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ABSTRACT

Paleocene Lower Wilcox Group sedimentation rates are three times the Ceno-
zoic average for the Gulf of Mexico region and are attributed to Laramide tectonism 
within the Laramide–Rocky Mountains region. These increased rates likely repre-
sent the erosion of easily weathered Phanerozoic strata that blanketed the Laramide-
age  basement-cored uplifts. Geologic observations and U-Pb geochronology are not 
sufficient to fully address this hypothesis alone, so we conducted 439 Lu-Hf isotopic 
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INTRODUCTION

The Gulf of Mexico Basin is one of the largest sediment 
repositories on Earth, and since its inception in Middle Jurassic 
time, it has been filling with sediment from the North Ameri-
can craton (Galloway et al., 2011; Ewing and Galloway, 2019). 
Throughout most of the Mesozoic, clastic sediment supply rates 
to the Gulf of Mexico were relatively low due to high global 
sea levels, which allowed sediment derived from the Sevier and 
Laramide highlands to the west to accumulate within the West-
ern Interior Seaway (Galloway et al., 2011), which occupied a 
continental-scale foreland basin (e.g., Miall et al., 2008), or due 
to rivers that flowed generally northeastward (e.g., Galloway 
et al., 2011; May et al., 2013; Loope and Secord, 2017; Wro-
blewski and Dunn, 2019), thus shielding the Gulf of Mexico. 
During late Paleocene time, sediment flux to the Gulf of Mexico 
region increased dramatically, and this is thought to have been 
the manifestation of changes in Laramide tectonism upstream 
(Galloway et al., 2011; Mackey et al., 2012; Blum and Pecha, 
2014; Blum et al., 2017; Sharman et al., 2017). Climate change, 
drainage basin evolution, and intraplate tectonism all likely had 
an effect on sediment supply to the Gulf of Mexico Basin mar-
gin (Dickinson et al., 1988; Wilf, 2000; Sewall and Sloan, 2006; 
Lawton, 2008; Davis et al., 2009; Galloway et al., 2011; Mackey 
et al., 2012; Sharman et al., 2017; Smith et al., 2020). Drainage 
capture of ~900,000 km2 within the Sevier-Laramide structural 
province, including the California (Davis et al., 2010) and Idaho 
Rivers (Chetel et al., 2011), has been proposed as the catalyst for 

this increase in sediment flux (Sharman et al., 2017). Regardless 
of the exact mechanism(s), it is certain that Laramide basement-
cored uplifts, including their overlying Phanerozoic strata, con-
tributed voluminous sediment to the Gulf of Mexico Basin. This 
notion provides the basic underpinnings for this study, the foun-
dation of which we put to test by collecting Hf isotopic data from 
detrital zircons in the San Juan and Gulf of Mexico Basins.

Over the past ~10 yr, numerous U-Pb detrital zircon stud-
ies have been conducted on Gulf of Mexico strata (Galloway et 
al., 2011; Mackey et al., 2012; Blum and Pecha, 2014; Wahl et 
al., 2016; Sharman et al., 2017; Blum et al., 2017), as well as 
intraforeland basins in the Sevier-Laramide foreland of western 
North America (e.g., Davis et al., 2010; Lawton and Bradford, 
2011; Dickinson et al., 2012; Laskowski et al., 2013; Donahue, 
2016; Bush et al., 2016; Malone et al., 2017; Pecha et al., 2018; 
Smith et al., 2020; Anderson et al., 2019; Welch et al., this vol-
ume; Malone et al., this volume). These detrital zircon studies 
provide important contributions to the overall understanding of 
these depositional systems and insights into their potential prov-
enance ties. Most of these studies, however, only employed U-Pb 
age data and geologic observations to make provenance inter-
pretations. Acquiring Hf isotopic measurements on the detrital 
zircons allows for a more robust provenance interpretation by 
providing an additional data set for characterization of sediment 
source regions (e.g., Gehrels and Pecha, 2014; Sauer et al., 2017).

The power of Hf isotope geochemistry in detrital zircon 
provenance studies has been exhibited throughout the North 
American Cordillera (Gehrels and Pecha, 2014; Surpless et al., 

analyses on detrital zircons from eight samples from the San Juan Basin and five 
samples from the Gulf of Mexico Basin. Focusing on the zircons younger than 300 
Ma allowed us to make direct comparisons to the eight principal components that 
comprise the North American Cordilleran magmatic arc: (1) Coast Mountains batho-
lith; (2) North Cascades Range; (3) Idaho batholith; (4) Sierra Nevada batholith;  
(5) Laramide porphyry copper province; (6) Transverse Ranges; (7) Peninsular Rang-
es; and (8) Sierra Madre Occidental. The εHf(t) results range from +8.9 to –27.0 for 
the San Juan Basin samples and from +13.0 to –26.6 for the Gulf of Mexico samples. 
Using the San Juan Basin samples as a proxy for the eroded Mesozoic cover that was 
shed from the Laramide uplifts, we show that much of the sediment entering the Gulf 
of Mexico through the Houston and Mississippi embayments during the late Paleo-
cene was derived from reworked cover from the greater Laramide–Rocky Mountains 
region. However, the Gulf of Mexico samples also include a distinct juvenile suite 
(εHf[t] ranging from +13 to +5) of zircons ranging in age from ca. 220 to 55 Ma that 
we traced to the Coast Mountains batholith in British Columbia, Canada. This trans-
continental connection indicates an extension to the headwaters of the previously 
defined paleo-Mississippi drainage basin from ca. 58 to 56 Ma. Therefore, we propose 
a through-going fluvial system (referred to here as the “Coast Mountains River”) 
that was routed from the Coast Mountains batholith to the Gulf of Mexico. This 
expands the previously defined paleo-Mississippi drainage basin area by an estimated  
280,000 km2. Our comprehensive Hf isotopic compilation of the North American 
 Cordilleran magmatic arc also provides a benchmark εHf(t) versus U-Pb age plot, 
which can be used to determine provenance of detrital zircons (85–50 Ma) at the scale 
of specific region(s) within the Cordillera based on their εHf(t) values. 
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2014; Yokelson et al., 2015; Giesler et al., 2016; Pecha et al., 
2016, 2018; White et al., 2016; Sauer et al., 2017; Surpless and 
Gulliver, 2018). In addition to crustal evolution information, Hf 
isotope measurements in zircon provide an additional diagnos-
tic tool for detrital zircon provenance evaluation (Gehrels and 
Pecha, 2014); however, this also requires knowledge of the U-Pb 
age and Hf isotopic signature(s) of the potential source terranes. 
Fortunately, the principal magmatic provinces that constitute 
the North American Cordillera (i.e., Coast Mountains batholith, 
North Cascades Range, Idaho batholith, Sierra Nevada batholith, 
Peninsular Ranges batholith, Transverse Ranges, Sierra Madre 
Occidental, and Laramide porphyry copper province) are charac-
terized in terms of their zircon Hf isotopic signature to a degree 
that is sufficient to provide a robust reference data set for com-
parisons with newly generated detrital Hf results (Arvizu and Iri-
ondo, 2011; Cecil et al., 2011; Gaschnig et al., 2011; Lackey et 
al., 2012; Shaw et al., 2014; Barth et al., 2016; Mahar et al., 2016; 
Fisher et al., 2017; Homan, 2017; Sauer et al., 2017; Chapman et 
al., 2018; Dafov et al., 2020; Garcia et al., 2021).

Comparison of our new Hf data from the San Juan and Gulf 
of Mexico Basins with the principal tectonic/magmatic elements 
that constitute the North American Cordillera revealed prov-
enance ties that improve our understanding of paleodrainage pat-
terns and scales. Our data suggest that one or more continental-
scale river(s) extended beyond previously defined catchments to 
include remote sources located in the Pacific Northwest, includ-
ing the Coast Mountains batholith, British Columbia, Canada. 
The manner in which provenance was evaluated was fourfold: 
(1) Establish the detrital zircon epsilon Hf values of both the 
San Juan Basin and Gulf of Mexico Basin strata, (2) examine 
published Paleocene geologic and paleogeographic maps of the 
region, (3) compile and compare all the previously published Hf 
isotopic data on igneous zircons from the principal tectonic ele-
ments that make up the North American Cordillera, and (4) refine 
the paleodrainage patterns and catchment geometries during 
late Paleocene time. The results yielded important information 
into the genetic connection between the Laramide intraforeland 
uplifts and basins of the U.S. Rocky Mountains region and pro-
vided insights into continental-scale drainage networks and sedi-
ment pathways to the Gulf of Mexico. Our findings also provided 
insight into the crustal evolution of the North American Cordi-
lleran magmatic arc, and allowed the development of a Laramide 
(ca. 85–50 Ma) detrital zircon epsilon Hf signature map, which 
can be used to refine provenance of zircons within this age range 
in and around western North America.

GEOLOGIC BACKGROUND

Sedimentary basins (e.g., San Juan Basin, Gulf of Mexico 
Basin) that form downstream from regional tectonic elements 
(e.g., Idaho batholith, Coast Mountains batholith, Sevier thrust 
belt, etc.) function as immense data repositories that can be 
accessed for research in a multitude of ways to better under-
stand the upstream tectonic element(s). Basins peripheral to 

ancient orogenic systems often contain a comprehensive rock 
record that may provide geologic insight into the original oro-
genic system, even if large percentages of the original tectonic 
element(s) have been partially or completely removed by ero-
sion (Gehrels and Pecha, 2014). Paired U-Pb and Hf detrital 
zircon provenance studies provide critical information that can 
be related back to the magmatic origin of the zircons, sediment 
provenance, maximum depositional age of the sediment, paleo-
geography, and landscape evolution.

Here, we summarize the geologic background of west-
ern North America during Mesozoic and early Cenozoic time, 
including the Cordilleran magmatic arc, Cordilleran foreland 
basin, San Juan intraforeland basin, and Gulf of Mexico Basin.

North American Cordilleran Magmatic Arc

Cordilleran-style magmatism in western North America 
initiated ca. 284 Ma in what is now central Mexico (Dickinson, 
2004). The arc within this region was built on the edge of Gond-
wanan crust as the hypothetical Mezcalera plate subducted east-
ward beneath the southwestern edge of Laurentia (Dickinson 
and Lawton, 2001a; Dickinson, 2004). Permian through Early 
Triassic magmatism in southwestern Laurentia was limited 
to this region; however, by ca. 245 Ma, the Cordilleran mag-
matic arc was an established component of the circum-Pacific 
orogenic belt (Dickinson, 2000, 2004). This included initiation 
of subduction and subsequent magmatism within the Klamath-
Sierran, Peninsular Ranges, and Coast Mountains batholith 
regions (Dickinson, 2000).

