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ABSTRACT
Reconstructing the geologic and tectonic evolution of western North America from
Paleozoic through Eocene time is the goal of this dissertation. Three geographical regions were
selected for analysis using modern analytical techniques including U-Pb geochronology and Hf
isotope geochemistry of detrital zircons, as well as, geologic mapping and paleocurrent analysis.
The Neoproterozoic through Pennsylvanian Yukon-Tanana terrane (YTTs) in the Coast
Mountains of southeastern Alaska, the Cretaceous through Eocene strata in the San Juan basin of
northwestern New Mexico and southwestern Colorado, and the Paleocene Wilcox Group in the
Gulf of Mexico are the regions selected for analysis. The project also includes a large
compilation of εHft from the eight main elements that comprise the North American Cordilleran
arc: Coast Mountains batholith, North Cascades Range, Idaho batholith, Sierra Nevada batholith,
Transverse Ranges, Peninsular Ranges, Sierra Madre Occidental, and the Porphyry Copper
Province.
Identifying changes in sediment provenance from Sevier thin-skinned thrusting through
the formation of Laramide basement block uplifts was accomplished by conducting U-Pb
geochronologic and Hf isotopic analyses on 32 detrital zircon samples from across the entire San
Juan basin. The detrital zircon U-Pb results indicate four stratigraphic intervals with internally
consistent age peaks. Based on a combination of U-Pb ages and paleocurrent indicators, three
transitions in sediment provenance were identified, resulting in a refined paleogeographic model
for Late Cretaceous through Eocene time. This model includes a transition from initial
reworking of the Paleozoic and Mesozoic cratonal blanket to unroofing of distant basement
cored-uplifts and Laramide plutons, then a final transition to more local Laramide uplifts.
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Hf isotopes were also collected on zircons from the San Juan basin, and also for a select
group of samples of the Paleocene Wilcox Group in the Gulf of Mexico. This was done because
Hf isotopes in zircon not only provide crustal evolution information, they also supply
complementary isotopic information that is combined with U-Pb age to create a zircon
fingerprint. This information refines the understanding of the Late Paleocene sediment pathways
across the western United States, including a new provenance connection between the Coast
Mountains batholith in British Columbia, Canada and the Gulf of Mexico. This information also
allowed for the generation of a Laramide-age (ca. 80-50 Ma) detrital signature map of zircons
that can now be used for referencing detrital zircons for researchers working in and around the
Cordilleran magmatic arc.

INTRODUCTION
U-Pb detrital zircon studies have proven to be one of the most effective ways to decipher
the geologic history of tectonically displaced crustal fragments in the northern Cordillera (e.g.
Gehrels et al., 1996; Colpron and Nelson, 2011; Gehrels 2012, 2014; Beranek et al., 2013a,
2013b, Yokelson et al., 2015; Giesler et al., 2016; White et al., 2016). U-Pb geochronology has
also played a piviol role in reconstructing sediment dispersal patterns in Mesozoic and Cenozoic
strata of western North America (e.g. Lawton and Bradford, 2011; Dickinson et al., 2012;
Mackey et al., 2012; Blum and Pecha, 2014; Bush et al., 2016; Sharman et al., 2017; Blum et al.,
2017). However, the addition of Hf isotope geochemistry allows for better characterization of
the zircon by establishing an εHft signature which can assist in the provenance assessment
(Gehrels and Pecha, 2014; Sauer et al., 2017). This dissertation employs both U-Pb
geochronology and Hf isotope geochemistry on detrital zircons to make continental scale
paleogeographic reconstructions
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GEOLOGIC FRAMEWORK
The idea that much of the North American Cordillera is composed of suspect terranes
was first introduced by Coney et al. (1980). The Yukon-Tanana terrane in eastern Alaska,
southwestern Yukon, northwestern British Columbia is one of these terranes. Within the Coast
Mountains of southeastern Alaska, a similar package of rocks originally described by Berg et al.
(1978), has been identified as a distinct tectonostratigraphic assemblage, and these rocks were
subsequently determined to be a southern component (YTTs) of the Yukon-Tanana terrane
(Rubin et al., 1990; Rubin and Saleeby, 1991, 1992; McClelland et al., 1991, 1992; Gehrels et
al., 1991, 1992; Gareau and Woodsworth, 2000; Saleeby, 2000; Gehrels 2000, 2001; Colpron et
al., 2006; Nelson et al, 2006, 2013). YTTs consists primarily of marine clastic strata that has
been regionally metamorphosed, as well as, mafic to felsic volcanic and plutonic rocks. Three
distinct assemblages were recognized including the pre-Devonian Tracy Arm assemblage,
Silurian-Devonian Endicott Arm assemblage, and the Mississippian –Pennsylvanian Port
Houghton assemblage (Gehrels et al., 1991, 1992; McClelland et al., 1991; Gehrels, 2001). Due
to pervasive deformation and to moderate to high grades of metamorphism, reconstructing the
tectonic history of YTTs is challenging based on geologic field mapping alone. A combination
of geologic field mapping, U-Pb geochronologic, and Hf isotopic analyses were conducted on
detrital zircons from metasedimentary and igneous rocks as part of this dissertation.
The San Juan basin located in northwestern New Mexico and southwestern Colorado
preserves a sequence of Cretaceous through Eocene strata exceeding 2000 meters in thickness.
During the deposition of these sediments (ca. 125 to 50 Ma), the SJB region was flanked by the
Sevier thrust belt to the west, the Mogollon highlands rift shoulder to the southwest, and was also
influenced by (ca. 75-50 Ma) Laramide tectonism. Detrital zircons from these strata provide an
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excellent record of changes in sediment provenance from Sevier thin-skinned thrusting through
the formation of Laramide age basement block uplifts and intervening intra-foreland basins.
Understanding how these surrounding tectonic elements influenced sediment delivery to the Four
Corners region, particularly the San Juan basin, is one of the goals of this research.
Clastic sediment supply rates to the Gulf of Mexico from the western continental interior
(including the Sevier thrust belt and Laramide basement uplifts) were relatively low during most
of Mesozoic time, primarily due to sediment sequestration within the Western Interior Seaway
(Galloway et al., 2011). However, during deposition of the Late Paleocene Lower Wilcox
Group, sediment supply increased dramatically (to approximately three times the Cenozoic
average) causing delta progradation, depositional off-lap, and accumulation of sand-rich turbidite
lobes on the Gulf of Mexico abyssal plain (Galloway et al., 2011). The link between the
Laramide intra-foreland basins and their associated basement cored uplifts, and their downstream
connection to sedimentation in the Gulf of Mexico basin has been previously documented
(Galloway et al., 2000; 2011; Galloway, 2005; Mackey et al., 2012; Sharman et al., 2017; Blum
et al., 2017.). The final chapter of this dissertation puts this theory to the test through εHft
comparisons and are used to establish continental-scale drainage networks that must have existed
during Late Paleocene to Early Eocene time.

METHODOLOGY
Approximately, 15kg of homogeneous rock were collected for each detrital zircon
sample. In the San Juan basin, individual samples were collected near the base and top of each
unit to assess internal variability. In the Gulf of Mexico, samples were collected from rocks
deposited in the Mississippi embayment which would represent paleo-Mississippi, Paleo-Platte,
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Paleo-Arkansas river deposition, and from rocks deposited in the Houston embayment which
represent Paleo-Colorado-Brazos river deposition (Winkler, 1982; Galloway et al., 2011;
Mackey et al., 2012; Blum et al., 2017).
Individual zircon grains were extracted from whole rock samples using traditional
methods of jaw crushing and pulverizing, followed by density separation using a water table and
heavy liquids (methylene iodide). After magnetic separation using a LB-1 barrier field Frantz, a
representative split of the zircon yield was mounted in a 1-inch epoxy plug along with primary
Sri Lanka (SL) zircon standard. Six other Hf standards (R33, FC-1, Temora, 91500, Plesovice,
and Mud Tank) were also placed on each mount, and the mounts were sanded, polished, and
cleaned in 1% HNO3 and 1% HCL prior to isotopic analysis.
U-Pb geochronology of single zircon crystals was conducted by LA-MC-ICPMS at the
Arizona LaserChron Center, University of Arizona (Gehrels et al., 2008; Gehrels and Pecha,
2014). The analyses were undertaken with a Photon Machines Analyte G2 excimer laser
coupled to either a Thermo Element 2 single collector or a Nu Instruments multi-collector. The
U-Pb laser analyses were conducted with either a 20 or 30-micron laser spot using a Faraday
acquisition routine. Details of the U-Pb analytical setup can be found in the method sections of
each appendix (A, B, and C) below.
Hf isotope geochemistry of zircons was conducted by LA-MC-ICPMS at the Arizona
LaserChron Center using a Photon Machines Analyte G2 excimer laser connected to the Nu
Instruments multi-collector. Hf analyses were conducted using a 40-micron laser spot placed
directly over the earlier U-Pb spot, following established analytical protocols reported in Cecil et
al. (2011) and Gehrels and Pecha (2014). Details of the Hf analytical methods can also be found
in the method sections of each appendix (A, B, and C) below.
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SUMMARY OF KEY RESULTS
The results of this dissertation are summarized in this section, and are presented in full
detail in Appendices A, B, and C.

APPENDIX A:
DETRITAL ZIRCON U-Pb GEOCHRONOLOGY AND Hf ISOTOPE GEOCHEMISTRY OF
THE YUKON-TANANA TERRANE, COAST MOUNTAINS, SOUTHEAST ALASKA
The complete U-Pb geochronologic and Hf isotopic data presented in Appendix A. which
provide a detailed record of Ordovician though Carboniferous magmatism in YTTs. The
composite of this record is shown on Figure 5 of Appendix A, with a single age probability curve
that includes results from all metasedimentary, metavolcanic, and metaplutonic samples
(n=2422). Peaks in age probability occur at 424, 407, 374, and 351 Ma. Following is a temporal
outline of the magmatic evolution, divided into phases that are defined on the basis of changes in
U-Pb age and εHft value.
•

Phase A: This phase includes the earliest magmatism in YTTs, ranging from Late Ordovician

(~450 Ma) through mid-Silurian (~422 Ma) time, with a maximum in age probability of 424 Ma.
εHft values are highly juvenile (+7 to +13).
•

Phase B: Magmatism continued during mid-Silurian through Early Devonian time (~422 to

~395 Ma), with a peak in age probability at 407 Ma. εHft values decrease progressively during
this phase, reaching relatively evolved εHft values of -5 to -10 by the end of Early Devonian time
(~395 Ma).
•

Phases C & D: Following a brief lull (~395 to ~387 Ma; phase C), magmatism reignited and

remained active until just before the end of Devonian time (~363 Ma). εHft values for this
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magmatism commence with highly juvenile values (+10 to +15) during Middle Devonian time
(~387 to ~375 Ma) and then decrease to moderately juvenile values (+5 to +10) during Late
Devonian time (~375 to ~363 Ma).
•

Phases E & F: Following a lull in magmatism during latest Devonian time (~363 to ~357 Ma;

phase E), magmatism occurred during Early Carboniferous time (~357 to ~342 Ma) with highly
negative εHft values (phase F). This latter magmatism is recorded only in conglomeratic strata
along the base of the Port Houghton Assemblage, whereas all prior magmatism is recorded in
both the Endicott Arm and Port Houghton assemblages.
These variations in εHft value through time are interpreted to record changes in the proportion
and/or age of crustal material that was involved in melting during magmatism.
One of the main conclusions from our study is that the SE Alaska subterrane of the
Yukon-Tanana terrane (YTTs) has strong similarities with northern portions of the YukonTanana terrane (YTTn) and pericratonic strata in eastern Alaska (NAa). These similarities
include overlapping ages of Precambrian detrital zircons in Neoproterozoic-lower Paleozoic
pericratonic strata (Fig. 6) and complementary histories of mid-Paleozoic arc-type magmatism
(Fig. 5). Similarities in magmatic history are during Late Devonian through Early Mississippian
time, when stratigraphic and geochemical relations in YTTn and Hf isotopic values in YTTs are
interpreted to record a transition from extensional to compressional magmatism. Rocks in YTTs
also record Late Ordovician through Early Devonian magmatism that have not been previously
recognized in YTTn/NAa. However, similarities in Late Ordovician-Early Devonian magmatism
in YTTs and the southern Alexander terrane raises the possibility that these tectonostratigraphic
assemblages evolved along the same convergent margin system along the northern (Alexander)
and northwestern (YTT) margins of Laurentia.
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APPENDIX B:
PROVENANCE OF CRETACEOUS THROUGH EOCENE STRATA OF THE FOUR
CORNERS REGION: INSIGHTS FROM DETRITAL ZIRCONS IN THE SAN JUAN BASIN,
NEW MEXICO AND COLORADO
We report a total of 1520 new U-Pb laser analyses from 16 DZ samples of Cretaceous
strata from the SJB in northwestern New Mexico and southwestern Colorado. Table 1 in
Appendix B summarizes the DZ samples from this study, in addition to previously reported DZ
samples used in reference comparisons. The complete U-Pb analytical results are reported in the
Supplementary Data and summarized below according to stratigraphic unit from oldest to
youngest. The DZ results indicate four stratigraphic intervals with internally consistent age
peaks: 1) Lower Cretaceous Burro Canyon Formation, 2) Turonian (93.9- 89.8 Ma) Gallup
Sandstone through Campanian (83.6- 72.1 Ma) Lewis Shale, 3) Campanian Pictured Cliffs
Sandstone through Campanian Fruitland Formation, and 4) Campanian Kirtland Sandstone
through lower Eocene (56.0- 47.8 Ma) San Jose Formation.
Paleocurrent data, reveals three distinct changes in sediment provenance that match
with the changes in U-Pb age spectra. Comparisons with reference data sets from Dickinson et al.
(2012) establishes provenance of each section. Between the Burro Canyon Formation and the
Gallup Sandstone, a change from predominantly reworked sediment from the Sevier thrust front,
that includes Paleozoic sediments and Mesozoic eolian sandstones, to a signature indicating both
Sevier and Mogollon sources. Within the Pictured Cliffs Sandstone, a flux of near depositional age
zircons at ca. 75 Ma marks the beginning of the second transition, likely derived from the Laramide
porphyry copper province of southern Arizona and southwestern New Mexico. Paleoflow
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indicators suggest the third change in provenance was complete by 65 Ma as recorded by the
deposition of the Paleocene Ojo Alamo Sandstone. However, our new U-Pb detrital zircon results
indicate this transition initiated approximately 8 m.y. earlier during deposition of the Campanian
Kirtland Formation beginning ca. 73 Ma. This final change in provenance is interpreted to reflect
the unroofing of surrounding Laramide basement blocks and a switch to local derivation. At this
time, sediment entering the San Juan Basin was largely being generated from the nearby San Juan
Mountains to the north-northwest, including uplift associated with early phases of Colorado
Mineral Belt magmatism. Thus, the detrital zircon spectra in the San Juan Basin document the
transition from initial reworking of the Paleozoic and Mesozoic cratonal blanket to unroofing of
distant basement-cored uplifts and Laramide plutonic rocks, then to more local Laramide uplifts.
Potential source regions of Laramide (ca. 80-50 Ma) ages present in the DZ age spectra
of the SJB include the North American Porphyry Copper Province of southern Arizona,
southwestern New Mexico, and northern Sonora, and the Colorado Mineral Belt, a linear belt of
laccolithic-plutonic-volcanic complexes stretching from south-central Colorado into far
northeastern Arizona

APPENDIX C:
LINKING THE GULF OF MEXICO AND COAST MOUNTAINS BATHOLIH DUING THE
LATE PALEOCENE: INSIGHTS FROM Hf ISOTOPES IN DETRITAL ZIRCONS
Two distinct trends in εHft are noted in the Gulf of Mexico samples during Permian
through Early Cretaceous time suggesting the Wilcox Group sediments were likely derived from
two regions with distinct crustal evolution characteristics. The more evolved dominant cluster of
data is consistent with recycling of primarily Proterozoic, and to a lesser extent, Archean crust,

18

while the subordinate cluster is consistent with derivation from juvenile crust. Comparisons to
the San Juan basin samples, which are a proxy for the Mesozoic cover shed from the Laramide
basement uplifts, show that Mesozoic zircons have similar εHft values, suggesting the two
regions have provenance ties. This supports the idea that the Lower Wilcox Group likely
represents erosion of the easily weathered sedimentary cover that once blanketed the basement
cored Laramide aged uplifts.
A comprehensive compilation of zircon εHft data from the eight main components that
comprise the Cordillera arc was undertaken as part of this dissertation. Epsilon Hf comparisons
between this compilation and the Wilcox Group data reveal provenance connections between
Coast Mountains batholith in British Columbia, Canada and the Gulf of Mexico during Late
Paleocene time. Paleogeographic reconstructions were generated to expand the paleoMississippi River to place its headwaters British Columbia, Canada. The complete results and an
in-depth discussion can be found in APPENDIX C. below.
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ABSTRACT
Rocks of the SE Alaska subterrane of the Yukon-Tanana terrane (YTTs) consist of
regionally metamorphosed marine clastic strata and mafic to felsic volcanic/plutonic rocks that
have been divided into the pre-Devonian Tracy Arm Assemblage, Silurian-Devonian Endicott
Arm Assemblage, and Mississippian-Pennsylvanian Port Houghton Assemblage. U-Pb
geochronologic and Hf isotopic analyses have been conducted on zircons separated from 23
igneous and detrital samples in an effort to reconstruct the geologic and tectonic evolution of this
portion of YTT. Tracy Arm Assemblage samples are dominated by Proterozoic (~2.0–1.6, 1.2–
0.9 Ga) and Archean (2.7–2.5 Ga) zircons that yield typical cratonal εHft values. Endicott Arm
Assemblage samples yield U-Pb ages that range from Late Ordovician to Early Devonian and
εHft values that range from highly juvenile to moderately evolved. Port Houghton Assemblage
samples yield similar Ordovician-Devonian ages and εHft values, and also include Early
Carboniferous zircons with highly evolved εHft signatures.
Comparison of these age-Hf patterns with data from nearby assemblages suggests the
following: (1) Results from YTTs are similar to (or compatible with) available data from rocks
of the Yukon-Tanana terrane in eastern Alaska, Yukon, and northern British Columbia (YTTn)
and pericratonic strata in east-central Alaska (NAa). (2) YTTs contains abundant Late
Ordovician-Early Devonian magmatism that is not recorded in YTTn and NAa. (3) εHft values
from YTTs display two excursions from juvenile to evolved εHft values which are interpreted to
record cycles of crustal thinning and then thickening within the convergent margin system. (4)
Available data from both YTTs and YTTn support Neoproterozoic(?)-early Paleozoic positions
along the northern Cordilleran margin. (5) The Late Ordovician-Early Devonian magmatic
record of the southern Alexander terrane is very similar to that of YTTs, which raises the
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possibility that these assemblages evolved in the same convergent margin system along the
northern (Alexander) and northwestern (YTT) margins of Laurentia.
These results support a tectonic model in which: (1) YTTs formed outboard of (or
northward along strike of) YTTn and NAa along the northern Cordilleran margin during
Neoproterozoic(?)-early Paleozoic time; (2) initial subduction-related magmatism during Late
Ordovician to Early Devonian time records a progression from crustal thinning to crustal
thickening, and is preserved only in YTTs; (3) a second phase of magmatism records MiddleLate Devonian crustal thinning followed by Early Mississippian crustal thickening; (4) YTTs and
YTTn evolved as an intra-oceanic arc outboard of the Slide Mountain ocean basin during
Carboniferous-Permian time and were accreted to the continental margin during Triassic time;
and (5) YTTs is interpreted to have been displaced ~1000 km southward, from an original
position outboard of YTTn/NAa to its present position outboard of the Stikine terrane, along a
sinistral fault system of Late Jurassic-Early Cretaceous age.

INTRODUCTION
The notion that most of the North American Cordillera is composed of suspect terranes
was first introduced by Coney et al. (1980). Over the last 30+ years, geologists have employed
various geological, geophysical, and geochemical techniques in an attempt to decipher the
paleogeographic history of this collage of terranes. Detrital zircon analysis has proven to be one
of the most powerful tools at unraveling the complex histories of these tectonically displaced
crustal fragments (e.g., Gehrels et al. 1996; Beranek at al., 2013a, b; Colpron and Nelson, 2011;
Gehrels, 2012, 2014). Comprehensive studies that include U-Pb ages in concert with Hf isotopic
compositions provide insights into genetic relationships between juxtaposed terranes, and also
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allow evaluation of their past interactions with cratonal sources (Malone et al., 2014; Beranek et
al., 2013a, b; Tochilin et al., 2014; Gehrels and Pecha, 2014). Combined U-Pb and Hf isotope
analyses also reveal that terranes which are defined on the basis of geologic characteristics may
consist of components with dramatically different crustal origins. An excellent example of this is
provided by the Alexander terrane, which ranges from a juvenile early Paleozoic arc at the south
end to a continental margin assemblage with no evidence of arc magmatism on the north end
(Beranek et al., 2012, 2013a, b; Tochilin et al., 2014; White et al., 2016).
This study focuses on rocks that are known or interpreted to belong to the Yukon-Tanana
terrane (YTT), the main mass of which occupies a large portion of eastern Alaska, southwestern
Yukon, and northwestern British Columbia (YTTn on inset of Figure 1). In these regions the
terrane consists of a lower assemblage of mainly siliciclastic rocks of continental margin affinity
(Snowcap Assemblage), a mid-Paleozoic assemblage of metasedimentary, metavolcanic, and
metaplutonic rocks that formed in continental arc and back-arc settings (Finlayson Assemblage),
and unconformably overlying metasedimentary and metavolcanic rocks of late Paleozoic age that
accumulated in basinal and arc-type settings (Klinkit and Klondike Assemblages; Mortensen,
1992; Colpron et al., 2006; Nelson et al., 2006, 2013).
Rocks that are similar to the older components of YTTn also occur to the northwest, in
east-central Alaska, where they have been referred to as a pericratonic or continental margin
assemblage (Dusel-Bacon et al., 2006; Colpron et al., 2006; Nelson et al., 2013). These rocks are
interpreted to have remained attached to the northwestern North American margin throughout
Paleozoic time, and are referred to as NAa on Figure 1.
Rocks that are similar to the older components of YTTn also continue to the southeast,
forming a narrow belt that extends southward within and west of the Coast Mountains of
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southeastern (SE) Alaska and northern British Columbia (Fig. 1). These rocks have been
interpreted to form a southern component of YTT (Rubin et al., 1990; Rubin and Saleeby, 1991,
1992; McClelland et al., 1991, 1992; Gehrels et al., 1991, 1992; Gareau and Woodsworth, 2000;
Saleeby, 2000; Gehrels, 2000, 2001; Colpron et al., 2006; Nelson et al., 2006, 2013), and are
referred to as YTTs on Figure 1. The main similarity used to support primary connections
between YTTn and YTTs is the presence of pre-Devonian siliciclastic rocks of continentalmargin affinity that bear abundant Precambrian detrital zircons and are overlain and intruded by
mid-Paleozoic igneous rocks. Although such similarities have been noted by previous workers,
the specific relationships between YTTs and YTTn remain uncertain; here we use YTTs and
YTTn to indicate that YTT may comprise two different subterranes with somewhat different
histories. The only specific connection that has been proposed for YTTs and YTTn was offered
by Saleeby (2000), who used an apparent progression of Silurian-Devonian magmatism to
suggest that YTTs formed outboard of YTTn.
This study utilizes U-Pb ages and Hf isotopic information from detrital zircons in
metasedimentary rocks (and subordinate igneous zircons in metavolcanic and metaplutonic
rocks), to characterize the main assemblages of the Yukon-Tanana terrane within and adjacent to
the Coast Mountains, reconstruct their tectonic evolution, and explore potential connections with
YTTn and other assemblages in the northern Cordillera. Such comparisons are facilitated by the
publication of new U-Pb/Hf data sets on detrital zircons from the Cordilleran passive margin
(Gehrels and Pecha, 2014) and adjacent rocks of the Alexander terrane (Beranek et al., 2012,
2013a, 2013b; Tochilin et al., 2014; White et al., 2016), as well as the availability of detailed
summaries of the geologic and tectonic evolution of YTTn and NAa (Colpron and Nelson, 2006;
Colpron et al., 2006; Dusel-Bacon et al., 2006; Nelson et al., 2013). Because Hf isotope data are
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not yet available from zircons in YTTn or NAa, and U-Pb ages have been determined on a
relatively small number of samples, we focus mainly on comparing our Hf data from YTTs with
geologic and geochemical aspects of YTTn. In this comparison, we use the interpretive
framework that trends toward more evolved εHft values record crustal thickening, whereas trends
to more juvenile εHft values are the result of crustal extension or thinning (e.g., Kemp et al.,
2009).

