cant if they consist of three or more ages. 
All uncertainties listed are at the 2σ level and 
include both random and systematic errors.

Sample 01BM-09 is a strongly foliated 
metapelitic schist with biotite, garnet, and sil-
limanite with some younger overgrowths of 
white mica. We analyzed 48 zircons from this 
sample and all but two were >70% concordant. 
The 207Pb/206Pb data include one Archean age 
at 2878 Ma, which is the only Archean grain 
found in this study, and all of the other ages 
are between 1851 and 1655 Ma. The youngest 
peak on a relative probability distribution dia-
gram is at 1715 Ma and consists of 19 grains. 
The most signifi cant peak is at 1762 Ma. The 
U-Pb dating of detrital zircons from other 
samples from the high-grade metasedimentary 
rocks in the Burro Mountains was unsuccessful 
owing to the intensity of metamorphic growth 
during ca. 1.4 Ga heating.

The other two samples were from lower grade 
samples from the Redrock area near the 1.63 Ga 

TABLE 3. SUMMARY OF U-PB ZIRCON GEOCHRONOLOGIC RESULTS         
Sample Rock type Area Age 

(Ma)
± 2σ
(Ma)

MSWD n Technique  

03BM-110 Metavolcanic Burro Mountains, NM 1633 8 1.4 17 SHRIMP 
04BM-137 Migmatite Burro Mountains, NM 1676 17 2.0 47 LA-MC-ICPMS 
01FM-3 Gneiss Florida Mountains 1652 33 1.2 41 LA-MC-ICPMS 
03SA-2c Gneiss cores San Andres Mountains, NM 1674 26 1.6 4 SHRIMP 
03SA-2c Gneiss rims San Andres Mountains, NM 1617 11 1.6 11 SHRIMP 
DMC-1 Foliated granite San Andres Mountains, NM 1631 21 1.3 6 SHRIMP 
SA-2 Felsic gneiss San Andres Mountains, NM 1649 13 1.5 8 SHRIMP 
   Notes: For complete data sets see GSA Data Repository Tables DR2, DR3, and DR4 (see footnote 1).  
MSWD—mean square of weighted deviates; SHRIMP—sensitive high-resolution ion microprobe; 
LA-MC-ICPMS—laser ablation–inductively coupled plasma mass spectrometry. 
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Figure 9. U-Pb zircon geochro-
nology plots for rocks ranging 
in age from 1680 to 1650 Ma. 
All weighted mean plots here 
and in Figure 13 show individ-
ual data points plotted at the 
2σ level, and all quoted ages 
are at the 2σ level. Plots were 
created using Isoplot (Ludwig, 
2003). (A) Weighted mean of 
207Pb/206Pb ages from Burro 
Mountains granitic orthogneiss 
04BM-137 is 1676 ± 17 Ma 
(n = 47). Error includes both 
random and systematic errors. 
(B) Concordia diagram from 
the same data set for sample 
04BM-137 omitting two analy-
ses with U-Pb uncertainties 
of >10%. Upper intercept age 
is 1705 Ma. If concordia is 
anchored to 0 age the upper 
intercept is 1675 ± 12 Ma. 
(C) Relative probability dia-
gram of 207Pb/206Pb ages from 
San Andres Mountains gneiss 
sample 03SA-2c indicates two 
populations, and cathodolumi-
nescence imaging suggests dif-
ferent growth histories between 
the cores and rims of the zir-
cons. (D) Weighted mean of 
207Pb/206Pb ages from four core 
analyses from this sample is 
1674 ± 26 Ma (mean square of 
weighted deviates, MSWD = 
1.6). Rim age analyses are shown 
in Figure 13. (E) Weighted 
mean of eight 207Pb/206Pb ages 
from San Andres Mountains 
gneiss sample SA-2 is 1649 
± 13 Ma. (F) Concordia dia-
gram of the same data set from 
sample SA-2. Upper intercept 
is 1666 ± 24 Ma. (G) Weighted 
mean of 207Pb/206Pb ages from 
Florida Mountains gneiss sam-
ple 01FM-3 is 1652 ± 33 Ma 
(n = 56). Disparity in uncer-
tainties is from different beam 
size during two analytical ses-
sions. (H) Concordia diagram 
of same data set from sample 
01FM-3, omitting one analysis 
with U/Pb uncertainty>10%.
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gabbro. The protoliths for these samples were 
less pelitic and more quartzose than the proto-
lith for sample 01BM-09. They have textures 
attributed to contact metamorphism in the 
aureole of the 1.63 Ga gabbro. Sample 03BM-
84 is a quartzite with sprays of white mica and 
chlorite growing at random orientations. A total 
of 73 grains analyzed from this sample were 
subrounded to rounded and range in size from 
90 to 130 μm. All are >80% concordant. The 
207Pb/206Pb ages range from 1949 to 1637 Ma 
and the youngest peak on a relative probability 
distribution diagram is 1652 Ma. The most sig-
nifi cant peak is at 1753 Ma.