The Laurentian continental margin during mid-Mesozoic 
time consisted of an arc-trench system that experienced episodes 
of tectonic accretion of intra-oceanic island-arc systems (Dick-
inson, 2004). This accretionary stage was followed by emplace-
ment of a belt of batholiths along the majority of the Cordillera 
from Late Jurassic and through Cretaceous time. Today, the prin-
cipal record of Cordilleran arc magmatism is this group of Creta-
ceous batholiths, which extend discontinuously along the entire 
Cordilleran margin from Mexico to southeastern Alaska. These 
batholiths often have unique isotopic signatures, offering poten-
tial isotopically distinct sources of detrital zircons preserved in 
basins downstream. Due to spatial variations in basement geol-
ogy, the batholiths typically have isotopic characteristics specific 
to their geographical region.

Cordilleran Foreland Basin and Laramide  
Intraforeland Basins

During late Mesozoic time, the U.S. Rocky Mountain 
region was part of an expansive Cordilleran foreland basin sys-
tem that formed due to flexural subsidence caused by loading 
from the Sevier thrust belt (Fig. 1; Armstrong, 1968; Jordan, 
1981; DeCelles, 2004; Craddock et al., this volume). The fore-
land basin was flanked on the west by the Sevier thrust belt, 
including the high-elevation Nevadaplano plateau (DeCelles, 
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2004), and on the southwest by the Mogollon Highlands rift 
shoulder, a high-standing structural feature related to the forma-
tion of the Bisbee-McCoy basin (Dickinson and Lawton, 2001b; 
Lawton, 2004; Lucas, 2004; Dickinson and Gehrels, 2008). 
Beginning in Late Cretaceous (ca. 85 Ma) time, Laramide defor-
mation and magmatism partitioned the once-continuous Sevier 
foreland basin into isolated intraforeland basins and intervening 
basement block uplifts (Lowell, 1974; Bird, 1984; Brown, 1988; 
Dickinson et al., 1988; Cather, 2004; DeCelles, 2004; Carrapa 

et al., 2019; Lawton, 2019; Craddock et al., this volume). The 
most popular explanation for the inland migration of Laramide 
deformation and magmatism is flat-slab subduction of the Far-
allon plate beneath the western edge of Laurentia (e.g., Coney 
and Reynolds, 1977; Dickinson and Snyder, 1978; Miller et 
al., 1992; English et al., 2003; Saleeby 2003; Liu et al., 2010). 
Within the southern Rocky Mountains region, the manifesta-
tions of Laramide deformation include basement-cored uplifts 
bounded by high-angle reverse faults (e.g., Nacimiento uplift) 
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or broad monoclines (e.g., Monument uplift), where the high-
angle reverse faults may or may not penetrate the surficial geol-
ogy. Twenty-three distinct Laramide intraforeland basins exist 
within the Rocky Mountains region, each preserving variable 
thicknesses of Cretaceous through Eocene strata (Cather, 2004; 
Galloway et al., 2011; Lawton, 2019).

Laramide uplift and erosion played important roles in the for-
mation of the geomorphology of the Four Corners region (Utah–
Colorado–Arizona–New Mexico; Elston and Young, 1991; 
Cather, 2004; Cather et al., 2012). Estimates for the thickness 
of Triassic and Jurassic strata that has been removed by erosion 
from the Colorado Plateau region range from ~1000 to 1500 m  
(Pederson et al., 2002; Lazear et al., 2013). This is in addition 
to the estimated ~300–1000 m of Cretaceous strata that were 
removed during Cenozoic beveling (Epis and Chapin, 1975; Paz-
zaglia and Kelley, 1998). This pervasive erosion has resulted in 

the removal of many Cretaceous and younger rocks on the Colo-
rado Plateau, but the San Juan Basin is an exception, preserving 
a sequence of Cretaceous and early Paleogene rocks exceeding 
2000 m in total thickness.

San Juan Basin

The San Juan Basin in northwestern New Mexico and 
southwestern Colorado is a structurally controlled intraforeland 
Laramide basin. The basin developed coeval with the surrounding 
Laramide uplifts (Defiance uplift, Hogback monocline, San Juan 
uplift, Archuleta anticlinorium, Nacimiento uplift, Zuni uplift, 
and the Colorado Mineral belt; Fig. 2), as evidenced by Late Cre-
taceous and Paleogene growth strata (ca. 80–50 Ma) along the 
western margin of the basin adjacent to the Nacimiento thrust 
(Kelley, 1950, 1951; Baltz, 1967; Molenaar, 1983). Attenuated 
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and steeply dipping units also occur along the northern margin 
of the basin. Beginning in Campanian time (ca. 75 Ma), flexural 
subsidence within the interior basin caused differential subsi-
dence and sedimentation, resulting in an asymmetrical synform 
with an arcuate axial trace that mimics the trend of the bounding 
features on the west and north sides of the basin (Ayers et al., 
1994; Cather, 2003, 2004; Cather et al., 2019).

The San Juan Basin contains the most complete section of 
Upper Cretaceous and Paleogene stratigraphy within the central 
Sevier-Laramide foreland. Upper Cretaceous strata were depos-
ited during basinwide transgressive and regressive cycles asso-
ciated with excursions of the Western Interior Seaway (Fassett 
and Hinds, 1971). During this time, rivers flowed from highlands 
located to the south and west and fed deltaic systems along the 
western margin of the Western Interior Seaway. By Paleocene 
time, Laramide deformation had significantly altered the regional 
drainage patterns, including creation of a subregional drainage 
divide along the axis of the Colorado Mineral Belt (Cather et 
al., 2012). Paleogene strata within the San Juan Basin are com-
posed of fluvial and lacustrine deposits. Detailed sedimentologic 
descriptions of the Upper Cretaceous and Paleogene units are 
available in Craigg (2001).

Cretaceous and Paleocene fluvial and lacustrine depos-
its within the San Juan Basin and other Laramide intraforeland 
basins indicate that the majority of the Laramide province was 
likely above sea level throughout the entirety of the Laramide 
orogeny (Dickinson et al., 1988). During Paleocene time, most 
of the intraforeland perimeter basins north of the San Juan Basin 
were drained by fluvial systems that flowed toward the east, 
toward remnants of the Cretaceous interior seaway (Dickinson 
et al., 1988). Paleocene exit rivers from the San Juan Basin and 
other Laramide basins in New Mexico and Colorado (e.g., El 
Rito–Galesteo, Baca, etc.) existed and likely continued southeast-
ward toward Gulf of Mexico depocenters (Gorham and Ingersoll, 
1979; Klute, 1986; Dickinson et al., 1988; Cather, 2004; Gallo-
way et al., 2011; Lawton, 2019). The final retreat of the Western 
Interior Seaway, including the Cannonball Sea, was complete by 
ca. 58 Ma, allowing for fluvial transport of sediments across the 
Great Plains (Slattery et al., 2015, and references therein). Com-
parisons between Cretaceous and Paleocene sedimentary rocks 
in the San Juan Basin and Gulf of Mexico Basin are essential 
in establishing first-order upstream/downstream connections. 
However, it is important to note that there is no direct correla-
tion between rocks of the San Juan Basin and rocks of the Gulf 
of Mexico Basin, but rather that the rocks of the San Juan Basin 
provide a proxy for the rocks that once existed throughout the 
greater Four Corners region and likely throughout much of the 
Laramide province.

The out-of-phase nature of episodic sedimentation between 
the Laramide intraforeland basins and the Gulf of Mexico Basin 
has been well documented and certainly holds important implica-
tions for understanding their relationship (Cather, 2004; Sharman 
et al., 2017; Cather et al., 2019; Smith et al., 2020). Three rapid 
pulses of sedimentation occurred in the San Juan Basin at dis-

tinct intervals throughout Laramide time, each of which is sepa-
rated by condensed sand-rich units (e.g., Kimbeto Member of 
the Ojo Alamo Sandstone) that accumulated during episodes of 
basin overfilling (Cather, 2004; Cather et al., 2019). The Paleo-
cene upper Nacimiento Formation and the earliest Eocene Cuba 
Mesa Member of the San Jose Formation (including the lacuna of  
>5 m.y. that locally divides them) are the sand-rich condensed 
units found within the San Juan Basin that are approximately 
coeval with Wilcox Group sedimentation in the Gulf of Mexico 
(Cather, 2004; Cather et al., 2019).

Gulf of Mexico Basin

The geologic evolution of the Gulf of Mexico Basin is well 
understood due to the intense scrutiny of both academic and 
industry research conducted over the past ~80 yr. This includes 
studies on basin architecture, basin fill/stratigraphy, deposi-
tional environments, sediment dispersal patterns, and first-order 
paleogeography, summaries of which can be found in Galloway 
(2008), Galloway et al. (2011), Blum et al. (2017), and Ewing 
and Galloway (2019).

Oceanic seafloor spreading initiated during Middle Jurassic 
time, creating accommodation space within the Gulf of Mexico 
region, and continued evolving through Early Cretaceous time 
(Galloway et al., 2011). Gulf of Mexico drainage patterns trans-
formed throughout late Mesozoic and Cenozoic time in response 
to hinterland tectonism in North America (Galloway, 2008; Gal-
loway et al., 2011; Blum and Pecha, 2014), but in general, Gulf 
of Mexico sedimentation during the Paleocene was focused into 
three principal structural embayments (Fig. 3): (1) Rio Grande 
embayment, (2) Houston embayment, and (3) Mississippi 
embayment (Galloway et al., 2011; Mackey et al., 2012; Blum 
et al., 2017). Upper Paleocene to Lower Eocene Wilcox Group 
strata in east-central Texas were deposited within the Houston 
embayment. During Paleocene and early Eocene time, the Hous-
ton embayment drainage basin is thought to have encompassed 
the southern portion of the Sevier foreland, including the Four 
Corners region (Fig. 4; Galloway, 2008; Galloway et al., 2011; 
Blum and Pecha, 2014; Blum et al., 2017). Wilcox Group strata 
in central and southwestern Arkansas lie east of the Sabine 
uplift and were deposited within the Mississippi embayment, for 
which the drainage basin likely included the paleo-Mississippi, 
paleo-Arkansas, and paleo-Platte rivers. However, it is impor-
tant to note there is ongoing debate regarding the specific sedi-
ment-routing pathways during this time frame, both within the 
hinterland and across the midcontinent region (Galloway et al., 
2011; Mackey et al., 2012; Blum and Pecha, 2014; Wahl et al., 
2016; Sharman et al., 2017; Blum et al., 2017; Lawton, 2019). 
The paleo-Platte and paleo-Arkansas rivers were draining west-
ern highlands, including the Nevadaplano and Idaho batholith 
regions (Sharman et al., 2017), while the paleo-Mississippi river 
was draining the midcontinent region and Appalachian sources 
to the east (Galloway et al., 2011; Blum and Pecha, 2014; Blum 
et al., 2017; Finzel, 2017; Sharman et al., 2017). All three of 
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these paleorivers were channeled through the paleo-Mississippi 
embayment en route to their destination in the Gulf of Mexico 
(Galloway, 2008; Galloway et al., 2011; Blum and Pecha, 2014; 
Blum et al., 2017).

