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ABSTRACT

U-Pb isotopic dating of detrital zircon
from supracrustal Proterozoic and Cam-
brian arenites from the western United
States and northern Mexico reveal three
main age groups, 1.90 to 1.62 Ga, 1.45 to
1.40 Ga, and 1.2 to 1.0 Ga. Small amounts
of zircons with ages of 3.1 to 2.5 Ga, 1.57
Ga, 1.32 Ga, 1.26 Ga, 0.7 Ga, and 0.5 Ga
are also present.

Detrital zircons ranging in age from 1.90
to 1.62 Ga and from 1.45 to 1.40 Ga are
considered to have been derived from Pro-
terozoic crystalline basement rocks of these
known ages, and probably in part from re-
worked Proterozoic supracrustal sedimen-
tary rocks, of the western United States.
The 1.2 to 1.0 Ga detrital zircon ages from
California, Arizona, and Sonora are char-
acterized by distinct spikes (1.11 Ga, in
particular) in the age-probability plots.
These spikes are interpreted to indicate the
influx of zircon from major silicic volcanic
fields. Igneous rocks such as the Pikes Peak
Granite (1.093 Ga) of Colorado, and the
Aibo Granite (1.110 Ga) of Sonora, Mexico,
may represent the deeply eroded roots of
such volcanic fields. Samples from farther
north along the Cordilleran margin that

*E-mail: stewart@usgs.gov.

contain abundant 1.2-1.0 Ga detrital zir-
cons do not show spikes in the age distri-
bution, but rather ages spread out across
the entire 1.2-1.0 Ga range. These age spec-
tra resemble those for detrital zirconsfrom
the Grenville province, which is considered
their source.

Less common detrital zircons had a va-
riety of sources. Zircons ranging in age
from 3.36 to 2.31 Ga were apparently de-
rived from inland parts of the North Amer-
ican continent from Wyoming to Canada.
Zircons of about 1.577 Ga are highly un-
usual and may have had an exotic source;
they may have come from Australia and
been deposited in North America when
Australia and North America were juxta-
posed as part of the hypothetical Rodinian
supercontinent. Detrital zircon of ~1.320
Ga apparently had the same sour ce as that
for tuff (1.320 Ga) in the Pioneer Shale of
the Apache Group in Arizona. Detrital zir-
cons of about 1.26 Ga in the Apache Group
and Troy Quartzite appear to berelated to
local, approximately coeval volcanic fields.
Zircons of about 0.7 Ga may have had a
source in igneous rocks related to rifting of
the Proterozoic supercontinent of Rodinia,
and 0.5 Ga zircons a source in relatively
small areas of granitic rocks of this known,
or inferred, age in Oklahoma, Texas, New
Mexico, and Colorado.

Keywords: Cambrian, geochronology,
Mexico, Proterozoic, United States, zircon.

INTRODUCTION

The source of voluminous arenite in supra-
crustal Mesoproterozoic to Middle Cambrian
strata in the western United States and north-
ern Mexico is critica in understanding the
sedimentary and tectonic history of the Pro-
terozoic and Cambrian continental margin of
North America. The ages of detrital zirconsin
these arenites provide information for locating
the source areas, for understanding the amount
of mixing from multiple sources, and for de-
termining sedimentary dispersal patterns. Our
study also reveals the igneous and tectonic
setting of the source areas, information that
has largely been destroyed by deep erosion of
cratonal areas of North America. Detrital zir-
con data also provide information on the max-
imum age and possible correlations of sedi-
mentary units.

This study consists of data from 11 newly
studied localities and integrates this informa-
tion with data from five previously studied lo-
calities (Gehrels and Dickinson, 1995; Gehrels
and Stewart, 1998; Gross et d., 2000) (Fig. 1;
Table 1; geochronologic data on the zircons
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Figure 1. Stratigraphic and tectonic setting of samples. (A) Mesoproterozoic and/or Neoproterozoic pre-Rodinian and Rodinian strata.
(B) Uppermost Neoproterozoic and Cambrian strata. Localities SC and SM are Cordilleran inland strata. Based on many sources
including Stewart (1991), Heaman and Grotzinger (1992), Link and et al. (1993), Mosher (1998), and Karlstrom et al. (2000).
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DETRITAL ZIRCON PROVENANCE OF MESOPROTEROZOIC TO CAMBRIAN ARENITES

TABLE 1. STRATIGRAPHIC UNIT, AGE OF UNIT, AND LOCATION OF SAMPLE

Stratigraphic unit Age Location

Place name Latitude Longitude

CN) (w)

Cratonal cover
Coronado Sandstone Late Cambrian Cochise County, Arizona 32°9.84' 109°26.73'
Bolsa Quartzite Middle and Early? Cambrian Bacoachi, Sonora, Mexico 30°36.8" 109°56.9’
Tapeats Sandstone Middle and Early? Cambrian Grand Canyon, Arizona 36°05.4’ 112°07.47'
Cordilleran miogeocline
Proveedora Quartzite Early Cambrian Sierra Agua Verde, Sonora, Mexico 29°12.0 109°54.8’
Zabriskie Quartzite Early Cambrian San Bernardino Mountains, California 34°18.6’ 116°50.5
Wood Canyon Formation #2 Neoproterozoic and Early Cambrian San Bernardino Mountains, California 34°18.6' 116°50.2’
Wood Canyon Formation #1 Neoproterozoic and Early Cambrian Pahrump Valley, California 35°46.5' 115°43.7’
Osgood Mountain Quartzite Early Cambrian Osgood Mountains, Nevada 41°58.4' 117°26.1’
Geersten Canyon Quartzite Neoproterozoic and/or Earily Cambrian Huntsville area, Utah 41°15.9' 111°40.7’
Mutual Formation Neoproterozoic Huntsville area, Utah 41°15.95’ 111°40.9’
Caddy Canyon Quartzite Neoproterozoic Portneuf Range, |daho 42°50.617’ 112°10.707’
Rancho Curiel unit Neoproterozoic Félix Gomez region, Sonora, Mexico 29°54.1' 111°37.7'
Cordilleran Inland
Sierra Chiltepin Member Neoproterozoic Sahuaripa area, Sonora, Mexico 29°00.5’ 109°17.6’
Sahuaripa Member Neoproterozoic Sahuaripa area, Sonora, Mexico 29°00.9’ 109°17.3’
Rodinian epicontinental
El Aguila unit Mesoproterozoic and/or Neoproterozoic Sierra El Sotol area, Sonora, Mexico 29°26.0 110°32.6’
El Alamo Formation Mesoproterozoic and/or Neoproterozoic Cerro de Oro area, Sonora, Mexico 29°35.5’ 110°35.6’
PreRodinian epicontinental
Troy Quartzite Mesoproterozoic Sierra Ancha, Arizona 33°51.8’ 110°54.8’
Dripping Spring Quartzite of Apache Group Mesoproterozoic Sierra Ancha, Arizona 33°43.7' 110°54.8’
Pioneer Shale of Apache Group Mesoproterozoic Near Globe, Arizona 33°31.05' 110°53.23'

are available'). Previous studies, in addition to
those listed above, in Proterozoic and Cam-
brian arenites in the western United States and
northern Mexico include Ross et a. (1992);
Gehrels et a. (1995), Farmer and Ball (1997);
and Grasse et al. (2001).

SEDIMENTARY AND TECTONIC
SETTING OF ARENITES

Our samples are from five sedimentary and
tectonic settings: (1) Mesoproterozoic pre-Ro-
dinian epicontinental basins, (2) Neoprotero-
zoic Rodinian epicontinental basins, (3) Neo-
proterozoic Cordilleran inland basins, (4)
Cambrian and Neoproterozoic Cordilleran
miogeocline, and (5) Cambrian Laurentian
cratonal cover (Fig. 1).