Sample 03BM-86 is a spotted hornfels with 
abundant quartz and multiple generations of 
white mica. Zircon grains separated from this 
sample are not well rounded, and some are euhe-
dral to subhedral. Grain sizes range from 100 to 
150 μm. The 207Pb/206Pb ages range from 2164 to 
1632 Ma. The youngest 207Pb/206Pb age peak on 
the probability distribution diagram is at 1646 Ma 
and the most signifi cant peak is at 1673 Ma.

Sample SAHC-1Q is a metamorphosed lithic 
quartzite from Hembrillo Canyon in the San 
Andres Mountains. Rounded quartz grains are 
surrounded by a matrix of recrystallized lithic 
grains containing white mica and displaying 
a weak foliation. Quartz grains are as large as 
5 mm across, and graded bedding is present. 
There were 132 zircons analyzed from this sam-
ple using LA-MC-ICPMS. More than 100 of 

these grains were >90% concordant. Th/U ranges 
from 0.1 to 1.2, with >90% of the grains having 
Th/U > 0.3. A probability distribution diagram 
has only one 207Pb/206Pb age peak at 1669 Ma 
consisting of 91 grains. The older ages range up 
to 1842 Ma but do not form a distinct peak.

Nd ISOTOPIC RESULTS

The Nd isotopic composition was measured 
on seven samples (Fig. 12; Table 4). See the 
Data Repository (see footnote 1) and Farmer 
et al. (1991) for a discussion of the analytical 
techniques. All ε

Nd
(t) values were calculated 

for an age of 1650 Ma. Sample 01BM-19a is a 
metapelitic schist that has an ε

Nd
(t) initial value 

of +1.4. Sample 03BM-117 is a migmatite with 
a possible sedimentary protolith and has ε

Nd
(t) 

of +2.5. Deformed granitic samples have ε
Nd

(t) 
initial values that range from +4.3 to –1.2. Sam-
ple 05BM-174, the amphibolite from the Burro 
Mountains, has ε

Nd
(t) of +4.2. Depleted mantle 

model ages (DePaolo, 1981) for samples 05BM-
174, the amphibolite, and SA-2, the granitic 
gneiss, are similar to their crystallization ages, 
suggesting they are dominantly juvenile melts 
(Fig. 9). The other samples have model ages 
ranging from 1780 to 2000 Ma, suggesting that 

TABLE 4. Nd ISOTOPE DATA 

Sample Concentration Atomic ratio Measured ratio† εNd(t)
 ‡

  SiO2

(wt%)
Sm

(ppm)
Nd

(ppm)