Wilcox Group Sedimentation
Throughout the Mesozoic Era, clastic sediment supply 

rates to the Gulf of Mexico from the western continental inte-
rior (including the Sevier thrust belt and Laramide basement 
uplifts) were relatively low, primarily due to sediment sequestra-
tion within the Western Interior Seaway (Galloway et al., 2011). 
However, during deposition of the late Paleocene Lower Wilcox 
Group, sediment supply increased dramatically (to approxi-
mately three times the Cenozoic average), causing delta progra-
dation, depositional offlap, and accumulation of sand-rich turbi-
dite lobes on the Gulf of Mexico abyssal plain (Galloway et al., 
2011; Zarra et al., 2019).

The links between the Laramide intraforeland basins and 
their associated basement-cored uplifts, and their downstream 
connection to sedimentation in the Gulf of Mexico Basin have 
been previously documented (Galloway et al., 2000, 2011; Gal-
loway, 2005; Mackey et al., 2012; Sharman et al., 2017; Blum et 
al., 2017; Foreman et al., this volume). One possible link to the 
decrease in sediment supply to the Upper Wilcox Group relates 
to the unroofing of resistant basement cores of Laramide uplifts 
by earlier removal of the more easily eroded overlying Phanero-
zoic strata (Carroll et al., 2006). However, it is also probable that 
the formation of lacustrine environments due to hydraulic clo-

sure (e.g., Uinta Basin, Green River Basin) within the Laramide 
interior contributed to starve the system of sediment (Dickinson 
et al., 1988; Smith et al., 2014; Sharman et al., 2017), a notion 
that is supported by the out-of-sync sedimentation rates between 
many of the intraforeland basins and the Gulf of Mexico strata 
(Cather, 2004; Cather et al., 2019). Empirical data showing that 
mudstones and sandstones erode at a rate that is two to three 
orders of magnitude faster than granite or quartzite (Sklar and 
Dietrich, 2001) support the notion that unroofing of the base-
ment cores likely played a role in starving the Gulf of Mexico 
during Upper Wilcox Group deposition. The stratigraphy of the 
Cordilleran foreland basin is regionally dominated by relatively 
soft and easily erodible Cretaceous sandstone and shale, resting 
on top of pre–foreland basin Triassic–Jurassic siliciclastic and 
evaporitic units. These strata rest on Upper to Lower Paleozoic, 
relatively resistant, carbonate-rich rocks, which in turn sit on top 
of Archean and Proterozoic basement rocks. The proportion of 
nonresistant to resistant rocks above the basement is roughly 
two-to-one, such that initial growth of Laramide basement-cored 
uplifts would have driven rapid erosion of the upper two thirds of 
the stratigraphic section, followed by somewhat slower dissec-
tion of the more resistant Paleozoic and, ultimately, Precambrian 
rocks (DeCelles et al., 1991; Carroll et al., 2006).

METHODS

To evaluate the genetic relationship between the San Juan 
and Gulf of Mexico Basins, we conducted Lu-Hf measurements 
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on all zircons with U-Pb ages younger than 300 Ma, dated by 
Donahue (2016; ~100 U-Pb analyses per sample); Pecha et al. 
(2018; ~100 U-Pb analyses per sample); Blum and Pecha (2014; 
~100 U-Pb analyses per sample); Blum et al. (2017; ~300 U-Pb 
analyses per sample); and newly reported U-Pb ages here (~315 
U-Pb analyses per sample) from 13 samples from the two basins 
(eight from San Juan Basin and five from the Wilcox Group in 
the Gulf of Mexico Basin; Figs. 2 and 3, respectively).

U-Th-Pb Geochronology

Four of the five zircon mounts from Blum and Pecha (2014) 
were unavailable for Lu-Hf analysis, so these samples (MDB-
67, MDB-69, MDB-70, MDB-71) were remounted from a rep-
resentative split of the original zircon yields and reanalyzed for 
U-Th-Pb. The nonmagnetic, heavy mineral fraction from each 
sample was incorporated into a 2.5 cm epoxy mount, sanded  
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~20 μm to expose the interior of each grain, and backscattered 
electron (BSE) imaged using a Hitachi S-3400N scanning elec-
tron microscope (SEM). The U-Th-Pb laser analyses were per-
formed by laser ablation–inductively coupled plasma–mass spec-
trometry (LA-ICP-MS) using a Photon Machines G2 excimer 
laser connected to an Thermo Element 2 single-collector ICP-
MS at the Arizona LaserChron Center (ALC) following estab-
lished analytical protocols reported in Pullen et al. (2018). In 
total, 315 U-Pb laser analyses were completed on each detrital 
sample using a laser beam diameter of 20 μm. Complete analyti-
cal methodology, results, and maximum depositional age (MDA) 
analyses can be found in Supplemental File S1.1

Hf Isotopic Analysis

Hf isotope geochemistry of detrital zircons was conducted 
by laser ablation–multicollector–inductively coupled plasma–
mass spectrometry (LA-MC-ICP-MS) at the Arizona Laser-
Chron Center following established analytical protocols reported 
in Cecil et al. (2011) and Gehrels and Pecha (2014). On aver-
age, 35 Hf laser analyses were conducted per detrital sample. 
Analysis pit locations within each zircon were identified on high-
resolution BSE images, and in all instances, the 40 μm Hf laser 
pits were placed directly on top of the earlier 20 μm U-Pb analy-
sis pits, ensuring that all Hf laser analyses were located entirely 
within the same growth zone/domain as the earlier U-Pb pit. Dur-
ing each Hf data acquisition, we also monitored the down-hole 
176Hf/177Hf to ensure we did not cross boundaries within any of 
the analyses. Comprehensive Hf isotopic data, including Hf evo-
lution and epsilon Hf plots of individual samples, are presented 
in Supplemental File S2.

The newly acquired Hf data are presented in two-dimensional 
Hf-evolution diagrams (Figs. 5, 6, and 7C) and three-dimensional 
diagrams (Figs. 7A and 7B) that were generated using the Matlab 
graphical interface HafniumPlotter from Sundell et al. (2019), 
with bivariate kernel density estimates based on standard optimi-
zation parameters from Botev et al. (2010). The initial 176Hf/177Hf 
ratios are expressed in εHf

(t)
 notation, which represents the Hf 

isotopic composition at the time of zircon crystallization relative 
to the chondritic uniform reservoir (CHUR; Bouvier et al., 2008). 
Internal precision for 176Hf/177Hf and εHf

(t)
 is reported for each 

individual analysis on the final Hf data table in Supplemental 
File S1, and as the average of all unknown analyses (±1.4 epsi-
lon units at 2σ) on Figures 5 and 6. Average external precision 
of ~1.33 epsilon units (2σ) was based on in-run analysis of six 
different zircon standards (R-33, Temora, Mud Tank, Plesovice, 
91500, and FC1). Hf isotopic evolution of average (felsic) con-
tinental crust is shown with an arrow on all εHf evolution dia-
grams and is based on a 176Lu/177Hf ratio of 0.0115 (Vervoort and 
Patchett, 1996; Vervoort et al., 1999).

The complete Lu-Hf analytical results are reported in Sup-
plemental File S2, which also includes all previously reported 
Hf results that were used in our reference comparisons. All zir-
cons analyzed for their Hf isotopic signatures were previously 
U-Pb age dated by LA-ICP-MS (Blum and Pecha, 2014; Dona-
hue, 2016; Pecha et al., 2018; or newly reported here), and all 
new results are presented here in εHf

(t)
 notation at 2σ, unless 

indicated otherwise. Table 1 is a summary of detrital zircon Hf 
data; Table 2 summarizes compiled Hf data for the Cordilleran 
magmatic arc.

U-Th-Pb GEOCHRONOLOGICAL RESULTS

Gulf of Mexico Samples

Sample MDB-67 produced 301 robust U-Pb laser analyses, 
of which 79 were Mesozoic or Cenozoic in age. The older part 
of the age spectra consists of scattered Archean ages from 2968 
to 2537 Ma, Proterozoic ages ranging from 2498 to 574 Ma (age 
peaks 1774, 1701, 1448, 1190, 1112, and 1030 Ma), and scat-
tered Paleozoic ages ranging from 536 to 280 Ma. The younger 
portion of the age spectra consists of Mesozoic ages ranging from 
227 to 67.8 Ma (peak ages of 165, 96.0, and 75.4 Ma) and Ceno-
zoic ages ranging from 65.8 to 60.6 Ma (peak age of 61.7 Ma). 
The MDA weighted average age consisting of the eight youngest 
analyses is 61.75 ± 0.54 Ma, with mean square of weighted devi-
ates (MSWD) = 0.91.

Sample MDB-69 produced 288 robust U-Pb laser analyses, 
of which 95 were Mesozoic or Cenozoic in age. The older part 
of the age spectra consists of scattered Archean ages from 3270 
to 2625 Ma, Proterozoic ages ranging from 2498 to 545 Ma (age 
peaks 1706, 1425, 1188, and 1087 Ma), and Paleozoic ages rang-
ing from 535 to 257 Ma (peak age 259 Ma). The younger portion 
of the age spectra consists of Mesozoic ages ranging from 244 
to 66.1 Ma (peak ages of 179, 165, 93.6, 73.1, and 66.2 Ma) and 
Cenozoic ages ranging from 65.0 to 60.1 Ma (peak ages of 63.1 
and 61.1 Ma). The MDA weighted average age consisting of the 
nine youngest analyses is 61.52 ± 0.59 Ma, with MSWD = 1.01.

Sample MDB-70 produced 291 robust U-Pb laser analyses, 
of which 85 were Mesozoic or Cenozoic in age. The older part of 
the age spectra consists of Archean ages from 2876 to 2540 Ma  
(peak age of 2703), Proterozoic ages ranging from 2492 to 
541 Ma (age peaks 1703, 1431, and 1095 Ma), and scattered 
Paleozoic ages ranging from 534 to 258 Ma. The younger por-
tion of the age spectra consists of Mesozoic ages ranging from 
224 to 67.5 Ma (peak ages of 170, 161, 113, 96.0, 75.5, 72.7, 
and 68.0 Ma) and Cenozoic ages ranging from 61.1 to 57.2 Ma 
(peak ages of 60.2 and 58.2 Ma). The MDA weighted average 
age consisting of the five youngest analyses is 58.65 ± 0.63 Ma, 
with MSWD = 1.6.