GEOLOGIC BACKGROUND OF YTTs
Rocks that are assigned to the Yukon-Tanana terrane in SE Alaska were first recognized
as a distinct tectonostratigraphic assemblage, referred to as the Tracy Arm terrane, by Berg et al.
(1978). These rocks were subsequently studied in detail in northern SE Alaska (Gehrels et al.,
1991, 1992; Gehrels 2000), central SE Alaska (McClelland et al., 1991, 1992; McClelland and
Mattinson, 2000), southern SE Alaska (Rubin and Saleeby, 1991, 1992; Saleeby, 2000), and
north-coastal British Columbia (Gareau and Woodsworth, 2000; Alldrick et al., 2001; Gehrels,
2001). Three distinct assemblages were identified in most regions, including the pre-Devonian
Tracy Arm Assemblage, Silurian-Devonian Endicott Arm Assemblage, and MississippianPennsylvanian Port Houghton Assemblage (Gehrels et al., 1991, 1992; McClelland et al., 1991;
Gehrels, 2001). Rubin and Saleeby (1991, 1992) and Saleeby (2000) referred to similar rocks in
southern SE Alaska as the pre-Devonian Kah Shakes Sequence and the mid-Paleozoic to Triassic
Alava Sequence, and similar rocks to the south in coastal British Columbia were referred to as
the Scotia-Quaal belt (Gareau and Woodsworth, 2000) or Ecstall belt (Alldrick et al., 2001).
Reconstructing the history of YTT rocks in SE Alaska is challenging due to pervasive
deformation, moderate-to high grades of metamorphism, and abundant plutons within and
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adjacent to the Coast Mountains batholith (Gehrels et al., 2009). In spite of these challenges,
protolith features and relations are sufficiently preserved that researchers have been able to map
the main assemblages along the length of SE Alaska and coastal British Columbia, and
reconstruct the main lithologic components of each assemblage. Figure 1 shows the distribution
of the three components of YTTs along the length of SE Alaska and coastal British Columbia,
and Figure 2 shows the reconstructed protolith relations of rocks in the three components.

Tracy Arm Assemblage
The Tracy Arm Assemblage is named for a series of exposures found within Tracy Arm
that form the easternmost shoreline exposures of YTTs in the Coast Mountains (Fig. 1). The
rocks in this unit were included in the original Tracy Arm terrane of Berg et al. (1978) and
Monger and Berg (1987). Dominant rock types are biotite schist, gneiss, quartzite, and marble,
with the majority being metamorphosed to amphibolite facies. Metamorphism of these rocks is
due at least in part to the proximity of mid-Cretaceous to early Tertiary plutons of the Coast
Mountains batholith (Stowell and Crawford, 2000; Gehrels et al., 2009). Rocks of the Tracy Arm
Assemblage are highly deformed, with a strong foliation and common isoclinal folds (Fig. 3A).
Rocks of the Tracy Arm Assemblage are interpreted to be mainly Neoproterozoic-early
Paleozoic in age because they contain abundant Mesoproterozoic and older detrital zircons
(Gehrels et al., 1991, 1992; Saleeby, 2000; Gehrels, 2000, 2001) and are intruded by plutons of
Silurian and Devonian age. These rocks are interpreted to have formed in a shelf environment
along a passive continental margin given the widespread occurrence of metaclastic quartzite
(Fig. 3B) and marble along with the abundance of Precambrian detrital zircons.
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Endicott Arm Assemblage
The Endicott Arm Assemblage represents a magmatic arc assemblage named for a series
of shoreline exposures along Endicott Arm (Fig. 1). The succession gradationally overlies the
Tracy Arm Assemblage and consists mainly of mafic, intermediate, and felsic metavolcanic
rocks (Fig. 3C), interbedded with volcanic-rich metasediments (greywacke) and subordinate
marble (limestone; Gehrels et al., 1992) and intruded by mainly felsic to intermediatecomposition metaplutonic bodies (Fig. 3D). Previous geochronologic analyses of both felsic
metavolcanic and metaplutonic rocks of the Endicott Arm Assemblage yielded Silurian and
Devonian ages ranging from ~440 to ~360 Ma (McClelland et al., 1991; Gehrels et al., 1992;
Saleeby, 2000; Gareau and Woodsworth, 2000; McClelland and Mattinson, 2000; Alldrick et al.,
2001; Gehrels, 2001).

Port Houghton Assemblage
The Port Houghton Assemblage is characterized by quartz-rich metaclastic rocks
(commonly fine-grained turbidites; Fig. 3E), interbedded locally with mafic to felsic volcanic
rocks and subordinate marble (Gehrels et al., 1992). It also contains a distinctive basal
metaconglomerate (Fig. 3F) that bears clasts of metagreywacke, quartzite, metarhyolite, and
metaplutonic clasts of intermediate to felsic composition. Port Houghton Assemblage rests
unconformably on the Endicott Arm Assemblage (Gehrels et al., 1992; Gehrels and Kapp, 1998).

GEOLOGIC BACKGROUND OF YTTn AND NAa
Within eastern Alaska, Yukon, and northern British Columbia, YTTn has been described
as a regionally metamorphosed pre-Triassic assemblage that includes Neoproterozoic(?)-
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Paleozoic metasedimentary and metavolcanic rocks which are intruded by Late Devonian to Late
Permian plutons (Tempelman-Kluit, 1976, 1979; Coney et al., 1980; Hansen, 1990; Mortensen,
1992; Piercey et al., 2004, 2006; Dusel-Bacon et al., 2004, 2006, 2013; Colpron et al., 2006;
Murphy et al., 2006; Nelson et al., 2006, 2013). The basal units of YTTn are primarily
metamorphosed quartzite, pelite, and marble, referred to as the Snowcap Assemblage, that are
interpreted to have formed in a passive continental margin setting (Colpron et al., 2006; Piercey
and Colpron, 2009). Workers in the region have interpreted that during Late Devonian time, the
passive margin environment evolved into a convergent margin system, with widespread
magmatism during Late Devonian through Early Mississippian time (Finlayson Assemblage),
followed by accumulation of conglomeratic strata and overlying volcanic rocks and clastic strata
of Middle Mississippian through Early Permian age (Klinkit Assemblage; Colpron et al., 2006;
Nelson et al., 2013).
Farther north and west from YTTn, underlying a large region of east-central Alaska and
western Yukon, are metasedimentary, metavolcanic, and metaplutonic rocks of mainly early to
mid-Paleozoic age that are referred to as North American pericratonic rocks (Dusel-Bacon et al.,
2006) (NAa on the inset of Figure 1). Although most workers agree that YTTn and NAa share a
similar early and mid-Paleozoic history, YTTn and NAa are grouped as separate tectonic entities
because they were apparently separated during late Paleozoic time by the broad Slide Mountain
ocean basin (Dusel-Bacon et al., 2004, 2006, 2013; Colpron et al. 2006; Nelson et al., 2006,
2013).
The magmatic evolution of YTTn and NAa is recorded in six cycles of Paleozoic igneous
activity (Colpron et al., 2006; Nelson et al., 2006, Piercey et al., 2006), giving YTTn and NAa a
distinct magmatic and geochronologic fingerprint. The six cycles, as described by Nelson et al.
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(2006), are as follows:
1.

Pre-Cycle I (>395 Ma): Accumulation of Proterozoic(?)-lower Paleozoic passive margin

strata along the rifted margin of northwestern Laurentia. These rocks are interpreted to be the
oldest components in YTTn and NAa.
2.

Cycle I (Middle to Late Devonian; 395–365 Ma): Magmatism of this cycle occurred

mainly within YTTs; however, it includes the onset of extensional (back-arc?) magmatism in
NAa at ~375 Ma and in YTTn at ~365 Ma.
3.

Cycle II (Late Devonian-Early Mississippian; 365–357 Ma): This cycle records

significant magmatism in both YTTn and NAa, with compositions that are commonly bimodal.
Felsic magmas are mainly of crustal derivation. Regional extension occurred within this broad
arc/back-arc system, and is also recorded by mid-Paleozoic extensional faults, volcanic rocks,
and sedimentary exhalative and volcanogenic massive sulfide base-metal deposits within
adjacent passive margin strata.
4.

Cycle III (Early Mississippian; 357–342 Ma): This cycle is characterized by widespread

arc-type magmatism (especially in YTTn) accompanied by deformation and accumulation of
conglomeratic strata. Eastern YTTn experienced back-arc/extensional magmatism that marks the
onset of rifting of the YTTn pericratonic arc from the North American continental margin,
forming the Slide Mountain ocean basin. NAa experienced waning magmatism during this
period, and is interpreted to have remained attached to the continental margin.
5.

Cycle IV (Late Mississippian; 342–314 Ma): This cycle is marked by a regional

deformational event, erosion of Late Devonian-Early Mississippian arc assemblages, widespread
accumulation of conglomeratic strata, and a shift to more primitive, andesitic volcanism within
YTTn.
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6.

Cycle V (Pennsylvanian-Early Permian; 314–269 Ma): This cycle records mafic-

intermediate composition volcanism within an extensional arc setting.
7.

Cycle VI (Middle and Late Permian; 269–253 Ma): This cycle is marked by magmatism

and deformation along the inboard margin of YTTn due to subduction of the Slide Mountain
ocean basin. Closure of the ocean basin, accretion of YTTn, and cessation of magmatism all
occurred by Middle Triassic time.

PREVIOUSLY PUBLISHED U-Pb GEOCHRONOLOGIC DATA FROM YTTs
U-Pb geochronologic studies of detrital zircons from each of the three assemblages in
YTTs have been conducted previously. Results are summarized below, and all ages are compiled
and plotted in DR Tables 2, 4, 5, and 6. No Hf analyses have been reported previously.
Quartzites from the Tracy Arm Assemblage have been analyzed from the length of
southeast Alaska (Gehrels et al., 1991; Gehrels, 2000, 2001). From south to north: (1) 110 U-Pb
ages have been obtained on quartzite from Portland Canal (Safa Islands), with dominant age
groups of 2810–2420, 2080–1730, 1520–1330, and 1260–810 Ma, and; (2) 100 ages have been
obtained on quartzite from near Boca de Quadra (Kah Shakes), with dominant ages of 2740–
2460, 2410–2040, 1960–1670, and 1460–1090 Ma; (3) 229 ages have been obtained from two
quartzites in Tracy Arm (87GC414 and 87GC420), with dominant age groups of 2720–2510 and
2110–1620 Ma in one sample and 1490–1300 and 1250–950 Ma in a second sample; and (4) 131
ages have been obtained on quartzite from north of Juneau (90GC705), with dominant age
groups of 2820–2570 and 2020–1730 Ma.
Quartzite, metarhyolite, and metaplutonic rocks of the Endicott Arm Assemblage have
also been analyzed from various regions of SE Alaska and coastal British Columbia. Four

35

quartzite samples have been studied near Boca de Quadra and Endicott Arm, with dominant age
groups of 417–310 Ma and subordinate age groups of 2000–1520, 1500–1360, 1320–990, and
505–450 Ma (Gehrels, 2001). Metarhyolites have also been analyzed, with ages of ~370 Ma
from near Prince Rupert (Gareau and Woodsworth, 2000), 422–412 Ma from near Boca de
Quadra Canal (Saleeby, 2000), and 384–366 Ma near Petersburg (McClelland et al., 1991;
McClelland and Mattinson, 2000). Orthogneisses that are associated with rocks of the Endicott
Arm and Tracy Arm assemblages have yielded ages of ~385 Ma near Prince Rupert (Gareau and
Woodsworth, 2000), 429–380 Ma near Portland Canal (Gehrels, 2001), 424–383 Ma from near
Boca de Quadra (Saleeby, 2000), and 367–345 Ma near Petersburg (McClelland et al., 1991;
McClelland and Mattinson, 2000).
Metaconglomerate of the Port Houghton Assemblage has been analyzed previously from
Port Snettisham (Gehrels and Kapp, 1998). U-Pb ages have been reported for 154 detrital zircon
grains, with dominant age groups of 2010–1760 and 370–310 Ma, and a small number of 2710–
2560 Ma ages.

ANALYTICAL METHODS
We collected approximately 15 kg of homogenous rock for each detrital zircon sample.
Zircon grains were extracted using traditional methods of jaw crushing and pulverizing, followed
by density separation using a Wifely table and heavy liquids. The resulting heavy mineral
fraction then underwent further separation using a Frantz LB-1 magnetic barrier separator. A
representative split of the zircon yield was incorporated into a 1” epoxy mount along with
multiple fragments of the primary U-Pb Sri Lanka (SL) zircon standard, and the Hf standards
R33, Mud Tank, FC-1, Plesovice, Temora, and 91500. The mounts were sanded down ~20
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microns, polished to 1 micron, and imaged by back-scattered electrons (BSE) using a Hitachi S3400N scanning electron microscope (SEM) (www.geoarizonasem.org). Prior to isotopic
analysis, mounts were cleaned in an ultrasonic bath of 1% HNO3 and 1% HCl in order to remove
surficial common Pb.

U-Pb Geochronologic Analysis
U-Pb geochronology of individual zircon crystals was conducted by laser ablation multicollector inductively coupled mass spectrometry (LA-MC-ICPMS) at the Arizona LaserChron
Center (Gehrels et al., 2008; Gehrels and Pecha, 2014; www.laserchron.org). The isotopic
analyses involved ablation of zircon using a Photon Machines Analyte G2 excimer laser
(λ=193nm) coupled to a Nu Instruments HR-MC-ICPMS. Ultra-pure Helium carried the ablated
material into the plasma source of the ICPMS, which is equipped with a flight tube of sufficient
width that U, Th, and Pb isotopes are measured simultaneously. Depending on the size of the
zircons, analyses were conducted utilizing either Faraday collectors or Ion Counters for
measurement of 206Pb-208Pb (see DR Table 2 for specific U-Pb methods used on each sample).
The majority of the U-Pb analyses were conducted with a 30-micron spot diameter using
a Faraday acquisition routine consisting of one 15-second integration on peaks with the laser off
(for backgrounds), 15 one-second integrations with the laser firing, and a 30-second delay to
ensure that the previous sample was completely purged from the system. Faraday detectors with
3x1011 ohm resistors measured 238U, 232Th, 208-206Pb, and discrete dynode ion counters measured
204

Pb and 202Hg, all in static mode. Drill rate was ~1 micron/second, resulting in a final ablation

pit depth of ~15 microns.
An Ion Counter routine was employed for samples with zircons that were too small to
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accommodate a 30-micron spot. These analyses utilized a 20-micron beam diameter and
consisted of one 12-second integration on peaks with the laser off (for backgrounds), 12 onesecond integrations with the laser firing, and a 30-second delay to purge the previous sample.
During this routine, Faraday detectors measured 238U and 232Th, and discrete dynode ion counters
measured 208-204Pb, also in static mode. Drill rate was ~1 micron/second, resulting in a final
ablation pit depth of ~12 microns.
Approximately 105 analyses were conducted on each sample with one U-Pb
measurement per grain. Grains were selected in random fashion, with crystals rejected only on
the basis of small size or the presence of cracks or inclusions. The use of high-resolution BSE
images for detrital samples and detailed cathodo-luminescene (CL) images for igneous samples
provided assistance in grain selection and spot placement (See DR Table 1 for CL images of
representative zircons from each sample).
Data reduction was accomplished using NUPMagecalc.xls, which is a standard Arizona
LaserChron Center reduction protocol (Gehrels et al., 2008; Gehrels and Pecha, 2014). The
specific filters (e.g. discordance, 206Pb/238U precision, 206Pb/207Pb precision, etc.) used during the
data treatment are indicated in the notes in DR Table 2. Data are presented on normalized ageprobability diagrams, which sum all relevant analyses and uncertainties and then divide by the
number of analyses such that each curve contains the same area (e.g., Fig. 4). Age groups are
characterized by the ages of their peaks in age probability and by the range of constituent ages.

Hf Isotopic Analysis
Hf isotope geochemistry of zircons was conducted by laser ablation multi-collector
inductively coupled mass spectrometry (LA-MC-ICPMS) at the Arizona LaserChron Center
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following established analytical protocols reported in Cecil et al. (2011) and Gehrels and Pecha
(2014). Approximately 50 Hf analyses were conducted per detrital sample, with grains selected
to represent each main age group, and to avoid crystals with discordant or imprecise ages. CL
images (examples for each sample are located in DR Table 1) were utilized for navigation/spot
location, ensuring that all Hf analyses are within the same growth zone/domain as the U-Pb pit.
In most cases, Hf laser pits were located directly on top of the U-Pb analysis pits. Complete Hf
isotopic data, including Hf-evolution plots of individual samples, are presented in DR Table 3.
Hf data are presented using Hf-evolution diagrams (Fig. 5), where initial 176Hf/177Hf
ratios are expressed in εHft 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 εHft is reported for each analysis on Hf evolution plots in
DR Table 3, and as the average for all analyses (2.4 epsilon units at 2σ) on Figure 5. Based on
the in-run analysis of zircon standards, the external precision is 2–2.5 epsilon units (2σ). Hf
isotopic evolution of typical felsic crust is shown with arrows on εHf evolution diagrams, based
on a 176Lu/177Hf ratio of 0.0115 (Vervoort and Patchett, 1996; Vervoort et al., 1999).

U-Pb AGES AND Hf ISOTOPIC RESULTS
A total of 25 samples were collected from YTTs with the intent of obtaining both U-Pb
geochronologic and Hf isotopic data. Locations of the 23 samples that yielded zircons are shown
on Figure 1, and their stratigraphic assignments are shown on Figure 2. Final U-Pb and Hf results
for all samples are reported in data repositories DR Table 2 and DR Table 3 (respectively). To
assist with interpretation, samples are discussed below according to their stratigraphic
assignment (Tracy Arm Assemblage, Endicott Arm Assemblage, or Port Houghton Assemblage
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HA). Summary plots of the ages available from each assemblage are shown on Figure 4, and
stacked age-distribution diagrams for individual samples are presented in DR Table 4 (Tracy
Arm), DR Table 5 (Endicott Arm), and DR Table 6 (Port Houghton).

Complications in U-Pb Systematics
Proximity of the YTTs to Jurassic through early Tertiary plutons of the Coast Mountains
batholith (McClelland and Mattinson, 2000; Stowell and Crawford, 2000) has resulted in the
occurrence of ages in several samples that are younger than the protolith depositional age. In
most cases these ages overlap with ages of nearby plutonic bodies and are interpreted to record
metamorphic zircon growth given their elevated U/Th (Rubatto, 2002) and/or occurrence of
metamorphic textures observed in BSE or CL images. In some cases, zircon grains yield similar
Mesozoic ages but have typical igneous values for U/Th and typical oscillatory zoning in BSE or
CL images. These grains may also be metamorphic in origin, or it is possible that they are from
small veins or leucosomes containing Mesozoic zircon that were not recognized during sample
collection. A third mode of complexity is the occurrence in some samples of zircon grains that
are younger than the known depositional age but older than the ages of nearby plutons. In most
cases these ages are characterized by higher than average U concentration, and are interpreted to
have experienced partial Pb loss. Analyses that are compromised by any of the complexities
noted above are highlighted in DR Table 2 and not considered further.

Results from Tracy Arm Assemblage
Sample 12MP33 is a quartzite interlayered with marble that is exposed in eastern Tracy
Arm (Fig. 3A). The U-Pb age distribution is dominated by Paleoproterozoic ages of 2491 to
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1736 Ma (peaks at 1828 and 1770 Ma), with subordinate Archean zircons ranging from 2677 to
2521 Ma (peak at 2668 Ma). The εHft ratios of the Paleoproterozoic zircons range from +4 to 13, and the Archean grains are exclusively juvenile, ranging from +7 to +2 (Fig. 5).
A quartzite (12MP41) collected in Port Snettisham (Fig. 3B) produced similar
Paleoproterozoic ages ranging from 2440 to 1737 Ma (peaks at 2083, 1912, and 1847 Ma), along
with subordinate Archean ages ranging from 2719 to 2543 Ma (peak at 2713 Ma). The Archean
zircons are predominantly juvenile (+7 to +2 εHft), whereas the Paleoproterozoic grains display
more evolved εHft values clustering between +3 and -15.
Collectively, the two new samples combined with the previously published results from
Tracy Arm Assemblage yield an age distribution with a dominant age group of 1970–1710 Ma
(age peak at 1840 Ma), and subordinate age groups of 2350–2170 Ma (peak at 2257 Ma), 2750–
2460 Ma (peak at 2641 Ma), 2100–2035 Ma (peak at 2064 Ma), 1490–1320 Ma (peaks at 1467
and 1366 Ma), and 1250–970 (peak at 1073 Ma) (Fig. 4). Hf results for TAA are generally
juvenile for Archean grains and of evolved to intermediate composition for Paleoproterozoic
grains (DR Table 3; Fig. 5).

Results from Endicott Arm Assemblage Metavolcanic Rocks
Metavolcanic rocks of the Endicott Arm Assemblage have been analyzed from several
different localities in SE Alaska (Fig. 1). From south to north, these include (1) a quartzporphyritic metarhyolite from Thorne Arm (12MP03) that yields a weighted mean age of 403.0 ±
3.4 Ma, (2) two metarhyolite samples in Carroll Inlet (12MP07 and 12MP08) that yield weighted
mean ages of 423.6 ± 4.8 Ma and 401.1 ± 4.5 Ma (respectively), (3) a metarhyolite (Fig. 3C)
from near Bradfield Canal (12MP19) that yields a weighted mean age of 377.3 ± 4.8 Ma, and (4)
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a metarhyolite from near Petersburg (12MP20) that yields a weighted mean age of 368.9 ± 5.1
Ma (same sample for which McClelland et al. (1991) reported an ID-TIMS age of 367 ± 10 Ma)
(all uncertainties at 2σ; data and plots presented in DR Table 2). Collectively, these five ages
combined with the previously published analyses of Endicott Arm Assemblage metavolcanic
rocks yield a bimodal distribution of ages between 425 and 355 Ma and with age peaks at 421,
402 and 378 Ma (Fig. 4). εHft values for the metarhyolites are also bimodal, with intermediate
(+5 to -8) values for ~420–390 Ma analyses and mostly juvenile values (+12 to +2) for 390–355
Ma analyses (DR Table 3; Fig. 5).

Results from Endicott Arm Assemblage Metaplutonic Rocks
Metaplutonic rocks have been analyzed from two samples collected from Carroll Inlet
(Fig. 1). The resulting ages are 438.5 ± 5.0 Ma (sample 12MP06) and 430.8 ± 4.2 Ma (sample
12MP09; Fig. 3D) (all weighted mean uncertainties reported at 2σ; data and plots presented in
DR Table 2). When combined with analyses of metarhyolite from other areas of YTTs, the
resulting age distribution has peaks in age probability of 428, 400, 381, and 365 Ma (Fig. 4). εHft
values for the metaplutonic rocks are juvenile (+15 to +9) for Silurian samples, and no data are
available for Devonian samples (DR Table 3; Fig. 5).

Results from Endicott Arm Assemblage Metasedimentary Rocks
Six samples collected from Endicott Arm Assemblage metasedimentary rocks provide
reliable U-Pb data. All samples yield a mix of Precambrian and early Paleozoic ages, with
variable proportions of the two age groups (DR Tables 2 and 5). With data from previously
reported analyses and all six of our samples combined, the age distribution of early Paleozoic

42

grains is bimodal, with ages ranging from ~450 to ~350 Ma and age peaks of 421 and 377 Ma
(Fig. 4). Precambrian grains are present in several distinct age groups of 2770–2620 Ma (peak
age of 2694 Ma), 1890–1580 Ma (peak ages of 1732 and 1620 Ma), 1520–1415 Ma (peak ages
of 1485 and 1444 Ma), and 1200–930 Ma (peak ages of 1168, 1077, and 1026 Ma) (Fig. 4). εHft
values for Paleozoic grains are variable, with two samples (12MP23 and 12MP40) yielding
mainly juvenile values and three samples (12MP12, 12MP13, and 12MP18) yielding more
evolved values (DR Table 3; Fig. 5). εHft values for Precambrian grains are quite similar to those
from the Tracy Arm Assemblage (Fig. 5).

Results from Port Houghton Assemblage Metasedimentary Rocks
The U-Pb and Hf data for detrital zircons from basal conglomerates of the Port Houghton
Assemblage and from overlying strata are different. Results from these two units are accordingly
described separately.
U-Pb ages from the basal conglomeratic strata are similar in all three samples (12MP05,
12MP38, and 12MP39; Fig. 3F), with predominantly early Paleozoic ages and subordinate
Precambrian ages. When previously reported analyses and data from our three samples are
combined, ages range from ~390 to ~325 Ma, with age peaks of 369 and 350 Ma (DR Tables 2
and 6; Fig. 4). Precambrian grains yield one main age group, extending from 2030 to 1730 Ma,
with age peaks at 2001 and 1831Ma. εHft values for the early Paleozoic grains are mostly
juvenile to intermediate (+11 to -2) for ~369 Ma grains and more evolved (+7 to -20) for slightly
younger grains (DR Table 3; Fig. 5). The Precambrian grains yield εHft values that are similar to
those for the Tracy Arm Assemblage and Endicott Arm Assemblage (Fig. 5).
U-Pb ages from overlying sandstones (12MP04, 12MP24, and 12MP25; Fig. 3E) are
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different from ages in the conglomeratic strata, with early Paleozoic grains that are somewhat
older and Precambrian ages that are variable (DR Table 2; Fig. 4). The younger grains yield a
bimodal distribution ranging from ~455 to ~345 Ma, with age peaks at 425 and 377 Ma (Fig. 4).
The Precambrian grains range from Archean to Neoproterozoic, with numerous grains ranging
from 670 to 530 Ma (Fig. 4). εHft values are juvenile to intermediate (mostly between +13 to +2)
for all early Paleozoic grains, mostly juvenile (+15 to +7) for Neoproterozoic grains, and similar
to Tracy Arm Assemblage and Endicott Arm Assemblage for Precambrian grains (DR Table 3;
Fig. 5).