147Sm/ 144Nd 143Nd/144Nd

01BM-19a n/a 8.07 42.7 0.1142 0.511816 ± 5 1.4 
03BM-117 62.8 8.67 42.5 0.1234  0.511969 ± 14 2.5 
05BM-158 74.4 9.65 55.9 0.1044 0.511575 ± 7 -1.2 
05BM-174 50.5 3.9 14.1 0.1669 0.512527 ± 9 4.2 
04BM-137 78.0 5.92 24.5 0.1461 0.512246 ± 9 3.1 
03SA-2 77.6 11.3 56.4 0.1217 0.512045 ± 7 4.3 
01FM-3 n/a 6.89 30.5 0.1364 0.512077 ± 7 1.8 
   Notes: Values used for chondritic uniform reservoir (CHUR) 
are 143Nd/144Nd = 0.512638, 147Sm/144Nd = 0.1967. Decay constants are 147Sm, 6.54E-12 yr–1.
Isotope dilution concentration determinations accurate to 0.5% for Sm and Nd.  
Total procedural blank averaged 100 pg for Nd during study period.  
Measurements (n = 33) of the La Jolla Nd standard yielded 143Nd/144Nd =0.511838 ± 8 (2  mean). 
   †All errors in measured isotopic ratios are at the 95% confidence limit.  
Corrected for mass fractionation by normalizing to 146Nd/144Nd = 0.72190.  
   ‡εNd(t)= {[143Nd/144Nd(T)sample/143Nd/144Nd(T)CHUR] – 1} × 10,000. Calculated at 1650 Ma. 
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variable amounts of older crust were involved in 
their formation.

DISCUSSION

Our new data on the chemistry and age of Pro-
terozoic rocks from southern New Mexico can be 
combined with the existing data set from Arizona 
and northern New Mexico to assess the age and 
origin of Mazatzal province crust, subdivisions 
of the Mazatzal province, and the timing of onset 
and duration of the Mazatzal orogeny.

Age of the Paleoproterozoic Crust

The geochronological results presented here 
are consistent with a lack of pre-1.7 Ga rocks 
in the Mazatzal province in New Mexico. The 
ages of these deformed felsic igneous rocks 
range from ca. 1675 to 1650 Ma. The oldest 
deformed igneous rocks in this study are plu-
tons dated as 1676 ± 17 Ma (Burro Mountains), 
1674 ± 26 Ma from the cores of zircons from 
the San Andres Mountains orthogneiss, and 
1652 ± 33 Ma (Florida Mountains). The sample 
from the San Andres Mountains had a previ-
ously reported age of 1730 ± 130 Ma (Roths, 
1991), but our new data indicate an age of 1649 
± 13 Ma. Pre-1.7 Ga rocks have still not yet 
been found in southern New Mexico. The proto-
lith age for the amphibolite (sample 05BM-174) 
is unknown, but it shares a deformational fabric 
with the granite gneisses and is likely coeval. 
Other previously published dates on igneous 
rocks in southern New Mexico range from 1655 
to 1630 Ma (Table DR5; see footnote 1).

Some workers emphasize that there is some 
pre-1.8 Ga material in the Yavapai province, 
and that this indicates the presence of Trans-
 Hudson–Penokean-age crust in southern Lau-
rentia (Bickford and Hill, 2007). In this regard, 
we note that no clearly inherited zircons or 
inherited cores were observed in any of the 
1.68–1.65 Ga intrusive rocks in this study.

Crustal Evolution and Tectonic Setting of 
Magmatism

The main goals of the geochemical study were 
to (1) determine if these igneous rocks represent 
juvenile additions to the crust and (2) evaluate 
the tectonic setting of 1680–1650 Ma granitic 
intrusions and nearly coeval sedimentary rocks 
in southern New Mexico. The Nd isotope data 
do not yield direct constraints regarding the 
tectonic environment in which the basement 
gneisses in southern New Mexico formed. The 
geochemical data set from southern New Mex-
ico remains sparse, and even with our new data, 
it is not possible to create a complete detailed 

petrogenetic model. Nevertheless, the trace ele-
ment and Nd isotopic data serve to character-
ize these rocks and can be used for comparisons 
with other rocks in the Mazatzal province. The 
igneous rocks from this study have under-
gone multiple episodes of high-temperature 
metamorphism and deformation. This likely 
affected the concentrations of some major ele-
ments and trace elements such as Rb, Ba, and 
Sr (MacLean, 1990). The REEs and high fi eld 
strength elements such as Zr, Hf, Nb, Ta, and Y 
are thought to be not as mobile during postem-
placement heating and strain (Pearce and Cann, 
1973; Wood, 1980; MacLean, 1990; Ruks et al., 
2006). Most of our interpretations rely on REE, 
Nb, and Ta concentrations, and the Nd isotopic 
composition of the rocks.

