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IMPLICATIONS OF U-PB AGES OF DETRITAL ZIRCONS IN
MESOZOIC STRATA OF THE FOUR CORNERS REGION FOR

PROVENANCE RELATIONS IN SPACE AND TIME

WILLIAM R. DICKINSON ano GEORGE E. GEHRELS

Department of Geosciences, University of Arizona, Tucson, Arizona 85721, wrdickin@dakotacom.net

ABsTRACT—U-PD ages for individual detrital zircons in sandstone record the ages of igneous source rocks in which zircon and
accompanying quartz crystals formed because zircon U-Pb ages are not reset by either sedimentary or diagenetic processes.
Ages of detrital zircons reflect ultimate sand sources in basement rocks but allowance must be made in provenance interpreta-
tions for potential recycling of resistant zircon grains from more proximate sources in sedimentary assemblages. Our database
for Mesozoic strata in the Four Corners region includes 2213 concordant or nearly concordant U-Pb ages of detrital zircons
from 24 samples (Triassic to Cretaceous). Chinle channel sands were derived largely from the Ouachita orogen where uplifted
on the northern shoulder of the pre-Gulf of Mexico rift system, from which Ouachita-derived sand was carried westward by
paleoriver systems ~1500 km long with headwaters in the Ouachita foreland. Southern tributaries of central Chinle paleorivers
contributed detritus from Precambrian basement and the Cordilleran magmatic arc lying south of the Colorado Plateau. Eolian
dune sands of Glen Canyon and San Rafael ergs were derived largely from pre-Atlantic rift highlands along the Appalachian
belt, transported to deltas or floodplains in the northern Rocky Mountains region by a transcontinental paleoriver system
~2000 km long carrying Appalachian-derived sediment, and delivered southward to the Colorado Plateau ergs by the paleow-
inds recorded by dune crossbedding. Salt Wash (Morrison) and Burro Canyon (including Jackpile) fluvial sands were largely
reworked from older Jurassic eolianites forming sedimentary cover over the Mogollon paleohighlands, but Westwater Canyon
(Morrison), Cretaceous (Toreva-Gallup-Menefee ) fluvial and fluviodeltaic sands contain prominent components of detrital
zircon derived from Proterozoic Mogollon basement and its sedimentary cover, and from the Mesozoic Cordilleran magmatic

arc lying still farther south.

INTRODUCTION

Determining U-Pb ages for detrital zircons (DZ) has become
standard methodology for constraining the provenance of sand
and sandstone (Fedo et al., 2003; Ross and Villeneuve, 2003;
Link et al., 2005; Dickinson and Gehrels, 2009b). During the
years 2004-2008, we studied DZ ages in Mesozoic strata of the
Colorado Plateau and adjoining regions by means of a research
seminar supported by the National Science Foundation at the Uni-
versity of Arizona involving 15 students and seven professional
confreres from other institutions. This paper presents an overview
of results for 2213 DZ grains in 24 samples (average of 92 DZ
grains per sample) from the Four Corners region, extending from
Black Mesa and Monument Valley on the west to the Rio Grande
rift on the east, and from the Dolores River on the north to Inter-
state Highway [-40 through Gallup on the south. U-Pb ages were
determined for individual DZ grains by laser ablation-multicol-
lector-inductively coupled plasma-mass spectrometry (LA-ICP-
MS; Gehrels et al., 2008). Full U-Pb analytical data, concordia
diagrams, age-bin histograms, and age-distribution curves (prob-
ability-density plots) for each sample were reported by Dickinson
and Gehrels (2008a, 2008b, 2009a), who also discussed strati-
graphic relations and petrographic aspects of the samples more
fully than we attempt here and provided detailed descriptions
(including GPS coordinates) of all sample localities. Dickinson
and Gehrels (2009c¢) further presented a summary of provenance
relations from a regional perspective.