DISCUSSION
YTTs Magmatic History
The U-Pb geochronologic and Hf isotopic data presented above provide a detailed record
of Ordovician though Carboniferous magmatism in YTTs. The composite of this record is shown
on Figure 5, with a single age probability curve that includes results from all metasedimentary,
metavolcanic, and metaplutonic samples (n=2422). Peaks in age probability occur at 424, 407,
374, and 351 Ma (Fig. 5). All Hf data are shown in the upper plot. Following is a temporal
outline of the magmatic evolution, divided into phases that are defined on the basis of changes in
U-Pb age and εHft value.
•

Phase A: This phase includes the earliest magmatism in YTTs, ranging from Late Ordovician

(~450 Ma) through mid-Silurian (~422 Ma) time, with a maximum in age probability of 424 Ma.
εHft values are highly juvenile (+7 to +13).
•

Phase B: Magmatism continued during mid-Silurian through Early Devonian time (~422 to

~395 Ma), with a peak in age probability at 407 Ma. εHft values decrease progressively during
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this phase, reaching relatively evolved εHft values of -5 to -10 by the end of Early Devonian time
(~395 Ma).
•

Phases C & D: Following a brief lull (~395 to ~387 Ma; phase C), magmatism reignited and

remained active until just before the end of Devonian time (~363 Ma). εHft values for this
magmatism commence with highly juvenile values (+10 to +15) during Middle Devonian time
(~387 to ~375 Ma) and then decrease to moderately juvenile values (+5 to +10) during Late
Devonian time (~375 to ~363 Ma).
•

Phases E & F: Following a lull in magmatism during latest Devonian time (~363 to ~357 Ma;

phase E), magmatism occurred during Early Carboniferous time (~357 to ~342 Ma) with highly
negative εHft values (phase F). This latter magmatism is recorded only in conglomeratic strata
along the base of the Port Houghton Assemblage, whereas all prior magmatism is recorded in
both the Endicott Arm and Port Houghton assemblages.
These variations in εHft value through time are interpreted to record changes in the
proportion and/or age of crustal material that was involved in melting during magmatism.
Zircons with highly juvenile εHft values (i.e. +15 to +5 εHft for Silurian zircons) must have been
produced primarily from melting of mantle material or crustal material that was extracted from
the mantle only a short time before magmatic crystallization. In contrast, more negative values
(i.e. 0 to -15 εHft for Silurian zircons) record incorporation of significant proportions of older
crust, with the extent of the change in εHft value controlled by the age and proportion of
incorporated older crust. Alternative explanations for the observed patterns include lateral
migration of magmatism such that it incorporates younger (juvenile) versus older (evolved)
crust, or stationary magmatism that is generated by melting of mainly juvenile materials during
periods of crustal extension (juvenile εHft values) and mainly older crustal materials during
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crustal thickening (evolved εHft values) (e.g., Kemp et al., 2009). These controls, and their
implications for the tectonic history of YTTs, are discussed below.

Regional Comparisons of U-Pb and Hf Data
Comparison of YTTs and YTTn
Although many previous studies have suggested that YTTs is related to YTTn/NAa, our
new data provide an opportunity to examine possible connections in more detail. Figure 5 (lower
panel) provides a comparison of U-Pb ages that have been reported from YTTs and YTTn –
unfortunately, only whole-rock Hf data are available for YTTn and no Hf isotopic data are
available for NAa. Hf isotopic data for whole-rock metasedimentary samples are similar to the
zircon-Hf data reported on Figure 5, with mainly Paleoproterozoic and Archean TDM model ages
(Piercey and Colpron, 2009).
Figure 5 (lower panel) shows several different age distribution curves for the northern
portion of YTT, including (1) all analyses available from metasedimentary, metavolcanic, and
metaplutonic rocks in YTTn and NAa (light red curve; compiled from Colpron et al., 2006;
Devine et al., 2006; Mihalynuk et al., 2006; Murphy et al., 2006; Piercey and Colpron, 2009;
Dusel-Bacon et al., 2004, 2006, 2013), (2) the age distribution of igneous rocks in YTTn
(medium red curve; from Figure 4 of Nelson et al., 2006), and (3) the age distribution of igneous
rocks in NAa (dark red curve; from Figure 4 of Nelson et al., 2006). It should be noted that the
pre-360 Ma portion of the age distribution for YTTn is an overestimate because it contains
several ages from SE Alaska, and this portion of the curve is accordingly on Figure 5.
Comparison of the Precambrian ages in YTTs and YTTn/NAa suggests that they were
derived from a similar source region, dominated by rocks of Archean and Paleoproterozoic age.
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The main difference is the occurrence of a greater proportion of 1.7–1.0 Ga grains in YTTs,
which were most likely recycled from the “Grenville clastic wedge” that is interpreted to have
covered the Precambrian basement of NW Laurentia during Neoproterozoic time (Rainbird et al.,
2012). Although the depositional age of Tracy Arm quartzites is unknown, the occurrence of one
sample (87GC420) with predominantly 1.5–1.0 Ga ages raises the possibility that YTTs includes
strata that are correlative with Neoproterozoic rocks of northwest Laurentia characterized by a
“Grenville clastic wedge” detrital-zircon signature (e.g., Lane and Gehrels, 2014). We interpret
this sample as part of the Tracy Arm Assemblage as it occurs between quartzites (samples
87GC414/12MP33 and 12MP41) that have typical Paleoproterozoic and Archean ages. Two
additional samples (Safa and Kah Shakes) apparently contain a mix of grains derived from NW
Laurentian basement (>1.7 Ga ages) and from overlying Neoproterozoic strata (1.7–1.0 Ga ages).
Paleozoic ages in YTTs and YTTn/NAa are also similar, especially in the abundance of
380–360 Ma magmatism in YTTs and NAa and 360–340 Ma magmatism in YTTs and YTTn.
The primary difference is the presence of Late Ordovician through Early Devonian magmatism
in YTTs, which is not represented to the north. This difference was originally noted by Saleeby
(2000), who offered the explanation that during early to mid-Paleozoic time, the Yukon-Tanana
terrane was part of a west-facing convergent margin system, with YTTs located outboard (west)
of YTTn/NAa. Saleeby (2000) suggested that this arc system experienced a history that is
common in Cordilleran convergent margin systems, where magmatism migrates inboard over
time. Hence, magmatism would have originated first in YTTs during Silurian-Early Devonian
time, and then migrated eastward into YTTn/NAa during Middle Devonian through
Carboniferous time. Such a model is consistent with the similarity of detrital zircon ages in prearc rocks, as noted above, as well as the complementary nature of mid-Paleozoic magmatism
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recorded in YTTn/NAa and YTTs. The following evolutionary history compares the U-Pb/Hf
data from YTTs with the mid-Paleozoic geologic and geochemical records in YTTn/NAa
(Nelson et al., 2006) using the phases defined in this study and the cycles defined by Nelson et
al. (2006) (keyed to Figure 5):
•

Phases A & B (450–395 Ma): These phases record magmatism within YTTs that predates

magmatism in YTTn/NAa. Evolved εHft values document increasing involvement of older
crustal materials from mid-Silurian (~422 Ma) through Early Devonian (~395 Ma) time.
•

Phases C & D (395–363 Ma) – Cycle I (395–365 Ma): This period records abundant

magmatism in YTTs beginning at ~387 Ma, initiation of magmatism in NAa at ~375 Ma, and
initiation of magmatism in YTTn at ~365 Ma. Magmatism during this period occurred in a
regime of regional crustal extension, which is manifest geologically in YTTn, NAa, and the
adjacent Cordilleran passive margin (Nelson et al., 2006), and by the juvenile εHft values for
magmatism in YTTs.
•

Phase E (363–357 Ma) – Cycle II (365–357 Ma): This period marks the end of magmatism

within YTTs, a decrease in magmatism in NAa, and the occurrence of felsic magmas of crustal
derivation in YTTn (Dusel-Bacon et al., 2006; Nelson et al., 2006). εHft values in YTTs record a
transition during this time period from juvenile (+5 to +15) before ~363 Ma to evolved (-10 to 20) after ~357 Ma. The occurrence of magmas of crustal derivation in YTTn and the reduction in
εHft values in YTTs are interpreted to record the onset of an important phase of compression and
crustal thickening within the Yukon-Tanana terrane.
•

Phase F (357–342 Ma) – Cycle III (357–342 Ma): This period records abundant magmatism

of crustal affinity associated with widespread deformation, erosion, and accumulation of
conglomerates in YTTn (Nelson et al., 2006). Many sections of YTTn and NAa show
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unconformities and accumulation of conglomeratic strata during this time period (Plate 2 of
Colpron et al., 2006). Similar evidence of deformation and erosion is preserved in the Port
Houghton Assemblage of YTTs, where a basal conglomerate rests unconformably on older rocks
of the Endicott Arm Assemblage and yields detrital zircons with highly evolved εHft values (Fig.
5). Conglomeratic strata of the Port Houghton Assemblage were likely derived in large part from
YTTn, as magmatism had ceased in the Endicott Arm Assemblage prior to this time.
•

Cycle IV (342–314 Ma): This phase records a change in magmatism within YTTn and YTTs

to more mafic compositions, which are not represented in zircon age distributions.
In summary, the interpretation that YTTs has primary affinities with YTTn and NAa is
supported by: (1) the occurrence in pre-Devonian passive margin strata of predominantly 2.8–2.5
Ga and 2.0–1.7 Ga detrital zircons, although this conclusion needs further evaluation given that
only one sample has been analyzed from YTTn (Fig. 5), (2) Late Devonian magmatism that is
interpreted to be extensional in origin in NAa and YTTn (on the basis of geologic and
geochemical relations) as well as in YTTs (on the basis of juvenile εHft values), and (3) the
occurrence of Mississippian conglomeratic strata in YTTs (Port Houghton Assemblage) and
YTTn (Klinkit Assemblage) that are coeval, similar lithologically, and interpreted to record
episodes of crustal thickening (evidence of deformation, uplift, and erosion in YTTn and YTTs;
highly evolved εHft values in YTTs). The primary difference between YTTs and YTTn/NAa is
that YTTs contains abundant evidence for Late Ordovician-Silurian-Early Devonian magmatism
which is lacking in YTTn and NAa. Tectonic scenarios that incorporate these similarities, and
also the earlier onset of magmatism in YTTs (Saleeby, 2000; Gehrels, 2001), are explored below.

Comparison of YTTs with Cordilleran Passive Margin Strata
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Our new data also allow us to re-evaluate previous suggestions that YTT originated along
the northern Cordilleran margin (e.g., Tempelman-Kluit, 1976, 1979; Hansen, 1990; Mortensen,
1992; Dusel-Bacon et al., 2004, 2006, 2013; Nelson et al., 2006, 2013; Piercy and Colpron,
2009). Figure 6 presents a comparison between U-Pb ages and εHft values of Precambrian zircon
grains in YTTs and Neoproterozoic through Devonian strata of the Cordilleran passive margin
(Gehrels and Pecha, 2014). U-Pb ages are also shown for YTTn and NAa; however, Hf data are
not available for the northern assemblages.
This comparison of U-Pb ages (Fig. 6) shows that rocks of the YTT have a strong
resemblance with Neoproterozoic through Devonian passive margin strata that accumulated
along the northwestern Laurentian margin. Similarities for YTTs are more pronounced with
strata of eastern Alaska and Yukon, whereas similarities for YTTn/NAa are more pronounced
with northern British Columbia. The Hf isotopic data also reveal pronounced similarities with
strata from northern portions of the Cordilleran passive margin.

Comparison of YTTs with the Alexander Terrane
The Alexander terrane is present outboard of the Yukon-Tanana terrane (Fig. 1) and
contains rocks of Neoproterozoic and Paleozoic age. The Alexander terrane is unusual in that its
early Paleozoic geologic record changes dramatically along the length of the terrane. In the
south, the Alexander terrane consists largely of volcanic, plutonic, and sedimentary rocks that are
interpreted to have formed in an oceanic arc-type environment (Gehrels and Saleeby, 1987).
Main phases of magmatism occurred during Neoproterozoic (630–550 Ma) and OrdovicianSilurian (490–400 Ma) time. Detrital zircons in clastic strata are almost entirely arc-derived, with
few pre-630 Ma grains and juvenile (+15 to +8) εHft values for most zircons (White et al., 2016).

50

To the north, these juvenile arc-type rocks grade into mainly shelf-facies strata that contain both
abundant Precambrian detrital zircons and early Paleozoic detrital zircons with highly evolved
εHft values (Beranek et al., 2012, 2013a, b).
We consider the Alexander terrane to be an oblique slice through an early Paleozoic
convergent-margin system, with continental affinities to the north and oceanic-arc affinities to
the south (White et al., 2016). Comparisons between the Alexander terrane and the northern
margin of Baltica/Laurentia of geology, faunal affinities, paleolatitudes, U-Pb ages, and Hf
isotope signatures suggest that the Alexander terrane formed along the Arctic margin of
Baltica/Laurentia, and was brought to its present position outboard of the YTT during Mesozoic
time (Soja, 1994; Bazard et al., 1995; Gehrels et al., 1996; Butler et al., 1987; Soja and
Krutikov, 2008; Colpron and Nelson, 2009, 2011; Miller et al., 2011; Beranek et al., 2012,
2013a, b; Nelson et al., 2013; Tochilin et al., 2014; White et al., 2016). Analysis of the
paleogeography and paleomagnetic declinations from the Alexander terrane suggest that the
early Paleozoic arc system faced northward, away from Laurentia (Figure 9 of White et al.,
2016).
Possible correlations between YTTn and the Alexander terrane have not been explored in
most previous syntheses given that magmatism in the Alexander terrane is mainly OrdovicianSilurian in age, whereas magmatism in YTTn is mainly Late Devonian-Carboniferous in age;
however, the documentation of Silurian magmatism in YTTs by Saleeby (2000), Gehrels (2001),
and in this study raises the possibility that connections between YTTS and the Alexander terrane
may have existed during early to mid-Paleozoic time. Figure 7 provides a comparison of the UPb ages and εHft values from YTTs and both arc-type (SE Alaska) and shelf-facies (Saint Elias
Mountains) components of the Alexander terrane. These comparisons show that there are strong
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similarities in the ages and Hf isotope signatures of zircons in YTTs and in the SE Alaska
portion of the Alexander terrane: both assemblages record evolution in juvenile arc systems
during Neoproterozoic (630–560 Ma) and Late Ordovician through Early Devonian (460–420
Ma) time, followed by an excursion to more evolved values during Late Devonian-Early
Mississippian time (Fig. 7). Thus, it is possible for connections to have existed between YTTs
and the southern (SE Alaska) portion of the Alexander terrane during early Paleozoic time. In
contrast, Neoproterozoic-early Paleozoic magmatism recorded in shelf-facies strata of the
northern Alexander terrane is older and consistently more evolved in Hf isotopic signature.
Collectively, the εHft patterns shown in Figure 7 provide a new and potentially powerful
record of tectonic processes operating along the northern and northwestern margins of Laurentia
during Neoproterozoic-Paleozoic time. Three orogenic phases are recorded, with episodes of
crustal thickening (indicated by a progression from juvenile to more evolved εHft values)
occurring during Early Silurian (~440 Ma), latest Early Devonian (~395 Ma), and Early
Mississippian (~350 Ma) time (Fig. 7). This apparent ~45 m.y. periodicity in convergent-margin
processes is similar to orogenic cycles reported for the Andes (DeCelles et al., 2015) and the
Coast Mountains batholith (Gehrels et al., 2009).

TECTONIC SYNTHESIS
Figure 8 is a tectonic model that attempts to integrate the new results outlined above with
the large body of work presented by previous researchers.
The oldest units in YTTs, YTTn, and NAa consist of Neoproterozoic-lower Paleozoic
quartz-rich sandstone, limestone, and subordinate fine-grained clastic strata that accumulated in a
passive margin setting. There is widespread agreement that these strata formed along the
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Cordilleran passive margin with detritus shed primarily from the northwestern Canadian Shield
(Tempelman-Kluit, 1976, 1979; Mortensen, 1990; Hansen, 1990; Nelson et al., 2006, 2013;
Dusel-Bacon et al., 2004, 2006, 2013; Piercey and Colpron, 2009), and perhaps from
Neoproterozoic strata of the Grenville clastic wedge (Rainbird et al., 2012). Comparison of
available U-Pb ages suggests that YTTn/NAa have the closest affinity with passive margin strata
in northern British Columbia, whereas YTTs is matched best with strata from eastern Alaska and
Yukon (Fig. 6).
Magmatism commenced in YTTs during Late Ordovician-Silurian time (Phase A; Fig.
8A) with juvenile εHft values (Fig. 5). These juvenile values overlap with the ages and Hf
isotopic signatures of detrital zircons and igneous rocks that occur in the southeastern Alaska
portion of the Alexander terrane (White et al., 2016). This raises the possibility that OrdovicianSilurian magmatism within YTTs occurred along the same convergent margin system as the
Alexander terrane, which was apparently located along the paleo-Arctic margin of Baltica and/or
Laurentia during early Paleozoic time (Soja, 1994; Bazard et al., 1995; Gehrels et al., 1996;
Butler et al., 1997; Soja and Krutikov, 2008; Colpron and Nelson, 2009, 2011; Miller et al.,
2011; Beranek et al., 2012, 2013a, b; Nelson et al., 2013; White et al., 2016). The occurrence in
both YTTs and the southern Alexander terrane of 630–560 Ma and 450–410 Ma zircons with
juvenile εHft values, and 380-–340 Ma zircons with rapidly decreasing εHft values (Fig. 7),
further supports the possibility that Ordovician-Silurian magmatism within YTTs occurred along
the same convergent margin system as the Alexander terrane. Other terranes that may have been
associated with this convergent margin system include the Pearya terrane (Hadlari et al., 2012;
Malone, 2012; Malone et al., 2014) and “Crockerland” (Anfinson et al., 2012) along the
Franklinian (northern Laurentian) margin, the Farewell terrane of central Alaska (Malkowski and
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Hampton, 2015), and the Arctic Alaska-Chukotka terrane of northern Alaska – northern Siberia
(Miller et al., 2011). Interestingly, strata in the Saint Elias Mountains (northern) portion of the
Alexander terrane, which, like YTT, have continental margin affinities, have an age-Hf pattern
(Beranek et al., 2012, 2013a, b) that is quite different from YTTs and the southern Alexander
terrane (Fig. 7). The inset map of Figure 8 shows a possible configuration of YTT and the
Alexander terrane along this convergent margin system.
Magmatism within YTTs continued during Early Devonian time (Phase B; Fig. 8B), but
with progressively more negative εHft values (Fig. 5). This Hf isotopic pull-down is interpreted
to record ~422–395 Ma crustal thickening within YTTs given that there is no evidence of the arc
migrating into older crust during this time.
Following a late Early and early Middle Devonian magmatic lull in YTTs (Phase C; early
Cycle I), a significant phase of Middle to Late Devonian magmatism with juvenile εHft values
occurred in YTTs (Phase D; late Cycle I; Fig. 8C). Late Devonian magmatism commenced to the
north, first in NAa and then in YTTn, in an extensional tectonic setting.
A major change occurred during latest Devonian time (Phase E; Cycle II; Fig. 8D), with
cessation of magmatism in YTTs, waning magmatism in NAa, and the onset of voluminous
magmatism in YTTn. This continued during Early Mississippian time (Phase F; Cycle III; Fig.
8D) with widespread deformation, uplift, erosion, accumulation of conglomeratic strata, and
generation of crustal melts in YTTn (Nelson et al., 2006). There are no Early Mississippian
igneous rocks in YTTs, but detrital zircons of this age, with highly evolved εHft values (Fig. 5),
are abundant in conglomeratic strata along the unconformable base of the Port Houghton
Assemblage. We accordingly suggest that conglomeratic strata in the Port Houghton Assemblage
were shed from YTTn, where there is strong evidence of magmatism occurring during
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deformation, erosion, and presumably crustal thickening (Fig. 8D).
Regionally, YTTn and YTTs are interpreted to have rifted away from the Cordilleran
margin beginning in latest Devonian to Early Mississippian time, opening the Slide Mountain
ocean basin inboard of YTTn/s (Fig. 8E). Rocks of NAa are interpreted to have remained on the
inboard side of the Slide Mountain ocean basin, ending their primary connection with YTTn/s
(Dusel-Bacon et al., 2004, 2006; Nelson et al., 2006, 2013).
Magmatism within YTTn is interpreted to have waned during mid-Mississippian time,
with accumulation of mainly basinal strata, mafic volcanic rocks of arc and back-affinity, and
only local felsic volcanic rocks (Fig. 8E). This basinal arc and back-arc environment is recorded
in YTTn through Early Permian time, until subduction polarity apparently switched during Late
Permian time and YTTn/s began to migrate eastward (Fig. 8F), eventually colliding with the
Cordilleran margin during latest Permian-Early Triassic time (Nelson et al., 2006, 2013; Beranek
and Mortensen, 2011) (Fig. 8G). The record preserved within YTTs ends in Carboniferous time,
although it is likely that Carboniferous and Permian strata of the adjacent Taku terrane (Fig. 1)
originally formed the uppermost part of YTTs (Gehrels, 2002; Giesler et al., 2016).
We interpret YTTs to have been located along the outboard margin of, or north of,
YTTn/NAa through Middle Jurassic time (Fig. 8A–8G). Displacement of YTTs southward
relative to YTTn/NAa is suggested to have occurred during Late Jurassic-Early Cretaceous time,
when sinistral faults were active in the northern Cordillera (Monger et al., 1994) and there was a
sinistral component of plate motion along the Cordilleran margin (Engebretson et al., 1985).
Gehrels et al. (2009) suggested that one of these faults occurred within YTT, bringing rocks of
YTTs ~1000 km southward relative to YTTn/NAa and to their present position outboard of the
Stikine terrane (Fig. 1). Other faults in this set may have included a sinistral fault that juxtaposed
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northern/outboard and southern/inboard portions of the Gravina basin (Yokelson et al., 2015),
and a sinistral fault that brought the Banks Island Assemblage of the Alexander terrane and the
Vancouver Island portion of Wrangellia southward to their present positions (Tochilin et al.,
2014). This sinistral-emplacement hypothesis is offered as an alternative to the view that YTTs
formed along the outboard margin of the Stikine terrane (Nelson et al., 2006, 2013) and that both
YTTs and Stikine were brought to their present position by counter-clockwise oroclinal rotation
away from the northern Cordilleran margin (Mihalynuk et al., 1994; Nelson et al., 2013; Colpron
et al., 2015).

CONCLUSIONS
One of the main conclusions from our study is that the SE Alaska subterrane of the
Yukon-Tanana terrane (YTTs) has strong similarities with northern portions of the YukonTanana terrane (YTTn) and pericratonic strata in eastern Alaska (NAa). These similarities
include overlapping ages of Precambrian detrital zircons in Neoproterozoic-lower Paleozoic
pericratonic strata (Fig. 6) and complementary histories of mid-Paleozoic arc-type magmatism
(Fig. 5). The strongest similarities in magmatic history are during Late Devonian through Early
Mississippian time, when stratigraphic and geochemical relations in YTTn and Hf isotopic
values in YTTs are interpreted to record a transition from extensional to compressional
magmatism (Fig. 8C–D).
Rocks in YTTs also record Late Ordovician through Early Devonian magmatism that is
not recorded in YTTn/NAa. This magmatism records a parallel trend from extensional to
compressional magmatism (Fig. 8A–B), with juvenile εHft values for Late Ordovician and
Silurian zircons and more evolved values for Early Devonian grains (Fig. 5). The occurrence of
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juvenile magmatism during Silurian time in YTTs, as well as in the Alexander (White et al.,
2016), Farewell (Malkowski and Hampton, 2014), and possibly Arctic Alaska-Chukotka (Miller
et al., 2011) and Franklinian (Anfinson et al., 2012; Hadlari et al., 2014) terranes, suggests that
all of this magmatism may have occurred along the same convergent margin system (see inset
map of Figure 8).
The similarities and differences noted above suggest that it is appropriate to refer to YTTs and
YTTn as different subterranes of the Yukon-Tanana terrane, and are consistent with Saleeby’s
(2000) hypothesis that YTTs may have been located along the outboard margin of YTTn.
Alternatively, YTTs may have been located along strike of YTTn on the northern or
northwestern Laurentian margin during its earlier history. These comparisons also demonstrate
the power of coupled U-Pb/Hf data for tectonic analysis, and suggest that such data from other
Cordilleran terranes will be helpful in reconstructing their origins and displacement histories.

ACKNOWLEDGEMENTS
The National Science Foundation is acknowledged for support of this project (NSF EAR0947904 and EAR-0948359) and for support of the Arizona LaserChron Center (NSF EAR 1338583). We thank Clayton Loehn, Kenneth Kanipe, Gayland Simpson, Beth Welke, Ryan
Graham, and Cooper Kowalski for their technical support in helping prepare the zircon separates
and acquiring the SEM images. We thank Peter G. DeCelles for his critical insights, which
greatly improved the quality of this manuscript. We also acknowledge Captain Don Willson for
sharing his nautical expertise and logistical support while navigating the waters of southeast
Alaska. L. Beranek and J. Nelson provided exceptionally thorough and helpful reviews of this
manuscript.