The high ε
Nd

(t) values determined for the 
majority of the felsic gneisses and granitic rocks 
analyzed (1.8–4.3) from southern New Mexico 
are typical of Mazatzal province basement rocks 
(Bennett and DePaolo, 1987; Reed et al., 1993) 
and suggest that these rocks represent conti-
nental crust formed from partial melting of the 
upper mantle at or near the time at which their 
igneous protoliths crystallized (Fig. 9). There 
is no evidence from the gneiss Nd isotope data 
zircon U-Pb ages for the incorporation of Trans 
Hudson age or older crustal material, and so we 
agree with earlier workers that the Mazatzal 
province represents juvenile continental crust 
shielded from interaction with older crust during 
its formation. We cannot, however, exclude the 
possibility that either Mazatzal orthogneisses or 
paragneisses in southern New Mexico contain 
a some proportion of Yavapai province crust, or 
sediment derived thereof, given the small iso-
topic contrast that would have existed between 
existing Yavapai crust and crust newly formed 
ca. 1.65 Ma.

All of the samples have highly evolved with 
SiO

2
 concentrations of ~75%, with the excep-

tion of the amphibolite (Table 2). The lack of 
abundant intermediate compositions is rela-
tively atypical of an arc setting, but this may be 
the result of selective preservation: the current 
proportions of mafi c, intermediate, and felsic 
rocks may not refl ect the original proportions 
in the region. Felsic rocks are commonly found 
in arc settings, even in island arcs such as the 
Talkeetna arc (e.g., Johnsen et al., 2007), so 
their presence alone is not suffi cient to rule out 
a subduction origin for these rocks. Trace ele-
ment geochemistry can be used with caution to 
assess the tectonic setting of igneous rocks for 
which other evidence of their origin has been 
obscured by deformation. Most of the granites 
from this study have geochemical signatures 
that are consistent with those found in typical 
arc magmas (Kelemen et al., 2003). The positive 

Ce anomaly is unusual and typically occurs in 
rocks formed in an oxidizing environment. The 
strong negative Eu anomalies are also typical of 
evolved magmas, and the magnitude of the Eu 
anomaly is proportional to the amount of light 
REE enrichment in the samples. Nearly all of 
the samples have low Nb and relatively low Ta 
concentrations relative to the REEs, and this is 
highly characteristic of arc magmatism (e.g., 
Kelemen et al., 1993).

The geochemical data provide few addi-
tional insights into whether the rocks formed 
during active arc magmatism, or, as others 
have suggested based on the relative paucity 
of preserved, intermediate composition volca-
nic rocks, as the product of reworking of the 
continental crust during crustal rifting after 
stabilization of the continental crust. All we 
can state is that the trace element abundances 
of the southern New Mexico orthogneisses 
and felsic metavolcanic rocks are character-
ized by high LILE/HFSE (high fi eld strength 
element) ratios, despite the likelihood that 
the LILE were mobile during later metamor-
phic events (Fig. 8), and that such high ratios 
are characteristic of arc igneous rocks (Kele-
man et al., 1993). The geochemical data alone 
cannot readily distinguish between formation 
from differentiation of a parental arc magma 
or partial melting of relatively young mafi c 
arc lower crust, but in either case the magmas 
are fundamentally related to an arc system that 
was adding juvenile material to the Mazatzal 
province and resulted in crustal growth along 
the margin.