INTERPRETIVE BACKGROUND

DZ grains are especially useful for provenance studies because
(a) resistant zircon is persistent in the sedimentary environment;

(b) sedimentary zircon and quartz are both derived principally
from felsic igneous rocks, hence zircon serves as a proxy for
more abundant quartz; (c) DZ ages faithfully reflect the ages of
igneous source rocks because the U-Pb isotopic system is not
reset by temperatures prevalent in diagenesis; (d) the ultimate
sources of DZ grains can be inferred from independent knowl-
edge of the geographic distribution of potential source rocks of
different ages; and (e) the double decay scheme of the U-Pb iso-
topic system (**U to 2Pb and >*U to *’Pb) allows disturbance of
the U-Pb isotopic system (typically by lead loss through leaching
of DZ grains) to be detected without ambivalence because the
double U-Pb ages are then discordant and plot off the standard
concordia curve.

Discordant grains are rejected for provenance analysis because
discordia chords cannot be interpreted for DZ grains having varied
histories. In practice, minor discordance is allowed according to
set criteria (see Dickinson and Gehrels, 2008a, 2008b, 2009a),
but <10% and commonly <5% of grain ages were rejected for
discordance. Best age estimates for DZ grains are provided by
206Pp/28U for grains <1 Ga, declining in accuracy with increasing
age, and by *Pb/*’Pb for grains >1 Ga, declining in accuracy
with decreasing age. Uncertainty in U-Pb grain age is thus inher-
ently greatest near 1.0-1.3 Ma (Grenvillean). Measurement of
205Pb/2%Pb ratios allows corrections to U-Pb ages to allow for the
presence of non-radiogenic lead (dominantly but not exclusively
204ppy),

The spectrum of U-Pb ages in a population of DZ grains is
best displayed visually as an age-distribution curve, which is a
probability-density plot (Ludwig, 2003) generated by incorporat-
ing each U-Pb age and its analytical uncertainty as a normal dis-
tribution, and stacking the individual normal distributions into a
compound curve. For ease of visual comparison, the probability
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plots are normalized to enclose equal areas beneath age-distribu-
tion curves. For comparison of DZ age spectra, equivocal visual
impressions can be supplemented by Kolmogorov-Smirnoff (K-S)
statistics (Press et al., 1986). K-S analysis calculates a probability
P that two age spectra are comparable, and where P>0.05 (the
reciprocal of 0.95), there is <95% confidence that two age spectra
do not represent grains selected at random from the same parent
population (P=1.0 indicates statistical identity). Where P>0.05,
we conclude that there is no robust contrast in provenance even
where visual differences can be seen between the age spectra of
different DZ populations.

There are three important caveats for provenance interpreta-
tions from DZ age spectra: (a) DZ grains integrate detrital con-
tributions from multiple source rocks, and DZ age spectra are
not sensitive to minor variations in provenance; (b) proportions
of DZ grains of various ages do not necessarily equate to pro-
portions of total detritus from different source rocks because
differential zircon fertility (Moecher and Samson, 2006; Dickin-
son, 2008) of different igneous assemblages comes into play for
provenance interpretations; and (c¢) DZ ages reflect the ages of
the ultimate igneous sources of DZ grains, but cannot detect the
nature of proximate sedimentary strata from which durable zircon
grains have been recycled (Link et al., 2005; Dickinson et al.,
2009b). Nevertheless, DZ analysis provides important informa-
tion about provenance that cannot be obtained from either paleo-
current studies, which indicate directions of sediment transport at
depositional sites but provide no direct information about distant
provenances, or petrofacies analysis which indicates the general
nature of sediment provenance but cannot distinguish between
similar source rocks of disparate ages.

For provenance interpretations, emphasis is placed on clusters
of multiple grain ages that provide robust indications of prov-
enance contributions. Individual grain ages can be spurious, and
isolated grain ages may be selective records of minor age clusters
but not representative of those age clusters as a whole. The sam-
pling challenge for DZ work is daunting. First one selects a finite
number of sample localities, always small to keep analytical costs
down. Then one must select a particular part of an outcrop to
sample, or else devise some scheme for channel sampling which
we have not attempted. Finally, one must select at random (our
practice, although other approaches are possible) ~100 DZ grains
(our standard, but more or fewer are possible) for laser ablation
from an epoxy mount of 1000-2000 DZ grains, separated labori-
ously from the sample. These considerations virtually guarantee
minor variations in DZ age spectra that may lack any significance
for provenance interpretations. All our DZ grains are very fine
to medium sand in size, and our methodology did not test zircon
grains of silt size. Within the DZ size range treated, we observed
no consistent correlations between grain age and color, habit, or
other morphology (such as abrasion) of zircon grains.