57

REFERENCES CITED
Alldrick, D.J., Friedman, R.M., and Childe, F.C., 2001, Age and Geologic History of the Ecstall
Greenstone Belt, Northwest British Columbia: British Columbia Geological Survey Paper
2001-1, Geological Fieldwork 2000, p. 269–278.
Amelin, Y., Lee, D.C., Halliday, A.N., Pidgeon, R.T., 1999, Nature of the Earth’s earliest crust
from Hf isotopes in single detrital grains: Nature, v. 399, p. 252–255.
Amelin, Y., Lee, D.-C., Halliday, A.N., 2000, Early-middle Archean crustal evolution deduced
from Lu-Hf and U-Pb isotopic studies of single zircon grains: Geochemica et Cosmochimica
Acta, v. 64 (24), p. 4205–4225.
Anfinson, O.A., Leier, A.L., Gaschnig, R., Embry, A.F., and Dewing, K., 2012, U–Pb and Hf
isotopic data from Franklinian Basin strata: insights into the nature of Crockerland and the
timing of accretion, Canadian Arctic Islands: Canadian Journal of Earth Sciences, v. 49, p.
1316–1328.
Bazard, D.R., Butler, R.F., Gehrels, G.E., Soja, C.M., 1995, Early Devonian paleomagnetic data
from the Lower Devonian Karheen Formation suggest Laurentia-Baltica connection for the
Alexander terrane: Geology, v. 23, p. 707–710, 10.1130/0091-7613.
Beranek, L.P., and Mortensen, J.K., 2011, The timing and provenance record of the Late
Permian Klondike orogeny in northwestern Canada and arc‐continent collision along
western North America: Tectonics, v. 30, 10.1029/2010TC002849.
Beranek, L.P., van Staal, C.R., Gordee, S.M., McClelland, W.C., Israel, S., Mihalynuk, M.G.,
2012, Tectonic significance of Upper Cambrian-Middle Ordovician mafic volcanic rocks on
the Alexander terrane, Saint Elias Mountains, northwestern Canada: The Journal of Geology,

58

v. 120, p. 293–314.
Beranek, L.P., van Staal, C.R., McClelland, W.C., Israel, S., and Mihalynuk, M.G., 2013a,
Baltican crustal provenance for Cambrian–Ordovician sandstones of the Alexander terrane,
North American Cordillera: Evidence from detrital zircon U-Pb geochronology and Hf
isotope geochemistry: Journal of the Geological Society of London, v. 170, p. 7–18.
Beranek, L.P., van Staal, C.R., McClelland, W.C., Israel, S., Mihalynuk, M.G., 2013b, Detrital
zircon Hf isotopic compositions indicate a northern Caledonian connection for the Alexander
terrane: Lithosphere, v. 5 (2), p. 163–168.
Berg, H.C., Jones, D.L., Coney, P.J., 1978, Map showing pre-Cenozoic tectonostratigraphic
terranes of southeastern Alaska and adjacent areas: United States Geological Survey, Openfile Report 78-1085.
Bouvier, A., Vervoort, J.D., and Patchett, J.D., 2008, The Lu-Hf and Sm-Nd isotopic
composition of CHUR: Constraints from unequilibrated chondrites and implications for the
bulk composition of terrestrial planets: Earth and Planetary Science Letters, v. 273, p. 48–57.
Butler, R.F., Gehrels, G.E., Bazard, D.R., 1997, Paleomagnetism of Paleozoic strata of the
Alexander terrane, southeastern Alaska: Geological Society of America Bulletin, v. 109 (10),
p. 1372–1388.
Cecil, R., Gehrels, G., Patchett, J., Ducea, M., 2011, U-Pb-Hf characterization of the central
Coast Mountains batholith: Implications for petrogenesis and crustal architecture:
Lithosphere, v. 3 (4), p. 247–260.
Cohen, K.M., Finney, S.C., Gibbard, P.L., and Fan, J.-X., (2013; updated), The ICS International
Chronostratigraphic Chart. Episodes, v. 36, p. 199–204.

59

Colpron, M., and Nelson, J.L., eds., 2006, Paleozoic Evolution and Metallogeny of Pericratonic
Terranes at the Ancient Pacific Margin of North America, Canadian and Alaskan Cordillera:
Geological Association of Canada, Special Paper 45, 523 p.
Colpron, M., and Nelson, J., 2009, A Paleozoic Northwest Passage: incursion of Caledonian,
Baltican and Siberian terranes into eastern Panthalassa, and the early evolution of the North
American Cordillera, in Cawood, P.A. and Kroner, A., eds., Earth Accretionary Systems in
Space and Time: The Geological Society, London, Special Publications, v. 318, p. 273–307.
Colpron, M., and Nelson, J., 2011, A Paleozoic NW passage and the Timanian, Caledonian and
Uralian connections of some exotic terranes in the North American Cordillera, in Spencer,
A.M., Embry, A.F., Gautier, D.L., Stoupakova, A.V., and Sorensen, K., eds., Arctic
Petroleum Geology: Geological Society, London, memoirs, v. 35, p. 463–484.
Colpron, M., Nelson, J.L., and Murphy, D.C., 2006, A tectonostratigraphic framework for the
pericratonic terranes of the northern Canadian Cordillera, in Colpron, M and Nelson, J.L.,
eds., Paleozoic Evolution and Metallogeny of Pericratonic Terranes at the Ancient Pacific
Margin of North America, Canadian and Alaskan Cordillera: Geological Association of
Canada, Special Paper 45, p. 1–23.
Colpron, M., Crowley, J., Gehrels, G., Long, D., Murphy, D., Beranek, L., and Bickerton, L.,
2015, Birth of the northern Cordilleran orogen, as recorded by detrital zircons in Jurassic
synorogenic strata and regional exhumation in Yukon: Lithosphere, v. 7 (5), p. 541-562.
Coney, P.J., Jones, D.L., Monger, J.W.H., 1980, Cordilleran suspect terranes: Nature (London),
v. 288, p. 329–333.
DeCelles, P., Zandt, G., Beck, S., Currie, C., Ducea, M., Kapp, P., Gehrels, G., Carrapa, B.,

60

Quade, J., Schoenbohm, L., 2015, Cyclical orogenic processes in the Cenozoic central
Andes, in DeCelles, P.G., Ducea, M.N., Carrapa, B., and Kapp, P.A., eds., Geodynamics of a
Cordilleran Orogenic System: The Central Andes of Argentina and Northern Chile:
Geological Society of America Memoir 212, p. 459–490.
Devine, F., Carr, S.D., Murphy, D.C., Davis, W.J., Smith, S., Villeneuve, M.E., 2006,
Geochronological and geochemical constraints on the origin of the Klatsa metamorphic
complex: Implications for Early Mississippian high-pressure metamorphism within YukonTanana terrane, in Colpron, M., and Nelson, J.L., eds., Paleozoic evolution and metallogeny
of pericratonic terranes at the ancient Pacific margin of North America. Canadian and
Alaskan Cordillera: Geological Association of Canada Special Paper 45, p. 107–130.
Dusel-Bacon, C., Wooden, J.L., Hopkins, M.J., 2004, U-Pb zircon and geochemical evidence for
bimodal mid-Paleozoic magmatism and syngenetic base-metal mineralization in the YukonTanana terrane, Alaska: Geological Society of America Bulletin, v. 116 (7–8), p. 989–1015,
10.1130/B25342.1.
Dusel-Bacon, C., Hopkins, M.J., Mortensen, J.K., Dashevsky, S.S., Bressler, J.R., and Day,
W.C., 2006, Paleozoic tectonic and metallogenic evolution of the pericratonic rocks of eastcentral Alaska adjacent Yukon, in Colpron, M and Nelson, J.L., eds., Paleozoic Evolution
and Metallogeny of Pericratonic Terranes at the Ancient Pacific Margin of North America,
Canadian and Alaskan Cordillera: Geological Association of Canada, Special Paper 45, p.
25–74.
Dusel-Bacon, C., Day, W.C., Aleinikoff, J.N., 2013, Geochemistry, petrography, and zircon UPb geochronology of Paleozoic metaigneous rocks in the Mount Veta are of east-central
Alaska: Implications for the evolution of the westernmost part of the Yukon-Tanana terrane:
61

Canadian Journal of Earth Sciences, v. 50 (8), p. 826–846, 10.1139/cjes.
Engebretson, D.C., Cox, A., and Gordon, R.G., 1985, Relative motions between oceanic and
continental plates in the Pacific basin: Geological Society of America Special Paper 206, 60
p.
Gareau, S.A., and Woodsworth, G.J., 2000, Yukon-Tanana terrane in the Scotia-Quaal belt,
Coast Plutonic Complex, central-western British Columbia, in Stowell, H.H., and
McClelland, W.C., eds., Tectonics of the Coast Mountains, southeast Alaska and coastal
British Columbia: Geological Society of America Special Paper 343, p. 23–43.
Gehrels, G.E., 2000, Geology and U-Pb geochronology of the western flank of the Coast
Mountains between Juneau and Skagway, southeast Alaska, in Stowell, H.H., and
McClelland, W.C., eds., Tectonics of the Coast Mountains, southeast Alaska and coastal
British Columbia: Geological Society of America Special Paper 343, p. 213–233.
Gehrels, G.E., 2001, Geology of the Chatham Sound region, southeast Alaska and coastal British
Columbia: Canadian Journal of Earth Sciences, v. 38, p. 1579–1599.
Gehrels, G.E., 2002, Detrital zircon geochronology of the Taku terrane, southeast Alaska:
Canadian Journal of Earth Sciences, v. 39, p. 921–931.
Gehrels, G., 2012, Detrital Zircon U-Pb Geochronology: Current Methods and New
Opportunities, in Busby, C., and Azor, A., eds., Tectonics of Sedimentary Basins: Recent
Advances: Wiley-Blackwell Publishing, p. 47–62.
Gehrels, G.E., 2014, Detrital zircon U-Pb geochronology applied to tectonics: Annual Review of
Earth and Planetary Sciences, v. 42, p. 127–149.
Gehrels, G.E., and Berg, H.C., 1992, Geologic map of southeastern Alaska: U.S. Geological

62

Survey Miscellaneous Investigations Map I-1867.
Gehrels, G.E., and Kapp, P.A., 1998, Detrital zircon geochronology and regional correlation of
metasedimentary rocks in the Coast Mountains, southeastern Alaska: Canadian Journal of
Earth Sciences, v. 35, p. 269–279.
Gehrels, G.E., and Pecha, M.E., 2014, Detrital zircon U-Pb geochronology and Hf isotope
geochemistry of Paleozoic and Triassic passive margin strata of western North America,
Geosphere, v. 10 (1), p. 49–65.
Gehrels G.E., and Saleeby, J.B., 1987, Geological framework, tectonic evolution, and
displacement of the Alexander terrane: tectonics, v. 6 (2), p. 151–173.
Gehrels, G.E., Butler, R.F., and Bazard, D.R., 1996, Detrital zircon geochronology of the
Alexander terrane, southeastern Alaska: Geological Society of America Bulletin, v. 108, p.
722–734.
Gehrels, G.E., McClelland, W.C., Samson, S.D., and Patchett, P.J., 1991, U Pb geochronology of
detrital zircons from a continental margin assemblage in the northern Coast Mountains,
southeastern Alaska: Canadian Journal of Earth Sciences, v. 28, p. 1285–1300.
Gehrels, G.E., McClelland, W.C., Samson, S.D., Patchett, P.J., Orchard, M.J., 1992, Geology of
the western flank of the Coast Mountains between Cape Fanshaw and Taku Inlet,
southeastern Alaska: Tectonics, v. 11 (3), p. 567–585.
Gehrels, G.E., Butler, R.F., and Bazard, D.R., 1996, Detrital zircon geochronology of the
Alexander terrane, southeastern Alaska: Geological Society of America Bulletin, v. 108, p.
722–234.
Gehrels, G.E., Valencia, V., Ruiz, J., 2008, Enhanced precision, accuracy, efficiency, and spatial

63

resolution of U-Pb ages by laser ablation-multicollector-inductively coupled plasma-mass
spectrometry: Geochemistry, Geophysics, Geosystems, v. 9, Q03017,
10.1029/2007GC001805.
Gehrels, G.E., Rusmore, M., Woodsworth, G., Crawford, M., Andronicos, C., Hollister, L.,
Patchett, J., Ducea, M., Butler, R., Klepis, K., Davidson, C., Friedman, R., Haggart, J.,
Mahoney, B., Crawford, W., Pearson, D., and Girardi, J., 2009, U-Th-Pb geochronology of
the Coast Mountains batholith in north-coastal British Columbia: Constraints on age and
tectonic evolution: Geological Society of America Bulletin, v. 121, p. 1341–1361.
Giesler, D., Gehrels, G., Pecha, M., White, C., Yokelson, I., and McClelland, W., 2016, U-Pb
and Hf isotopic analyses of detrital zircons from the Taku terrane, southeast Alaska:
Canadian Journal of Earth Sciences, 10.1139/cjes-2015-0240Hadlari, T., Davis, W.J., and
Dewing, K., 2014, A pericratonic model for the Pearya terrane as an extension of the
Franklinian margin of Laurentia, Canadian Arctic: Geological Society of America Bulletin,
v. 126 (1–2), p. 182–200.
Hansen, V.L., 1990, Yukon-Tanana terrane: A partial acquittal: Geology, v. 18, p. 365–369.
Kemp, A.I.S., Hawkesworth, C.J., Collins, W.J., Gray, C.M., and Blevin, P.L., 2009, Isotopic
evidence for rapid continental growth in an extensional accretionary orogen: The
Tasmanides, eastern Australia: Earth and Planetary Science Letters, v. 284, p. 455–466.
Lane, L.S., and Gehrels, G.E., 2014, Detrital zircon lineages of late Neoproterozoic and
Cambrian strata, NW Laurentia: Geological Society of America Bulletin, v. 126 (3–4), p.
398–414.
Leslie, C.D., 2009, Detrital Zircon Geochronology and Rift-Related Magmatism: Central

64

Mackenzie Mountains, Northwest Territories [M.Sc. thesis]: Vancouver, British Columbia,
Canada, University of British Columbia (available online from the UBC).
Ludwig, K.R., 2008, Isoplot 3.60. Berkeley Geochronology Center, Special Publication No. 4, 77
p.
Malkowski, M.A., and Hampton, B.A., 2014, Sedimentology, U-Pb detrital geochronology, and
Hf isotopic analyses from Mississippian–Permian stratigraphy of the Mystic subterrane,
Farewell terrane, Alaska: Lithosphere, v. 6 (5), p. 383–398.
Malone, S.J., 2012, Tectonic evolution of northern Ellesmere Island: Insights from the Pearya
Terrane, Ellesmerian Clastic Wedge and Sverdrup Basin [Ph.D. thesis]: University of Iowa;
http:// ir.uiowa.edu /etd /3496.
Malone, S.J., McClelland, W.C., von Gosen, W., Piepjohn, K., 2014, Proterozoic evolution of
the North Atlantic-Arctic Caledonides: Insights from detrital zircon analysis of
metasedimentary rocks from the Pearya terrane, Canadian high arctic: Journal of Geology, v.
122 (6), p. 623–648.
McClelland, W.C., 1992, Permian and older rocks of the southwestern Iskut River Map Area,
northwestern British Columbia: Geological Survey of Canada, Paper 92-1A, p. 303–307.
McClelland, W.C., and Mattinson, J.M., 2000, Cretaceous-Tertiary evolution of the western
Coast Mountains, central southeastern Alaska, in Stowell, H.H., McClelland, W.C., eds.,
tectonics of the Coast Mountains, Southeastern Alaska and British Columbia: Geological
Society of America Special Paper 343, p.159–182.
McClelland, W.C., Gehrels, G.E., Samson, S.D., and Patchett, P.J., 1991, Protolith relations of
the Gravina belt and Yukon-Tanana terrane in central southeastern Alaska: Journal of

65

Geology, v. 100, p. 107–123.
McClelland, W.C., Gehrels, G.E., Samson, S.D., and Patchett, P.J., 1992, Structural and
geochronologic relations along the western flank of the Coast Mountains batholith: Stikine
River to Cape Fanshaw, central southeastern Alaska: Journal of Structural Geology, v. 14, p.
475–489.
Mihalynuk, M.G., Nelson, J., and Diakow, L.J., 1994, Cache Creek entrapment: Oroclinal
paradox within the Canadian Cordillera: Tectonics, v. 13 (2), p. 575–595.
Mihalynuk, M.G., Friedman, R.M., Devine, F., Heaman, L.M., 2006, Protolith age and
deformation history of the Big Salmon Complex, relicts of a Paleozoic continental arc in
northern British Columbia, in Colpron, M., and Nelson, J.L., eds., Paleozoic evolution and
metallogeny of pericratonic terranes at the ancient Pacific margin of North America.
Canadian and Alaskan Cordillera: Geological Association of Canada Special Paper 45, p.
179–200.
Miller, E.L., Kuznetsov, N., Soboleva, A., Udoratina, O., Grove, M.J., Gehrels, G.E., 2011,
Baltica in the Cordillera?: Geology, v. 39, p. 791–794.
Monger, J.W.H., and Berg, H.C., 1987, Lithotectonic terrane map of western Canada and
southeastern Alaska: United States Geological Survey, Miscellaneous Field Studies Map,
MF-1874-B.
Monger, J.W.H., van der Heyden, P., Journeay, J.M., Evenchick, C.A., and Mahoney, J.B., 1994,
Jurassic-Cretaceous basins along the Canadian Coast Belt: Their bearing on pre-midCretaceous sinistral displacements: Geology, v. 22, p. 175–178.
Mortensen, J.K., 1992, Pre-mid-Mesozoic tectonic evolution of the Yukon-Tanana terrane,

66

Yukon and Alaska: Tectonics, v. 11 (4), p. 836–853.
Murphy, D.C., Mortensen, J.K., Piercey, S.J., Orchard, M.J., Gehrels, G.E., 2006, Mid-Paleozoic
to early Mesozoic tectonostratigraphic evolution of Yukon-Tanana and Slide Mountain
terranes and affiliated overlap assemblages, Finlayson Lake massive sulphide district,
southeastern Yukon, in Colpron, M., and Nelson, J.L., eds., Paleozoic evolution and
metallogeny of pericratonic terranes at the ancient Pacific margin of North America.
Canadian and Alaskan Cordillera: Geological Association of Canada Special Paper 45, p. 75–
105.
Nelson, J.A., and Gehrels, G., 2007, Detrital zircon geochronology and provenance of the
southeastern Yukon-Tanana terrane: Canadian Journal of Earth Sciences, v. 44, p. 297–316.
Nelson, J.L., Colpron, M., Piercey, S.J., Dusel-Bacon, C., Murphy, D.C., and Roots, C.F., 2006,
Paleozoic tectonic and metallogenic evolution of pericratonic terranes in Yukon, northern
British Columbia, and eastern Alaska, in Colpron, M., and Nelson, J.L., eds., Paleozoic
evolution and metallogeny of pericratonic terranes at the ancient Pacific margin of North
America, Canadian and Alaskan Cordillera: Geological Association of Canada, Special Paper
45, p. 323–360.
Nelson, J.L., Colpron, M., and Israel, S., 2013, The Cordillera of British Columbia, Yukon, and
Alaska: Tectonics and Metallogeny: Society of Economic Geologists, Special Publication 17,
p. 53–109.
Piercey, S.J. and Colpron, M., 2009, Composition and provenance of the Snowcap assemblage,
basement to the Yukon-Tanana terrane, northern Cordillera: Implications for Cordilleran
crustal growth: Geosphere, v. 5, p. 439–464.

67

Piercey, S.J., Murphy, C.C., Mortensen, J.K., and Creaser, R.A., 2004, Mid-Paleozoic initiation
of the northern Cordilleran marginal backarc basin: Geologic, geochemical, and neodymium
isotope evidence from the oldest mafic magmatic rocks in the Yukon-Tanana terrane,
Finlayson Lake district, southeast Yukon, Canada: Geological Society of America Bulletin,
v. 116 (9/10), p. 1987–1106.
Piercey, S.J., Nelson, J.L., Colpron, M., Dusel-Bacon, C., Simard, R.-L., and Roots, C.F., 2006,
Paleozoic tectonic and metallogenic evolution of pericratonic terranes in Yukon, northern
British Columbia, and eastern Alaska, in Colpron, M., and Nelson, J.L., eds., Paleozoic
evolution and metallogeny of pericratonic terranes at the ancient Pacific margin of North
America, Canadian and Alaskan Cordillera: Geological Association of Canada, Special Paper
45, p. 281–322.
Rainbird, R., Cawood, P. and Gehrels, G., 2012, The Great Grenvillian Sedimentation Episode:
Record of Supercontinent Rodinia's assembly, in Busby, C., and Azor, A., eds., Tectonics of
Sedimentary Basins: Recent Advances: Wiley-Blackwell Publishing, p. 583–601.
Rubatto, D., 2002, Zircon trace element geochemistry: partitioning with garnet and the link
between U-Pb ages and metamorphism: Chemical Geology, v. 184, p. 123–138.
Rubin, C.M., Miller, M.M., and Smith, G.M., 1990, Tectonic development of mid-Paleozoic
volcanic-plutonic complexes: Evidence for convergent margin tectonism, in Harwood, D.S.,
and Miller, M., eds., Paleozoic and early Mesozoic paleogeographic relations; Sierra Nevada,
Klamath Mountains, and related terranes: Geological Society of America, Special Paper 255,
p. 1–16.
Rubin, C.M., and J. B. Saleeby, J.B., 1991, Tectonic framework of the upper Paleozoic and

68

lower Mesozoic Alava sequence: a revised view of the polygenetic Taku terrane in southern
southeast Alaska: Canadian Journal of Earth Sciences, v. 28, p. 8810893.
Rubin, C.M., and Saleeby, J.B., 1992, Tectonic history of the eastern edge of the Alexander
terrane, southeast Alaska: Tectonics, v. 11, p. 586–602.
Saleeby, J.B., 2000, Geochronologic investigations along the Alexander-Taku terrane boundary,
southern Revillagigedo Island to Cape Fox areas, southeast Alaska, in Stowell, H.H.,
McClelland, W.C., eds., tectonics of the Coast Mountains, Southeastern Alaska and British
Columbia: Geological Society of America Special Paper 343, p.107–144.
Soja, C.M., 1994, Significance of Silurian stromatolite-sphinctozoan reefs: Geology, v. 22, p.
355–358.
Soja, C.M., and Kruitkov, L., 2008, Provenance, depositional setting, and tectonic implications
of Silurian polymictic conglomerates in Alaska’s Alexander terrane, in Blodgett, R., Stanley,
G., eds., The terrane puzzle: New perspectives on paleontology and stratigraphy from the
North American Cordillera: Geological Society of America Special Paper 442, p. 63–75.
Stowell, H.H., and Crawford, M.L., 2000, Metamorphic history of the Coast Mountains orogeny,
western British Columbia and southeastern Alaska, in Stowell, H.H., McClelland, W.C., eds.,
tectonics of the Coast Mountains, Southeastern Alaska and British Columbia: Geological
Society of America Special Paper 343, p. 257–284.
Templelman-Kluitt, D.J., 1976, The Yukon crystalline terrane: Enigma in the Canadian
Cordillera: Geological Society of America Bulletin, v. 87, p. 1343–1357.
Tempelman-Kluit, D.J., 1979, Transported Cataclasite, Ophiolite and Granodiorite in Yukon:
Evidence of Arc-Continent Collision: Geological Survey of Canada Paper 79-14, 27 p.

69

Tochilin, C.J., Gehrels, G.E., Nelson, J.A., Mahoney, B.M., 2014, U-Pb and Hf isotope analysis
of detrital zircons in quartzites of the Banks Island Assemblage to identify potential source
terranes and origins: Lithosphere, v. 6 (3), p. 200–215.
Vervoort, J.D., and Patchett, P.J., 1996, Behavior of hafnium and neodymium isotopes in the
crust: Constraints from crustally derived granites: Geochimica et Cosmochimica Acta, v. 60
(19), p. 3717–3733.
Vervoort, J.D., and Blichert-Toft, J., 1999, Evolution of the depleted mantle: Hf isotope evidence
from juvenile rocks through time: Geochimica et Cosmochimica Acta, v. 63, p. 533–556.
Vervoort, J.D., Patchett, P.J., Blichert-Toft, J., and Albarede, F., 1999, Relationships between
Lu-Hf and Sm-Nd isotopic systems in the global sedimentary system: Earth and Planetary
Science Letters, v. 168, p. 79–99.
Wheeler, J.O., and McFeely, P., 1991, Tectonic assemblage map of the Canadian Cordillera and
adjacent parts of the United States of America: Geological Survey of Canada Map1712A,
scale 1:2,000,000.
White, C., Gehrels, G., Pecha, M., Giesler, D., Yokelson, I., McClelland, W., and Butler, R.,
2016, U-Pb and Hf isotope analysis of detrital zircons from Paleozoic strata of the southern
Alexander terrane (southeast Alaska): Lithosphere, v. 8, p. 83–96.
Yokelson, I., Gehrels, G., Pecha, M., Giesler, D., White, C., and McClelland, W., 2015, U-Pb
and Hf isotope analysis of detrital zircons from Mesozoic strata of the Gravina belt, southeast
Alaska: Tectonics, v. 34 (10), p. 2052–2066.