Sample MDB-71 produced 298 robust U-Pb laser analyses, 
of which 132 were Mesozoic or Cenozoic in age. The older part 
of the age spectra consists of scattered Archean ages from 2735 
to 2537 Ma, Proterozoic ages ranging from 2484 to 556 Ma (age 

1Supplemental Material. Zircon U-Pb and Hf isotopic data. Please visit https://
doi.org/10.1130/SPE.S.19184726 to access the supplemental material, and con-
tact editing@geosociety.org with any questions.

https://doi.org/10.1130/SPE.S.19184726
https://doi.org/10.1130/SPE.S.19184726
mailto:editing@geosociety.org
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peaks 1694, 1438, 1198, and 1053 Ma), and scattered Paleozoic 
ages ranging from 504 to 253 Ma. The younger portion of the age 
spectra consists of Mesozoic ages ranging from 251 to 66.2 Ma  
(peak ages of 162, 101, 92.4, 89.6, 72.7, and 68.0 Ma) and Ceno-
zoic ages ranging from 65.4 to 47.2 Ma (peak ages of 58.9 and 
56.8 Ma). The MDA weighted average age consisting of four 
ages (note: the youngest three analyses were excluded because of 
excessive scatter) is 56.36 ± 0.60 Ma, with MSWD = 0.74.

Hf ISOTOPE GEOCHEMISTRY RESULTS

San Juan Basin Samples

In total, 193 Lu-Hf laser analyses were conducted on eight 
detrital samples from across the San Juan Basin. This included 74 
zircons ranging in age from 256 Ma to 102 Ma with εHf

(t)
 ranging 

from +8.9 to –20.6, and 193 zircons ranging in age from 97 Ma 
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Figure 5. Hf isotopic data for San 
Juan Basin samples. (A) Epsilon Hf 
vs. U-Pb age plot of individual zircon 
analyses, which are color coded by 
sample. Black line is running average 
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DM—depleted mantle reservoir ref-
erence from Vervoort and Blichert-
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form reservoir from Bouvier et al. 
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dimensional density plot of epsilon 
Hf vs. U-Pb age of all San Juan Basin 
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to 62 Ma with εHf
(t)

 ranging from +6.7 to –27.0. These results 
are plotted against U-Pb age (Fig. 5A) for each sample, and in a 
composite density plot (Fig. 5B). For comparison purposes, the 
εHf

(t)
 values are also summarized in Table 1 according to two 

age classifications: (1) Permian through Early Cretaceous ages 
(ca. 299 Ma through 100 Ma), and (2) Late Cretaceous through 
Paleogene ages (ca. 100 Ma through 55 Ma).

Figure 5B illustrates that most εHf
(t)

 data from the San Juan 
Basin sample fall predominantly within two main groups, one 
in the Late Jurassic (ca. 165–160 Ma) with εHf

(t)
 values ranging 

from +1 to –14, and the main cluster in the Late Cretaceous and 
Paleocene (ca. 79–62 Ma) with εHf

(t)
 ranging from +7 to –15. A 

subordinate Triassic group is also present, with εHf
(t)

 between 
+1 to –10.
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Figure 6. Hf isotopic data for Wil-
cox Group, Gulf of Mexico Ba-
sin samples. (A) Epsilon Hf vs. 
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0.0115 (Vervoort and Patchett, 1996; 
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Gulf of Mexico Samples

We produced a total of 246 Lu-Hf laser analyses on the detri-
tal zircon samples from the Wilcox Group. This included 110 
zircons ranging in age from 280 Ma to 100 Ma with εHf

(t)
 rang-

ing from +13.0 to −15.8, and 136 zircons ranging in age from 
99 Ma to 54 Ma with εHf

(t)
 ranging from +11.2 to −26.6. These 

results are plotted against U-Pb age for each individual sample 
(Fig. 6A), and in a composite density plot (Fig. 6B). For ease of 
comparison, these εHf

(t)
 values are also summarized in Table 1 

according to the two age classifications as above.
The main cluster of Gulf of Mexico data exhibits a slight 

increase in εHf
(t)

 values (less negative) from ca. 260 Ma (mean 
εHf

[t]
 = −8) to ca. 215 Ma (mean εHf

[t]
 = −2). The εHf

(t)
 values 

hold steady (εHf
[t]

 = −3 to −4) from ca. 215 Ma to ca. 205 Ma, 
followed by a general decrease in εHf

(t)
 (more negative) starting 

ca. 200 Ma and continuing until ca. 160 Ma (εHf
[t]

 range from ~0 
to −16, mean = −8).

DISCUSSION

Cretaceous and Paleogene detrital zircon provenance of both 
the San Juan and Gulf of Mexico Basins has been the focus of 
many recent studies (Mackey et al., 2012; Blum and Pecha, 2014; 
Wahl et al., 2016; Blum et al., 2017; Pecha et al., 2018; Smith et 
al., 2020). The addition of Hf isotope geochemistry on zircons 
from both regions allows further examination of their respective 
provenance, including evaluation of their genetic relationship, 
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and it allows for testing/refinement of previous paleogeographic 
models. Below, we establish the Hf isotopic signatures of both 
basins and then compare the results to each other and the eight 
principal elements of the North American Cordilleran magmatic 
arc. Finally, we use these comparisons to refine previous Gulf 
of Mexico drainage models (Galloway et al., 2011; Blum et al., 
2017) during late Paleocene time.

Limiting the Lu-Hf portion of the study to zircons with a 
206Pb/238U age younger than 300 Ma and to drainage embayments 
that are known to have received sediment from western North 
American sources (e.g., Cordilleran orogenic belt) bolstered our 
chances of robust provenance assessment. Eight samples from 
the San Juan Basin were chosen for Lu-Hf isotopic analysis; 
of these, three (WP 39 Pictured Cliffs Sandstone, WP24 Cliff 
House Sandstone, and WP 31 Fruitland Formation) are known to 
have provenance ties to the Laramide porphyry copper province 
in southern Arizona and southwestern New Mexico, two (WP 
54 Kirtland Formation and WP 34 Nacimiento Formation) are 
thought to be mainly reworked from older Mesozoic units, and 
three have known provenance ties to the nearby Colorado Min-
eral Belt (Donahue, 2016; Pecha et al., 2018). Samples chosen 
for Lu-Hf analysis from the Wilcox Group strata exposed in the 
coastal regions of the Gulf of Mexico Basin included five with 
known provenance ties to the Cordilleran orogenic belt (Blum 
and Pecha, 2014; Blum et al., 2017). Samples GOM-76 and 
GOM-46 came from central Arkansas and are thought to have a 
more northerly sourced provenance that would have originated 
in the midcontinent region, including parts of the Appalachian 
highlands (based on reconstructions of Sharman et al., 2017) or 
the northern Rocky Mountains region via the paleo–Platte River, 
including the Idaho batholith and elevated Nevadaplano regions 
(based on reconstructions of Blum et al., 2017). Samples GOM-
71, GOM-70, and GOM-67 came from the Simsboro Formation 
in east Texas and are thought to be derived from the southwestern 
reaches of the Cordillera, specifically, New Mexico, Arizona, and 
the greater Four Corners region (Blum and Pecha, 2014; Blum et 
al., 2017).

Hf Signature of San Juan Basin Sediments

The Hf isotopic signature of Late Cretaceous through Paleo-
cene detrital zircons of the San Juan Basin is distinctive, with 
three increases and two decreases in εHf

(t)
 (Fig. 5). Tracking devi-

ations in εHf
(t)

 from average crustal evolution over time (Fig. 5A) 
from 300 to 40 Ma was done by calculating a running average 
(bin width of five analyses). An increase from −10 to 0 in εHf

(t)
 

space occurred from ca. 260 to 220 Ma, followed by a decrease to 
~−13 by ca. 180 Ma. A dramatic increase from −14 to +1 in εHf

(t)
 

occurred at ca. 160 Ma, followed by average crustal 176Lu/177Hf 
evolution until ca. 80 Ma, when another decrease occurred to 
εHf

(t)
 of ~−15 (with an outlier at −27). The final increase occurred 

ca. 75–64 Ma, when εHf
(t)

 ranged from ~−15 to +7.
These new Hf data support earlier U-Pb detrital zircon 

provenance assignments from Donahue (2016) and Pecha et al. 

(2018). Late Cretaceous samples from the Pictured Cliffs Sand-
stone, Cliff House Sandstone, and Fruitland Formation (WP39, 
WP24, WP31, respectively) are indistinguishable in terms of 
their εHf

(t)
 values (Fig. 5A). This supports the suggestion pro-

posed by Pecha et al. (2018) that these units were derived from 
similar sources southwest of the San Juan Basin. Based on U-Pb 
ages of detrital zircons and paleocurrent indicators, these units 
have been interpreted to have provenance ties to the Mogollon 
Highlands and the porphyry copper province of southern Arizona 
and southwestern New Mexico (Pecha et al., 2018).

Within the San Juan Basin sequence, the Maastrichtian 
McDermott Formation (WP53, WP56) and Lower–Middle 
Paleocene Animas Formation (WP45) were identified as the 
best candidates for characterizing Colorado Mineral Belt input 
into the basin. It was necessary to use these detrital samples as 
a proxy for igneous rocks of the Colorado Mineral Belt due to 
the complete lack of zircon Hf analyses from igneous rocks of 
the Colorado Mineral Belt. The fluvial volcaniclastic McDer-
mott Formation (Reeside, 1924; McCormick, 1950; Barnes et al., 
1954; Kottlowski, 1957; Sikkink, 1987; O’Shea, 2009; Gonzales, 
2010) was deposited on the southern periphery of the Colorado 
Mineral Belt, along the northern margin of the San Juan Basin. 
Gonzales (2010) recognized that the McDermott Formation likely 
represents a roof-flank detachment deposit, which incorporated 
debris flows and fluvial sedimentation. The Animas Formation 
is a volcanic-rich fluvial sandstone, with paleocurrent indicators 
toward the southeast, directly from southern Colorado Mineral 
Belt sources, including the LaPlata Mountains laccolithic com-
plex (Fassett, 1985; Gonzales, 2010; Pecha et al., 2018; Cather 
et al., 2019). The areal extent of both units is restricted to the 
northwestern portion of the San Juan Basin near Durango, Colo-
rado, which lies immediately adjacent to the Needle Mountains 
uplift and the southern segment of the Colorado Mineral Belt, 
and likely only sampled the southern portion of the Colorado 
Mineral Belt (Fig. 2). The central and northern parts of the Colo-
rado Mineral Belt remain uncharacterized for zircon Hf isotopes 
but still likely contributed sediment to the Gulf of Mexico Basin.