1. Mesoproterozoic pre-Rodinian epiconti-
nental basins formed prior to the 1.1 Ga as-
sembly of the hypothetical supercontinent of
Rodinia (Hoffman, 1991; Dalziel, 1991, 1992;
Li et a., 1995): Samples of these strata consist
of one from the Dripping Spring Quartzite of
the Apache Group and one from the overlying
Troy Quartzite in Arizona (Table 1, Fig. 1).
These strata are younger than the 1.33 Ga age
reported here for tuff in the Pioneer Shale in
the lower part of the Apache Group and older
than U-Pb dates on zircons associated with
1.12-1.11 Ga U-Pb dates on granophyre as-

1GSA Data Repository item 2001110, geochro-
nologic data, is available on the Web at http:/
Www.geosociety.org/pubs/ft2001.htm.  Requests
may also be sent to editing@geosociety.org.
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sociated with diabase (Wrucke, 1989) that in-
trudes the Apache Group and Troy Quartzite.
The Apache Group ranges in thickness from
335 to 490 m (Wrucke, 1989); it is divided,
in ascending order, into the Pioneer Shale,
Dripping Spring Quartzite, Mescal Limestone,
and basalt. These units consist of conglomer-
ate, sandstone, siltstone, and limestone, com-
monly with stromatolites, microbial laminites,
and casts of evaporite minerals. Shallow-ma-
rine, tidal, and supratida environments, in-
cluding a sabkha environment, are indicated.
The Troy Quartzite is as thick as 365 m and
includes fluvial and eolian deposits. Our sam-
ple from the Troy Quartzite is from a large-
scale cross-stratified eolian dune deposit.

2. Neoproterozoic Rodinian epicontinental
basins formed after the assembly of Rodinia
at about 1.1 Ga. We studied detrital zircons
from two units considered to be of this age,
the El Alamo Formation of the Las Viboras
Group and a quartzite in the El Aguila unit in
Sonora, Mexico (Stewart and Amaya-Marti-
nez, 1999; Table 1). Work is underway (Stew-
art) to describe these units in detail. Neither
unit has been firmly dated. Both are younger
than the ~1.1 b.y. detrital zircon they contain
(Gross et al., 2000), and thus both are younger
than the Apache Group and Troy Quartzite of
Arizona. They are not similar in stratigraphy
to the Cordilleran miogeoclina strata at Ca-
borca and are considered older than the Ca-
borca strata. At one locality, they contain ha-
lite casts and at another, eolian deposits.
Conceivably, these strata are equivalent in age

to widespread Neoproterozoic strata in Aus-
tralia (Warrina Supergroup) that contain casts
of evaporite mineras (Preiss, 1993). These
evaporite-bearing units in Australia lie strati-
graphically below Sturtian glacia deposits,
which are also present in Sonora (Corsetti et
al., 2001).

The Las Viboras Group is about 2400 m
thick and consists of the El Tapiro, EI Alamo,
and Ao Nuevo Formations, composed of flu-
vid, tidal, and minor eolian sandstone. The El
Aguila Group is poorly exposed and little
studied. It appears to be at least 1000 m thick
and composed of fluvial, tidal, and shallow-
marine siltstone, sandstone, and dolomite. Pa-
leocurrent directions are toward the north (Fig.
1) in the Las Viboras Group and to the north-
northwest at one locality in the El Aguila
Group.

3. Neoproterozoic Cordilleran inland basins
consist of strata near Sahuaripa, east-central
Sonora. These strata include a thin diamictite
and a cap carbonate assigned to the Sturtian
glaciation (Corsetti et al., 2001). The entire
Neoproterozoic section near Sahuaripais 2600
m thick (Stewart and Amaya-Martinez, 1999),
of which the diamictite and cap carbonate
form the basal ~200 m. Paleogeographic as-
signment of these strata is debatable. Sturtian
strata elsewhere in western North Americaare
closely associated with the Cordilleran mio-
geocline. However, we here consider that
these Sonora Sturtian strata lie inland of the
Cordilleran miogeocline. Associated Cambri-
an strata are not like those in the Cordilleran
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miogeocline and are similar to Cambrian cra-
tonal cover rocks inland of the Cordilleran
miogeocline. The setting of the Sahuaripa
strata may be similar to that in Australia
(Powell et al., 1994), where inland Sturtian
glacial deposits formed at the same time as
rifting that formed the continental margin, a
type of rifting that in western North Amer-
ica led to formation of the Cordilleran
miogeocline.

The Sahuaripa strata are divided into four
formations, the Mina e Mezquite, Monteso,
Sierra Chiltepin, and Macho. We collected
samples from a conspicuous quartzite (Sahu-
aripa Member) of the Monteso Formation and
from coarse-grained quartzite in the lower-
most part of the Sierra Chiltepin Formation.
The strata of the Sahuaripa section consist of
shallow-water marine carbonates, fine-grained
marine siltstone, sandy dolomites and inter-
stratified tidal or shallow-marine quartzite,
and minor pebble to cobble conglomerate.

4. We studied detrital zircon from nine ar-
enite units of the Cordilleran miogeocline
(Fig. 1). These miogeoclina strata (Stewart,
1991; Christie-Blick and Levy, 1989; Link et
al., 1993) were deposited on the margin of
Laurentia (ancestral North America) after the
rifting and fragmentation of Rodiniaat 0.7 Ga,
or later. The Neoproterozoic and Cambrian
miogeocline is a broad wedge-shaped conti-
nental shelf deposit that thins from >3000 m
in the western areas of its exposure to only a
few hundred meters in eastern aress. It ex-
tends aong the western border of Laurentia
from Alaska to as far south as Sonora, Mex-
ico. The miogeocline consists of fluvia to
subtidal, and at one locality eolian, composi-
tionally mature quartz arenite, feldspathic ar-
enite, arkose, siltstone, and interstratified
limestone and dolomite. The older part of the
section contains glaciogenic deposits of the
Sturtian and Varangian (Marinoan) glacia
tions, and widespread unconformities in the
section are attributed to exposure of the con-
tinental shelf as a result of drawdown of the
oceans during times of continental glaciation.
Paleocurrent directions in the miogeocline are
toward the west (Fig. 1).

The units sampled in the Cordilleran mio-
geocline include one from Idaho, two from
Utah, one from Nevada, three from California,
and two from Sonora, Mexico (Fig. 1).

5. The Cambrian cratonal cover stratain in-
terior parts of Laurentia are afew hundred me-
ters thick and consist of Lower?, Middle, and
Upper Cambrian fluvia to subtidal conglom-
erate, quartzite, and sandstone units overlain
by marine carbonate and siltstone (Middleton,
1989). The basal conglomerate, quartzite, and
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sandstone are diachronous, ranging in age
from Early? Cambrian in western areas to as
young as Late Cambrian in eastern areas. The
cratonal cover strata lie unconformably on
Proterozoic crystalline basement rocks. Paleo-
current directions in the basal conglomerate,
quartzite, and sandstone are westward (Fig. 1).
We sampled the basal conglomerate, quartzite,
and sandstone unit in these continental cover
strata at two localities in Arizona and one in
northern Sonora, Mexico (Fig. 1).

ANALYTICAL TECHNIQUES

Zircons were extracted from our samples by
means of standard mineral separation tech-
niques, as described by Gehrels and Stewart
(1998). Most samples yielded a typical spec-
trum of zircon grains that average ~80 pm in
sieve size. Above ~150 pm, the number of
zircon grains decreases dramatically. For these
samples, the >100 wm grains were grouped
into populations according to color, morphol-
ogy, and rounding or sphericity. Representa-
tives of each population were selected for
analysis, generaly in proportion to the popu-
lation abundance within the sample. Care was
taken, however, to analyze at least two grains
from each population in an effort to ensure
that every population would be adequately
represented in the final analysis. This strategy,
which effectively overrepresents the minor
populations and underrepresents the dominant
populations, was adopted in an effort to max-
imize the number of different age groups rec-
ognized in each sample.

Two of our samples (Troy Quartzite and Pi-
oneer Shale) yielded only a homogeneous
population of colorless to light pink grains
that are all <100 wm in sieve size. For these
samples, the largest grains available (~80
wm) were analyzed.

Grains from each sample were then abraded
to ~70% of their origina size and analyzed
as individual grains by means of conventional
isotope dilution-thermal ionization mass spec-
trometry. Total procedural blanks were ~5 pg
for Pb and ~0.5 pg for U. These analytical
procedures yielded average uncertainties (at
the 95% confidence level) of 0.83% for 2°Pb*/
28 (Pb*, radiogenic component of Pb in a
sample) ages and 0.84% for 297Phb*/25Ph*
ages. (For isotopic data, see footnote 1).