Previous studies in northern New Mexico and 
southeastern Arizona have found that the geo-
chemistry and isotopic composition of igneous 
rocks from this period are consistent with arc 
magmatism (Bennett and DePaolo, 1987; Karl-
strom and Bowring, 1988; Eisele and Isachsen, 
2001; Karlstrom et al., 2004). The samples from 
this study are coeval with samples interpreted as 
arc rocks in Arizona and northern New Mexico. 
The rocks of the Cochise block are generally 
younger than those from this study, in the range 
of 1647–1630 Ma, but they are also interpreted 
as derived from a juvenile volcanic arc (Eisele 
and Isachsen, 2001). The paucity of ophiolites 
and preserved accretionary assemblages and the 
presence of a small number of Trans-Hudson 
Penokean ages (ca. 1850 Ma) for Paleoprotero-
zoic rocks and inherited zircons within southern 
Laurentia in this region were noted to be incon-
sistent with an arc model (Bickford and Hill, 
2007). We did not observe any older inherited 
zircons in the rocks from this study, and the Nd 
isotopic composition of the samples is not con-
sistent with the incorporation of signifi cantly 
older crust into the melts.
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Age and Source of Sedimentary Rocks

The depositional age of metasedimentary 
rocks is constrained by the age of the young-
est, multigrain (n > 2) zircon age population in 
each sample analyzed by LA-MC-ICMPS. In 
the San Andres Mountains, the youngest (and 
largest) population has an age of 1669 Ma. 
In the Redrock area of the Burro Mountains, 
the youngest populations were 1652 Ma and 
1646 Ma in two samples, and in the main part 
of the Burro Mountains the youngest grains 
in one sample were 1715 Ma. Both of the 
Redrock area samples have zircons with ages 
typical of the Mazatzal and Yavapai provinces, 
whereas the sample from the main area of the 
Burro Mountains has only Yavapai province 
ages (older than 1700 Ma).

The abundance of zircons with ages typical 
of the Yavapai province is intriguing given that 
most models of the Mazatzal province indicate 
that it originated as a juvenile (oceanic?) arc 
system. It seems likely that if most of the Mazat-
zal province rocks are arc related, then it must 
have been very close to the southern boundary 
of the Yavapai province at the time of deposition 
of the sediment, or ca. 1650 Ma based on the 
youngest age clusters in the Burro Mountains 
samples. The proximity of the Yavapai province 
rocks at this time is consistent with the timing of 
the Mazatzal orogeny that may have begun very 
close to 1650 Ma. The lack of Archean grains 
(only 1 grain out of ~300 analyzed) suggests 
that there were no signifi cant sediment sources 
from the Wyoming or Mojave provinces either 
because of low topography or barriers to drain-
age systems between these areas and the south-
ern Mazatzal province.

Subdivisions of the Mazatzal Province

Previous studies of southern Laurentia divided 
it into two provinces and seven discrete tec-
tonostratigraphic blocks based on lithology and 
the age of deformational events (Karlstrom et 
al., 1987, 1990; Karlstrom and Bowring, 1988, 
1993). The Mazatzal province was subdivided 
into the Mazatzal, Sunfl ower, and Pinal blocks, 
all of which underwent deformation between 
1.7 and 1.6 Ga. The Mazatzal block was dif-
ferent from the rest of the Mazatzal province in 
that it contained rocks older than 1.7 Ga. It may 
be a transition zone between the Mazatzal and 
Yavapai provinces.