SAMPLE CONTEXT
Figure 1 shows the geographic distribution of our DZ samples

(Table 1) on a geologic sketch map of the Four Corners region,
Figure 2 indicates schematically their stratigraphic distribution
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on a chronostratigraphic section (NW-SE) across the Four Cor-
ners region, and Figure 3 depicts the regional relationships of
key depositional systems from which most of the DZ samples
derive.

Most DZ grains in Mesozoic strata of the Four Corners region
were derived ultimately from basement sources in eastern and
southern North America, with only subordinate contributions
from bedrock in the Cordilleran region, although intraregional
recycling of DZ grains became important as depositional sys-
tems evolved. Figure 3 (Four Corners region highlighted by bold
squares), depicts sequentially the major provenance relations for
the DZ samples as follows:

(1) Upper Triassic (Chinle) sandstones (Fig. 3A) were collected
mainly along the courses of major regional rivers, the Shinarump
trunk paleoriver of the lower Chinle depositional system and the
Cottonwood paleovalley of the upper Chinle depositional system.
Each of those two major Chinle paleodrainages had their headwa-
ters in the Ouachita foreland of west Texas, although selected DZ
samples derive from southern Chinle tributaries sourced in ances-
tral Mogollon paleohighlands and the Cordilleran magmatic arc.

(2) Jurassic ergs (Fig. 3BC) were fed by sand that was trans-
ported across the craton to the northern Rocky Mountains region
by transcontinental paleorivers with headwaters in the central to
southern Appalachian region, and then blown southward (in pres-
ent coordinates) by deflation of floodplains or deltas to deliver
eolian sand of Appalachian derivation to the plateau ergs.

(3) Upper Jurassic (Morrison) fluvial systems (Fig. 3D)
included two foreland megafans (Leier et al., 2005), Salt Wash
and Westwater Canyon, having distinctly different provenances,
with the Salt Wash megafan issuing from the syntaxis between
Sevier and Mogollon tectonic trends and the Westwater Canyon
megafan built off the flank of the rift shoulder (Mogollon paleo-
highlands) of the Border rift system.

(4) Cretaceous fluvial and fluviodeltaic sands (Fig. 3EF) were
transported northward into the Four Corners region from the
Mogollon paleohighlands, and eventually also from the Cordil-
leran magmatic arc farther south, as progressive onlap of coastal
and marine strata of the Dakota Formation gradually buried the
Mogollon paleohighlands, but we did not sample Cretaceous
marine strata from the interior of the San Juan basin to avoid
mixed provenance signals introduced by longshore marine trans-
port.

KEY DZ POPULATIONS

DZ grains derived from Cordilleran arc assemblages of Meso-
zoic age, and their Permian antecedents (Iriondo and Arvizu,
2009), are <285 Ma. Paleogeographic relations (Fig. 3) and the
nature of accompanying older DZ grains imply that the arc-
derived grains derive exclusively from segments of the Cordil-
leran arc lying south and southwest of the Colorado Plateau in
Mexico, southernmost Arizona, and southern California (Fig. 3)
where the arc was built across Paleoproterozoic (1800-1600 Ma)
Yavapai-Mazatzal basement of southwest Laurentia (Shaw and
Karlstrom, 1999; Whitmeyer and Karlstrom, 2007; Barth et al.,
2009). The DZ signal of Yavapai-Mazatzal provenance incorpo-
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FIGURE 1. Detrital-zircon (DZ) localities in the Four Corners region. See Table 1 for stratigraphy. Bars with arrows (L-L’) denote ends (N30W-S30E)

of schematic stratigraphic section (Fig. 2).

rates contributions from anorogenic Mesoproterozoic (1450-1400
Ma) plutons intrusive into Yavapai-Mazatzal basement (Ander-
son, 1989). There is no hint, however, from the DZ age spectra of
Mesozoic strata in the Four Corners region that any DZ contribu-
tions were recycled from pre-Mezozoic suspect terranes associ-

ated with Cordilleran arc assemblages farther north in California
and Nevada (Dickinson and Gehrels, 2000).

The composite DZ signal recording derivation of detritus from
the Appalachian-Ouachita region of eastern and southern North
America is an association of age peaks for (a) Grenvillean (1250-