Of the 260 grains reported in this study and
the 138 additional grains used from previous
studies by Gehrels and Dickinson (1995),
Gehrels and Stewart (1998), and Gross et al.
(2000), 176 grains (46%) yield concordant
ages, where concordance is defined by overlap
of an error ellipse (at 95% confidence level)

with concordia. For these grains, crystalliza-
tion ages are interpreted from the 27Pb*/
208ph*  ages. For discordant grains, 27Pb*/
205ph*  ages are an underestimate of
crystallization age because there is no evi-
dence for recent metamorphism or isotopic
disturbance in any of the areas from which
samples were collected. In most areas, the
youngest widespread event of plutonism and
hydrothermal activity wasin Cretaceous—early
Tertiary time. Data listed in GSA Data Re-
pository accordingly includes the age of each
grain assuming that discordance results from
Pb loss at 80 Ma; an uncertainty of =80 m.y.
is assigned to this lower intercept to reflect the
uncertainty in this age of Pb loss. This pro-
duces projected ages that are generally older
than the 207Pb* /2°5Ph* ages; the age difference
increases with the degree of discordance. The
age difference averages 5.7 m.y. for our entire
data set; the minimum is 0.5 m.y. for the sam-
ple with the least discordance, and the maxi-
mum is 29.3 m.y. for the sample with the
greatest discordance. The = 80 m.y. error as-
signed to this disturbance age incorporates the
uncertainty in the age of Pb loss and produces
an error in the projected ages that increases
with the degree of discordance. The minimum
error assigned to a projected age is +10 m.y.

As an example of the difference between
207ph* [206Ph* age and projected age, a grain
that is concordant with a 2"Pb*/2%Ph* age of
1384 *= 10 Mayields a projected age of 1384
+ 10 Ma. In contrast, agrain that is 40% dis-
cordant with a 27Pb* /2%%Pb* age of 1384 + 10
Ma yields a projected age of 1433 += 30 Ma.
We suggest that the projected ages and their
uncertainties are a better estimate of crystal-
lization age than the 2°7Pb* /2%6Pb* ages. In dis-
cussing possible sources of our detrital zir-
cons, we accordingly rely on the projected
ages for the discordant analyses. Possible dif-
ferences in interpretation based on using pro-
jected ages, versus 27Pb* [2%Ph* ages, can be
assessed using information in the GSA Data
Repository (see footnote 1). In evaluating pos-
sible errors in age, it is important to note,
however, that our method of analysis does not
include possible complications resulting from
multiple phases of Pb loss (and/or younger
grain growth), or the possibility that discor-
dance results from inheritance rather than (or
in addition to) Pb loss.

Several additional uncertainties and poten-
tial biases arise from our analytical methods.
One potential bias derives from the fact that
we generally analyze only the coarser grains
in a sample. This serves to emphasize the sig-
nificance of sources that are nearby, coarser
grained, and perhaps also younger (given the
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Figure 2. Relative age-probability curves, or age spectra, for all samples. Sample name
and number of grains contained in each curve are shown on theright. As shown in Figure
3, each curve incor porates the age and uncertainty (plotted as a normal probability dis-
tribution) of every grain analyzed in a sample. Each curve is normalized according to the
number of constituent grains, such that each curve contains the same area. The Grenville
reference represents analyses of detrital zircons in Paleozoic sandstones of the Ouachita
Mountains, which consist of detritus derived from the Grenville orogen (from Gleason et

al., 2001; 2001, written commun.).

fact that resistance to erosion decreases as de-
cay-induced lattice damage accumulates). This
should have little effect on the results of our
study, however, because the same potential
bias would exist in al of our samples. We also
introduce a potential bias by selecting grains
from color and morphology groups rather than
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by selecting grains at random. This strategy
serves to maximize the number of age groups
recognized within a sample, which helps in
identifying a specific provenance area for a
sample. However, because the proportions of
age groups are affected by our grain selection
procedure, comparisons with potential source
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Figure 3. Example of how an age-probabil-
ity curveis constructed. For each of theten
grains in this example, the age and uncer-
tainty (stated at 95% confidence level) are
plotted as a normal (or Gaussian) proba-
bility distribution. These ten probability
distributions are summed, producing an
age-probability curve for all of the grains.
For comparison with other samples, a rel-
ative (or normalized) age-probability curve
(top row) is produced by dividing the
summed curve by the number of grains.

regions can be made only on the basis of
whether grains of specific ages are present or
absent, rather than on the relative proportions
of grains of particular ages. We must also
point out that we are able to resolve only the
main age groups in a sample, because of the
relatively small number of grains analyzed.
According to the formula of Dodson et al.
(1988), an age group must make up at least
15% of the grains in a sample to be recog-
nized if 22 grains (our typica number) are
analyzed.

A histogram-type plot that incorporates
both the age and the associated uncertainty of
each analysis (Figs. 2 and 3) is constructed as
shown in Figure 3. For a sample of 10 grains,
for example, each analysis is plotted as a nor-
mal (Gaussian) distribution according to its
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age and uncertainty. The area under each
curve is the same, such that a well-determined
age yields a tall but narrow curve, and an
analysis with large uncertainty yields a low
but broad curve. All of the age-probability
distributions are then summed into a single
curve. For comparison with other samples, the
summed curve is divided by the number of
constituent grains to yield a normalized age-
probability curve. This curve is referred to as
a relative age-probability curve or an age
spectrum for a sample.

The major peaks in age probability are la-
beled in Figure 2, and al of the peaks defined
by at least two grains or by at least one con-
cordant grain are listed in Table 2. This table
also includes information on the reliability of
the age spectra, including the number of con-
cordant analyses, the average degree of dis-
cordance of the analyses, and the peaks that
would result from plotting 2"Pb*/2%°Pb* ages
rather than projected ages. Age-probability
peaks defined by two or more grains are con-
sidered to be reliable because of the low prob-
ability that two grains affected by multiple
discordance mechanisms would yield the
same projected age. In contrast, ages defined
by only a single discordant grain are not con-
sidered further because of the possibility that
discordance in the grain results from multiple
discordance mechanisms.

AGES OF DETRITAL ZIRCONS

The ages of grains in our 15 new samples,
and aso in five samples reported by Gehrels
and Dickinson (1995), Gehrels and Stewart
(1998), and Gross et a. (2000) that are essen-
tial to our interpretations, are reported in the
GSA Data Repository materia (see footnote
1). In the following discussion, and also in
Figure 2, these samples are discussed in order
of depositional age, from oldest to youngest.

Pre-Rodinia Epicontinental Samples

Pioneer Shale

We analyzed seven zircon grains from a
sample of tuff or reworked tuff in the Pioneer
Shale in the lower part of the Apache Group.
All of the grains in the sample are <100 pm,
colorless to very light pink, and euhedral. Six
of the seven grains analyzed are concordant to
moderately discordant, with an upper-intercept
age of 1328 = 5 Ma and a lower intercept of
49 + 98 Ma (mswd = 1.1; Fig. 4). The sev-
enth grain yields a much older 27Pb* /206Pp*
age, presumably due to the presence of older
inherited components.