No subdivisions have been made in the 
Mazatzal province in New Mexico. The poten-
tial suture boundaries between tectonostrati-
graphic blocks include, from north to south, 
the northern boundary of the Yavapai-Mazat-
zal transition zone, the Jemez lineament, the 

Morenci  lineament, and the Grenville front 
at the southern edge of the Mazatzal province 
(Karlstrom et al., 2004). The Pinal and the 
Cochise blocks in Arizona were distinguished 
by the detrital zircon ages in sedimentary rocks 
(older than 1678 Ma in the Pinal block) and by 
the dominance of basinal metaturbidites in the 
Pinal block and volcanic rocks in the Cochise 
block (Eisele and Isachsen, 2001). The presence 
of detrital zircons older than 1.7 Ga and ε

Nd
(t) of 

+1.5 in metasedimentary rocks from the Burro 
Mountains makes them more similar to the 
metasedimentary rocks in the Pinal block, but the 
Pinal block in Arizona has no basement exposed 
and was interpreted as a continental margin 
accretionary prism. The Burro and San Andres 
Mountains have both basement (in the granitic 
gneisses) and metasedimentary rocks, so cannot 
be a direct correlative to the Pinal block based 
on lithology. The New Mexico rocks are clearly 
distinct from those in the Cochise block because 
they are generally older, have more granites, and 
have older detrital zircon ages. For this reason, 
we put a boundary between the Cochise block 
and the study area in southwestern New Mexico 
(Fig. 2). In general, the ages of intrusive, extru-
sive, and metasedimentary rocks in southern 
New Mexico are broadly similar to the range of 
values for rocks in northern New Mexico (Karl-
strom et al., 2004), so we do not feel confi dent 
that a separate block can be delineated between 
these two areas.

It is possible that some of the boundaries 
assigned in Arizona are not major sutures but 
instead represent steeply dipping shear zones 
exposing disparate crustal levels (Bowring and 
Karlstrom, 1990). In New Mexico, exposure 
of similar crustal levels has resulted in simi-
lar rocks being exposed across the region, and 
therefore block boundaries are not easily recog-
nized. Only regions with exposed mafi c rocks 
can be more clearly recognized as sutures, such 
as at the Pinal-Cochise block boundary (Eisele 
and Isachsen, 2001) and in the Mazatzal block 
and perhaps extending into the Jemez lineament 
(Dann, 1997; Strickland et al., 2003).

Onset and Duration of the Mazatzal Orogeny

Estimates of the ages of onset and dura-
tion of the Mazatzal orogeny have been hin-
dered by the high temperatures of younger 
regional amphibolite facies metamorphism 
that regionally reset 40Ar/39Ar ages ca. 1.4 Ga 
(Karlstrom et al., 1997; Shaw et al., 2005; 
Amato et al., 2006). Most constraints of the 
timing of deformation have come from U-Pb 
dating of deformed and undeformed igne-
ous rocks (Fig. 13). It is possible that some of 
these rocks have fabrics that may have formed 

from processes other than deformation, such as 
magmatic fl ow. Many of the studies cited here 
do not provide suffi cient detail about the rock 
textures to evaluate this problem, and therefore 
rocks reported as deformed are assumed to be 
deformed. Some undeformed rocks could have 
escaped deformation owing to their rheology 
and the local pressure-temperature conditions.

The main phase of deformation in the Burro 
Mountains must have ended before 1633 Ma, 
the age of the gabbro, based on the presence of 
undeformed porphyroblasts within the contact 
aureole of the gabbro. All of the metasedimen-
tary rocks and all of the pre-1.63 Ga igneous 
rocks in the Burro Mountains share a deforma-
tional fabric (Fig. 6), and most of the abundant 
ca. 1.4 Ga plutons in the region are undeformed 
(Amato et al., 2006). In Arizona, the timing of 
the Mazatzal orogeny originally was brack-
eted to between 1675 and 1625 Ma (Silver and 
Deutsch, 1963; Silver, 1965, 1978; Conway 
and Silver, 1989), based on U-Pb dating of 
deformed volcanic rocks and the undeformed 
1625 ± 10 Ma Johnny Lyon granodiorite. This 
granodiorite was recently redated as 1643 
± 4 Ma (Eisele and Isachsen, 2001).