San Juan Basin Epsilon Hf Proxy

Insofar as most of the Cretaceous strata that once blanketed 
the uplifted Colorado Plateau region have been removed by ero-
sion, we developed a proxy for these sediments, in terms of zir-
con εHf

(t)
 values, based on preserved San Juan Basin sediments 

(Fig. 5). This proxy, including the running average of εHf
(t)

, can 
now be used as a reference for this and future detrital zircon prov-
enance comparisons and assignments.

Hf Signature of Gulf of Mexico (Paleocene Wilcox 
Formation) Sediments

Two distinct trends in εHf
(t)

 are noted in the Gulf of Mex-
ico samples (Fig. 6A) during Permian through Early Cretaceous 
time: (1) a main cluster (ca. 280–145 Ma) ranging from 0 to −16 
εHf

(t)
, and (2) a subordinate group (ca. 225–130 Ma) ranging from 
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+13 to +5 εHf
(t)

. Running mean averages (dashed and solid black 
lines in Fig. 6A) clearly display these two trends in εHf

(t)
 space. 

These two trends suggest the Wilcox Group sediments were likely 
derived from two regions with distinct crustal evolution character-
istics. The main cluster of data is consistent with magmatic recy-
cling of primarily Proterozoic, and, to a lesser extent, Archean 
crust, whether via first-cycle erosion or sedimentary recycling. 
The subordinate and more juvenile εHf

(t)
 cluster is consistent with 

derivation from juvenile crust. This idea is explored later in this 
discussion, where we compare our results with the varying tec-
tonic elements of the North American Cordillera.

Samples GOM-46 and GOM-76 are late Paleocene to ear-
liest Eocene and were deposited in fluvial deltaic plains that 
have previously been interpreted to represent part of the paleo-
Mississippi drainage and paleo-Arkansas drainage, respectively, 
and that entered the Gulf of Mexico Basin through the Missis-
sippi embayment (Galloway et al., 2000, 2011; Jackson et al., 
2021; Blum and Pecha, 2014; Blum et al., 2017; Sharman et al., 
2017). Samples GOM-67, GOM-70, and GOM-71 are from late 
Paleocene to earliest Eocene sandstones deposited in analogous 
depositional systems, but they represent paleo–Brazos River/
paleo–Colorado River deposition (Loucks et al., 1986; Hamlin, 
1988; Galloway et al., 2000, 2011; Jackson et al., 2021; Blum 
and Pecha, 2014; Blum et al., 2017; Sharman et al., 2017). Sedi-
ment routing to the Gulf of Mexico Basin for these three samples 
was through the Houston embayment (Blum and Pecha, 2014; 
Blum et al., 2017; Sharman et al., 2017). Paleocene depositional 
environments were analogous to the Pleistocene–modern Gulf 
of Mexico coastal plain depositional environments (Blum and 
Price, 1988; Blum and Aslan, 2006; Galloway, 2008; Galloway 
et al., 2011).

To establish an εHf
(t)

 signature of the Wilcox Group sedi-
ments during the late Paleocene to early Eocene, we grouped all 
five Gulf of Mexico samples together and plotted the data using 
density contour intervals (Fig. 6B). From these data, it is clear 
that there are two main groupings: (1) from ca. 230 to ca. 140 Ma  
with εHf

(t)
 ranging from +1 to −16, and (2) from ca. 110 to ca. 

55 Ma with εHf
(t)

 ranging from +3 to −27. We also observe a 
juvenile trend in the data that spans the entire age range from ca. 
230 Ma to ca. 55 Ma with εHf

(t)
 ranging from +15 to +5. The dif-

ferentiation of these isotopic signatures holds important implica-
tions for provenance assessments of Gulf of Mexico sediments.

Comparison of San Juan Basin and Gulf of Mexico  
Hf Signatures

The effects of Laramide tectonism on sedimentation in the 
Gulf of Mexico have been noted by several previous researchers 
(Dickinson et al., 1988; Lawton, 2008; Galloway et al., 2011; 
Mackey et al., 2012; Blum and Pecha, 2014). Laramide base-
ment-cored uplifts and their overlying sedimentary blanket in the 
Rocky Mountains have been interpreted as the primary sediment 
sources of the Wilcox Group in the Gulf of Mexico Basin (Gallo-
way et al., 2011; Mackey et al., 2012). The Lower Wilcox Group 
in south Texas contains Cordilleran magmatic arc–derived detri-

tus, whereas the Upper Wilcox Group is enriched in basement 
and recycled sedimentary cover detritus (Mackey et al., 2012). 
Drainage reorganization (Blum and Pecha, 2014) or drainage area 
capture (Sharman et al., 2017) likely contributed to the marked 
increase in sedimentation rate that is observed in the Lower Wil-
cox Group during late Paleocene time. Another explanation for 
the increased rate of sediment accumulation in the Lower Wilcox 
Group is rapid erosion of relatively soft sedimentary rocks, par-
ticularly the Mesozoic section that once covered the Laramide 
basement-cored uplifts (Galloway et al., 2011).

The relationship between the San Juan Basin proxy for the 
eroded sedimentary cover that was shed from uplifting Laramide 
blocks and the Gulf of Mexico sediments is clearly illustrated 
by directly comparing their εHf

(t)
 results (Fig. 7). By draping the 

scatter plot on the three-dimensional density plot, it becomes 
evident that the ratios among Triassic, Jurassic, and Cretaceous 
analyses are consistent between the two regions. Similar isotopic 
decreases in both Jurassic and Late Cretaceous zircons point to 
a shared provenance between the two regions. There is also a 
marked similarity in εHf

(t)
 between the San Juan Basin and Gulf 

of Mexico data sets when plotted in two dimensions (Fig. 7C), 
where the overlap between the regions at the 95% confidence 
interval is evident. However, this similarity is restricted to the 
more evolved “main” portion of the Gulf of Mexico signature 
(εHf

[t]
 = 0 to −16) and is clearly distinct from the juvenile por-

tion (εHf
[t]

 =  +13 to +5). From these data, we interpret a possible 
(perhaps even likely) connection between San Juan Basin and 
Gulf of Mexico sediment pathways, supporting the notion of Gal-
loway et al. (2011), who suggested that increased depositional 
rates in the Lower Wilcox Group likely represent a combination 
of drainage area capture (Sharman et al., 2017) and the erosion of 
the easily weathered sedimentary cover that once blanketed the 
basement-cored Laramide-aged uplifts.

With documented exit points to the San Juan Basin in the 
east and southeast (Cather, 2004; Cather et al., 2019) portions of 
the basin, expectations are that Wilcox Group sediments depos-
ited through the Houston embayment should record sediments 
derived from Colorado Mineral Belt sources. The abundance of 
volcanic detritus in parts of the Wilcox Group also points to the 
Colorado Mineral Belt as a potential source (Galloway et al., 
2011). However, the Colorado Mineral Belt εHf

(t)
 signature is 

nearly nonexistent within the Wilcox Group samples analyzed. 
Two plausible explanations exist for this apparent absence.  
(1) Specific units in the San Juan Basin known to include Colo-
rado Mineral Belt detritus, the McDermott and Animas Forma-
tions, sequestered all the detritus from the Colorado Mineral 
Belt, and very little, if any, of this material exited the San Juan 
Basin. This is possible because both units are restricted spatially 
to the northern perimeter of the basin, and neither exists in the 
axial portions of the basin or near the exit points on the east and 
southeast. (2) The various plutons and laccoliths in the southern 
half of the Colorado Mineral Belt contain large amounts of xeno-
crystic zircons and very few zircons exhibiting crystallization 
ages (Gonzales, 2015). U-Pb age spectra from Late Cretaceous 



280 Pecha et al.

to  Paleogene strata of the Denver Basin only show minimal input 
from the nearby Colorado Mineral Belt sources, as represented 
with a small age peak at ca. 65 Ma (Sharman et al., this volume).

Although potential source regions in the eastern United 
States were also considered during this evaluation, they were 
ruled out for two main reasons: (1) the absence of Paleocene 
clastic sedimentation along the Atlantic perimeter (Poag and 
Sevon, 1989; Galloway et al., 2011), and (2) the lack of volcanic 
source regions east of the Mississippi River that could account 
for the zircons younger than 300 Ma and the abundant volcano-
genic components found within in the Wilcox Group (Galloway 
et al., 2011).

COMPARISONS TO THE CORDILLERAN  
MAGMATIC ARC

Cordilleran Magmatic Arc Hf Signal

Detrital zircon studies have revolutionized provenance stud-
ies (Gehrels, 2012), mainly because samples restricted to a spe-
cific region often contain information that pertains to a much 
larger region and/or tectonic process. A similar narrative pertains 
to this study, where zircons sequestered within the San Juan and 
Gulf of Mexico Basins provide information about the crustal evo-
lution of the distant Cordilleran magmatic arc during the 285– 
51 Ma time frame. Whereas Cordilleran magmatism contin-
ued until Miocene time, we only considered magmatism that 
occurred until 51.1 Ma, the minimum age of the Wilcox Group 
(Zarra et al., 2019).

To evaluate sediment provenance, comparisons of our new 
San Juan Basin and Gulf of Mexico εHf

(t)
 data were made with 

reference hafnium data sets from the eight principal tectonic ele-
ments that comprise the North American Cordilleran magmatic 
arc (Figs. 8 and 9).

Comparisons with the Southern Segment of  
the North American Cordilleran Arc

Figure 8 compares our new εHf
(t)

 data to the four major mag-
matic provinces of the Cordilleran arc, including the southwest-
ern Laramide porphyry copper province (Fig. 8A), Sierra Madre 
Occidental (Fig. 8B), Peninsular Ranges (Fig. 8C), and Trans-
verse Ranges (Fig. 8D).

Significant proportions of both the San Juan Basin and 
Gulf of Mexico Basin zircons likely have provenance ties to the 
Laramide porphyry copper province. This includes matches in 
εHf

(t)
 space for Jurassic grains (ca. 180–145 Ma), Cretaceous 

grains (ca. 110–65 Ma), and Paleocene grains (ca. 65–58 Ma). 
This is not surprising, because Pecha et al. (2018) indicated that 
the Upper Cretaceous units (Pictured Cliffs Sandstone through 
the Fruitland Formation) in the San Juan Basin were predomi-
nantly derived from southwest North America, as northeast-
flowing rivers exited the Mogollon Highlands region. As the 
Laramide basement block uplifts in the Four Corners region 
began to rise during latest Cretaceous and Paleocene time, the 

overlying Mesozoic strata would have been easily stripped off 
and deposited in available accommodation space in one of the 
intervening Laramide-aged intraforeland basins (e.g., Denver 
Basin) or in lacustrine environments (e.g., Green River Basin), 
or this sediment made its way to the Gulf of Mexico Basin, ulti-
mately to be deposited as Wilcox Group strata.