70

FIGURES

Figure A1. Generalized Geologic Map with Location Inset. Generalized map showing the
distribution of terranes in southeastern Alaska and along the Cordilleran margin (inset). Maps are
adapted from Wheeler and McFeely (1991), Gehrels et al. (1992), Gehrels and Berg (1992),
Colpron et al. (2006), and Nelson et al. (2013). Geographic names referred to in text are shown
in black. Samples analyzed in this study are shown in red, samples analyzed by previous workers
shown in blue. Divisions of the Yukon-Tanana terrane (YTT) are adapted from Colpron et al.
(2006) and Nelson et al. (2013) as follows: YTTs—YTT in SE Alaska; YTTn— YTT in eastern
Alaska, Yukon, and northern British Columbia; NAa— pericratonic strata in east-central Alaska.
AK—Alaska, YK— Yukon, BC— British Columbia, US— continental United States.
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Figure A2. Yukon-Tanana Terrane Schematic Stratigraphic Section. Schematic stratigraphic
section of the Yukon-Tanana terrane in the Coast Mountains of SE Alaska (adapted from Gehrels
et al., 1992). Approximate positions of samples are shown. Sample numbers in red are from this
study, with strikethrough indicating that analyses are compromised by metamorphism. Samples
in blue are from previous studies (McClelland et al., 1991; Gehrels et al., 1991; Gehrels and
Kapp, 1998; McClelland and Mattinson, 2000; Gareau and Woodsworth, 2000; Saleeby, 2000;
and Gehrels, 2000, 2001).
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Figure A3. Outcrop Photographs. Representative outcrop photographs of samples analyzed in
this study: (A) folded quartzite and marble of the Tracy Arm Assemblage (sample 12MP33); (B)
metaclastic quartzite of the Tracy Arm Assemblage (sample 12MP41); (C) quartz-porphyritic
metarhyolite of the Endicott Arm Assemblage (sample 12MP19); (D) coarse-grained
metatrondhjemite of the Endicott Arm Assemblage (sample 12MP09) with mid-Cretaceous
mylonitic fabric; (E) highly folded quartz-rich metaturbidite of the upper Port Houghton
Assemblage (sample 12MP25); (F) pebble to cobble metaconglomerate of the basal Port
Houghton Assemblage (sample 12MP38).
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Figure A4. U-Pb Geochronologic Results for YTTs. Each curve is the sum of ages and
uncertainties from all analyses of a set of samples (from Figure 2). The area under each curve is
normalized according to the number of constituent analyses (Gehrels, 2012, 2014). Peaks in age
probability are shown for each set of samples (from DR Table 2). Ages for individual samples
are shown on stacked age-distribution diagrams presented in DR Tables 4 (Tracy Arm), 5
(Endicott Arm), and 6 (Port Houghton). Time scale is from Cohen et al. (2013).

74

Figure A5. Hf and U-Pb Isotopic Data for YTTs. Hf isotopic data for YTTs. (upper panel), and
comparison of U-Pb ages for YTTs and YTTn/NAa (lower panel). Note break in age at 500 Ma,
and 10x vertical exaggeration of pre-500 Ma grains of some age distributions. Age-distribution
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diagrams for individual components of YTTs are from Figure 4. Lower age-distribution curve for
YTTs is the sum of all ages presented from rocks in SE Alaska. Age-distribution curves for
YTTn/NAa include all available U-Pb detrital zircon ages from YTTn (light red curve; from
compilation in DR Table 2), and curves for all igneous ages from YTTn (medium shading) and
NAa (darker shading) (from Figure 4 of Nelson et al., 2006). Note that dashed portion of the
YTTn curve is an overestimate because it includes several >360 Ma ages from YTTs. Vertical
dashed lines are the time divisions separating the Phases described herein and the cycles reported
in Figure 4 of Nelson et al. (2006). In upper panel, Hf isotopic analyses are separated according
to rock type and assemblage. Average uncertainty of all analyses is 2.4 epsilon units (at 2σ).
Average crustal evolution is based on 176Lu/177Hf ratio of 0.0115 (Vervoort and Patchett, 1996;
Vervoort et al., 1999; Amelin et al., 1999, 2000). Small arrows in upper panel represent Hf
evolution lines for whole-rock Hf isotope data from metasedimentary rocks of the Snowcap
Assemblage of YTTn (Piercey and Colpron, 2009).
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Figure A6. Pre-Late Devonian Age-Hf Comparisons. Comparison of age-Hf isotopic
information from pre-Late Devonian strata of YTTs, YTTn/NAa, and Cordilleran passive margin
strata. Curve for YTTs is from Tracy Arm Assemblage strata shown in Figure 5. Curves for
YTTn/Na include results from all ages of strata (solid line) and from only pre-Devonian strata
(dashed line). Data from pre-Late Devonian strata of the Cordilleran passive margin sequence are
from Gehrels and Pecha (2014), with additional U-Pb ages for Alaska-Yukon from Leslie (2009)
and Lane and Gehrels (2014). In upper plot, filled black symbols show values for TAA. Other
information on upper panel is from Figure 5.
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Figure A7. Comparison of Age-Hf Isotopic Data from YTTs and the Alexander Terrane. Lower
panel shows age-distribution diagrams for different assemblages of YTTs (from Figure 5), the
southeastern Alaska portion of the Alexander terrane (White et al., 2016), and the Saint Elias
Mountains portion of the Alexander terrane (Beranek et al., 2012, 2013a, b). Upper panel
compares εHft values from the same assemblages. Other information on upper panel is from
Figure 5.
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Figure A8. Schematic Tectonic Model of Yukon-Tanana Terrane. Schematic tectonic model
showing our proposed evolution of the Yukon-Tanana terrane and related assemblages along the
northern Cordilleran margin. See Tectonic Synthesis section of the text for explanation. Inset
map shows possible location of YTT/NAa and the Alexander terrane (AX) along the same
subduction system during Silurian time (adapted from Miller et al., 2011; Nelson et al., 2013;
White et al., 2016).
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ABSTRACT
Cretaceous through Eocene strata of the Four Corners region provide an excellent record
of changes in sediment provenance from Sevier thin-skinned thrusting through the formation of
Laramide block uplifts and intra-foreland basins. During the ca. 125-50 Ma timespan, the San Juan
Basin was flanked by the Sevier thrust belt to the west, the Mogollon highlands rift shoulder to the
southwest, and was influenced by (ca. 75-50 Ma) Laramide tectonism, ultimately preserving a
>6000’ (>2000 m) sequence of continental, marginal-marine, and off-shore marine sediments. In
order to decipher the influences these tectonic features had on sediment delivery to the area, we
evaluated 3228 U-Pb laser analyses from 32 detrital zircon samples from across the entire San
Juan Basin, of which 1520 analyses from 16 samples are newly reported herein. The detrital zircon
results indicate four stratigraphic intervals with internally consistent age peaks: 1) Lower
Cretaceous Burro Canyon Formation, 2) Turonian (93.9- 89.8 Ma) Gallup Sandstone through
Campanian (83.6- 72.1 Ma) Lewis Shale, 3) Campanian Pictured Cliffs Sandstone through
Campanian Fruitland Formation, and 4) Campanian Kirtland Sandstone through lower Eocene
(56.0- 47.8 Ma) San Jose Formation.

Statistical analysis of the detrital zircon results, in

conjunction with paleocurrent data, reveals three distinct changes in sediment provenance. The
first transition, between the Burro Canyon Formation and the Gallup Sandstone, reflects a change
from predominantly reworked sediment from the Sevier thrust front, including uplifted Paleozoic
sediments and Mesozoic eolian sandstones, to a mixed signature indicating both Sevier and
Mogollon derivation. Deposition of the Pictured Cliffs Sandstone at ca. 75 Ma marks the beginning
of the second transition and is indicated by the spate of near-depositional-age zircons, likely
derived from the Laramide porphyry copper province of southern Arizona and southwestern New
Mexico. Paleoflow indicators suggest the third change in provenance was complete by 65 Ma as
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recorded by the deposition of the Paleocene Ojo Alamo Sandstone. However, our new U-Pb
detrital zircon results indicate this transition initiated approximately 8 m.y. earlier during
deposition of the Campanian Kirtland Formation beginning ca. 73 Ma. This final change in
provenance is interpreted to reflect the unroofing of surrounding Laramide basement blocks and a
switch to local derivation. At this time, sediment entering the San Juan Basin was largely being
generated from the nearby San Juan Mountains to the north-northwest, including uplift associated
with early phases of Colorado Mineral Belt magmatism. Thus, the detrital zircon spectra in the
San Juan Basin document the transition from initial reworking of the Paleozoic and Mesozoic
cratonal blanket to unroofing of distant basement-cored uplifts and Laramide plutonic rocks, then
to more local Laramide uplifts.

INTRODUCTION
U-Pb detrital-zircon (DZ) geochronology has been integral in deciphering sediment
dispersal patterns in Cretaceous and Paleogene strata of North America (e.g. Dickinson et al., 2012,
Lawton and Bradford, 2011, Blum and Pecha, 2014, Bush et al., 2016, Sharman et al., 2017). DZ
analysis allow for generation of a DZ fingerprint (Ross and Parrish, 1991) of the host rock,
establishing provenance ties between host rock and source region(s) (Gehrels and Pecha, 2014),
and allow for calculation of maximum depositional age of host rock (Surpless et al., 2006,
Dickinson and Gehrels, 2009), which can be then compared to biostratigraphic age where
available. Combining DZ ages with fluvial paleocurrent information bolsters provenance ties and
allows for regional paleogeographic reconstructions (Lawton and Bradford, 2011; Dickinson et
al., 2012).
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Cretaceous through Lower Eocene strata preserved in the San Juan Basin (SJB) in
northwestern New Mexico and southwestern Colorado provides a unique opportunity to study
spatial and temporal variations in sediment provenance using DZ geochronology. During the
deposition of these sediments, the SJB region was flanked by the Sevier thrust belt, the Mogollon
highlands rift shoulder, and was also influenced by (ca. 75-50 Ma) Laramide tectonism.
Understanding how these surrounding tectonic elements influenced sediment delivery to the Four
Corners region, particularly the SJB, is the overall goal of this research.
Here we synthesize new and existing DZ data from Cretaceous and Paleogene strata and
combine the observations with paleoflow information to make provenance assessments and
paleogeographic interpretations. We also use the DZ ages to refine maximum depositional ages
of the units by comparing them with biostratigraphic ages. Our new U-Pb DZ data indicate that
three distinct changes in sediment provenance occur in the Cretaceous through Eocene section of
the SJB. The results track changes in sediment routing from initial reworking of the Paleozoic and
Mesozoic cratonal blanket to unroofing of distant basement-cored uplifts and Laramide plutonic
rocks, then to more local Laramide uplifts. The results also provide additional clarity in sediment
routing during the transition from Sevier retro-arc thrusting through foreland basin partitioning
during the Laramide, providing important insights into sediment dispersal patterns and
paleogeographic reconstructions. These new results fill in gaps from previous DZ studies (e.g.
Dickinson and Gehrels, 2008, Gehrels, et al., 2011, Lawton and Bradford, 2011, Dickinson et al.,
2012) of Paleozoic and Mesozoic Colorado Plateau stratigraphy and Paleogene units (Dickinson
et al., 2010; Donahue, 2016).
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GEOLOGIC SETTING
The Four Corners region was part of an expansive Late Mesozoic Cordilleran foreland
basin system (Figure 1) related to loading of the Sevier retroarc fold and thrust belt to the west
(Armstrong, 1968; Jordan, 1981; DeCelles, 2004) and flanked on the southwest by the Mogollon
Highlands rift shoulder, a high-standing structural feature that formed at the same time as the
Bisbee-McCoy basin (Dickinson and Lawton, 2001, Lawton, 2004; Lucas, 2004; Dickinson and
Gehrels, 2008). Immediately west of both of these features was the Cordilleran magmatic arc,
which was assembled in response to continuous subduction of the Farallon Plate along the western
coast of North America from Permian (ca. 284 Ma) through early-middle Paleogene time
(Dickinson, 2004).
Beginning in Late Campanian (ca. 75 Ma) time, deformation and magmatism translated
inland in response to flat-slab subduction of the Farallon Plate, creating the Laramide Province
(Coney and Reynolds, 1977; Dickinson and Snyder, 1978; Bird, 1988; Miller et al., 1992; English
et al., 2003; Saleeby 2003; Liu et al, 2010). This change in plate dynamics partitioned the oncecontinuous Cordilleran foreland basin into a series of isolated intra-foreland basins and intervening
basement-cored uplifts (Dickinson et al., 1988; Cather, 2004). In the Four Corners region, these
uplifts are typically in the form of broad monoclines (e.g., Hogback monocline) or high-angle,
fault-bounded basement blocks (e.g., Nacimiento uplift). Six distinct Laramide-age basins (San
Juan, Raton, Galisteo-El Rito, Baca, Carthage-La Joya, and the Sierra Blanca) (Figure 1) preserve
varying thicknesses of Cretaceous-Eocene strata (Cather, 2004).
Late Cretaceous through Paleogene uplift and subsequent erosion have played a significant
role in the formation of the current Colorado Plateau geomorphology (Elston and Young, 1991).
Estimates of the thickness of pre-Cretaceous Mesozoic strata eroded from the Colorado Plateau
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range from ~3000-5000+ feet (~1000- 1500 m), with thickness increasing from south-southeast to
north-northwest (Wilson, 1967; Pederson et al., 2002; Lazear et al., 2013). It is also estimated
that an additional ~1000-3000 feet (~300 to 1000 m) of Cretaceous strata were removed during
Cenozoic beveling (Wilson, 1967; Epis and Chapin, 1975; Evanoff and Chapin 1994; Pazzaglia
and Kelley, 1998). This extensive erosion resulted in removal of most Cretaceous and younger
rocks, leaving a wide region around Four Corners predominantly devoid of the entire Cretaceous
section. The San Juan Basin (SJB) in northwestern New Mexico and southwestern Colorado is an
exception, preserving a sequence of Cretaceous and younger sediments exceeding 6000’ (~2000
m) in total thickness. The SJB represents the best-preserved, deepest, and most comprehensive
section that characterizes the Cretaceous/Paleogene stratigraphy of the region.

San Juan Basin
We define the SJB as the contiguous area that encompasses Lower Cretaceous through
Eocene strata preserved in northwestern New Mexico and southwestern Colorado (Figures 1 & 2).
It is a structurally-bound intra-foreland basin that encompasses more than 46,000 km2.

It

developed coevally with the adjacent Laramide tectonic features: San Juan (Needle Mountains)
uplift to the north, Archuleta anticlinorium/San Juan sag to the northeast, Nacimiento uplift on the
east, Zuni uplift to the south, Defiance uplift on the west, and Hogback monocline to the northwest
(Kelly, 1950; 1951; 1957) (Figure 2). Differential subsidence and sedimentation across the basin
began in Campanian time, demonstrated by the deposition of the Lewis Shale (Ayers et al., 1994,
Cather, 2003; 2004). Laramide accommodation within the interior basin is manifested in an
asymmetrical synform with an arcuate axis that mimics the trend of bounding uplifts (Figure 2)
(Cather, 2003; 2004). Stratigraphic units in the SJB are relatively flat-lying to shallow-dipping,
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except along the eastern and northern margins of the basin. On the east side of the basin along the
Nacimiento uplift, Lewis shale and younger sediments are highly attenuated and oriented
vertically, showing growth strata relationships that indicate deposition was influenced by the
developing Nacimiento thrust from ca. 80 to 50 Ma (Baltz, 1967; Molenaar, 1983). Steeplydipping units also occur along the northern margin of the basin where they have also been
influenced by Laramide tectonism.
The Cretaceous and Eocene rocks preserved in the SJB are predominantly composed of
inter-fingering marine and non-marine sedimentary rocks (Figure 3). The Cretaceous strata were
deposited during basin-wide cycles of transgression and regression of an expansive epicontinental
sea (Fassett and Hinds, 1971); Tertiary strata were deposited in non-marine, dominantly fluvial
settings. Detailed geologic and sedimentologic descriptions/background of each unit can be found
in Craigg (2001).

Four Corners Depositional Environments and Paleoflow Directions
Upper Jurassic-Lower Cretaceous Paleoflow
Paleodrainage patterns on the Colorado Plateau document flow toward the northeast and
east within the Upper Jurassic (Kimmeridgian-Tithonian) Morrison Formation (Craig et al., 1955;
Peterson, 1984; Currie, 1997; Robinson and McCabe, 1998, Dickinson and Gehrels, 2008. Fluvial
paleocurrent trends within the Lower Cretaceous Cedar Mountain and Burro Canyon Formations
are generally easterly and northeasterly (Harris, 1980; Craig, 1981; Tschudy et al., 1984; Aubrey,
1992, 1996; Currie, 1998, 2002; Kirkland and Madsen, 2007; Dickinson and Gehrels, 2008), with
a few restricted measurements having a northerly trend (Dickinson and Gehrels, 2008).
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Sub-Dakota Unconformity
The southwestern margin of the Colorado Plateau, including portions of the future SJB,
was stripped of several hundred meters of Triassic and Jurassic strata by NE-flowing rivers prior
to early Late Cretaceous deposition of the Dakota Formation (Dickinson, 2013). This beveling of
the NE margin of the pre-Laramide Mogollon highlands reflects early Cretaceous uplift and
erosion, which reworked older strata and redistributed older sediments.

Upper Cretaceous Paleoflow
The east-northeast paleoflow direction remained relatively constant through Late
Cretaceous time (Fig. 4), as shown by deltaic systems on the margin of the Western Interior
Seaway (Cather et al., 2012). The combination of paleocurrents and paleoshoreline migration
(Cumella, 1983, Molenaar, 1983) during Mancos-Mesaverde sedimentation records sediment
transport toward the interior of the Cordilleran foreland basin and the Great Plains region
(Cumella, 1983, Dickinson and Gehrels, 2008). This sedimentation transport direction persisted
through a series of regressive and transgressive cycles beginning with the Gallup Sandstone and
continuing through the coastal facies (beach sand) deposits of Pictured Cliffs Sandstone, including
the intervening Mancos Shale, Point Lookout Sandstone, and Menefee Formation.
The late Campanian Fruitland Formation (ca. 76-73 Ma), which represents a distal facies
of the final regression of the Late Cretaceous seaway, locally intertongues with the Pictured Cliffs
Sandstone where it formed in overbank deposits within backshore lowlands (Fassett, 2009). The
landward facies depositional model for the Pictured Cliffs Sandstone consists of a deltaic complex
in the northwestern basin and a barrier shoreline to the southeast (Erpenbeck, 1979; Flores and
Erpenbeck, 1981). The paleo-shoreline during Pictured Cliffs Sandstone deposition generally
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trended northwest-southeast, with inferred paleoflow to the northeast (Hunt, 1984, Hunt and
Lucas, 1992).
The Late Campanian Kirtland Formation is composed of a southward-thinning package of
fluvial sandstones and shales first described by Bauer (1916). It overlies the Fruitland Formation
conformably and is overlain unconformably by the Ojo Alamo Sandstone. Fluvial paleocurrent
directions in the south-central part of the SJB for the Fruitland-Kirtland interval indicate that
streams depositing the Farmington Sandstone member flowed from southwest to northeast
(Dilworth, 1960, Fassett & Hinds, 1971, Cather, 2004). However, in the western part of the basin
the paleocurrents generally trend easterly (Figure 4) (Cather, 2004).

Upper Cretaceous through Paleocene Paleoflow
During the early Paleogene, paleoflow was towards the northeast in southern Utah and
northern Arizona, with headwaters originating near the Sevier thrust belt and the Mogollon
Highland (Elston and Young, 1991, Goldstrand, 1994, Lawton, 1986, Young and McKee, 1978).
However, Paleocene paleoflow in the southern SJB beginning with the deposition of the Ojo
Alamo Sandstone, shifted abruptly from northeast to southeast-directed flow (Powell, 1973;
Lehman, 1985; Klute, 1986; Cather, 2004), or southward directed flow (Sikkink, 1987). The
combination of these flow indicators and the presence of Laramide volcanic/plutonic, Paleozoic,
and Precambrian detritus led some to interpret the Ojo Alamo Sandstone as recording the local
initiation of Laramide uplift during late Maastrichtian-early Paleocene time (Fassett, 1985;
Lehman, 1985). The presence of volcanic fragments and similar detrital constituents between the
upper Kirtland Formation and Ojo Alamo Sandstone suggests they may have been derived from
the same source (Klute, 1986).
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The Paleocene McDermott Formation is only exposed in the northwestern margin of the
SJB near Durango, Colorado (Figures 2-4). Detailed studies of the McDermott Formation indicate
that it contains multiple lithofacies and intraformational erosional surfaces (Lorraine and
Gonzales, 2003; O’Shea, 2009).

It contains a basal conglomerate and fines upward into

interbedded sandstone and siltstone. The development of the McDermott Formation has been
debated, from the traditional view as a volcaniclastic deposit (Reeside, 1924, McCormick, 1950,
Barnes et al., 1954, Kottlowski, 1957; Sikkink, 1987), to a braided river deposit (O’Shea, 2009),
to roof-flank detachment deposit that was remobilized and transported by debris flows and fluvial
systems (Lorraine and Gonzales, 2003, Gonzales, 2010). Petrographic observations of igneous
clasts present in the basal conglomerate (Gonzales, 2010; this study) suggest derivation from
hypabyssal and plutonic intrusive rocks in the La Plata laccolitic complex. The vast majority of
paleoflow indicators within the McDermott and Animas Formations document southerly flow
towards the center of the SJB (Sikkink, 1987).

Lower Eocene Paleoflow
The lower Eocene San Jose Formation, initially described by Simpson (1948), has been the
focus of subsequent studies of stratigraphy and paleogeography (Baltz, 1967, Smith et al., 1985,
Smith, 1988, 1992). It is the youngest formation preserved within the SJB and unconformably
overlies the Paleocene Nacimiento Formation in the south (with a gap of at least 5.6 Ma in the
vicinity of Mesa de Cuba; Fassett et al., 2010), and the Paleocene Animas Formation to the north.
While it is likely the SJB originally contained middle and late Eocene strata, as adjacent Laramide
basins do, only the lower Eocene (Ypresian) remains after late Cenozoic erosion. The San Jose
Formation preserves the final synorogenic sedimentation during waning Laramide activity.
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Paleoflow within the San Jose Formation, as measured from large-scale trough cross-strata
and pebble imbrications, is generally toward the south-southeast (Figure 4) (Smith, 1988, 1992).
Slight variations in the mean flow azimuth are indicated between various members of the
formation but the southeasterly direction is coincident with the underlying Paleocene stratigraphy
(Klute, 1986; Sikkink, 1987), indicating similar paleoslope directions during the entire early
Paleogene (Smith, 1988, 1992). Isolated conglomeratic sandstone lenses within the silt and mud
dominated sequence suggest sporadic sediment derivation directly from local basement-cored
uplifts to the northwest.
Deposition of the San Jose Formation fluvial unit occurred in high energy, low-sinuosity
streams and associated muddy floodplains during late stages of the Laramide orogeny, as indicated
by growth folds near the Nacimiento uplift (Baltz, 1967). Waning of the Laramide orogeny is
recorded in the stratigraphic record by the Rocky Mountain Erosion surface (RMES) (Evanoff and
Chapin 1994; Pazzaglia and Kelley, 1998) or late Eocene erosion surface (Epis and Chapin, 1975).

METHODOLOGY
Sampling Strategy
Multiple samples were collected from each major stratigraphic unit within the SJB and
contiguous areas (Figure 3), and where outcrop and/or access allowed, samples were taken near
the base and top of each unit in order to assess internal stratigraphic variability. Samples were
also collected across the entire basin to evaluate spatial variations within individual units (Figure
2). Previous DZ studies excluded some units (i.e. Lewis Shale) in order to avoid complications in
the DZ signatures due to the effects of longshore sediment transport (e.g. Dickinson & Gehrels,
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2008). However, this study incorporated those samples for completeness and for statistical
comparisons with the fluvial sediments.
DZ sample descriptions, including GPS coordinates of sample localities, can be accessed
in the supplementary data repository DR-1.

U-Pb Analytical Methods
Zircon grains were extracted from whole rock samples using traditional methods of jaw
crushing and pulverizing, followed by density separation using a Wilfley Table and heavy liquids
(Methylene Iodide). The resulting heavy mineral fraction then underwent separation using a
Frantz LB-1 magnetic barrier separator to isolate the zircons. A representative split of the entire
zircon yield of each sample was incorporated into a 1” epoxy mount along with multiple fragments
of the primary Sri Lanka (SL) zircon standard. The mounts were sanded down ~20 microns,
polished using a 9-micron polishing pad, and back-scattered electron (BSE) imaged using a Hitachi
S-3400N scanning electron microscope (SEM). Prior to isotopic analysis, the mounts were cleaned
in an ultrasound bath of 1% HNO3 and 1% HCl in order to remove any residual common Pb from
the surface of the mount.
U-Pb geochronology of single zircon crystals was conducted by laser ablation
multicollector inductively coupled mass spectrometry (LA-MC-ICPMS) at the Arizona
LaserChron Center (Gehrels et al., 2006, 2008). The isotopic analyses involved ablation of zircon
using either a New Wave UP193HE Excimer laser (analyses completed prior to May 2011) or a
Photon Machines Analyte G2 excimer laser (analyses completed post April 2011) coupled to a Nu
Instruments HR-MC-ICPMS (see data repository DR-2 for complete U-Pb analytical methods
including exact laser used on each sample).
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Approximately 105 laser analyses were completed on each sample with only one U-Pb
measurement per grain. Random grain selection was conducted using back-scatter electron images
with rejection only of zircons that were too small to fit the entire 30-micron spot within its borders,
or contained cracks and/or inclusions that prohibited a clear spot placement.
U-Pb analytical data are presented here in age-distribution diagrams, which account for
both analytical uncertainty and age of each analysis. These plots were generated by assuming
normal distributions of age for each grain age, followed by the summing of all normal distributions
into composites, which were then normalized to produce equal areas under the curves.