The zircons from the Pioneer Shale were
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TABLE 2. PEAKS IN AGE PROBABILITY FOR EACH SAMPLE DISCUSSED

Number of Discordance Peak in Peak in Number of

concordant (%) 207ppy*/206ppy* projected grains

grains in sample ages ages included in
(Ga) (Ga) peak

Pioneer Shale

20of 7 3.4 1.326 1.329 6 of 7

Dripping Spring Quartzite

1 of 22 11.3 1.256 1.264 13 of 22
1.323 1.323 2 of 22
1.441 1.444 3 of 22
1.702 1.706 2 of 22

Troy Quartzite

5 of 13 25 1.255 1.256 13 of 13

El Alamo Formation

4 of 21 6.5 1.206 1.206 6 of 21
1.406 1.407 3o0f21
1.430 1.431 4 of 21

El Aguila unit

10 of 20 5.2 1.058 1.058 2 of 20
1.162 1.163 5 of 20
1.407 1.410 3 0f 20
1.423 1.427 3 0f 20
1.657 1.658 3 0of 20
1.709 1.710 1 of 20

Sierra Chiltepin Formation

5 of 10 6.4 1.113 1.114 1 of 10
1.442 1.443 1 of 10
1.667 1.674 2 of 10
1.718 1.718 3 of 10
1.735 1.735 2 of 10

Sahuaripa Member

1 of 10 12.8 1.149 1.156 3 of 10
1.404 1.415 3 0of 10

Rancho Curiel unit

5 of 21 7.5 0.688 0.688 2of 21
1.072 1.075 3of21
1.135 1.136 4 of 21
1.162 1.164 7 of 21

Caddy Canyon Quartzite

12 of 23 2.3 1.014 1.018 3 0of 23
1.072 1.073 3 0f 23
1.125 1.126 3 0of 23
1.173 1.173 10 of 23
1.422 1.423 20f 21

Mutual Formation

14 of 22 1.8 1.063 1.064 3 of 22
1.099 1.109 5 of 22
1.162 1.162 2 of 22
1.268 1.269 1 of 22
1.294 1.294 1 of 22
1.358 1.358 1 of 22
3.321 3.321 1 of 22

Geertsen Canyon Quartzite

17 of 22 14 1.060 1.060 2 of 22
1.099 1.101 2 of 22
1.180 1.180 1of 22
1.370 1.371 1 of 22
1.424 1.424 1 of 22
1.778 1.778 5 of 22
1.817 1.831 4 of 22
1.868 1.868 1 of 22
1.902 1.902 2 of 22
2.689 2.690 3 of 22

Osgood Mountains Quartzite

27 of 40 1.9 1.133 1.133 2 of 38
1.174 1.175 1 of 38
1.361 1.362 2 of 38
1.430 1.433 3 of 38
1.737 1.737 4 of 38
1.776 1.776 12 of 38
1.823 1.828 5 of 38
2.460 2.460 2 of 38
2.669 2.670 1 of 38
2.819 2.833 3 of 38

Wood Canyon Formation #1

20 of 22 0.7 0.703 0.704 1 of 22
1.084 1.085 15 of 22
1.129 1.130 3 of 22
1.219 1.220 2 of 38
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derived from a tuff, or reworked tuff, and thus
the age of these zircons indicates the age of
an igneous rock, or reworked igneous rock,
rather than the age of detrital zirconsin a sed-
imentary rock. Thus, we do not include the
Pioneer Shale in our discussion of detrital zir-
cons or show it in Figure 2. We do, however,
indicate a few detrital zircons in other for-
mations we studied that may have been de-
rived from the same source as the Pioneer
Shale, or a related source.

Dripping Spring Quartzite

The Dipping Spring Quartzite lies above the
Pioneer Shale in the Apache Group. A sample
of quartz arenite from this unit yielded pre-
dominantly light pink zircon grains that are
dlightly to moderately rounded. The sample
contains a large number of >100 wm (sieve
size) grains, and al grains analyzed were orig-
inally 125-150 pm in sieve size. No euhedral
grains were found. Twenty-two grains were
analyzed, most of which yield slightly discor-
dant ages (average discordance = 11.3%).
Projected ages of these grains, as shown in
Figure 2, yield one main pesk at 1.264 Gaand
subordinate peaks of 1.323, 1.444, and 1.706
Ga (Table 2; see also footnote 1).

Troy Quartzite

The Troy Quartzite lies unconformably
above the Apache Group. Zircon grains from
this quartz arenite are al colorless to very
light pink, slightly rounded, and <100 wm in
sieve size. The 13 grains analyzed from this
sample are all concordant to dlightly discor-
dant, and al yield ages of approximately
1.256 Ga (Fig. 2).

Rodinia Samples

El Alamo Formation

Asreported by Gross et al. (2000), asample
of coarse-grained arkosic sandstone from this
unit yielded predominantly large, slightly to
moderately rounded grains, most of which are
light pinkish in color, and a subordinate pop-
ulation of smaller euhedral grains that are
mainly colorless. Twenty-one grains were an-
alyzed from the various size and color groups,
four are concordant and the rest are slightly to
moderately discordant. A dominant peak, de-
fined by six grains, is at 1.206 Ga, and minor
peaks in age probability occur at 1.407 and
1.431 Ga (Fig. 2; see also footnote 1). There
is no strong correlation between age and either
color or rounding, except that al five of the
>1.7 Ga grains were moderately rounded.
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TABLE 2. (Continued.)

Number of Discordance Peak in Peak in Number of

concordant (%) 207ppy*/206ppy* projected grains

grains in sample ages ages included in
(Ga) (Ga) peak

Wood Canyon Formation #2

9 of 22 4.3 1.110 1.111 10 of 22
1.402 1.407 4 of 22
1.454 1.456 2 of 22
1.728 1.728 1 of 22
1.779 1.779 1 of 22

Zabriskie Quartzite

12 of 22 2.5 1.074 1.074 1 of 22
1.098 1.098 2 of 22
1.139 1.140 2 of 22
1.421 1.421 1 of 22
1.695 1.701 2 of 22
1.774 1.774 5 of 22
1.829 1.829 2 of 22
1.846 1.847 3 of 22
2.677 2.677 1 of 22
3.106 3.106 1 of 22

Proveedora Quartzite

17 of 35 7.2 1.104 1.105 22 of 35
1.235 1.235 2 of 35
1.420 1.425 5 of 35
1.737 1.737 1 of 35
1.775 1.775 1 of 35

Tapeats Sandstone

1 of 22 29.8 1.047 1.047 1of 22
1.433 1.438 11 of 22
1.684 1.685 4 of 22
1.708 1.714 2 of 22

Bolsa Quartzite

14 of 22 3.2 0.521 0.525 1 of 22
1.107 1.108 14 of 22
1.265 1.266 1 of 22
1.430 1.431 1of 22
1.631 1.632 1 of 22

Coronado Sandstone

1 of 22 17.4 0.502 0.503 1 of 22
1.215 1.227 2 of 22
1.412 1.421 9 of 22
1.682 1.694 2 of 22
1.716 1.729 4 of 22

Note: Age peaks are determined by peak values of the normalized age-probability curve (Fig. 2) for each

sample.

El Aguila Unit

Gross et a. (2000) reported that a coarse
arkosic sandstone from this unit yielded pri-
marily slightly rounded grains, with a subor-
dinate population of euhedral crystals. Colors
are evenly split between colorless and light
pink grains. Twenty grains were analyzed, of
which ten are concordant, nine are dightly
discordant, and one is highly discordant. Six
age peaks are defined: 1.058, 1.163, 1.410,
1.427, 1.658, and 1.710 Ga (Fig. 2, Table 2).
There is no discernible relationship between
age and morphology.

Cordilleran Inland Samples

Sierra Chiltepin Formation

A sample of coarse-grained quartz arenite
from this unit yielded a large number of >100
wm zircons. Most are light to medium pink
and dlightly rounded. Of the ten ~150 pm

grains analyzed, five are concordant and five
are dightly to moderately discordant. Six of
the grains yield ages that are >1.6 Ga; age
peaks are at 1.674, 1.718, and 1.735 Ga. There
are also two concordant grains with ages of
~1.114 and ~1.443 Ga.

Sahuaripa Member

A sample of medium-grained quartz arenite
was processed for zircons, almost all of which
are <125 pm in sieve size. Most of the grains
are sightly rounded, and they range from col-
orless to medium pink. Of the ten ~100 pm
grains analyzed, only one is concordant; the
rest are moderately to highly discordant. Two
age peaks are apparent, at 1.156 and 1.415 Ga.

Cordilleran Miogeocline Samples

Rancho Curiel Unit
This sample was collected from a quartz ar-
enite. Recovered zircons are mainly pinkish
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Figure 4. U-Pb concordia diagram of single
detrital zircon grains from a tuff in the Pi-
oneer Shale. Errors for each analysis are
shown at the 95% confidence level. There-
gression line yields an upper intercept of
1328 = 5 Ma (95% confidence level), which
isinterpreted asthe crystallization age. The
lower intercept of 49 = 98 Ma isinterpret-
ed as the age of Pb loss.

and moderately to well rounded. Thereis aso
a subordinate (~5%) population of yellowish
crystals that are slightly rounded. Three yel-
lowish grains were analyzed; two combine to
form an age-probability peak at 688 Ma. Eigh-
teen grains from the other color groups yield
mainly slightly discordant analyses, three con-
cordant analyses, and one highly discordant
analysis. Age peaks include a dominant peak
at 1.164 Ga and subordinate peaks at 1.075
and 1.136 Ga.