An evaluation of all of the available data 
for deformed and undeformed rocks emplaced 
in the Mazatzal province before 1600 Ma 
(Table DR5; see footnote 1) suggests that 
most rocks emplaced before 1650 Ma are 
deformed, and the majority of those emplaced 
after this time are either undeformed or locally 
deformed. A weighted mean of the young-
est nine deformed rocks (Table DR5) is 1654 
± 3 Ma (MSWD = 1.2), and we believe that 

Figure 13. Summary of ages from three 
groups of Mazatzal province rocks: 
deformed and undeformed granitoids, and 
rhyolites, some of which have been reported 
as deformed. Data sources are in Table DR5 
(see footnote 1).
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widespread, regional deformation must have 
occurred after this time but before emplace-
ment of the 1643 Ma Johnny Lyon granodiorite 
and the 1633 Ma gabbro in the Burro Moun-
tains. Our detrital zircon data suggest that the 
Yavapai province was near the Mazatzal prov-
ince ca. 1650 Ma, and we suggest that this sed-
imentation occurred just before or during the 
Mazatzal orogeny, which represents the main 
collision between these two provinces.

An exception to these constraints is the 
interpretation that a 1.62 Ga rhyolite in the 
McDowell Mountains of Arizona (Karlstrom 
and Bowring, 1993) and a 1.60 Ga rhyolite in 
the Manzano Mountains of northern New Mex-
ico (Luther et al., 2006) are both deformed. 
The data for these samples have not yet been 
published, but it is possible that these were 
deformed during a younger event that post-
dates the Mazatzal orogeny. Several published 
references to the Mazatzal orogeny duration 
from 1.65 to 1.60 Ga may be overestimating its 
duration as a regionally signifi cant deforma-
tional event if, as the data suggest, it may have 
ended before 1643 Ma in Arizona and before 
1633 Ma in New Mexico.

Magmatism After the Mazatzal Orogeny 
and Before ca. 1.4 Ga

In southern New Mexico, magmatism fol-
lowing the main period of Mazatzal deforma-
tion is represented by: (1) the 1633 Ma gabbro 
in the Burro Mountains; (2) the weakly foliated 
granite from the San Andres Mountains dated as 
1632 ± 24 Ma (Roths, 1991) and 1631 ± 21 Ma 
(this study); (3) metamorphic overgrowths on a 
gneiss from the San Andres Mountains dated at 
1617 ± 11 Ma; and (4) the metarhyolite from 
the Burro Mountains at 1633 ± 8 Ma.

We concur with Bickford and Hill (2007) that 
there is good evidence for extension in south-
ern Laurentia, but we suggest that it mainly 
occurred after the Yavapai-Mazatzal accretion 
during the Mazatzal orogeny at 1.65–1.64 Ga. 
The 1633 gabbro in the Burro Mountains has 
ε

Nd
 values of +4.2 and depleted mantle model 

ages of ca. 1650 Ma and is therefore a juve-
nile rock (Rämö et al., 2003). This rock was 
described as a tholeiite with ocean island basalt 
chemistry and was interpreted to have intruded 
during local crustal extension (Rämö et al., 
2003). Our new fi nding of coeval granitic mag-
matism in the San Andres Mountains, as well 
as abundant amphibolites that are coeval based 
on shared deformational fabrics with the gran-
ites, indicates that both felsic and mafi c, and 
therefore bimodal, magmatism occurred at this 
time. This is consistent with igneous activity 
during extension ca. 1630 Ma.

Tectonic Model for Mazatzal Evolution

A model that incorporates the geochemistry, 
ages of the rocks, and the timing of their defor-
mation must include the following. (1) Subduc-
tion-related magmatism within an oceanic arc 
setting created the bulk of the Mazatzal province 
crust from ca. 1680 Ma to 1650 Ma. (2) Magma-
tism in northern New Mexico and southeastern 
Arizona may have been similar to that typical in 
island arcs dominated by mafi c to intermediate 
rocks. (3) In southern New Mexico, the rocks 
have higher SiO

2
 concentrations as well as high 

ε
Nd

(t), indicating that juvenile yet differentiated 
magmatism was occurring.