DETRITAL ZIRCON U-Pb RESULTS
We report a total of 1520 new U-Pb laser analyses from 16 DZ samples of Cretaceous strata
from the SJB in northwestern New Mexico and southwestern Colorado. Table 1 summarizes the
DZ samples from this study, in addition to previously reported DZ samples used in reference
comparisons. The complete U-Pb analytical results are reported in the data repository (DR-2) and
summarized below according to stratigraphic unit from oldest to youngest. Multiple samples were
collected from each major unit and the results are presented in composite age distributions (Figure
5, composites a-f).
The maximum depositional age for each newly reported sample is presented in Table 1 (all
maximum depositional ages are reported as weighted averages at 2-sigma). Samples were
evaluated for maximum depositional age using “Tuffzirc” and “Unmix age” age routines available
in the Excel plug-in, Isoplot 3.60; Ludwig (2008), as well as calculating weighted averages. The
calculated maximum depositional age results and associated plots can be found in DR-2. In all
cases the “Tuffzirc” and “Unmix age” routines yielded similar results as their counterpart weighted
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averages, therefore, the weighted averages are deemed as the robust maximum depositional age
for each sample since they account for all internal and external errors.

Detrital Zircon Results of Cretaceous Strata of the San Juan Basin
Point Lookout Sandstone
Two detrital samples (WP58 and WP59) of Point Lookout Sandstone yielded 195 reliable
U-Pb analyses. Both samples produced a mix of Precambrian, Paleozoic, and Mesozoic ages, with
similar age distributions.

The composite age spectra (Figure 5a) are dominated by

Paleoproterozoic (39%) and Mesoproterozoic (25%) ages ranging from ~2100 to 1015 Ma
(prominent age peaks at 1728, 1690, 1417, and 1113 Ma), isolated Neoproterozoic (2%) ages
ranging from ~918 to 602 Ma, Paleozoic (7%) ages range from ~460 to 334 Ma (peaks at 421 and
349 Ma), and Mesozoic (27%) ages range from ~236 to 77 Ma (peaks at 167 and 85 Ma). U-Pb
DZ maximum depositional ages for WP59 and WP58 are 85.1 ± 2.2 Ma and 84.6 ± 1.5 Ma,
respectively.

Cliff House Sandstone
Two samples of Cliff House Sandstone (WP24, WP41) yielded 195 robust U-Pb ages. The
two samples yielded similar age ranges, but sample WP24 contained a significantly higher
proportion of Mesozoic ages compared to WP41. The composite age distribution (Figure 5b) is
characterized by sparse Archean (5%) ages ranging from ~3350 to 2600 Ma (peak of 2723 Ma),
and are dominated by Paleoproterozoic (24%) and Mesoproterozoic (35%) ages ranging from
~1920 to 1000 Ma (dominant age peaks of 1832, 1713, 1428, and 1062 Ma), isolated
Neoproterozoic (3%) ages ranging from ~999 to 710 Ma; Paleozoic (10%) ages range from ~515
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to 255 Ma (peak of 427 Ma), and Mesozoic (23%) ages range from ~235 to 76 Ma (dominant age
peaks of 210, 173, 93, and 77 Ma). U-Pb DZ maximum depositional ages for WP41 and WP24 are
93.3 ± 2.8 Ma and 77.5 ± 1.9 Ma, respectively.

Lewis Shale
Three samples of Lewis Shale (WP40, WP61, and WP62) yield a complex age distribution
(Figure 5c) consisting of scattered Archean (5%) ages ranging from ~3210 to 2504 Ma (peak at
2742), and Paleoproterozoic (32%) and Mesoproterozoic (38%) zircons ranging in age from ~2095
to 1015 Ma (prominent age peaks at 1736, 1642, 1491, 1388, and 1076 Ma), scattered
Neoproterozoic (5%) grains ranging from ~995 to 552Ma, Paleozoic (8%) grains range from ~540
to 260 Ma (peak at 434 Ma); there is a significant fraction of Mesozoic (12%) ages that range from
~202 to 72 Ma (pronounced age peaks at 168 and 75 Ma). U-Pb DZ maximum depositional age
for WP40 is 75.6 ± 1.5 Ma. Lewis Shale samples WP61 and WP62 did not contain any Mesozoic
zircons so maximum depositional ages were not calculated for these samples.

Pictured Cliffs Sandstone
Two samples of Pictured Cliffs Sandstone (WP39 and WP64) yielded 174 robust U-Pb
zircon ages. The combined distribution (Figure 5d) contains a few scattered Archean (2%) ages
ranging from ~3647 to 2760 Ma and Paleozoic (5%) ages ranging from ~554 to 255 Ma, but is
dominated by Paleoproterozoic (22%) and Mesoproterozoic (28%) ages ranging from ~2108 to
1039 Ma (prominent age peaks of 1692, 1418, 1338, and 1154 Ma), and Mesozoic (41%) ages
range from ~250 to 72 Ma (distinct age peaks at 166, 94, and 76 Ma), plus isolated Neoproterozoic
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(2%) ages ranging from ~958 to 553 Ma. U-Pb DZ maximum depositional ages for WP39 and
WP64 are 76.9 ± 1.4 Ma and 75.8 ± 1.4 Ma, respectively.

Fruitland Formation
Two samples of Fruitland Formation (WP31 and WP38) produced 195 robust U-Pb ages.
The composite age distribution (Figure 5e) shows a few scattered Archean (2%) ages,
Paleoproterozoic (11%) and Mesoproterozoic (28%) ages range from ~1920 to 1009 Ma (age
peaks of 1762, 1685, 1421, 1183, and 1094 Ma), isolated Neoproterozoic (2%) ages ranging from
~703 to 579 Ma, scattered Paleozoic (8%) ages range from ~444 to 59 Ma; the spectrum is
dominated by Mesozoic (49%) ages ranging from ~245 to 66 Ma (subordinate age peaks at 219
and 161 Ma, and a dominant depositional age peak at 74 Ma). U-Pb DZ maximum depositional
ages for WP31 and WP38 are 73.7 ± 1.6 Ma and 72.5 ± 1.4 Ma, respectively.

Kirtland Formation
A total of 470 U-Pb laser analyses have been completed on five samples of Kirtland
Formation (WP28, WP37, WP54, WP55, and WP63b), and the composite age distribution (Figure
5f) reveals a relatively simple distribution with 6 main age peaks. The Kirtland Formation contains
isolated Archean (1%) ages ranging from ~2770- 2560 Ma, but is dominated by Paleoproterozoic
(55%) and Mesoproterozoic (17%) ages ranging from ~1895-1040 Ma (prominent peaks at 1689,
1409, 1230, and 1109 Ma), and Mesozoic (24%) ages ranging from ~230-67 Ma (main peaks at
168 and 72 Ma), isolated Neoproterozoic (1%) ages ranging from ~954 to 569 Ma, scattered
Paleozoic (2%) ages ranging from ~534-254 Ma, and a few Cenozoic (<1%) ages between 65 to
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63 Ma. U-Pb DZ maximum depositional ages for WP37, WP55, WP54, WP63b, and WP28 are
75.8 ± 1.7 Ma, 75.1 ± 2.4 Ma, 74.4 ± 2.8 Ma, 71.8 ± 1.7 Ma, and 70.6 ± 1.5 Ma, respectively.

INTERPRETATION OF DETRITAL ZIRCON AGES
U-Pb detrital zircon age signatures of the Cretaceous through Eocene strata of the SJB
contain distinct age distributions that can be linked to particular source regions (Figure 5). The
presence or absence of specific age peaks allows for first-order provenance assessment with
respect to the basement geology of the North America, which is well known and can be
summarized by its principal source components (Figure 6). Given that these are Cretaceous and
younger strata, and the likelihood of recycling older zircon through younger strata before
deposition in the SJB is high, therefore, comparisons were made with reference DZ age subsets
from Dickinson et al., (2012) (Figures 9-11), which allowed us to identify source regions for the
detrital-zircons preserved in the SJB.

These reference subsets contain detritus shed from

reworking of the sedimentary cover which capped the adjacent Sevier and Mogollon highlands
and distributed them peripherally during Cretaceous and Paleogene time.
The North American crustal province map (Figure 6) was originally based on Hoffman
(1988) and later adapted from Gehrels et al. (2011) and Laskowski et al. (2013), and is color-coded
to match age-bands of potential source regions on DZ U-Pb age probability diagrams (Figures 5,
7-11). The ubiquitous Proterozoic ages in our data, which correlate with the Yavapai (ca. 1.8-1.7
Ga)-Mazatzal (ca. 1.7-1.6 Ga) provinces and the ca. 1.48-1.34 magmatic province, reflect local
basement geology of the greater Four Corners region.
To assess the provenance of the Cretaceous through Eocene section preserved in the SJB,
we include previously reported DZ results from within the basin (Table 1). Ojo Alamo Sandstone,
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Animas Formation-McDermott Member, Animas Formation, Nacimiento Formation, and San Jose
Formation are from Donahue (2016). Burro Canyon Formation, Mancos shale and Menefee
Formation DZ results are from Dickinson et al. (2012). DZ data from the Dakota Sandstone
(Dickinson et al., 2012; Ludvigson et al., 2010) were initially evaluated (probability density plot
comparisons are available in the Dakota tab located in DR-2) in the same manner as the SJB DZ
samples. However, the only available DZ data from the Dakota Sandstone were collected far
outside the SJB and therefore are not included in this summary.

Ages of Possible Source Regions
We first explore the young (<285 Ma) grains within each age spectra to elucidate significant
differences and similarities between various SJB strata. Detrital zircons <285 Ma in age from
Upper Cretaceous through Eocene strata of the SJB could have been derived from any of the
following sources.
1. Permian-Triassic grains (ca. 284-202 Ma) are potentially derived from the Permo-Triassic
east Mexico arc (ca. 284-232 Ma) and its cryptic extensions westward across Sonora
(Torres et al., 1999; Dickinson and Lawton, 2001a; Arvizu et al., 2009) into the Mojave
region, or from the nascent Cordilleran arc (<245 Ma) extending across northern Mexico
and up the length of California (Busby-Spera, 1988; Barth and Wooden, 2006).
2. Triassic grains (ca. 245-201 Ma) are potentially derived from the Nazas arc of northern
Mexico and its extensions westward through Arizona and up the length of eastern
California (Lawton and McMillan, 1999; Haxel et al., 2008).
3. Late Jurassic grains (ca. 160-150 Ma) are potentially sourced from a major pulse of granitic
magmatism in the Sierra Nevada (Ducea, 2001).
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4. Cretaceous grains (ca. 125-80 Ma) are potentially sourced from the evolving Cordilleran
arc of California, Baja California, and coastal Sonora following the Early Cretaceous
accretion of Guerrero. A second major pulse of granitoid magmatism took place in the
Sierra Nevada arc ca. 98–86 Ma (Ducea, 2001).
5. Latest Cretaceous grains (ca. 80-65 Ma) are potentially sourced from the Laramide
magmatic arc that migrated inland to Mexico-Arizona-Nevada in response to shallow
Farallon plate subduction, or from laccoliths and/or plutons at the southwestern end of the
Colorado Mineral Belt, which formed in response to the same migratory phase of
Cordilleran magmatism.
6. Paleogene ca. 65-60 Ma grains are potentially sourced from continued Laramide and
Colorado Mineral Belt magmatism. See Figure 6 for approximate locations of the similaraged eastward-migrating southern Arizona and Colorado Mineral Belt magmatism.
7. Recycling of Permian-Triassic grains from the Chinle Formation (Upper Triassic) and of
Permian-Triassic and Jurassic grains from either the Morrison Formation (Upper Jurassic)
or Burro Canyon Formation (Lower Cretaceous) is possible, although only proximal
reaches of those depositional systems on the northern flank of the Jurassic-Cretaceous
Mogollon highlands rift shoulder of the Bisbee basin could have been eroded before onlap
by the early Late Cretaceous Dakota Formation protected them from erosion until
Laramide deformation in latest Cretaceous and Paleogene time.
Due to the broad lull in Cordilleran arc magmatism during the Early Cretaceous (ca. 140125 Ma; Armstrong and Ward, 1993; Yonkee and Weil, 2015), grains of this age range should be
sparse in the DZ age spectra.
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Sources of Laramide-Age (ca. 80-50 Ma) Zircons
Potential source regions of Laramide (ca. 80-50 Ma) ages present in the DZ age spectra of
the SJB include the North American Porphyry Copper Province of southern Arizona, southwestern
New Mexico, and northern Sonora, and the Colorado Mineral Belt, a linear belt of laccolithicplutonic-volcanic complexes stretching from south-central Colorado into far northeastern Arizona
(Figs. 1 and 6; Table 2).
In the Laramide Porphyry Copper Province south of the SJB, various Laramide-age
volcanic and plutonic rocks are as old as ca. 80-76 Ma (Ramos-Valazquez et al., 2008). However,
most of the mineralizing porphyries in this region were emplaced in the ca. 75-52 Ma range
(Seedorff et al., 2005, Valencia et al., 2005, Valencia et al., 2006, Ramos-Velazquez et al., 2008,
Gonzales-Leon et al., 2011, Leveille and Steegen, 2012, Mizer, 2013, Vickre et al., 2014, Favorito
and Seedorff, 2017). A potential sampling bias exists because the majority of the U-Pb age dating
on the porphyry copper systems has been focused on the mineralizing porphyries and their host
rocks, and because the Laramide volcanic carapaces to these systems have been largely removed
by erosion. However, we can still characterize the main age bracket for southern Arizona at ca.
75-55 Ma, southwestern New Mexico at ca. 64-55 Ma, and northern Sonora at ca. 80-50 Ma. These
age ranges indicate a general younging from west to east as Laramide deformation and magmatism
migrated eastward towards the interior of the continent (Leveille and Stegen, 2012).
The Coastal Sonoran Batholith west of Hermosillo, Sonora experienced Laramide
magmatism ranging from ca. 80-69 Ma (Ramos-Velazquez et al., 2008). Farther inland in Sonora,
the Tarahumara assemblage and associated Laramide plutonic rocks of northern Sonora span the
interval from ca. 76-50 Ma (Gonzalez-Leon et al., 2011), including Laramide porphyry copper
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deposits at Cananea and Nacozari at ca. 64 Ma and ca. 56-52 Ma, respectively (Valencia et al.,
2005, Valencia et al., 2006). However, these regions lie >500 km south of the SJB and are on the
opposite side of the inferred and inverted Border Rift system divide present in southeastern
Arizona and northern Sonora (Lawton and Bradford, 2011), making it unlikely that detritus from
northern Sonora was transported to the SJB by either fluvial or eolian transport.
Plutonic activity in the Colorado Mineral Belt has been well documented by K-Ar, Ar-Ar,
and zircon fission track analyses to the age ranges of ca. 75 to 65 Ma and ca. 35 to 23 Ma
(Armstrong, 1969, Cunningham, et al., 1994, Semken and McIntosh, 1997, Mutschler et al., 1997,
Chapin, 2005, 2012, Gonzales, 2015). However, these methods and results are not directly
comparable to U-Pb zircon ages, so are not considered in the provenance assessment of SJB strata.
A limited number of U-Pb zircon geochronologic analyses on Colorado Mineral Belt plutons and
laccoliths are reported in Gonzales (2015), and are summarized in Table 2. Magmatic activity in
the Ouray, Colorado region of the San Juan Mountains falls in the age range of ca. 69-57 Ma
(Gonzales, 2015). Plutonic activity in the La Plata Mountain region of the Colorado Mineral Belt
occurred in the age range of ca. 70 to 57 Ma (Gonzales, 2015).
Although each of these regions experienced magmatism during distinct intervals, there is
a large degree of zircon age overlap between southwestern part of the North American Porphyry
Copper Province and the Colorado Mineral Belt. Therefore, sources areas of Laramide DZ in SJB
strata cannot be distinguished on DZ ages alone.

DZ Grain Age Analysis-Changing Proportions of <285 Ma Grains throughout SJB Strata
Tables 3A and 3B show the general pattern of DZ grains in SJB strata that are <285 Ma.
These grains must have been derived from Cordilleran arc magmatism to the north, west and
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south, including rocks formed in an easterly sweep of magmatism that includes the Colorado
Mineral Belt. We do not further consider grain ages forming ≤5% of arc-derived grains <285
Ma.
Figure 7 displays the (<285 Ma) DZ age distribution and the biostratigraphic age range
based on ammonite zones (Nummedal, 2004) for each unit sampled in the SJB. The results
indicate a strong overlap between detrital-zircon peak ages from the combined probability
distribution plots and biostratigraphic ages, beginning with the Gallup Sandstone and continuing
up-section through the San Jose Formation. All but three newly-reported individual samples
overlap maximum depositional age weighted averages (Table 1) with biostratigraphic ages
within uncertainty (2-sigma); the exceptions are two Lewis Shale samples (WP61, WP62), which
were likely affected by long-shore currents that potentially homogenized the DZ age distribution,
and one Cliff House Sandstone sample (WP41). This overlap between depositional ages and
detrital-zircon crystallization ages means the source to sink transport of these ca. depositional
age zircons must have occurred rapidly over the course of 1-2 a few m.y., either by fluvial
transport or air-fall.
In four pre-Lewis Shale (>75 Ma depositional age) samples, 55%-75% of arc-derived
grains <285 Ma are Jurassic or Permian-Triassic and were likely derived from the pre-Laramide
arc assemblage lying generally south of the international border but also extending
northwestward into the Mojave region (a lesser 25%-45% of Cretaceous arc-derived grains in the
same samples were presumably derived from younger components of that arc assemblage).
In four post-Cliff House (<75 Ma depositional age) Campanian samples, the proportion
of combined Jurassic and Permian-Triassic grains in the arc-derived (<285 Ma) population is
only 20%-35%, suggesting that the pre-Laramide arc to the south and southwest had by then
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been overprinted by Cretaceous arc rocks (Laramide Porphyry Copper Province), and/or another
provenance (Colorado Mineral Belt) had come into play.
In the Maastrichtian McDermott Formation sample, the proportion of Laramide-age
grains (ca. 75-65 Ma) is >90%, with no other <285 Ma age bracket represented by more than 5%
of <285 Ma grains. If Colorado Mineral Belt sources are significant for the SJB, they are most
likely in the McDermott Formation, which is consistent with McDermott and Animas paleoflow
indicators. More than three-quarters of the Laramide-age (ca. 75-65 Ma) grains in the
McDermott Formation sample could have been derived from the nearby ca. 70-57 Ma San Juan
and/or La Plata laccoliths (Gonzales, 2015) as Laramide deformation got underway near the SJB.
Other likely sources of these Laramide-age grains are the Ouray and Rico intrusive centers. An
intriguing aspect of these two Colorado Mineral Belt intrusive centers, the La Plata Mountains,
Sleeping Ute, and Lone Cone laccoliths contain an inordinately high proportion of Proterozoic
xenocrysts and very few zircons yielding Laramide crystallization ages, whereas the nearby San
Juan intrusive rocks contain abundant zircons that grew during Laramide emplacement, some of
which have inherited Proterozoic cores (Gonzales, 2015). These are nuances that are yet to be
fully understood, but it may indicate the Laramide age zircons in the McDermott and Animas
Formations were likely derived from either the volcanic cover that likely existed over the Rico
intrusive center or from another nearby intrusive center such as Ouray.
Although paleoflow was from the northwest (Klute, 1986) or north (Sikkink, 1987), the
Ojo Alamo grain population <285 Ma consists of 68% Jurassic plus Permian-Triassic grains and
only 21% Laramide (<75 Ma) grains, compared to ~80% Laramide age grains in the McDermott
Formation. Detrital sanidine Ar-Ar ages confirm the Ojo Alamo Sandstone was deposited ca. 65.6
Ma (Pappe et al., 2013). Only five (indicated in DR-2, Ojo Alamo composite tab) of the 295 U-
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Pb DZ ages from the Ojo Alamo Sandstone overlap the biostrat age. The paucity of depositionalage grains suggests that the Ojo Alamo Sandstone was largely derived from reworking of Jurassic
and Cretaceous cover. This interpretation is consistent with the notion that the McDermott
Formation and Ojo Alamo Sandstone are likely proximal versus distal facies of approximately the
same age, where detrital zircons in the Ojo Alamo Sandstone could have been largely recycled
from Jurassic and Cretaceous cover over the La Plata laccoliths as they were unroofed during
Laramide deformation, and a combination of reworked Jurassic and Cretaceous strata plus
Colorado mineral Belt volcanic sources for McDermott sedimentation.
Both McDermott and Animas Formations contain (in their <285 Ma grain populations)
~80% Laramide grains that, given southeasterly directed paleocurrents, were likely derived from
Colorado Mineral Belt laccoliths, with only 6%-12% Jurassic plus Permian-Triassic grains that
could well have been recycled from older Mesozoic strata exposed near the laccoliths/plutons in
Laramide time. The Animas Formation from the northern part of the SJB and in the San Juan sag
across the Archuleta anticlinorium contains by far the highest proportion (35%) of <65 Ma grains
among its <285 Ma grains. The geography seems suitable for derivation from the northeastern
most (Rico-San Miguel-Ouray) laccoliths/plutons (ca. 70-57 Ma) of the igneous clusters that
form the southwestern end of the Colorado Mineral Belt and/or from igneous sources in the Twin
Lakes batholith of the Sawatch Range to the north that had a pulse of felsic magmatism ca. 64-54
Ma (Feldman, 2010).
The Nacimiento Formation contains <50% of Laramide-aged (< 65 Ma) grains in its
<285 Ma grain population, coupled with nearly as many (36%) older Jurassic plus PermianTriassic grains. Thus, in Paleocene time, most of the sediment entering the SJB was being
generated from erosion of nearby Laramide basement block uplifts and their overlapping
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sedimentary cover. The San Jose Formation displays a mixed age signature, containing only
16% Laramide (ca. 75-65 Ma) grains and 42% Jurassic plus Permian-Triassic grains. Based on a
strong southeasterly paleoflow, it is likely the sediments contained in the San Jose Formation
were derived from bedrock sources or were recycled from older strata as Laramide uplifts
formed. The similarities in DZ age distributions between the San Jose Formation, Nacimiento
Formation, and the Ojo Alamo Formation are striking in both the <285 Ma range (Figure 7), as
well as the entire 0-3250 Ma range (Figure 5), which is not surprising based on the notion these
are the three units that are mainly derived from reworking of the Mesozoic and early Cenozoic
cratonal blanket.

PROVENANCE ASSESSMENT
Changes in Sediment Provenance
Three distinct changes in sediment provenance are evident in the detrital record of
Cretaceous and younger sediments of the SJB (Figs 7 and 8). The first provenance change occurs
between the Lower Cretaceous Burro Canyon Formation and the overlying Gallup Sandstone and
Lewis Shale, and is identified by the addition of ca. <100 Ma grains, and a decrease in PeriGondwanan (ca. 750-550 Ma) grain ages. This initial transition is interpreted to reflect the
introduction of sediment from the Mogollon highlands and decreasing sediment input from the
Sevier thrust belt. The second change in provenance occurs between the Lewis Shale and the
overlying Pictured Cliffs Sandstone, and is indicated by the addition of abundant Laramide-age
grains (ca. 75 Ma). This transition reflects sediment derivation directly from the Laramide
Porphyry Copper Province of southern Arizona and southwestern New Mexico. The third
provenance shift occurs at the base of the Kirtland Formation with the disappearance of Archean,
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Neoproterozoic, and Paleozoic grains. This third transition is interpreted to reflect major
drainage reorganization due to developing Laramide basement uplifts, including unroofing of the
adjacent San Juan and Nacimiento uplifts.
Molenaar (1977) recognized a change in sediment source area within the uppermost
Kirtland Shale, and attributed this change to the initiation of igneous activity in the Four Corners
region during the Late Cretaceous. Petrologic and paleoflow evidence support this provenance
interpretation, indicating that the source was likely to the north or northwest, and erosion of these
grains results from the unroofing of Precambrian rocks of the Needle Mountains uplift in
southwestern Colorado (Powell, ms.; Klute, 1986). Cather (2004) indicate the earliest occurrence
of detritus from Paleozoic and Precambrian sources was ca. 65 Ma with the deposition of the Ojo
Alamo Sandstone, but our new DZ results suggest this change actually occurs in the upper
Kirtland Formation. These results also support the argument of Cather (2004) that the initiation
of Laramide tectonism and rapid subsidence in the SJB preceded deposition of the Ojo Alamo
Sandstone by ~ 15 Ma. Emplacement of the Laramide plutons and laccoliths contributed >1km
to the elevation of the region, resulting in a generally southward drainage system in the southern
SJB (Gonzales, 2015, Donahue, 2016).