Caddy Canyon Quartzite

The sample collected from this unit is a
feldspathic arenite. Zircons are mainly light to
medium pink and moderately to highly round-
ed. Twelve of the 23 grains analyzed yield
concordant ages, and most of the rest are only
dlightly discordant. There is a dominant age
peak at 1.173 Ga and subordinate peaks at
1.018, 1.073, 1.126, and 1.423 Ga. There is
no apparent correlation between grain type
and age.

Mutual Formation

Zircons were extracted from a quartz arenite
of the Mutual Formation. Abundant zircons up
to 175 wm were recovered from this unit.
Most grains are well rounded and pink. Twen-
ty-two grains averaging ~150 pm in sieve
size were analyzed. Of these, 14 grains are
concordant; 13 of these are younger than 1.4
Ga, and most of the grains older than 1.4 Ga
are only dightly discordant. A dominant age
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peak is present at 1.109 Ga, subordinate peaks
are present at 1.064 and 1.162 Ga, and con-
cordant single grains are dated at about 1.269,
1.294, 1.358, and 3.321 Ga.

Geertsen Canyon Quartzite

The quartz arenite sample collected from
this unit contains a large number of >100
pm grains, most of which are pinkish and
well rounded. Twenty-two ~150 wm grains
were analyzed; seventeen are concordant, and
therest are slightly discordant. Age peaks are
present at 1.060, 1.101, 1.778, 1.831, 1.902,
and 2.690 Ga, and there are concordant sin-
gle grains at about 1.180, 1.371, 1.424, and
1.868 Ga

Osgood Mountains Quartzite

As described by Gehrels and Dickinson
(1995), the sample analyzed is from a meta-
morphosed quartz arenite. Zircons from this
sample are al well rounded, and most are
pinkish. Of the 40 grains analyzed, 27 are con-
cordant, and the rest range from slightly to
highly discordant. There is a single dominant
age peak at 1.776 Ga, and numerous subor-
dinate age peaks are at 1.133, 1.362, 1.433,
1.737, 1.828, 2.460, and 2.833 Ga; concordant
single grains are at about 1.175 and 2.670 Ga.

Wood Canyon Formation

The two samples collected from this for-
mation are both feldspathic arenites. Zircons
in the two samples are generaly <150 pm in
sieve size; severa hundred grains are between
100 and 150 wm in each sample. Both sam-
ples contain predominantly light pink grains
and a subordinate number of colorless grains.
Most grainsin sample 1 are euhedral to slight-
ly rounded, whereas al of the grainsin sample
2 are moderately rounded. There is also a mi-
nor population of yellowish, slightly rounded
grains in sample 1. Of the 22 grains analyzed
from each unit, 20 are concordant in sample
1 and nine are concordant in sample 2. Most
of the remaining grains in both samples are
only dlightly discordant. Both samples are
dominated by single age peaks at 1.085 Ga
(sample 1) and 1.111 Ga (sample 2); subor-
dinate peaks are at 1.130 and 1.220 Ga (sam-
ple 1) and 1.407 and 1.456 Ga (sample 2).
Concordant single grains yield ages of ~704
Main sample 1, and ~1.728 and ~1.779 Ga
in sample 2. There is no apparent correlation
between age and color in sample 1, but in
sample 2 most colorless grains are dated at
<1.2 Gaand most pinkish grains at >1.2 Ga.

Zabriskie Quartzite

A sample of quartz arenite was collected
from this unit. Zircons from the sample are
mostly <125 um in sieve size; only ~100
grains are in the 100-125 pm range. Most
grains in the various size ranges are well
rounded; there are both colorless and pinkish
grains. Of the 22 grains analyzed, 12 are con-
cordant, and the rest are only slightly discor-
dant. There is a dominant age peak at 1.774
Ga, subordinate peaks at 1.098, 1.140, 1.701,
1.829, and 1.847 Ga, and concordant single
grains at about 1.074, 1.421, 2.677, and 3.106
Ga. There is a strong correlation between col-
or and age, only colorless grains yielding ages
<1.4 Ga and only pinkish grains yielding
>1.4 Ga ages.

Proveedora Quartzite

Gehrels and Stewart (1998) reported U-Pb
data from this quartz arenite, which is correl-
ative to the Zabriskie Quartzite described
above. This sample yielded a large number of
zircon grains up to ~250 wm in sieve size.
Most grains are well rounded; common colors
are pinkish, yellowish, and colorless. Thirty-
five ~150 wm grains were analyzed; 17 are
concordant, and the rest are dlightly to mod-
erately discordant. There is a single dominant
peak at 1.105 Ga, minor peaks at 1.235 and
1425 Ga, and single concordant grains at
about 1.737 and 1.775 Ga. The only apparent
correlation between color and age is that most
grains older than 1.7 Ga are a dark pinkish
color.

Cratonal Cover Samples

Tapeats Sandstone

This medium-grained quartz arenite yielded
zircons that are euhedral to dlightly rounded
and colorless to very light pink. All grains are
<125 pm in sieve size. Twenty-two ~100
wm grains were analyzed; one grain is con-
cordant, and the rest are slightly to highly dis-
cordant. In spite of this high level of discor-
dance, most grains are contained within one
dominant peak at 1.438 Ga and subordinate
peaks at 1.685 and 1.714 Ga. The single con-
cordant grains yields a date of about 1.047 Ga.

Bolsa Quartzite

As described by Gross et a. (2000), the
sample collected from this unit is a medium-
to coarse-grained quartz arenite. Most zircons
extracted are dlightly to moderately rounded
and pink; there are subordinate colorless and
euhedral populations. Of the 22 grains ana
lyzed, 14 are concordant, and the rest are
slightly to moderately discordant. Thereisone
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main age peak at 1.108 Ga, which contains
most of the grains analyzed, and there are con-
cordant single grains at about 525 Ma, and
about 1.266, 1.431, and 1.632 Ga.

Coronado Sandstone

Zircons from the coarse-grained quartz ar-
enite collected from this unit are as much as
250 pm in sieve size. Most grains are light
pink, some are colorless, and al are dightly
to moderately rounded. Of the 22 grains ana-
lyzed, one is concordant, and most of the rest
are moderately discordant. A dominant age
peak is apparent at 1.421 Ga, subordinate
peaks are at 1.227, 1.694, and 1.729 Ga, and
aconcordant single grain is dated at about 503
Ma

GENERAL AGE CATEGORIES OF
DETRITAL ZIRCONS

Detrital zircons as old as 3.36 Ga and as
young as 0.5 Ga are present in the Mesopro-
terozoic to Upper Cambrian arenites (Fig. 2).
In the range from 3.36 to 2.31 Ga, zircons are
relatively sparse, and no zircons were found
in the range from 2.31 to 1.96 Ga. All the
remaining zircons range from about 1.91 to
1.0 Ga, except for two samples that contain
zircons dated as about 0.7 Ga (Wood Canyon
Formation #1; Rancho Curiel unit) and two
samples that contains zircons dated as 0.5 Ga
(Coronado Sandstone and Bolsa Quartzite)

In the 1.91 to 1.0 Garange, the mgjority of
zircons are in three groups, 1.9 to 1.6, 1.45 to
1.40, and 1.2 to 1.0 Ga. Conspicuous spikes
in the age distributions of some samples are
present at about 1.77, 1.43, 1.26, 1.20, and
1.11 Ga. Conspicuous spikes at 1.26 Gain the
Troy Quartzite and Dripping Spring Quartzite
are unknown in other detrital zircon samples
in our study. All 13 zircons analyzed from the
Troy Quartzite are 1.26 Ga.