The Transverse Ranges of California are an unlikely sedi-
ment source to the Gulf of Mexico because they are thought to be 
sediment sources to the forearc to their west (i.e., Jacobson et al., 
2011; Sharman et al., 2015). However, for a complete evaluation 
of potential sources in the North American Cordillera, they were 
compared with our new data from the San Juan and Gulf of Mex-
ico Basins (Fig. 8D). The potential contribution from this region 
would be the evolved Late Cretaceous (ca. 80 Ma to 65 Ma)  
zircons with εHf

(t)
 values ranging from approximately −5 to –20. 

The Peninsular Ranges are also known to have west-flowing 
drainages during late Paleocene and Eocene time (Jacobson et al., 
2011; Sharman et al., 2015), but they were also included in the 
comparisons in the event that east-flowing drainages also existed. 
However, both the Peninsular Ranges and the Sierra Madre Occi-
dental components of the magmatic arc are poor matches for the 
zircons found in the San Juan Basin and Gulf of Mexico samples. 
Other than the partial overlap in Late Cretaceous juvenile to inter-
mediate zircons (ranging from +12 to +2), these regions do not 
appear to have been major contributors to the overall sediment 
supply entering either the San Juan Basin or the central Gulf of 
Mexico Basin through the Houston embayment or the Missis-
sippi embayment. Both regions lie to the southwest of previously 
defined drainage areas flowing to the central Gulf Coast region 
(Fig. 4), and if tapped, they would have likely entered the Gulf of 
Mexico through the paleo–Rio Grande/Rio Grande embayment 
(Figs. 3 and 4), which is not included in this study.

Based on previously published data, the juvenile εHf
(t)

 
signature (older than ca. 125 Ma) in zircons from the Gulf of 
Mexico could not have been generated from any of the four 
magmatic provinces in the southern section of the Cordilleran 
magmatic arc.

Comparisons with the Northern Segment of  
the North American Cordilleran Arc

Figure 9 compares our εHf
(t)

 data with the four principal 
magmatic arc segments in the northern portion of the Cordillera, 
which include the Coast Mountains batholith (Fig. 9A), North 
Cascades Range (Fig. 9B), Idaho batholith (Fig. 9C), and Sierra 
Nevada batholith (Fig. 9D).

Comparisons to both the Coast Mountains batholith and the 
North Cascades Range provide a compelling argument that these 
regions have provenance ties to the Gulf of Mexico. The Coast 
Mountains batholith is the only region that provides a potential 
source for the Late Triassic and Early Jurassic juvenile zircons 
in the Wilcox Group. A combination of the Coast Mountains 
batholith and North Cascades Range can account for most of the 
juvenile input to the Wilcox Group samples that entered the Gulf 
Coast region through the Mississippi embayment.
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The Late Cretaceous decrease in εHf
(t)

 values observed in 
the Gulf of Mexico samples (Fig. 9C) provides compelling evi-
dence of a connection to the Idaho batholith. The εHf

(t)
 increase 

from –10 to 0 observed in these same samples during the Paleo-
cene also suggests a connection to the Idaho batholith. How-
ever, only input from the Coast Mountains batholith or the Sierra 
Madre Occidental can explain the juvenile part of the Paleogene 
εHf

(t)
 increase.
Comparisons to the Sierra Nevada batholith provide poor 

provenance ties with both the San Juan Basin and Gulf of Mex-
ico samples (Fig. 9D). However, the Sierra Nevada batholith is 
likely undercharacterized with respect to Hf isotopes in zircon, 

as the only published data are from a limited number of samples 
reported by Lackey et al. (2012). There are juvenile εHf

(t)
 values 

ranging from +12 to +5 within the current Sierra Nevada batho-
lith data set, but they are sparse and limited in age range from 
ca. 120 Ma to ca. 100 Ma. Even if there were additional juve-
nile components within the batholith, numerous lines of evidence 
indicate they likely would not be included in the Gulf of Mexico 
drainage headwaters. The presence of a well-established paleo-
drainage divide during Late Cretaceous and early Paleogene 
times (Henry, 2008; Lechler and Niemi, 2011; Cassel et al., 2012; 
Sharman et al., 2015) precludes the tapping of Sierra Nevada 
batholith sources by Gulf of Mexico drainage  headwaters. An 

Figure 8. Epsilon Hf comparison plots with four of the principal tectonic elements of the southern North American Cordilleran magmatic arc. 
San Juan Basin and Gulf of Mexico εHf

(t)
 results were plotted over bivariate kernel density estimates from previously published epsilon Hf 

results as follows: (A) Laramide porphyry copper province of southern Arizona, southwestern New Mexico, and southeastern (Mojave region) 
California from Fisher et al. (2017) and Chapman et al. (2018); (B) Sierra Madre, Mexico, from Arvizu and Iriondo (2011), Mahar et al. (2016), 
and Garcia et al. (2021); (C) Peninsular Ranges batholith from Shaw et al. (2014); and (D) Transverse Ranges from Barth et al. (2016) and Fisher 
et al. (2017). Density plot was generated using HafniumPlotter (Matlab script) from Sundell et al. (2019), with black contour representing 95% 
density contour. DM—depleted mantle reservoir reference from Vervoort and Blichert-Toft (1999); CHUR—chondritic uniform reservoir from 
Bouvier et al. (2008).
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eastward migration of Sierra Nevada forearc drainages during 
Maastrichtian through Paleocene time also precludes detritus 
from the batholith being able to enter the Gulf of Mexico drain-
age network (Sharman et al., 2015).

After evaluating the potential provenance ties from all eight 
regions, it is evident the Wilcox Group has provenance ties to 
multiple elements of the Cordilleran arc. The most likely sources 
of the more evolved zircons (εHf

[t]
 ranging from 0 to −27) are the 

Laramide porphyry copper province and the Idaho batholith. The 
more juvenile zircons (εHf

[t]
 ranging from +11.2 to 0) were prob-

ably derived from the Coast Mountains batholith and, to a lesser 
extent, the North Cascades Range.

Insights into the Triassic through Early Cretaceous 
Magmatic Arc

As described earlier, similar εHf
(t)

 results for the Gulf of 
Mexico and San Juan Basins indicate they likely shared some of 
the same source regions (e.g., Laramide porphyry copper prov-
ince). However, an important distinction between the two dis-
tributions occurs in the San Juan basin samples, which do not 
contain the juvenile trend (εHf

[t]
 = +5 to +13 from ca. 270 to ca. 

100 Ma) that is prominently displayed by a subset of the Gulf 
of Mexico samples (GOM-76 and GOM-46). This indicates that 
the more juvenile zircons were not routed to the Gulf of Mexico 

Figure 9. Epsilon Hf comparison plot with four of the principal tectonic elements of the northern North American Cordilleran magmatic arc. San 
Juan Basin and Gulf of Mexico εHf

(t)
 results were plotted over bivariate kernel density estimates from previously published epsilon Hf results as 

follows: (A) Coast Mountains batholith, southeastern Alaska and coastal British Columbia, Canada, from Cecil et al. (2011), Homan (2017), and 
Dafov et al. (2020); (B) North Cascades Range from Sauer et al. (2017); (C) Idaho batholith from Gaschnig et al. (2011); and (D) Sierra Nevada 
batholith from Lackey et al. (2012). Density plot was generated using HafniumPlotter (Matlab script) from Sundell et al. (2019), with black con-
tour representing 95% density contour. DM—depleted mantle reservoir reference from Vervoort and Blichert-Toft (1999); CHUR—chondritic 
uniform reservoir from Bouvier et al. (2008).
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through the San Juan Basin and must have entered the Gulf of 
Mexico drainage network through a different pathway. The Coast 
Mountains batholith and the North Cascades Range (Figs. 7A 
and 7B, respectively) provide the only two known source regions 
within the North American Cordillera that contain zircons with 
juvenile εHf

(t)
 ranging from +5 to +13 encompassing the entire 

age range of ca. 200 to ca. 100 Ma. The Coast Mountains batho-
lith is the only known source for the distinctive juvenile zircons 
(εHf

[t]
 = +5 to +13) from both ca. 230 to ca. 190 Ma, and also 

from ca. 100 to ca. 51 Ma.
The Jurassic (ca. 200 to ca. 160 Ma) decrease in εHf

(t)
 values 

observed in San Juan Basin, Gulf of Mexico Basin, and Laramide 
porphyry copper province samples (Fig. 8A) indicates magmatic 
recycling of Proterozoic or older crust. This deviation toward 
more negative εHf

(t)
 values indicates either a migration of the 

Jurassic magmatic arc into older continental crust with time or 
crustal thickening events that increased the proportion of crustal 
material in the melts. Late Triassic to early Middle Jurassic mag-
matism in both the Klamath-Sierran and Mojave-Sonoran seg-
ments could have been the source of these zircons with evolved 
Hf signatures (εHf

[t]
 = 0 to −15). However, during Middle to 

Late Jurassic time, these two segments of the arc began to dif-
fer in character, when shortening in the Klamath-Sierran segment 
began to thicken the crust (Busby-Spera et al., 1990). A possible 
scenario is that the Late Jurassic decrease in εHf

(t)
 in both San 

Juan Basin and Gulf of Mexico samples was related to thickening 
of the crust in the Klamath-Sierran segment of the arc, but this 
pattern is not evident in the comparison plot (Fig. 7D) because 
of limited Hf isotopic data from the Sierra Nevada. Alternatively, 
crustal thickening events in the Jurassic arc may have extended 
southward into the Mojave-Sonora region. This latter interpreta-
tion fits best with detrital zircon provenance interpretations for 
Cretaceous strata of the San Juan Basin (Pecha et al., 2018), and 
it is supported by our new εHf

(t)
 data, which indicate provenance 

ties to the Laramide porphyry copper province of southern Ari-
zona and southwestern New Mexico (Fig. 8A). However, it is 
difficult to reconstruct crustal thickening events in this segment 
of the arc due to dissection of the region by Cenozoic Laramide 
and extensional tectonic events. This is supported by the fact that 
San Juan Basin sediments (Figs. 5 and 7) display εHf

(t)
 decreases 

similar in scale and duration during the same time interval.
The subordinate more juvenile grouping (εHf = +13 to +5) 

in the Wilcox Group does not display εHf increases or decreases; 
instead, εHf follows the trend of average 176Lu/177Hf crustal evo-
lution from ca. 260 Ma to ca. 100 Ma. These juvenile zircons 
are not found in any San Juan Basin samples, which means they 
were not being routed to the Gulf of Mexico through the Four 
Corners region.