Provenance Intervals
Based on DZ ages, the SJB can be divided into four stratigraphic intervals (Figure 8) that
display internally consistent age peaks: 1) Lower Cretaceous Burro Canyon Formation, 2)
Turonian Gallup Sandstone through Campanian Lewis Shale, 3) Campanian Pictured Cliffs
Sandstone through Fruitland Formation, and 4) Campanian Kirtland Sandstone through Eocene
San Jose Formation. Combining multiple samples into composite DZ age spectra highlight clear
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differences between the four intervals (Figure 8). These composite DZ age spectra from our new
data allow comparisons with existing composite DZ references (e.g. Dickinson et al., 2012),
bolster the number of U-Pb analyses per group, paralleling the large-n analysis routine described
in Pullen et al. (2014), minimize “noise” in the age spectra that result in smoother probability
density plot curves, and allow for evaluation of relative proportions of various age peaks, not just
their presence or absence (Pullen et al., 2014).

1) Lower Cretaceous Burro Canyon Formation
Based on petrofacies and DZ age signature reported in Dickinson and Gehrels (2008), the
Jackpile Sandstone (CP53, used in this study) is correlated with Cedar Mountain-Burro Canyon
samples and reported herein as such. A composite probability density plot composed of 2 samples
from the Lower Cretaceous Burro Canyon Formation (CP27 and CP53) yields a complex spectrum
of ages with numerous age peaks (Figure 8). This spectrum contains Archean ages ranging from
~3100–2600 Ma, Proterozoic ages ranging from ~1950-542 Ma, Paleozoic ages ranging from
~500-275 Ma, and Mesozoic ages ranging from ~245-150 Ma.
Dickinson and Gehrels (2008) inferred that the Cedar Mountain Formation (proximal
equivalent of the Burro Canyon Formation) was derived from the Sevier thrust front and Burro
Canyon Formation proper was derived from the Mogollon Highlands. However, direct comparison
to the southern Sevier reference-subset J and the northern Sevier reference-subset I from Dickinson
et al. (2012), suggest these samples from the Lower Cretaceous basal Burro Canyon Formation
have provenance ties to the Sevier fold and thrust belt to the west (Figure 9). Derivation of the
Burro Canyon Formation from sources exposed within the Sevier thrust belt is consistent with a
Lower Cretaceous paleoflow direction toward the east and northeast (Dickinson and Gehrels,
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2008, their Fig 5). The Burro Canyon Formation also contains abundant ages ranging from 650570 Ma, indicative of peri-Gondwanan derivation (Dickinson and Gehrels, 2009). All of these
lines of evidence support the interpretation that the Burro Canyon Formation sediments were
derived directly from the eroding Sevier retroarc fold and thrust belt to the west and/or partial
recycling of Colorado Plateau sediments including the Jurassic eolianites (Dickinson and Gehrels,
2009).

2) Turonian Gallup Sandstone through Campanian Lewis Shale
We compile nine samples spanning six units from the Gallup Sandstone through the Lewis
Shale into one composite probability density plot consisting of 891 U-Pb zircon ages and
dominated by Paleoproterozoic and Mesoproterozoic ages ranging from ~1950-1600 Ma and
~1550-1000 Ma (Figure 8).

This composite plot contains a few scattered Neoproterozoic ages

ranging from ~700-550 Ma, and a significant number of Paleozoic ages ranging from ~500-290
Ma. This sequence also contains a significant proportion (23%) of Mesozoic zircons ranging in
age from ~250-73 Ma.
Direct comparison to the Sevier and Mogollon reference-subset k from Dickinson et al.
(2012), suggests the Gallup Sandstone through Lewis Shale interval has provenance ties to both
the Sevier fold and thrust belt to the west, and the Mogollon highlands rift-shoulder to the
southwest (Figure 10). This interval likely represents reworking of the sedimentary cover that was
being shed from both of these high-standing structural features. Triassic and Jurassic DZ grains
could be transported directly west from the Cordilleran arc via fluvial transport, but the
preservation of Grenville- and Appalachian- (Taconic and Acadian) derived zircons present in
Paleozoic strata of the Colorado Plateau (Gehrels et al., 2011) suggest that it is more likely these
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Triassic and Jurassic detrital zircons also represent reworking of the Mesozoic sedimentary blanket
of the region.

3) Campanian Pictured Cliffs Sandstone through Fruitland Formation
373 U-Pb laser analyses from four samples of Pictured Cliffs Sandstone and the Fruitland
Formation yield results very similar to the Gallup Sandstone through Lewis Shale section (Figure
8), with the main difference in the influx of near-depositional-age zircons (main age peak at 75
Ma) preserved in the younger section. This interval also likely represents reworking of the Late
Cretaceous sedimentary cover that was still being eroded from both the Sevier fold and thrust belt,
in addition to the Mogollon highland region (Figure 10). This interval also contains the pervasive
Grenville ages (~1200-1000 Ma) that are present in all units from the Basal Burro Canyon through
the Fruitland Formation. The Fruitland Formation is also the youngest unit in the SJB that contains
a significant fraction of Paleozoic (~500-290 Ma) grains, which were also derived from reworking
the Paleozoic section of the Colorado Plateau, but were originally sourced from the Appalachian
region (Gehrels et al., 2011).
The Pictured Cliffs Sandstone through Fruitland Formation interval contains a significant
proportion (34%) of Cretaceous zircons. Based on paleocurrent indicators within both units,
these zircons were likely derived from the Laramide Porphyry Copper Province in southern
Arizona and/or southwestern New Mexico. The timing of the influx of near-depositional-age
grains (~77-75 Ma) matches closely with the time frame (~76-75 Ma) that Liu et al.’s (2010)
reconstruction locates the Shatsky conjugate under the Four Corners region, setting the stage for
the Laramide block uplifts and a change in local drainage patterns. However, Heller et al. (2013)
show the Shatsky conjugate beneath Four Corners during Ojo Alamo Sandstone deposition at ca.
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65 Ma. While it is uncertain what the upper-crustal response was at the moment the proposed
Shatsky conjugate passed under the SJB region, our new DZ data are more consistent with the
Liu et al. (2010) model, in which the Shatsky conjugate was under the SJB region at ca. 76 Ma,
immediately preceding deposition of the Kirtland Formation (ca. 74.6-72.8 Ma; 40Ar/39Ar ages of
ash beds in the Kirtland Formation are reported in Fassett and Steiner, 1997; Sullivan and Lucas,
2006).

4) Campanian Kirtland Sandstone through Eocene San Jose Formation
A composite age distribution of 1602 U-Pb ages from 16 Upper Cretaceous Kirtland
Sandstone through lower Eocene San Jose Formation samples yields a strikingly simple age curve
consisting of five discrete age peaks (Figure 8 and Figure 11). The age spectra from this interval
is dominated by Paleoproterozoic (~1800-1600 Ma) and Mesoproterozoic (~1500-1000 Ma)
zircons, and these units also contain abundant Mesozoic zircons ranging in age from ~250-66 Ma.
The time interval represented by the Campanian Kirtland Formation through Eocene San
Jose Formation records a profound increase in the proportion of Paleoproterozoic (~1800-1600
Ma) grains and a significant decrease in the number of Grenville (~1200-1000 Ma) age grains.
This likely represents a shift from sediment derivation primarily from the Sevier and Mogollon
regions, as demonstrated for the Gallup Sandstone through Fruitland Formation, to predominantly
locally-derived sediment shed directly from the surrounding Laramide basement-cored uplifts,
which were tectonically active during this time interval (Cather, 2004). Comparing subset M
(Dickinson et al., 2012), a proxy for the DZ signature that would be derived from the erosion of
the Cretaceous sedimentary cover over the local basement core uplifts, with the age spectra
produced from Kirtland Formation through San Jose Formation (Figure 11) results in an almost
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perfect match of age ranges and peaks, except for the youngest age peak (68 Ma) that represents
Colorado Mineral Belt derivation. This distinctive shift from distal to proximal sediment sources
has also been documented in Maastrichtian (ca. 70 Ma) time within the Raton basin, which lies to
the east of the SJB (Bush et al., 2016).
The pervasive Triassic (ca. 235-215 Ma) and Jurassic (ca. 190-155 Ma) signatures in the
DZ age spectra throughout all four provenance intervals could only be derived from two sources:
1) directly from the Triassic-Jurassic magmatic arc that was situated along the western margin of
North America, or 2) reworked through the Mesozoic eolianites and sedimentary blanket that once
covered most of the Colorado Plateau region. Based on the dominant paleocurrent directions and
the estimated thickness of eroded Mesozoic and early Cenozoic sedimentary cover, we conclude
that erosion and redeposition of the Triassic-Jurassic and younger sediments are the main drivers
for at least the Upper Cretaceous and Eocene units. As the surrounding Laramide blocks were
uplifted and eroded, the sedimentary cover would provide the first sediment into the SJB, with
increased Precambrian grains as the Proterozoic crystalline basement rocks were further exhumed.
Samples from the Kirtland, McDermott, and Animas Formations contain depositional-age
zircons that likely originated from either the Laramide porphyry copper province of southeastern
AZ, southwestern New Mexico, and northern Sonora, or the nearby Colorado Mineral Belt to the
north-northwest. The abrupt change in paleocurrent directions, from trending toward the northeast
to trending toward the south-southwest, beginning with the Paleocene Ojo Alamo Sandstone and
continuing through the McDermott and Animas Formations, indicates that the likely source of
depositional-age grains was the neighboring Colorado Mineral Belt.
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Paleo-Drainage Interpretation
From ca. 125 to 75 Ma, sediments derived from both the highstanding Sevier thrust front
(Nevadaplano) and the Mogollon highlands, were deposited in the broad foreland basin that
occupied the greater Four Corners region (Dickinson and Gehrels, 2008, Lawton and Bradford,
2011, Dickinson et al., 2012). However, beginning ca. 75 Ma, Laramide block uplifts had a
profound effect on the geomorphology of the Four Corners region, partitioning this once
continuous foreland basin into smaller isolated intra-foreland basins typically surrounded by
basement-cored uplifts (Fig. 12). As Laramide thrusts generated topographic relief and adjacent
depositional centers (i.e., SJB), erosion of the cratonal blanket provided the initial sediment into
the SJB, followed by subsequent exhumation of cratonal basement sources. These reworked
sediments were most likely the source for much of the sediments seen in the SJB beginning in Late
Campanian time and continuing into the Eocene.
During most of Late Mesozoic time, drainage systems in the Four Corners region flowed
toward the northeast. During this time sediment delivery to the region was primarily being
generated from the distant Mogollon highlands and Sevier thrust front (Figure 12-B). In the
Farmington region, thickening of the Campanian Kirtland Formation (ca. 74-71 Ma) indicates the
bordering Hogback monocline was active during Kirtland deposition, as Laramide orogenesis
began to shape the local landscape, and alter paleodrainage patterns (Figure 22 from Cather, 2004).
Paleocurrent indicators in the Kirtland Formation (Figure 4) provide the earliest evidence that
paleoflow was shifting from northeast directed to east directed (Figure 12-C). The DZ age spectra
from the Kirtland Formation indicate a change in sediment provenance ca 73 Ma, which matches
well with the shift in Kirtland paleoflow. However, it wasn’t until deposition of the fluvial Ojo
Alamo Sandstone that the paleoflow fully shifted to be south-southeast directed (Figure 12-D).
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This south-southeast directed paleoflow persisted through the Paleocene and into the Eocene,
evidenced by paleoflow indicators in the Nacimiento and San Jose Formations, respectively.

CONCLUSIONS
Cretaceous through mid-Paleogene strata of the Four Corners region provide an excellent
opportunity to decipher changes in sediment provenance during the transition from Sevier thinskinned thrusting through the formation of regional Laramide basement uplifts. DZ age spectra,
in conjunction with paleocurrent data, reveal three distinct changes in sediment provenance during
Cretaceous-early Eocene time that define four stratigraphic intervals with internally consistent age
distributions. Comparison of each stratigraphic interval with reference DZ datasets supports the
following model: (1) During Early Cretaceous time, sediment was entering the Four Corners
region predominantly from the Sevier thrust front, as uplifted Paleozoic and Mesozoic passive
margin sediments were eroded; (2) during Turonian and Coniacian time (93.9-86.3 Ma), the Four
Corners region was receiving sediment from both the Sevier thrust belt to the west and the
Mogollon highlands rift shoulder to the south-southwest, but relative proportions of each are
unknown; (3) during the Laramide Orogeny (ca. 75-55 Ma), deformation migrated eastward
toward the interior or North America, which created differential subsidence and sedimentation.
The SJB sediments were derived predominantly from the surrounding fault-bounded Precambrian
basement block uplifts and their sedimentary cover, in addition to input from the nearby Colorado
Mineral Belt.
Two possible sources of the abundant Laramide-age grains in the SJB include: 1) the
Porphyry Copper Province of southern Arizona, southwestern New Mexico, and northern Sonora,
and 2) the Colorado Mineral Belt predominantly in extreme southwestern Colorado. While there
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is significant age overlap in the two regions, DZ results and paleoflow indicators suggest derivation
from the south-southwest Porphyry Copper Province (in southern Arizona and/or southwestern
New Mexico) during deposition of the Pictured Cliffs Sandstone and Fruitland Formation (ca. 7673 Ma), followed by derivation from the Colorado Mineral Belt from uplifted basement blocks to
the NNW beginning with the Kirtland Formation, beginning ca. 73 Ma. The timing of this
provenance change matches well with the model of Liu, et al. (2010), which places the Shatsky
conjugate under the SJB region at the same time, indicating plate interactions at depth may be
driver of the tectonics our DZ age spectra record. Overall, the DZ age spectra in the SJB document
the transition from initial reworking of the Paleozoic and Mesozoic cratonal blanket to unroofing
of basement-cored uplifts and Laramide plutonic rocks with the Campanian onset of Laramide
deformation in the Four Corners Region.
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FIGURES

Figure B1: Tectonic Elements Map. Tectonic elements map of southwestern North America
including the location of the San Juan Basin (SJB) in relation to major Mesozoic and Cenozoic
structural features of the North American Cordillera (PR-Peninsular Ranges, SN-Sierra Nevada,
GVfab-Great Valley forearc basin, Sflb-Sevier foreland basin). Laramide basins (MaastrichtianPaleogene) (Dickinson et al., 1988, 2012; Cather, 2004; Lawton, 2008): B-Baca, BL- Black Mesa,
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C-LJ-Carthage-La Joya, ER-G-El Rito-Galisteo, F-Flagstaff, P-Piceance, SJB-San Juan, TC-Table
Cliff, U-Uinta. Laramide uplifts (Kelley, 1955; Dickinson et al., 1988, 2012): CC-Circle Cliffs,
D-Defiance, Kb-Kaibab, K- Kingman, M-Monument, N-Needle Mts., Nc-Nacimiento, SR-San
Rafael, Ui-Uinta, Un-Uncompahgre , Z- Zuni. Purple line denotes approximate boundary between
dominantly Cretaceous (K) arc plutons (westward) and dominantly Jurassic (J) and older arc
plutons (eastward) (Dickinson et al., (2012). Laramide aged magmatism: CMB-Colorado Mineral
Belt, LPCP-Porphyry Copper Province. Oligocene (post-Laramide) volcanic fields: MvfMarysvale, Dvf-Mogollon-Datil, Svf-San Juan. States: AZ-Arizona, BC-Baja California, CA,
California, CO-Colorado, NV-Nevada, NM-New Mexico, UT-Utah, WY-Wyoming. Figure
restored palinspatically after Dickinson (2011) and modified from Dickinson et al., 2012
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Figure B2: Simplified Geologic Map of San Juan Basin. Simplified geologic map of the San Juan
basin, northwestern New Mexico and southwestern Colorado. Surrounding Laramide features
indicated in bold print: Colorado Mineral Belt, San Juan uplift, San Juan sag (Brister and Chapin,
1994), Archuleta anticlinorium, Nacimiento uplift, Zuni uplift, Defiance uplift, Hogback
monocline. Detrital zircon samples indicated with sample number (e.g. WP41) and color-coded by
reference: red (this study), blue (Donahue et al., personal communication, 2016). Base geologic
map modified from New Mexico Bureau of Geology and Mineral Resources (2003), Geologic map
of New Mexico, 1:500,000.
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Figure B3: Schematic Stratigraphic Column. Schematic stratigraphic column of Cretaceous (Late
Turonian) through Eocene strata of the San Juan basin, modified from Cather, (2003, 2004).
Detrital zircon samples indicated with detrital zircon sample number (e.g. WP24) and color-coded
by reference: red (this study), blue (Donahue et al., personal communication, 2016), green
(Dickinson and Gehrels, 2008). Geologic Timescale based on Walker, J.D., and Geissman, J.W.,
compilers,
2009,
Geologic
Time
Scale:
Geological
Society
of
America,
doi:10.1130/2009.CTS004R2C.
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Figure B4: Paleocurrent Map. Paleocurrent map of Cretaceous through Eocene strata of the San
Juan basin, northwestern New Mexico and southwestern Colorado. Paleocurrent trends are
represented as azimuthal vectors with north to the top, or shown in rose diagrams and overlain on
simplified geologic map of the San Juan basin. n=## is the number of measurements included in
each rose diagram. Statistics and values for the paleocurrent vector means for the San Jose
Formation (red arrows) are in Smith (1988), and the Menefee (black arrows) are in Cumella (1983).
Paleoflow indicators are from the following sources: Kmf: Cumella, 1983, Molenaar (1983),
Dickinson and Gehrels (2012); Kpc: Hunt (1984), Hunt and Lucas (1992); Kkf: Dilworth (1960),
Fassett and Hinds (1971), Cather (2004); Toa: Powell (1973), Lehman (1985), Klute (1986),
Cather (2004), and Sikkink (1987); Ta: Sikkink (1987); Tsj: Smith (1988, 1992), Klute (1986).
Base geologic map modified from New Mexico Bureau of Geology and Mineral Resources (2003),
Geologic map of New Mexico 1:500,000.
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Figure B5: Normalized U-Pb Age Distribution (0-3250 Ma). Normalized age distribution curves
of composite detrital zircon (DZ) samples (0-3250 Ma) stacked from oldest (Burro Canyon Fm)
to youngest (San Jose Formation). N is the number of samples composited, and n is the total
number of DZ ages in each composited distribution. Colored bands (A-M) correspond to the North
American crustal province map (Figure 5). 0-750 Ma scale is expanded to show the young end
of the age spectra in greater detail. The bold “1/2x“, and ”1/4x” mean the tallest peaks from those
particular age spectra have been reduced by 50% and 75% in height, respectively. This was done
to enhance the other age peaks that would be diminished otherwise.
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Figure B6: North American Crustal Province Map. Age domains are color coded to match the
age-probability diagrams in figures 4 and 6-9. Adapted from Laskowski et al. 2013, Gehrels et
al., 2011, which were originally based on Hoffman, 1988. Distribution of Mesozoic eolianites
from Leier and Gehrels, 2011.

177

Figure B7: Normalized U-Pb Age Distribution (0-400 Ma). Normalized age distribution curves of
composite detrital zircon (DZ) samples (0-400 Ma only). Profound influx of near-depositionalaged grains indicating sediment input from either the Laramide porphyry copper province in
southern Arizona/New Mexico, or northern Sonora, Mexico, and/or input from the Colorado
Mineral Belt. Age spectra are color coded by the 4 groupings indicated in Figure 6. N is the
number of samples composited, and n is the total number of DZ ages in each composited
distribution. Colored bands (A-M) correspond to tables 1 and 2 indicating the various Cordilleran
magmatic episodes.
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Figure B8: Composite Age Distributions. Normalized age distribution curves of composite detrital
zircon (DZ) samples (0-3250 Ma). Samples from contiguous units with similar DZ age
distributions and similar paleocurrent flow are grouped together resulting in the four composite
groupings shown. Samples are stacked from oldest (Burro Canyon Fm) to youngest (Kirtland Fm
through San Jose Fm). N is the number of samples composited, and n is the total number of DZ
ages in each composited distribution. Colored bands (A-M) correspond to the North American
crustal province map (Figure 5). 0-750 Ma scale is expanded to show the young end of the age
spectra in greater detail The bold “1/2x“ and ”1/4x” mean the tallest peaks from those particular
age spectra have been reduced by 50% and 75% in height, respectively. This was done to enhance
the other age peaks that would be diminished otherwise.
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Figure B9: U-Pb Age Distribution Comparisons Lower Cretaceous. Normalized age distribution
curves of composite detrital zircon (DZ) samples (0-3250 Ma). N is the number of samples
composited, and n is the total number of DZ ages in each composited distribution. Colored bands
(A-M) correspond to the North American crustal province map (Figure 5). 0-750 Ma scale is
expanded to show the young end of the age spectra in greater detail.
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Figure B10: U-Pb Age Distribution Comparisons, Upper Cretaceous. Normalized age distribution
curves of composite detrital zircon (DZ) samples (0-3250 Ma). N is the number of samples
composited, and n is the total number of DZ ages in each composited distribution. Colored bands
(A-M) correspond to the North American crustal province map (Figure 5). 0-750 Ma scale is
expanded to show the young end of the age spectra in greater detail. The bold ”1/4x” means the
tallest peak has been reduced by 75% in height to enhance the other age peaks that would be
diminished otherwise.
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Figure B11: U-Pb Age Distribution Comparisons, Upper Cretaceous and Paleogene. Normalized
age distribution curves of composite detrital zircon (DZ) samples (0-3250 Ma). N is the number
of samples composited, and n is the total number of DZ ages in each composited distribution.
Colored bands (A-M) correspond to the North American crustal province map (Figure 5). 0-750
Ma scale is expanded to show the young end of the age spectra in greater detail. The bold ”1/2x”
means the tallest peak has been reduced by 50% in height to enhance the other age peaks that
would be diminished otherwise.
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Figure B12: Paleogeographic Maps of the Four Corners Region. Each frame shown in relationship
to Cordilleran tectonic features. Figure entails 4 discrete timeframes: A) ~130-125 Ma, BaremianAptian (Jurassic) corresponds with deposition of the Burro Canyon Formation (Dickinson and
Gehrels, 2008). B) ~90-88 Ma, Turonian (Upper Cretaceous) corresponds with deposition of the
beach sand Gallup Sandstone. C) ~75-73 Ma, Late Campanian (Upper Cretaceous) corresponds
with the early phases of Laramide tectonism and deposition of the time-transgressive stratigraphy
from Lewis Shale through Fruitland Fm. D) ~65-62 Ma, Early Paleocene corresponds to deposition
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of the Ojo Alamo Sandstone, Nacimiento Formation, and Animas Formation. Figures have been
restored palinspatically after Dickinson (2011) and modified from Dickinson et al., 2012.
Laramide basins (Maastrichtian-Paleogene sediment fill) after Lawton, (2008) and Cather (2004):
SJB=San Juan, B=Baca, Bi= Black Mesa, C-Lj=Carthage-La Joya, ER-G=El Rito-Galisteo,
TC=Table Cliff, P=Piceance, U=Uinta, F=Flagstaff. Laramide uplifts after Kelley, (1955):
Nc=Nacimiento, D=Defiance, N=Needle Mts (San Juan, K=Kaibab, K= Kingman, M=Monument,
CC=Circle Cliffs, SR=San Rafael, Un=Uncompaghre, Z=Zuni, Ui=Uinta. Proposed paleorivers
are represented with dashed lines with arrows: red=this study, brown=Lawton and Bradford
(2011), grey=Davis et. Al., (2010), black=Wernicke (2011), green=Karlstrom et al. (2014). State
boundaries are dash-dot-dash lines: UT=Utah, CO=Colorado, AZ=Arizona, NM=New Mexico,
NV=Nevada, CA California, BC Baja California. Nevadaplano after DeCelles (2004). Purple line
is approximate boundary between Triassic-Jurassic (TR-J) and Cretaceous (K) arc magmatism
(Dickinson et al., (2012). Sflb=Sevier Foreland Basin, LPCP=Laramide Porphyry Copper
Province, CMB=Colorado Mineral Belt magmatism. Location of ‘inverted Border Rift System
divide from Lawton and Bradford (2011).
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TABLES

Table B1. U-Pb detrital zircon sample references. Cretaceous and Paleogene strata from the San
Juan Basin and surrounding region, including reference subsets from the Cordilleran foreland
(Utah) and northern flank of the Mogollon Highlands (Arizona). All U-Pb ages were determined
by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the Arizona
LaserChron Center, University of Arizona, except samples in italics, which were determined by
thermal ionization mass spectrometry (TIMS) at the Australian National University. Reference
DZ subsets from Dickinson et al., 2012, subsets are indicated using number designation in
sample ID column as follows: 1Southern Sevier reference subset J; 2Northern Sevier reference
subset I; 3Sevier and Mogollon reference subset K; 4Mogollon reference subset M.
Biostratigraphic ages from ammonite zones (figure 6 from Nummedal, 2004; figure 2 and table 1
from Cather, 2004) as calibrated by Gradstein et al (2012) [GSL 2012/GSA 2013 timescale]..
Maximum depositional ages (MDA) are reported for newly reported samples that contain U-Pb
ages within 10% of reported biostratigraphic age.
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Table B2. U-Pb Compilation of Potential Laramide Age (~80-50 Ma) Sources. Southwestern
North America Laramide Porphyry Copper Province (LPCP) in southern Arizona, southwestern
New Mexico, and northern Sonora, Mexico, and Colorado Mineral Belt (CMB), southwestern
Colorado and northeastern Arizona.
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Table B3A, <75 Ma Proportions of Arc DZ Grains in SJB Strata. (<285 Ma grains in SJB strata.
Depositional ages are taken from ammonite zones (Nummedal 2004 Fig 6) and Cather (2004
Figs 2 & Table 1) as calibrated by Gradstein et al (2012) [GSL 2012/GSA 2013 timescale]. N/A
denotes impossible/implausible grain ages (depositional age older than grain age range).
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Table B3B, >75 Ma Proportions of Arc DZ Grains in SJB Strata. (<285 Ma grains in SJB strata.
Depositional ages are taken from ammonite zones (Nummedal 2004 Fig 6) and Cather (2004
Figs 2 & Table 1) as calibrated by Gradstein et al (2012) [GSL 2012/GSA 2013 timescale]. N/A
denotes impossible/implausible grain ages (depositional age older than grain age range).
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ABSTRACT
Paleocene Lower Wilcox Group sedimentation rates are three-times the Cenozoic average
for the Gulf of Mexico region and are attributed to Laramide tectonism within the LaramideRocky Mountains region. These increased rates likely represent the erosion of the easily
weathered sedimentary cover that once 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 analyses on detrital-zircons from eight samples from
across the entire San Juan basin and 5 samples from the Gulf of Mexico basin. Focusing on the
<300 Ma zircons allowed us to make direct comparisons to the eight principal components that
comprise the North American Cordilleran magmatic arc: 1) Coast Mountains batholith; 2) North
Cascades Range; 3) Idaho batholith; 4) Sierra Nevada batholith; 5) Laramide Porphyry Copper
Province; 6) Transverse Ranges; 7) Peninsular Ranges; and 8) Sierra Madre Occidental. The
εHft results range from +8.9 to -27.0 for the San Juan basin samples and +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 most of the sediment entering the
Gulf of Mexico through the Houston and Mississippi embayments during the Late Paleocene was
derived from this reworked cover. However, the Gulf of Mexico samples also include a distinct
juvenile suite (εHft ranging from +13 to +5) of zircons ranging in age from ca. 220 to 55 Ma
which we have traced the Coast Mountains batholith in British Columbia, Canada. This transcontinent connection argues for an extension to the headwaters of the previously defined paleoMississippi drainage basin from ca. 58-55 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 all the way to the Gulf of Mexico. This expands the previously defined
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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
εHft fingerprint map, which can be used to determine provenance of detrital-zircons (85-50 Ma)
at a scale of specific region(s) within the Cordillera based on their εHft.