The zircon age spectra change somewhat
with the age of the arenites. Tuff in the Pio-
neer Shale, which is the oldest unit studied, is
dated as 1.328 Ga, and sparse detrital zircon
grains of about this same age are found in the
Sahuaripa Member, Rancho Curiel unit, Drip-
ping Spring Quartzite, and El Aguila unit. The
next youngest units, the Dripping Spring
Quartzite and Troy Quartzite, are marked by
a 1.26 Ga spike, as indicated above. The next
younger units (EIl Alamo Formation, the El
Aguila unit, the Caddy Canyon Quartzite, Mu-
tual Formation, Geertsen Canyon Quartzite,
and Osgood Mountain Quartzite) are some-
what similar to each other in that detrital zir-
con ranging from 1.9 to 1.0 Ga is abundant.
The El Aguilaunit, Rancho Curiel unit, Caddy
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Canyon Quartzite, Mutual Formation, and
Geertsen Canyon Quartzite contain large pro-
portions of 1.2 to 1.0 Ga zircons and lesser
proportions of 1.43 to 1.40 Ga zircons; in ad-
dition, the Geertsen and Osgood Mountain
quartzites contain abundant grains dating to
1.92 to 1.72 Ga. Detrital zircons in the Sierra
Chiltepin Formation and Sahuaripa Member
resemble the El Aguila unit, Rancho Curiel
unit, Caddy Canyon Quartzite, Mutual For-
mation, and Geertsen Canyon Quartzite, but
differ in important details. The Sierra Chilte-
pin contains abundant detrital zircons centered
on 1.735 Ga, an age not common in other
samples. The Sahuaripa member contains two
grains of about 1.577 Ga, an age unknown in
any other samples. The Wood Canyon For-
mation, Zabriskie Quartzite, and Proveedora
Quartzite are similar in that the age spectra
contains spikes of 1.11 Ga zircon. In addition,
the samples contain common 1.45 to 1.40 Ga
zircons. The Tapeats Sandstone, Bolsa Quartz-
ite, and Coronado Sandstone, the youngest ar-
enites, do not have a consistent zircon popu-
lation pattern. A 1.11 Ga spike in the age
spectra is present in the sample of the Bolsa
Quartzite, but this spike is absent in the sam-
ples of the Coronado Sandstone and Tapeats
Sandstone. A 1.43 Ga spike is present in the
age spectra of the Tapeats Sandstone and Cor-
onado Sandstone samples, but is represented
by only a few zircons in the sample of the
Bolsa Quartzite. The distribution of zircons of
other ages in these three samples is variable.

SOURCES OF THE DETRITAL
ZIRCONS

As described below, detrital zircons in the
Mesoproterozoic to Cambrian arenites of the
western United States and northern Mexico
have inferred initial sources in Precambrian
crystalline basement rocks and in supracrustal
Mesoproterozoic to Neoproterozoic silicic-
volcanic rocks. Sources in continental blocks
now rifted from North America also are also
proposed.

Sources in Precambrian Crystalline
Basement Rocks

Most of the zircons in the arenites in the
western United States and northern Mexico
are considered to have been initially derived
from crystalline basement rocks. The oldest
detrital zircons (3.36 to 2.31 Ga) are appar-
ently from inland parts of the North American
continent, or perhaps also from recycled zir-
cons in 1.7 to 1.8 Ga metamorphosed sedi-
ments in the Mojave province (Barth et a.,

2000b) In particular, the few grains older than
3.0 Ga might have had a source in the Wyo-
ming province or its extension into Canada
(Fig. 5), where rocks of such age are known
(Houston et al., 1993). No detrita zircons
ranging from 2.31 to 1.96 Ga were found in
our samples. This is an age of little tectonic
or igneous activity in most cratonal areas of
the western United States (Houston et al.,
1993; Van Schmus et al., 1993), but such
times of igneous activity are common in Can-
ada (Hoffman, 1989).

Fairly abundant zircons ranging from 1.9 to
1.6 Ga are present in our samples. These ages
correspond fairly closely to ages of basement
rocks in the southwestern United States, main-
ly the Yavapa province (1.8 to 1.7 Ga crust,
deformed in about 1.7 Ga during the Yavapai
orogeny) and Mazatzal province (1.8 to 1.65
Ga crust, deformed in 1.60 Mazatzal orogeny)
of Arizona, New Mexico, Utah, and Colorado
(Van Schmus et a., 1993) (Fig. 5). Some zir-
cons in the 1.96 to 1.6 Ga range may have
been derived from the Mojave province of
eastern California and western Arizona that
contains zircons of many ages, but commonly
in the range from 2.3 to 1.6 Ga.

Zircons ranging from 1.45 to 1.40 Ga are
moderately common in the samples, forming
conspicuous spikes in the age population di-
agrams in the Coronado Sandstone and Ta-
peats Sandstone samples. Granitoids (so-
called anorogenic granite) of thisage arefairly
widespread in California, Arizona, and New
Mexico, and elsewhere in adjacent parts of the
United States (Anderson, 1989; Van Schmus
et a., 1993) (Fig. 5).

Detrital zircons ranging from 1.2 to 1.0 Ga
are abundant in our samples, which is differ-
ent from the interpretation of Patchett et al.
(1999), based on Nd isotope studies, that
Grenville-age detritus did not reach the west-
ern part of Laurentia until Middle to Late Or-
dovician time. Some of the 1.2 to 1.0 Ga zir-
cons, as described below, are interpreted to
have been derived from silicic volcanic sourc-
es, but other zircons may be far traveled and
perhaps derived from the Grenville province
(Figs. 5 and 6). Such a source is suggested by
the similarity of the population distribution of
zircon samples in the western North America
and the Grenville province (Fig. 2). In partic-
ular, the zircon age spectra of the Caddy Can-
yon Quartzite, Mutual Formation, and Geert-
sen Canyon Quartzite of Utah and ldaho
resemble the zircon age spectra from the
Grenville province (Fig. 2). The Grenville
province reference spectra shown in Figure 2
is constructed from detrital zircons collected
from the Middle Ordovician Blakely Sand-
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Figure 5. Ages of crystalline basement rocks in western North America (modified from

Gehrels and Stewart, 1998)

stone and Upper Ordovician-Lower Silurian
Blaylock Sandstone collected from Arkansas
and Oklahoma, respectively. The0.9t0 1.4 Ga
zircons are interpreted to have originated in
the Grenville orogen, probably recycling
through various Neoproterozoic and Ordovi-
cian units (Gleason el a, 2001; 2001, written
commun.). The possibility of long-distance
transport of Grenville-age detritusin Laurentia
was originally proposed by Young (1979) and
used by Rainbird el a (1992) to explain the
presence of Grenville-age detrital zircons in
northwestern Canada.

A single 0.704 Ga zircon grain is present in
the Wood Canyon Formation, and 0.685 and
0.700 Ga zircon grains are present in the Ran-
cho Curiel unit. Detrital zircons of this ap-
proximate time (Gehrels et a., 2000) are lo-
cally abundant in the Harmony Formation of
the Roberts Mountains allochthon of Nevada.
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The Harmony Formation is a poorly dated
feldspathic sandstone and siltstone that has
been considered to be as old as Cambrian
(Stewart, 1991, and references therein) or as
young as Devonian (Jones, 1997). The Har-
mony Formation is too young to have sup-
plied zircon to the Neoproterozoic and Lower
Cambrian units. The 0.7 Ga date is within the
700 to 750 Ma time interpreted to represent
the time of initial rifting that led to the for-
mation of the Cordilleran miogeocline (Stew-
art, 1991; Ross, 1991), and the ~0.7 Ga zir-
cons may represent igneous activity associated
with this rifting. A 0.699 Ga date on rhyolite
from interpreted rift-basin deposits in Idaho
(Evans et a., 1997) is consistent with this in-
terpretation. Campa-Uranga (1997; also cited
in Burrett and Berry, 2000) reported the pres-
ence of 0.710 Ga granites in Sonora. This in-
formation is based on an age shown in Pre-

cambrian 3 map of Cook and Bally (1975),
but no information concerning this age is giv-
en in references to the map. No ~0.700 Ga
granites have been reported in Sonora since
this 1975 report, and we do not think the age
isvalid.