The entire Mazatzal province probably did not 
form as the result of magmatism above a single 
subduction zone. The southwest Pacifi c oceanic 
arcs are an analog for multiple smaller arcs in 
one region that could eventually be amalgam-
ated and accreted to a continental margin during 
subduction. The variation in ages between inter-
preted arc rocks in northern New Mexico and 
those in southwestern Arizona indicates that it 
is likely that multiple arcs were active at differ-
ent times. Recent work in the Mazatzal province 
in Arizona showed persuasive evidence for both 
arc (Eisele and Isachsen, 2001) and ophiolite 
rocks (Swift and Force, 2001) at the boundary 
between subblocks of the Mazatzal province. 
However, subduction complexes associated with 
many arcs, such as the Jurassic Talkeetna arc, 
are known to be in a state of erosion during their 
formation, and this would preclude their preser-
vation in the geologic record (Clift et al., 2005).

As a series of arcs were translated closer to 
the southern Laurentia margin during subduc-
tion, thrusting is likely to have taken place dur-
ing accretion. Sedimentation in these arcs may 
have occurred near 1650 Ma based on the age 
of the youngest zircon populations in the Burro 
Mountains. At around the same time as this 
deposition, 1650 Ma, a major regional deforma-
tional event occurred as these arcs accreted to 
the margin during the Mazatzal orogeny. After 
1650 Ma, subduction could have continued in 
Arizona with extension occurring in southern 
New Mexico as the crust responded to the earlier 
thickening from accretion, or perhaps extended 
during backarc extension. By 1630 Ma, major 
magmatism in the Mazatzal province ceased, 
with the exception of localized rhyolite magma-
tism from 1630 Ma to ca. 1600 Ma. A period of 
magmatic and tectonic quiescence lasted until 
ca. 1460 Ma.

All of the tectonic processes inferred to have 
affected this region are known from examples 
in Phanerozoic rocks. Subduction, accretion, 
and postcollisional extension are common in 
orogenic belts worldwide. This study provides a 

well-characterized example of pre- Phanerozoic 
tectonic events, inferred from structural analy-
sis, geochemistry, and geochronology, that may 
help understand other orogenic belts where 
important contextual information is absent.

CONCLUSIONS

The main conclusions from this study of Paleo-
proterozoic rocks in southern New Mexico are: 
(1) Nd isotope ratios in metasedimentary rocks 
yield ε

Nd
(t) of +1.4 to +2.5. Granites and granitic 

gneisses have ε
Nd

(t) of –1.2 to +4.3. Amphibolite 
has ε

Nd
(t) of +4.2. These ε

Nd
(t) values suggest 

juvenile mantle-derived magmatism, or that these 
rocks derived from the melting of crustal rocks that 
had only recently crystallized. (2) Pre-orogenic 
magmatism occurred from 1675 to 1650 Ma. 
(3) Sedimentation occurred until at least 1646 Ma 
and detritus was derived from both Mazatzal and 
Yavapai province sources. (4) Deformation asso-
ciated with the Mazatzal orogeny ceased some-
time between 1650 and 1633 Ma in New Mexico, 
and was likely over by 1643 Ma in southeastern 
Arizona. (4) Post-Mazatzal orogeny magmatism 
occurred from 1633 to 1620 Ma. (5) Extension at 
1630 Ma is indicated by bimodal magmatism in 
the Burro and San Andres Mountains. (6) A hia-
tus in magmatism occurred from ca. 1625 Ma to 
1460 Ma. (7) Deformation associated with rhyo-
lites with ages of 1633 Ma (this study), 1620 Ma, 
and 1601 Ma (northern New Mexico and Ari-
zona) may be related to deformation younger 
than the Mazatzal orogeny, as regional deforma-
tion is interpreted to have ceased by 1643 Ma. 
Models for an extensional tectonic setting prior 
to 1650 Ma were not supported by these new data 
from southern New Mexico because of the lack 
of evidence for inherited material, the presence of 
juvenile mantle-derived magmatism, and a pos-
sible subduction signature in the intrusive rocks.
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