Insights into the Late Cretaceous and Paleocene  
Magmatic Arc

Coeval εHf
(t)

 decreases (minimum εHf
[t]

 of –27 from ca. 74 to 
69 Ma) are present in both the San Juan Basin and Gulf of Mexico 

Basin samples and represent magmatic recycling of Proterozoic 
and/or Archean crust into the melt that crystallized these zircons. 
These decreases likely represent migration of the Sevier-Laramide 
magmatic arc inland toward the interior of the North American cra-
ton into older basement crust. Immediately following this decrease, 
both data sets reveal progressive increases in εHf

(t)
. Within the San 

Juan Basin samples, a distinct increase from −8 to +6.7 in εHf
(t)

 
begins at ca. 68 Ma and continues to ca. 62 Ma. Based on prov-
enance interpretations of Donahue (2016) and Pecha et al. (2018), 
the zircons that form this increase were derived from the Colorado 
Mineral Belt, which is located just north of the San Juan Basin. 
The basement within this region is principally composed of Paleo-
proterozoic Yavapai-Mazatzal crust (Whitmeyer and Karlstom, 
2007), so this indicates there was a substantial input of juvenile 
material incorporated into the melts that generated these zircons. 
Within the Gulf of Mexico samples, the εHf

(t)
 increase also begins 

around 68 Ma, but it is offset in age from the San Juan Basin data 
by ~6 m.y., reaching its maximum of +11 by 56 Ma.

Defining the Epsilon Hf Signature for Laramide-Age  
(ca. 85–50 Ma) Zircons

One of the results from the new data set, and the accompa-
nying compilation of previously published Hf isotopic data, is a 
Laramide-age detrital zircon εHf

(t)
 versus U-Pb age source plot 

(Fig. 10). The varying isotopic character of Laramide magma-
tism, based on location within the arc, allows for differentiation 
of sediment source(s) of zircons ranging in age from ca. 85 to ca. 
50 Ma. While there is some overlap among certain source fields, 
potential provenance ties can typically be narrowed down to one 
or two source regions for most of the detrital zircons generated 
during this specific time span. Zircons from the Sierra Nevada 
batholith are notably absent on this diagram because this segment 
of the magmatic arc was extinguished by flat-slab subduction 
during the Laramide orogeny (e.g., Coney and Reynolds, 1977; 
Constenius et al., 2003).

The variability in Hf isotopic character of Laramide-age zir-
cons appears to be primarily a function of basement geology and 
variable tectonic partitioning along the length of the North Amer-
ican Cordillera. For instance, inboard migration of magmatism 
into Precambrian basement within the central part of the orogen, 
classic retro-arc thin-skinned thrusting in the Central Mexico 
fold-and-thrust belt, and emplacement of juvenile magmas in 
isotopically juvenile crust in the Coast Mountains batholith are 
some of the perturbations in tectonic style that contributed to 
the Hf isotopic character. Based on the average crustal evolution 
176Lu/177Hf ratio of 0.0115 (Vervoort and Patchett, 1996; Ver-
voort et al., 1999; Amelin et al., 1999, 2000), the resulting εHf

(t)
 

signatures during this time frame fall into three distinct groups: 
(1) values from +15 to +5 represent the influx of mantle-derived 
material and generation of juvenile crust, (2) values from +5 to 
−20 represent recycling of Proterozoic crust, and (3) values from 
−20 to −40 represent recycling of Archean crust.

Source regions that predominantly contain zircon with more 
juvenile to intermediate εHf

(t)
 values are the Coast Mountains 
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batholith (range +16 to −3), North Cascades Range, Sierra Madre 
Occidental (range +9 to −3, and −7 to −12 from 70 to 60 Ma), and 
the Colorado Mineral Belt (range +7 to −7). Zircon εHf

(t)
 values 

from the Coast Mountains batholith typically range from +15 to 
+5 (Cecil et al., 2011).

Source regions that display a more evolved component are 
the Idaho batholith (range −8 to −28), Laramide porphyry copper 
province (range 0 to −23), and the Transverse Ranges (range −5 to 
–20). Data from the Idaho batholith (Gaschnig et al., 2011) form a 
consistent negative trend in εHf

(t)
 space, ranging from −8 to –18 at 

ca. 85 Ma and decreasing steadily in εHf to a range of −17 to −28 
from ca. 65 to 56 Ma. This is because the batholith is composed of 
multiple discrete bodies of peraluminous granite hosted entirely in 
Precambrian crust (Armstrong et al., 1977; Hyndman, 1983).

PALEOGEOGRAPHIC IMPLICATIONS

Linking the Coast Mountains Batholith and  
Gulf of Mexico

The paleogeography of Cretaceous through Eocene strata 
preserved in the Four Corners region of the Colorado Plateau, 

including the San Juan Basin, is well understood from a com-
bination of paleocurrent indicators (Fassett and Hinds, 1971; 
Powell, 1972; Fassett, 1985; Lehman, 1985; Klute, 1986; Sik-
kink, 1987; Smith, 1988; Cather, 2004; Cather et al., 2012; Dick-
inson et al., 2012), paleoshoreline migration (Cumella, 1983; 
Molenaar, 1983; Hunt, 1984; Hunt and Lucas, 1992), and U-Pb 
ages of detrital zircons (Dickinson and Gehrels, 2008; Dickinson 
et al., 2010, 2012; Bush et al., 2016; Pecha et al., 2018). Our 
new Hf data from the San Juan Basin support earlier paleogeo-
graphic reconstructions previously outlined in Donahue (2016) 
and Pecha et al. (2018), and the composite of our San Juan Basin 
results now provides a proxy for Cretaceous and Paleocene sedi-
mentary cover that once blanketed the Four Corners region prior 
to Cenozoic beveling.

Samples GOM-46 and GOM-76 were collected in west- 
central Arkansas near the western margin of the Mississippi 
embayment (Blum and Pecha, 2014; Blum et al., 2017). Blum 
et al. (2017) interpreted these samples to represent deposition 
within the ancestral Arkansas River, which has sedimentary 
provenance ties to the central Laramide Rockies, including the 
paleo–Platte River, which has provenance ties to the Sevier fold-
and-thrust belt as far north as the Idaho batholith (Blum et al., 
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Figure 10. Epsilon Hf signatures of po-
tential Laramide (ca. 85–50 Ma) source 
regions within the North American 
Cordillera. Reference comparisons: 
IB—Idaho batholith (Gaschnig et al., 
2011); LPCP—Laramide porphyry 
copper province of southern Arizona, 
southwestern New Mexico, and south-
eastern California (Mohave region) 
(Fisher et al., 2017; Chapman et al., 
2018); SMO—Sierra Madre Occiden-
tal (Arvizu and Iriondo, 2011; Mahar 
et al., 2016; Garcia et al., 2021); TR—
Transverse Ranges (Barth et al., 2016); 
CMB—Colorado Mineral Belt (this 
study); CPC—Coast plutonic complex/
Coast Mountains batholith (Cecil et al., 
2011; Homan, 2017; Dafov et al., 2020); 
and NC—North Cascades Range (Sauer 
et al., 2017). Colored fields represent 
bivariate kernel density estimates based 
on 95% density contours generated by 
HafniumPlotter (Sundell et al., 2019). 
Scatter plot overlays epsilon Hf analy-
ses from this study as follows: purple as-
terisk signs are from the Wilcox Group, 
Gulf of Mexico analyses (GOM), and 
blue diamonds are from San Juan Basin 
analyses (SJB). Colorado Mineral Belt 
field is defined from detrital zircon εHf

(t)
 

values from the Animas Formation/McDermott Member in the San Juan Basin only, due to the lack of zircon Hf analyses on igneous zircon 
samples from other areas of the Colorado Mineral Belt. North Cascades Range field is defined from detrital zircon εHf

(t)
 values from Meso-

zoic sedimentary rocks located adjacent to the southern North Cascades only, due to the lack of zircon Hf analyses on igneous zircon samples 
from other North Cascades Range igneous units. DM—depleted mantle reservoir reference from Vervoort and Blichert-Toft (1999); CHUR— 
chondritic uniform reservoir from Bouvier et al. (2008). 
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2017). Based on initial reconstructions from Flores (2003) and 
Jacobson et al. (2011), the paleo–Platte River drainage extended 
westward beyond the Sevier fold-and-thrust belt to the drainage 
divide in west-central Nevada (Blum et al., 2017). The head-
waters of the paleo–Platte River drainage basin also included the 
California River of Davis et al. (2010) and the Idaho River of 
Chetel et al. (2011). These notions are all supported with our new 
isotopic data; however, the additional presence of zircons with a 

more juvenile signature (εHf
[t]

 ranging from +13 to +3) indicates 
additional input from outside the Laramide Rockies or the Idaho 
batholith (Fig. 11).

Based on our εHf
(t)

 comparisons, only the North Cascades 
Range and the Coast Mountains batholith are potential matches 
for isotopically juvenile zircons found in the Paleocene Gulf of 
Mexico sediments. However, the Gulf of Mexico εHf

(t)
 signature 

is composed of two distinct εHf
(t)

 ranges: (1) from 230 to 190 Ma 

Figure 11. Paleodrainage recon-
struction for the northern Gulf 
of Mexico (GOM) during late 
Paleocene to earliest Eocene 
Wilcox Group deposition. In-
ferred river courses (schematic) 
and interpreted drainage area 
boundaries are based on Blum et 
al. (2017), except for the modifi-
cation of the paleo–Platte River 
and proposed increase in basin-
floor fan length scale supported 
by this study. Rosita, Rockdale, 
and Holly Springs depocenters 
are after Fisher and McGowen 
(1969), Edwards (1981), and 
Galloway et al. (2011), and pre-
dicted slope and basin-floor fan 
are after Blum et al. (2017). 
Idaho River is from Chetel et al. 
(2011). Prince ton River is from 
Dumitru et al. (2013). California 
River is from Davis et al. (2010). 
Paleoflow references are as fol-
lows: P1—post-Wapiabi Sand-
stone (Mack and Jerzykiewicz, 
1989), P2—Sentinel Butte For-
mation (Daly et al., 1985), P3—
Ludlow Member Fort Union 
Formation (Belt et al., 1984), 
P4—Late Cretaceous and Paleo-
cene (Tribe, 2005). SJB—San 
Juan Basin; DZ— detrital zircon. 
BH—Black Hills; BM— Bighorn 
Mountains; BT—Beartooth Moun-
tains; WR—Wind River Range.
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with εHf
(t)

 = +13 to +7, and (2) from ca. 180 to 54 Ma with εHf
(t)

 
= +15 to −1. Only the Coast Mountains batholith (Fig. 9A) can 
account for both contributions. The North Cascades Range only 
matches well with the Gulf of Mexico juvenile signature from 
ca. 190 to 130 Ma with εHf

(t)
 = +15 to +5, and from ca. 130 to 

100 Ma with εHf
(t)

 = +13 to +5 (Fig. 9B). The North Cascades 
Range cannot account for the ca. 230–190 Ma juvenile zircons. 
Therefore, we propose that the Coast Mountains batholith is the 
probable source for the juvenile zircons deposited in the Wilcox 
Group during latest Paleocene to earliest Eocene time.