The Bolsa Quartzite in Sonora contains one
0.525 Ga detrital zircon, and the Coronado
Sandstone in Arizona contains one 0.503 Ga
detrital zircon. This is an unusual time for ig-
neous activity in western North America. Nev-
ertheless, granitic rocks of this age, or of this
presumed age, are present in generally small
outcrop areas in Oklahoma, Texas, New Mex-
ico, and Colorado (Loring and Armstrong,
1980; Evans and Clemens, 1988; McConnell
and Gilbert, 1990; Gehrels and Dickinson,
1995), and these areas could be the source of
the 0.525 to 0.503 Ga detrital zircons in So-
nora and Arizona.

Sources in Supracrustal M esoproterozoic
to Neoproterozoic Silicic Volcanic Rocks

The concept of sources in supracrustal Me-
soproterozoic to Neoproterozoic volcanic
rocks is based on the presence of volcanic
rock or volcanic detritus in the Pioneer Shale
and Dripping Spring Quartzite, both in the
Apache Group, as well as in the unconform-
ably overlying Troy Quartzite, al in Arizona.
In addition, spikes in the ages of zircons in
other areas suggest a local, voluminous silicic
volcanic source.

The Pioneer Shale in the lower part of the
Apache Group contains a tuff, or reworked
tuff (Gastil, 1954), that has been dated as
1.323 Ga (Fig. 4). Detrital zircon of approxi-
mately this age is found in the Dripping
Spring Quartzite of Arizona, and in the Sa
huaripa Member, Rancho Curiel unit, and
Aguila unit in Sonora. These detrital zircons
were derived either from the tuff in the Pio-
neer Shale or from igneous rocks in the un-
known source area of this tuff. Alternately,
other igneous sources, unknown at present, of
the same age as the tuff in the Pioneer Shale,
could have supplied these detrital zircons.
Nevertheless, the only known unit in the west-
ern United States and northern Mexico to con-
tain zircon of this age is tuff in the Pioneer
Shale, suggesting that the tuff itself could be
the source.

The Dripping Spring and Troy quartzites of
Arizona are characterized by spikes of detrital
zircons at 1.26 Ga, and as mentioned above,
the Troy Quartzite contains zircons only of
this age (Fig. 2). Such a predominance of one
age of detrital zircon requires that the prove-
nance of these units was mainly one type of
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rock, and probably located near the site of de-
position. Such a proximal source is likely, be-
cause a long transport distance probably
would result in mixing of zircons of various
ages, as is the case for most of the detrital
zircons in the arenites we have studied. The
most probable source that would provide
abundant zircons of one age is volcanic rocks
from nearby volcanic fields. Such a volcanic
source is suggested by the presence of volca-
nic material in the Apache Group and Troy
Quartzite. Possible tuff layers are present in
the Dripping Spring Quartzite, and volcanic
detritus is common in the Dripping Spring and
Troy quartzites in southern Arizona (Nuitt,
1981; J. L. Howard, 1999, written commun.).
The inferred 1.26 Ga igneous event associated
with the Troy Quartzite is similar in age to the
1.267 to 1.270 Ga MacKenzie igneous events,
in the northwestern Canadian shield (Le-
Cheminant and Heaman, 1989).

Other Neoproterozoic and Cambrian areni-
tes in the western United States and northern
Mexico may have had volcanic sources. Such
a possihility is revealed by distinct spikes in
the age population of detrital zircons, partic-
ularly the age spike at about 1110 Gain the
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Bolsa Quartzite, Proveedora Quartzite, and
Wood Canyon Formation. In the Proveedora
Quartzite, zircons of this age constitute 63%
(22 of 35 grains) of the analyzed detrital zir-
cons. Clearly, the abundance of zircons of this
age indicates a source dominated by one age
of zircons. A widespread source in crystalline
basement rocks, as proposed by Farmer and
Ball (1997) seems unlikely because these
sources generally provide zircons of a wide
range of ages, not a predominance of one age.
In particular, a source in the Grenville prov-
ince is not considered possible because the
age distribution for zircons derived from that
province show a broad spectrum of ages, not
asingle major spike at 1.11 Ga (see Grenville
reference age spectrum, Fig. 2).

The 1.110 Ga detrital zircon could have a
source in the Pikes Peak Granite (1.093 Ga;
Van Schmus et al., 1993) of Colorado or the
Aibo Granite (1.110 Ga; Anderson et al.,
1979; Rodrigues-Castafieda, 1994) of Sonora
(Fig. 6). The outcrop areas of these granites,
however, are relatively small, and they do not
seem sufficient to supply abundant 1.110 Ga
zircons to such a distant unit as the Wood
Canyon Formation. A large-volume source is

required because the Wood Canyon Formation
and correlative rocks contain a large volume
of detrital material, perhaps about 100 000
km? or approximately the size of the Sierra
Nevada batholith of California and western
Nevada to a depth of about 1 km.

Perhaps other 1.1 Ga zircon-bearing silicic
sources are hidden in western North America,
as proposed by Farmer and Ball (1997). In-
triguingly, 1.1 Ga diabase is moderately wide-
spread in the western United States (Fig. 6),
indicating that the ca. 1.1 Ga igneous activity
may have been regionally bimodal. A corol-
lary of thisideais that 1.1 Ga silicic igneous
activity may have been more widespread than
is currently recognized, if the volume of the
diabase is any indication of the potential vol-
ume and regiona extent of silicic igneous
rocks.

An alternate source of the 1.1 Ga zircons is
silicic volcanic fields. This concept proposes
that such rocks as the Pike Peak Granite and
Aibo Granite are only the roots of major vol-
canic fields, and that 1.1 Ga silicic igneous
activity produced more volume than indicated
by present outcrops of these granites. Other
now-hidden sources for such voluminous si-
licic fields may exist in western North
America.

In contrast to the Apache Group and Troy
Quartzite that contain tuff and volcanic detri-
tus indicative of probable volcanic source ter-
ranes, other arenites studied here contain little
volcanic detritus. In Sonora, Mexico, the El
Alamo Formation contains rare volcanic
grains and common sericite and clay mineral
grains that could be altered volcanic material.
Rare grains of volcanic rock(?) were reported
by Lobo and Osborne (1976) in cratonal and
miogeoclinal Neoproterozoic and Cambrian
arenites of southeastern California. The Wood
Canyon Formation contains pebbles of vol-
canic rock (J.D. Cooper, 1999, written com-
mun.), a few grains of atered shard and fi-
brous pumice, and as much as 25% of
sand-size rounded grains and irregular masses
of sericite and clay minerals (Stewart, 1970)
that could be interpreted as argillite grains,
weathered feldspar grains, or matrix. A small
amount, or the magjority, of these sericite and
clay mineral grains could be of volcanic prov-
enance. Other materials of possible volcanic
origin are jasper and chalcedony clasts. Red
jasper clasts have been interpreted to have
been derived from Proterozoic iron-formation
in Arizona (Stewart, 1970; J.L. Howard, 2000,
written commun.), but a volcanic source coe-
val with detrital zircons is possible for some
red jasper clasts. Although the amount of vol-
canic detritus in the Neoproterozoic and Cam-
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brian arenites in the western United States and
northern Mexico is apparently small, it may
have been underestimated.

Nevertheless, the sparseness of volcanic de-
tritus in the Proterozoic and Cambrian arenites
described here argues against asilicic volcanic
source for the 1.1 Ga zircon. However, it is
difficult to explain the dominance of 1.1 Ga
detrital zircons in the arenites without a large
igneous source of a specific age. Such sources
are not known to crop out; either they are hid-
den or are now represented only by the buried
roots of such silicic igneous systems. We fa-
vor the latter idea. The scarcity of volcanic
material in the arenites may be explained by
reworking and attrition of less resistant vol-
canic detritus.

Sources in Rifted Continental Blocks

An unknown amount of the zircon in the
Mesoproterozoic and Cambrian arenites of the
western United States and northern Mexico
may have been derived from continental
blocks that have been rifted away from North
America (Fig. 7). In the reconstruction of
Hoffman (1991) and Dalziel (1991, 1992),
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built in part on the SWEAT hypothesis of
Moores (1991) and modified by Li € at
(1995), Karlstrom et a. (1999), and Burrett
and Berry (2000), ancestral North America
(Laurentia) was an interior part of the much
larger hypothetical supercontinent of Rodinia
during Neoproterozoic time. The Hoffman
(1991) and Dalziel (1991, 1992) reconstruc-
tions show the Antarctic craton and Kalahari
craton of southern Africa adjacent to what is
now Mexico. Such an assembly is supported
by the presence in the Kalahari craton of 1.1
Ga dolerites similar to the 1.1 Ga diabase in
the western United States (Hanson et al.,
1998). In the Karlstrom et al. (1999) and Bur-
rett and Berry (2000) reconstruction, Australia
lies adjacent to Mexico to the west, in present
coordinates. Although not specified by Karl-
strom el al (1999) or Burrett and Berry (2000),
the Kalahari and Congo cratons possibly lay
to the southeast. In an alternate models, Sears
and Price (2000) proposed that northeast Si-
beria was adjacent to western Laurentia, and
Li el a (1995) proposed that the South China
craton lay between Australia and what is now
northwestern North America. In these assem-
blies, some of our sample sites, particularly

those in Sonora, Mexico, originally would
have been close to either the Antarctic, Aus-
tralia, Kalahari, or Congo cratons (Fig. 7),
which thus would have been possible source
areas for the zircons. In particular, the Meso-
proterozoic and/or Neoproterozoic EI Alamo
Formation, from which one of our samples
was collected, appears to be old enough to
have been deposited within the supercontinent
of Rodinia. Paleocurrent directions in the El
Alamo Formation are somewhat variable, but
indicate generally north flowing paleocurrents.
Such paeocurrents are consistent with deri-
vation of detrital material from the south, per-
haps from the fringe of what later became
Laurentia, or from the Antarctic, Australian,
Kaahari, or Congo cratons.

The most likely zircons in our samples to
have had a source in arifted continental block
are 1.576 Ga and 1.578 Ga detrital zirconsin
the Sahuaripa Member. Possibly related detri-
tal zircons are a 1.619 Ga zircon in the Sa-
huaripa Member, a 1.612 Ga zircon in the El
Alamo Formation, 1.605 to 1.619 Ga zircons
in the Bolsa Quartzite, and a 1.600 Ga zircon
in the Tapeats Sandstone. All of these 1.619
to 1.576 Ga zircons are in Sonora, except for
the one in the Tapeats Sandstone.

Zircons of 1.619 to 1.576 Ga are common
in the Gawler craton (Fanning et a., 1988)
and North Queensland (Blewett et al., 1998)
of eastern Australia, and are known in western
North America only in the Laclede augen
gneiss in the Priest River complex astride the
Canadian-U.S. boundary. The Laclede augen
gneiss contains 1.576 to 1.577 Ga zircons
(Evans and Fischer, 1986; Doughty et a.,
1997). Doughty el al. (1997) considered the
Priest River complex to have been a piece of
eastern Australia before it was stranded on
Laurentia during rifting of the supercontinent
of Rodiniain the Neoproterozoic; if that were
s0, the presence of 1.576 to 1.577 Ga zircons
in the Priest River complex does not argue
against an exotic source for the 1.619 to 1.576
Ga zircons described here. Ross et a. (1992)
and Ross and Villeneuve (1999) have pro-
posed that 1.590 to 1.600 Ga detrital zircons
in the Belt Supergroup had a source in the
Gawler craton, and Blewett et al. (1998) has
proposed a North Queensland source for these
detrital zircons in the Belt Supergroup. Barth
et a. (2000a) also proposed an exatic source
for upper Proterozoic strata in the San Ber-
nardino Mountains of California

In eastern Australia, some detrital zircon
populations from Neoproterozoic and Cambri-
an arenites (Ireland et al., 1998) show a poorly
defined similarity to those in the western Unit-
ed States and northern Mexico, particularly if
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post-Rodinian zircons of about 0.5 Ga are ex-
cluded. Some arenites from Australia show
abundant detrital zirconsin the range from 2.1
to 1.6 Ga, a range that corresponds partly to
the 1.90 to 1.62 Ga range of abundant zircons
in the United States. Zircons in the range of
1.619 to 1.576 Ga are present in the Sahuaripa
Member, EI Alamo Formation, Bolsa Quartz-
ite, and Tapeats Sandstone, and zircons of this
age are also present in some of the Australian
units. Detrital zircons in the western United
States, northern Mexico, and Austrdia are
also similar in having abundant zircons of
about 1.0 Ga. However, 1.45 to 1.40 Ga zir-
cons are sparse in the Australian arenites
whereas they are common in arenites of the
western United States and northern Mexico.

Detrital zircon ages from Antarctica (Walker,
1996) do not support the idea that the Antarctic
craton was close to the western United States
and northern Mexico, as proposed in the Ro-
dinian reconstruction. Detrital zircons from
Antarctica are dominated by 1.2 to 1.0 Ga zir-
cons, but in places include 2.3 to 2.2 Ga and
0.7 and 0.65 Ga zircons (Walker, 1996). The
1.2 to 1.0 Ga zircons match ages of zirconsin
the western United States, but the 2.3 to 2.2 Ga
zircons are in the void of zircons described
here. In comparison with zircons from Antarc-
tica, only three ca. 0.700 Ga zircons were found
in this study (Wood Canyon Formation and
Rancho Curiel unit), and none of 0.65 Ga.

Detrital zircons in the Mayamkan Forma-
tion of Siberia (Rainbird et al., 1998; Sears
and Price, 2000) range from 1.500 to 1.105
Ga. The oldest of these zircons is younger
than the ca. 1.560 Ga zircons of the Sahuaripa
formation, suggesting that the Siberian and
Sonoran arenites may not have had the same
source, and thus that they were not juxtaposed
before the breakup of Rodinia.

After the fragmentation of Rodinia and the
rifting away of the Antarctic, Australian, Ka-
lahari, Congo, or Siberian cratons in Neopro-
terozoic time, direct transport of detrital ma-
terial from these cratons to Laurentia was
impossible. Nevertheless, detrital material
from these cratons may have been left on
North America in basins that formed prior to
the breakup of Rodinia. If that were so, such
basinal deposits possibly could have been re-
cycled into the Neoproterozoic and Cambrian
arenites of the Cordilleran miogeocline.

SUMMARY AND CONCLUSIONS

Multiple sources of zircons are indicated by
our study. Zircons older than 3.0 Ga are con-
sidered to have been derived from the Wyo-
ming province in the northern United States
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and continuations in Canada. Zircons ranging
in age from 1.9 to 1.6 Ga have likely sources
in the Yavapai, Mazatzal, and Mojave prov-
inces in the southwest United States. Zircons
ranging from 1.45 to 1.40 Ga almost certainly
were derived from widespread granitoids of
this age in the southwest United States. Zir-
cons ranging from 1.2 to 1.0 Ga may have
been derived in part from silicic volcanic
fields and in part from the Grenville province
(Fig. 6). These multiple sources suggest that
the provenance of the arenites was an area of
mixing of detritus from various areas, perhaps
by fluvial and eolian processes. However, the
mixing was not complete, and different units
tapped somewhat different provenance areas
to account for variation in the ages of zircons
between samples. Movement of zircons from
distant sources may have occurred over a pro-
tracted period of time in which the zircons
were transported, deposited, eroded, and trans-
ported again in severa cycles.

Most of the zircons studied could have been
derived from what is now North America, and
most could be from the south and southwest
United States. The only zircons that may in-
dicate an exotic source are a few 1.619 to
1.576 Ga detrital zircons that cannot be easily
related to North American sources, but that
correspond closely to terranes of this age in
Australia. Ross et al. (1992) and Barth et al.
(2000a) have suggested such a source in Aus-
tralia on the basis of detrital zircon studies
elsewhere in the western United States.

Our two Mesoproterozoic samples (Dripping
Spring and Troy quartzites) are interpreted to
have been derived mainly from large silicic
volcanic fields that may have formed and been
eroded away during, or before, the early phase
of the Grenville orogeny and the consolidation
of Rodinia. During and after the consolidation
of Rodinia, detritus derived from the Grenville
orogen was mixed with cratonal detritus and
perhaps 1.11 Ga detritus shed from silicic vol-
canic fields in the southwest. Large amounts of
eolian and fluvial sand accumulated on the sur-
face and in epicontinenta basins of Rodinia.
After the fragmentation of Rodinia, this sand
was transported off the craton and contributed
to the sand-rich Neoproterozoic and Cambrian
part of the Cordilleran miogeocline.
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