Three possible scenarios exist for transporting zircons 
from the Coast Mountains batholith to the Gulf of Mexico:  
(1) Zircons were transported through the air by volcanic erup-
tions (herein referred to as air-fall zircons), (2) hinterland 
river(s) tapped the Coast Mountains batholith and flowed gen-
erally south and then east and entered the paleo–Platte River 
drainage network, and (3) transverse river(s) originating in the 
Coast Mountains batholith exited the hinterland, crossed the 
foreland basin, and flowed all the way to the Gulf of Mexico 
through the paleo–Mississippi River.

To establish detrital zircon provenance, we examined each 
of these three scenarios. Regarding air-fall zircons, grains near 
depositional age (ca. 58–54 Ma) in the Gulf of Mexico samples 
have a unique juvenile isotopic signature (εHf

[t]
 = +13 to 0) that 

only matches the Coast Mountains batholith, making this sce-
nario plausible (Fig. 9A). However, without continuous rework-
ing throughout the entirety of Mesozoic time, air-fall zircons can-
not account for the entire age range (ca. 230–54 Ma) of juvenile 
zircons found in the Wilcox Group. Therefore, air-fall zircons are 
likely present in Wilcox Group sediments, but they only account 
for a very small percentage of the total flux.

Hinterland river(s) that originated in the Coast Mountains 
batholith and flowed southward through the hinterland seem 
highly unlikely. The river(s) would have had to gain elevation 
to climb over the Cordillera and then take an eastward passage 
across the thrust belt. The presence of the Princeton River (Dumi-
tru et al., 2013) with paleoflow directed to the southwest also 
limits any possibilities for a southward-flowing hinterland river. 
However, the existence of the Salt Lake reentrant north of the 
Uintas or the Idaho River (Chetel et al., 2011; with later modi-
fication by Malone et al., 2014, and Craddock et al., 2015) does 
provide a potential exit through the thrust belt, but routing a large 
river to these areas is not feasible. Moreover, the Idaho River 
likely did not exist as such until after ca. 50 Ma, as late Paleocene 
and early Eocene drainage left the central Rocky Mountains to 
the north through the Bighorn and Powder River Basins (Welch 
et al., this volume). During our evaluation, we also considered 
the possibility of a river flowing southward immediately once it 
reached the foredeep in the Sevier foreland basin, paralleling the 
Sevier thrust front until it was captured by the Idaho River and 
entered the Green River basin en route to the Gulf of Mexico. 
However, extensive disruption of the foreland basin in western 
Montana and Wyoming by large elevated mountain ranges (e.g., 
Teton–Gros Ventre–Wind River, Beartooth, Bighorn, Tobacco 

Root, etc.) during the Laramide orogeny (Carrapa et al., 2019) 
likely prohibited a large-scale river(s) from crossing the region, 
without taking a highly circuitous and improbable route. The 
Paleogene topography of the northern Rocky Mountains region 
near the Idaho and Boulder batholiths (Schwartz and Schwartz, 
2013; Carrapa et al., 2019; Schwartz et al., 2019) also makes it 
infeasible to simply extend the Idaho River to capture North Cas-
cades and/or Coast Mountains batholith detritus, so this option is 
not considered further.

Numerous lines of evidence support the notion of transverse 
drainages flowing from the Coast Mountains batholith, exiting 
the thrust front, and flowing across the Great Plains region en 
route to the Gulf of Mexico. Tribe (2005) established that paleo-
flow off the eastern margin of the Coast Mountains batholith was 
generally toward the east-northeast, with rivers crossing the hin-
terland in British Columbia. In the Alberta foreland, paleocurrent 
indicators from late Campanian to early Paleocene sandstones 
(post-Wapiabi Sandstone) are generally toward the east (Mack 
and Jerzykiewicz, 1989), supporting the idea that these transverse 
rivers exited the Sevier thrust front in southern Alberta, Canada. 
Supporting evidence for transverse rivers draining elevated 
regions comes from Miall (2006) and Burbank (1992), who have 
shown that thrust-belt drainage systems commonly consist of a 
set of transverse drainages that transport eroded detritus from the 
orogenic highlands across the hinterland and into the foreland 
basin system. In the northern Great Plains region, the paleo-
currents generally turn southeasterly, as evidenced by the Senti-
nel Butte Formation (Daly et al., 1985) and the Ludlow Member 
of the Fort Union Formation (Belt et al., 1984), both supporting 
the possibility of a transcontinent sediment pathway.

Based on the supporting evidence, we propose an exten-
sion (which we call the “Coast Mountains River”) to the paleo– 
Mississippi River drainage basin of Galloway et al. (2011) and 
Blum et al. (2017) (Fig. 11), a drainage pattern that developed 
during latest Cretaceous time (Potter-McIntire et al., 2018). This 
extension extends the originally defined headwaters of the paleo–
Mississippi River northwesterly by an estimated 1700 km. Late 
Cretaceous to Cenozoic dextral strike-slip fault restorations from 
Wyld et al. (2006) would place the Coast Mountains batholith 
slightly south of its present position in coastal British Colum-
bia (for approximate location at ca. 58–55 Ma, see Fig. 11). Our 
proposed extension to the paleo–Mississippi River drainage 
basin is required to capture the juvenile suite of zircons from the 
Coast Mountains batholith. The Coast Mountains River would 
have exited the Coast Mountains batholith by flowing generally 
to the east-southeast, crossing the Sevier fold-and-thrust front in 
Alberta, Canada, before entering the foreland basin. This drain-
age network likely consisted of a series of rivers that flowed 
across the Great Plains region and through the established paleo–
Mississippi River.

The Cannonball embayment, a marine vestige of the Creta-
ceous Western Interior Seaway that channeled sediment toward 
the north and northeast from north-central Wyoming during Late 
Cretaceous through middle Paleocene time (Flores, 2003; Belt 
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et al., 2004; Slattery et al., 2015), was taken into consideration 
when constructing the paleoflow of the proposed Coast Moun-
tains River. The presence of mollusk and foraminifera fossils 
indicates that marine deposition within the Cannonball embay-
ment persisted into middle Paleocene time (61.6–59.2 Ma; Fox 
and Ross, 1942; Cvancara, 1976; Anderson et al., 2006; Boyd 
and Lillegraven, 2011; Slattery et al., 2015). The timing of the 
final withdrawal of the Cannonball Sea is poorly constrained due 
to the lack of preserved age-equivalent strata in the midcontinent 
region; however, Gulf of Mexico shoreline data suggest the Can-
nonball embayment was no longer a marine depocenter by lat-
est Paleocene time (Slattery et al., 2015). Therefore, by ca. 58– 
56 Ma, the Cannonball Sea was no longer a physical impediment 
between the headwaters of the paleo–Mississippi River and the 
potential Coast Mountains batholith sources.

Our paleogeographic interpretations increase the drainage 
basin area and length scale of the paleo–Mississippi River, which 
hold important implications for predicting basin-floor fan scales 
in deep-water Gulf of Mexico areas. The relationship between the 
length of the longest fluvial channel and the length of the basin-
floor fan has been demonstrated by Sømme et al. (2009), where 
the length of the basin-floor fan (L

f
) is 0.1–0.5 times the length of 

the drainage basin (L
db

). This method was applied by Blum et al. 
(2017) to the late Paleocene to earliest Eocene paleo–Mississippi 
River drainage (area = 2.2 × 106 km2, with a reconstructed drain-
age length of 2500 km), which resulted in a predicted basin-floor 
fan length (L

bff
) ranging from 250 to 1250 km (L

bff
 = 0.1–0.5L

db
). 

Once we add the newly incorporated area and length based on 
our new data, the paleo–Mississippi River drainage basin area =  
2.5 × 106 km2, and the reconstructed length = 3200 km. This 
results in a predicted basin-floor fan length (L

bff
 = 0.1–0.5L

db
) of 

320–1600 km. Our low-end estimate of 320 km conforms with 
the measured basin-floor fan length for this drainage by Snedden 
et al. (2018), which measured 392 km.

CONCLUSIONS

Comparisons of our new εHf
(t)

 isotopic results to a compre-
hensive compilation of Hf isotopic data from the entire North 
American Cordillera reveal important provenance connections 
and also shed light upon the crustal evolution of the North 
American Cordilleran magmatic arc from ca. 285 to 55 Ma. The 
region of the North American Cordillera that best matches both 
the San Juan Basin sediments and the Wilcox Group in the Gulf 
of Mexico sediments is the Laramide porphyry copper province 
of southeastern Arizona, southwestern Mexico, and southeastern 
California (Mohave region). While drainage capture during the 
late Paleocene (Sharman et al., 2017) remains one of the lead-
ing ideas for the increase in sediment flux to the Gulf of Mexico 
Basin, these new εHf

(t)
 results support the notion that the sedi-

mentary cover that once blanketed the Laramide basement uplifts 
was also an important contributor of detritus to the Lower Wilcox 
Group. Jurassic zircons (ca. 180–150 Ma) from Gulf of Mex-
ico and San Juan Basin strata also have similar εHf

(t)
 ratios as 

magmatic zircons from the Laramide porphyry copper province, 
ranging from −15 to −3, as exhibited by similar Late Cretaceous 
decreases in εHf

(t)
 values (~−23 to −7).

A subordinate but distinctive suite of juvenile (εHf
[t]

 = 
+15 to +5) detrital zircons found in Paleocene Wilcox Group 
sediments in the northern Gulf of Mexico supports the notion 
that sediments entering the Gulf of Mexico through the Missis-
sippi embayment were derived from a more northerly routed 
path (paleo– Mississippi River) through the interior of the conti-
nent. These data provide evidence that the paleodrainage basins 
set forth by Galloway et al. (2011) and Blum et al. (2017) are 
robust, but the length scale of the paleo–Mississippi River 
drainage basin is longer than originally estimated, with head-
waters originating in the Coast Mountains batholith region of 
British Columbia. Based on this information, we propose that a 
through-going river (which we call the Coast Mountains River) 
must have tapped hinterland sources deep in the Coast Moun-
tains region of British Columbia and entered the foreland basin 
and paleo–Mississippi River drainage system en route to depo-
sition in the Gulf of Mexico.
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