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 sequestering sediment from the interior of the
North American craton. 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 be trapped within the Western
Interior Seaway (Galloway et al., 2011), which occupied a continental-scale flexural foreland
basin (e.g., Miall et al., 2008). Sediment flux rates in the Gulf of Mexico region increased
dramatically during Late Paleocene time as the effects of Laramide tectonism on coincident
sedimentation have been noted by several previous researchers (Galloway et al., 2011; Mackey
et al., 2012; Blum and Pecha, 2014, Blum et al., 2017). Laramide basement cored uplifts and
their overlying sedimentary rocks within the southern Rocky Mountains region have been
interpreted as the primary sediment sources for the Paleocene Wilcox Group in the Gulf of
Mexico (Galloway et al., 2011; Mackey et al., 2012). This provenance interpretation provides
the basic underpinnings for this study, the foundation of which we put to the test by collecting Hf
isotopic data from detrital zircons in the San Juan and Gulf of Mexico basins.
Over the past ~10 years, numerous U-Pb detrital-zircon studies have been conducted on
Gulf of Mexico strata (Izzuka et al., 2010; Galloway et al., 2011; Mackey et al., 2012; Blum and
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Pecha, 2014; Wahl et al., 2016; Sharman et al., 2017; Blum et al, 2017), as well as intra-foreland
basins in the continental interior of western North America (Davis et al., 2010; Lawton and
Bradford, 2011; Dickinson et al., 2012; Laskowski et al., 2013; Donahue, 2016; Bush et al.,
2016; Pecha et al., 2018; Smith et al., 2019). These detrital-zircon studies provided important
contributions to the overall understanding of these depositional systems and insights into their
potential provenance ties. Most of these studies, however, only employed U-Pb age data and
geologic observations to make provenance interpretations. Addition of Hf isotope geochemistry
on the detrital-zircons, however, allows for better characterization and a more robust provenance
interpretation by providing an additional dataset for differentiation 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.,
2014; Yokelson et al., 2015; Giesler et al., 2016; Pecha et al., 2016; White et al., 2016; Sauer et
al., 2017; Pecha et al., 2018; Surpless and Gulliver, 2018). In addition to crustal evolution
information, Hf isotope measurements in zircon provide a secondary signature to U-Pb age,
allowing for the creation of a zircon fingerprint that can then be compared to potential source
rocks and regions (Gehrels and Pecha, 2014). Use of a zircon fingerprint to establish provenance
requires knowledge of the first-order 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, Idaho batholith, Sierra Nevada batholith, Peninsular
Ranges batholith, Transverse Ranges, Sierra Madre Occidental, and Laramide Porphyry Copper
Province) have now been characterized in terms of their zircon Hf isotopic signature to a degree
that is sufficient to provide a robust reference dataset for comparisons with newly generated Hf
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results (Arvizu and Iriondo, 2011; Cecil et al., 2011; Gashnig et al., 2011; Lackey et al., 2012;
Shaw et al., 2014; Barth et al., 2016; Mahar et al., 2016; Fisher et al., 2017; Sauer et al., 2017;
Chapman et al., 2018). It is through our epsilon Hf comparisons with these magmatic provinces
of the North American Cordillera that our fundamental understanding of provenance ties has
been enhanced, resulting in refinements to existing western North American paleogeographic
models.
Comparisons 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 reveal
provenance ties that improve our understanding of paleodrainage patterns and scales. Our data
suggest that a continental-scale river(s) extended beyond previously defined catchments to
include remote sources located in the Pacific Northwest, including the Coast Mountains
batholith, British Columbia, Canada. The way we accomplished this is four-fold: 1) establish
the detrital zircon epsilon Hf fingerprints of both the San Juan basin and Gulf of Mexico basin
sediments, 2) explore the San Juan basin-Gulf of Mexico connection during the Paleocene, 3)
compile and compare all the previously published Hf isotopic data on igneous-zircons from the
principal tectonic elements that make up the North American Cordillera, and 4) refine the
paleodrainage patterns and scales during the Late Paleocene. The results yield important
information into the genetic connection between the Laramide intra-foreland uplifts/basins of the
U.S. Rocky Mountains region and provide insights into continental scale drainage networks and
sediment pathways all the way to the Gulf of Mexico. Our findings also provide insights into the
crustal evolution of the North American Cordilleran magmatic arc, and the development of a
Laramide age (ca ~85-50 Ma) detrital zircon epsilon Hf fingerprint map, which can be used to
refine provenance of zircons within this age-range in and around western North America.
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GEOLOGIC BACKGROUND
Sedimentary basins (i.e. San Juan basin, Gulf of Mexico basin) that form downstream to
regional tectonic elements (i.e. 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 understand the upstream tectonic element(s). Basins peripheral to ancient
orogenic systems are likely the most comprehensive archives in the rock record, as large
percentages of the original tectonic element(s) have often been partially or completely removed
by erosion (Gehrels and Pecha, 2014). U-Pb and Hf detrital-zircon provenance studies have
proven to be one of the most successful ways to interrogate the strata from these depocenters,
providing useful information that can be related back to the magmatic origin of the zircons,
sediment provenance, maximum depositional age of the sediment, paleogeography, and
landscape evolution.
Here we summarize the geologic background of western North America during Mesozoic
and Early Cenozoic time, including the Cordilleran magmatic arc, Cordilleran foreland basin,
San Juan intra-foreland 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
Gondwanan crust as the hypothetical Mezcalera plate subducted eastward beneath the
southwestern edge of Laurentia (Dickinson and Lawton, 2001a; Dickinson, 2004). Permian
through Early Triassic magmatism in southwestern Laurentia was largely limited to this region;
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however, by about 245 Ma the Cordilleran magmatic arc was an established component of the
circum-Pacific orogenic belt, with magmatic activity interspersed throughout its entirety
(Dickinson, 2000; Dickinson 2004). This included initiation of subduction and subsequent
magmatism within the Klamath-Sierran, Peninsular Ranges, and Coast Mountains batholith
regions (Dickinson, 2000).
The Cordilleran continental margin during mid-Mesozoic time consisted of an arc-trench
system that experienced episodes of tectonic accretion of intra-oceanic island arc systems
(Dickinson, 2004). This accretionary stage was followed by emplacement of a belt of batholiths
along the majority of the Cordillera from Late Jurassic and through Cretaceous time. Today, the
principal record of Cordilleran arc magmatism is this group of Cretaceous batholiths that extend
discontinuously along the entire Cordilleran margin from Mexico to southeastern Alaska. These
batholiths often have unique isotopic signatures, offering potential sources of isotopically distinct
detrital-zircons preserved in basins downstream. Due to spatial variations in basement geology,
the batholiths typically have isotopic characteristics specific to their geographical region, and
include the Sierra Madre Occidental, Transverse Ranges, Peninsular Ranges, Sierra Nevada
batholith, Idaho batholith, North Cascades Range, Coast Mountains batholith, and the Laramide
Province, including the landward migration and eventual retreat of Laramide magmatism and
deformation.

Cordilleran Foreland Basin and Laramide Intra-Foreland Basins
During Late Mesozoic time, the U.S. Rocky Mountains region was part of an expansive
Cordilleran foreland basin system that formed due to flexural subsidence caused by loading from
the Sevier thrust belt (Figure 1) (Armstrong, 1968; Jordan, 1981; DeCelles, 2004). The foreland
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basin was flanked on the west by the Sevier thrust belt, including the high elevation Nevadaplano
plateau (DeCelles, 2004), and to the southwest by the Mogollon highlands rift shoulder, a highstanding structural feature related to the formation 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 deformation and magmatism partitioned the oncecontinuous Sevier foreland basin into isolated intra-foreland basins and intervening basement
block uplifts (Lowell, 1974; Bird, 1984; Brown, 1988; Dickinson et al., 1988, Cather, 2004;
DeCelles, 2004; Carrapa et al., 2019). The most popular explanation for the inland migration of
Laramide deformation and magmatism is flat-slab subduction of the Farallon Plate beneath the
western edge of Laurentia (e.g., Coney and Reynolds, 1977; Dickinson and Snyder, 1978; Bird,
1988; Miller et al., 1992; English et al., 2003; Saleeby 2003; Liu et al, 2010). Within the
southern Rocky Mountains region, the manifestations of Laramide deformation include basement
cored uplifts bounded by high-angle reverse faults (e.g. Nacimiento uplift) or broad monoclines
(e.g. Monument uplift) where the high-angle reverse faults may or may not penetrate the surficial
geology. Twenty-three distinct Laramide age intra-foreland basins exist within the greater
Rocky Mountains region, each preserving variable thicknesses of Cretaceous through Eocene
strata (Cather, 2004; Galloway et al., 2011).
Laramide uplift and erosion have played an important role in the formation of the current
geomorphology of the Four Corners region (Elston and Young, 1991; Cather, 2004; Cather et al.,
2012). Estimates for the thickness of Triassic and Jurassic strata that have been removed by
erosion from the Colorado Plateau region range from ~1000 to 1500 meters (Wilson, 1967;
Pederson et al., 2002; Lazear et al., 2013). This is in addition to the estimated ~300 to 1000 meters
of Cretaceous strata that were removed during Cenozoic beveling (Wilson, 1967; Epis and Chapin,
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1975; Evanoff and Chapin 1994; Pazzaglia and Kelley, 1998). This pervasive erosion has resulted
in the removal of many Cretaceous and younger rocks on the Colorado Plateau, but the San Juan
basin is an exception, preserving a sequence of Cretaceous and Early Paleogene rocks exceeding
2000 meters in total thickness.

San Juan Intra-Foreland Basin
The San Juan basin in northwestern New Mexico and southwestern Colorado is a
structurally controlled intra-foreland Laramide basin. The basin developed coevally with the
surrounding Laramide-age structural features (Defiance uplift, Hogback monocline, San Juan
uplift, Archuletta anticlinorium, Nacimiento uplift, Zuni uplift, and the Colorado Mineral belt)
(Figure 2), as evidenced by Late Cretaceous and Paleogene growth strata (ca. 80-50 Ma) along
the western margin of the basin adjacent to the Nacimiento thrust (Kelly, 1950; 1951; 1957;
Baltz, 1967; Molenaar, 1983). Attenuated and steeply dipping units also occur along the northern
margin of the basin, otherwise, most of the basin is comprised of flat-lying to shallow-dipping
fine- to medium-grained fluvial and shallow marine sandstone and flood-plain siltstone/shale.
Beginning in Campanian time (ca. ~75 Ma), flexural subsidence within the interior basin caused
differential subsidence 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).
The San Juan basin contains the most complete section of Upper Cretaceous and
Paleogene stratigraphy within the Four Corners region. The Cretaceous rocks are primarily
composed of alternating marine and non-marine sedimentary rocks. The Upper Cretaceous strata
were deposited during basin-wide transgressive and regressive cycles associated with excursions

221

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 creating a subregional drainage divide along the axis of
the Colorado Mineral Belt (Cather et al., 2012). Paleogene strata within the San Juan basin are
principally composed of fluvial deposits. Detailed geologic and sedimentologic descriptions of
the Upper Cretaceous and Paleogene units are available in Craigg (2001).
Cretaceous and Paleocene fluvial and lacustrine deposits within the San Juan basin and
other Laramide perimeter intra-foreland 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 intra-foreland perimeter basins including the
San Juan basin, were drained by fluvial systems that flowed toward the southeast or east toward
remnants of the Cretaceous interior seaway (Roberts, 1972, Tweto, 1980, Dickinson et al., 1988,
Cather, 2004). Exit rivers from the San Juan basin and other Laramide basins (e.g. El RitoGalesteo, Baca, etc.) in New Mexico and Colorado existed and likely continued southeastward
toward Gulf of Mexico depocenters (Gorham and Ingersol, 1979; Klute, 1986; Dickinson et al.,
1988; Galloway et al., 2011). 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. This supports the notion that rocks within the greater Laramide province would
be a potential source for sediments deposited in the San Juan basin and/or downstream toward
the Gulf of Mexico basin. Therefore, comparisons between Cretaceous and Paleocene
sedimentary rocks in the San Juan basin and Gulf of Mexico are essential in establishing any
first-order upstream/downstream connections.
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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 years. This
includes studies on basin architecture, basin fill/stratigraphy, depositional environments,
sediment dispersal patterns, and first order paleogeography, summaries of which can be found in
Galloway, (2008), Galloway et al., (2011), and Blum et al., (2017).
Oceanic seafloor spreading initiated during Middle Jurassic time creating accommodation
within the Gulf of Mexico region and continued evolving through Early Cretaceous time
(Galloway et al., 2011). Gulf of Mexico drainage patterns transformed throughout late Mesozoic
and Cenozoic time in response to hinterland perturbations in North American tectonics
(Galloway, 2008; Galloway et al., 2011; Blum and Pecha, 2014), but in general Gulf of Mexico
sedimentation during the Paleocene was focused into three principal structural embayments
(Figure 3): 1) Rio Grande embayment, 2) Houston embayment, and 3) Mississippi embayment
(Winkler, 1982; Galloway et al., 2011; Mackey et al., 2012; Blum et al., 2017). Upper Paleocene
to Lower Eocene Wilcox Group sediments in east-central Texas and south-central Arkansas were
principally deposited within the Houston embayment. During Paleocene and Eocene time, the
Houston embayment drainage basin is thought to have encompassed the southern portion of the
Sevier foreland, including the Four Corners region (Winkler, 1982; Galloway, 2008; Galloway et
al., 2011; Blum and Pecha 2014; Blum et al., 2017) (Figure 4). Wilcox Group sediments in
central and southwestern Arkansas and eastern-most Texas were deposited within the Mississippi
embayment, whose drainage basin included the paleo-Mississippi, paleo-Arkansas, and paleoPlatte rivers. During this timeframe, the paleo-Platte and paleo-Arkansas rivers were draining
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western highlands, including the Nevadaplano and Idaho batholith regions, while the paleoMississippi was draining the mid-continent region and Appalachian sources to the east. All three
of these paleo-rivers were channeled through the paleo-Mississippi embayment en-route to their
final destination in the Gulf of Mexico (Winkler, 1982; Galloway, 2008; Galloway et al., 2011;
Blum and Pecha 2014; Blum et al., 2017).

Wilcox Group Sedimentation
Throughout the Mesozoic, clastic sediment supply rates to the Gulf of Mexico from the
western continental interior (including the Sevier thrust belt and Laramide basement uplifts)
were relatively low, primarily due to sediment sequestration within the Western Interior Seaway
(Galloway et al., 2011). However, during deposition of the Late Paleocene Lower Wilcox
Group, sediment supply increased dramatically (to approximately three times the Cenozoic
average) causing delta progradation, depositional off-lap, and accumulation of sand-rich turbidite
lobes on the Gulf of Mexico abyssal plain (Galloway et al., 2011).
The link between the Laramide intra-foreland basins and their associated basement cored
uplifts, and their downstream connection to sedimentation in the Gulf of Mexico basin has been
previously documented (Galloway et al., 2000; 2011; Galloway, 2005; Mackey et al., 2012;
Sharman et al., 2017; Blum et al., 2018.) The observed decrease in sediment supply to the Upper
Wilcox Group is likely linked to the unroofing of relatively resistant basement cores of Laramide
uplifts and the system being starved by earlier removal of the more easily eroded blanketing
strata (Carroll et al., 2006). This notion is supported by 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). The stratigraphy of the Cordilleran foreland basin is
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regionally dominated by relatively soft and easily erodible Cretaceous sandstone and shale,
resting on top of pre-foreland 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 Paleozoic basement. The proportion of non-resistant 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 dissection of the more resistant Paleozoic and ultimately, Precambrian rocks
(DeCelles et al., 1991; Carroll et al., 2006).

ANALYTICAL METHODS
To evaluate the genetic relationship between the San Juan and Gulf of Mexico basins, we
analyzed all zircons with U-Pb ages <300 Ma (previously dated by Donahue, 2016, Pecha et al.
2018 and Blum and Pecha, 2014) from 13 samples from the two basins (eight from San Juan and
five from the Wilcox Group; Figures. 2 and 3, respectively). Limiting the study to zircons with a
206

Pb/238U age of <300 Ma, and to drainage embayments that are known to have received

sediment from western North American sources (e.g. Cordilleran orogenic belt) limited the
possibilities of potential provenance ties and limited the complexities associated with multiple
cycles of sediment reworking, thereby bolstering 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
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have known provenance ties to the nearby Colorado Mineral 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 5 with known provenance ties to the Cordilleran
orogenic belt (Blum and Pecha, 2014; Blum et al, 2018). Samples GOM-76 and GOM-46 are
thought to have a more northerly sourced provenance, whereas, samples GOM-71, GOM-70, and
GOM-67 are thought to be derived from the southwestern reaches of the Cordillera (Blum and
Pecha, 2014; Blum et al, 2018).

Hf Isotopic Analysis
Hf isotope geochemistry of detrital zircons was conducted by laser ablation multicollector inductively coupled mass spectrometry (LA-MC-ICPMS) at the Arizona LaserChron
Center following established analytical protocols reported in Cecil et al. (2011) and Gehrels and
Pecha (2014). An average of 35 Hf laser analyses were conducted per detrital sample. Analysis
pit locations within each zircon were identified on high-resolution back-scattered electron (BSE)
images, and in all instances, the 40-micron Hf laser pits were placed directly on top of the earlier
20-micron U-Pb analysis pits, ensuring that all Hf laser analyses were located entirely within the
same growth zone/domain as the earlier U-Pb pit. During 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-evolution and epsilon Hf plots of
individual samples, are presented in the data repository DR-1.
The newly acquired Hf data are presented in two-dimensional Hf-evolution diagrams
(Figures 5, 6, and 7C), and three-dimensional diagrams (Fig 7A, 7B), that were generated using
the Matlab graphical interface HafniumPlotter from Sundell et al., (2019), with bivariate kernel
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density estimates based on standard optimization parameters from Botev et al. (2010). The
initial 176Hf/177Hf ratios are expressed in εHft 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 εHft is reported for each
individual analysis on the final Hf datatable in DR-1, and as the average of all unknown analyses
(1.4 epsilon units at 2-sigma) on Figures 5 and 6. Average external precision of ~1.33 epsilon
units (2-Sigma) 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) continental
crust is shown with an arrow on all εHf evolution diagrams, 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 the data repository (DR-1), which
also includes all previously reported Hf results that were used in our reference comparisons. All
zircons analyzed for their Hf isotopic signatures were previously U-Pb age dated by LA-ICPMS
(Blum and Pecha, 2014; Donahue, 2016; Pecha et al., 2018), and all new results are presented
here in εHft notation at 2-sigma, unless indicated otherwise.

Hf ISOTOPE GEOCHEMISTRY RESULTS
San Juan Basin Samples
A total of 193 Lu-Hf laser analyses were conducted on eight detrital-zircon samples from
across the San Juan basin. This included 74 zircons ranging in age from 256 Ma to 102 Ma with
εHft ranging from +8.9 to -20.6, and 193 zircons ranging in age from 97 Ma to 62 Ma with εHft
ranging from +6.7 to -27.0. These results are plotted against U-Pb age (Figure 5, panel A.) for
each individual sample, and in a composite density plot (Figure 5, Panel B.). For comparison

227

purposes, the εHft are also summarized in Table 1 according to two age classifications: 1)
Permian through Early Cretaceous ages (ca 299 Ma through 99.6 Ma), and 2) Late Cretaceous
through Paleogene ages (ca 99.6 through 55 Ma Geologic Timescale after Gradstein et al., 2004).
Figure 5, panel B, illustrates the majority of εHft data from the San Juan basin samples
falls predominantly within two main groups, one in the Late Jurassic (ca. 165-160 Ma) with εHft
values ranging from +1 to -14, and the main cluster in the Late Cretaceous and Paleocene (ca.
79-62 Ma) with εHft ranging from +7 to -15.

A subordinate Triassic group is also present, with

εHft between +1 to -10.

Gulf of Mexico Samples
We produced a total of 246 Lu-Hf laser analyses on the detrital-zircon samples from the
Wilcox Group. This included 110 zircons ranging in age from 280 Ma to 100Ma with εHft
ranging from +13.0 to -15.8, and 136 zircons ranging in age from 99 Ma to 54 Ma with εHft
ranging from +11.2 to -26.6. These results are plotted against U-Pb age for each individual
sample (Figure 6, panel A.), and in a composite density plot (Figure 6, Panel B.). For ease of
comparison these εHft are also summarized in Table 1 according to two age classifications: 1)
Permian through Early Cretaceous ages (ca 299 Ma through 99.6 Ma), and 2) Late Cretaceous
through Paleogene ages (ca 99.6 through 55 Ma; Geologic Timescale after Gradstein et al.,
2004).

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 (San Juan basin: Pecha et al, 2018)
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(Gulf of Mexico: Mackey et al., 2012; Blum and Pecha, 2014; Wahl et al., 2016; Blum et al.,
2017); however, the interpretations are somewhat limited because they were based only on
geologic observations and detrital zircon U-Pb ages. The addition of Hf isotope geochemistry on
zircons from both regions allows further examination of their respective provenance, including
evaluation of their genetic relationship, and 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.

Hf Signature of San Juan Basin Sediments
The Hf isotopic signature of Late Cretaceous through Paleocene detrital zircons of the
San Juan basin is distinctive, with three pull-ups and two pull-downs in εHft (Figure 5).
Tracking deviations in εHft from average crustal evolution over-time (Figure 5, panel A) from
300 to 40 Ma was done by calculating a running average (bin width of 5 analyses). A pull-up
from -10 to 0 in εHft) space occurred from ca. 260-220 Ma, followed by a pull-down to ~-13 by
ca. 180 Ma. A dramatic pull-up from -14 to +1 in Hf(T) occurred at ca. 160 Ma, followed by
average crustal 176Lu/177Hf evolution until ca. 80 Ma when another pull-down occurred to εHft of
~-15 (with an outlier at -27). The final pull-up occurred ca. 75-64 Ma where εHft ranges 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
Sandstone, Cliff House Sandstone, and Fruitland Formation (WP39, WP24, WP31, respectively)
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are indistinguishable in terms of their εHft values (Figure 5, panel A). This supports the
suggestion of 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. The areal extent of
both units is restricted to the northwestern portion of the San Juan basin near Durango, Colorado,
which lies immediately adjacent to the Needle Mountains uplift and the southern segment of the
Colorado Mineral belt (Figure. 2). The genesis of the McDermott Formation has been debated
from the traditional interpretation as a volcaniclastic deposit (Reeside, 1924; McCormick, 1950;
Barnes et al, 1954; Kottlowski, 1957; Sikkink, 1987), to a braided-river fluvial unit (O’Shea,
2009), to a roof-flank detachment deposit which incorporated debris flows and fluvial
sedimentation (Lorraine and Gonzales, 2003; Gonzales, 2010). The Animas Formation is a
volcanic-rich fluvial sandstone, with paleocurrent indicators toward the southeast, directly from
Colorado Mineral Belt sources, including the LaPlata Mountains laccolithic complex (Gonzales,
2010; Pecha et al, 2018).
Insofar as most of the Cretaceous sediments that once blanketed the uplifted Colorado
Plateau region have been removed by erosion, we have developed a proxy for these sediments, in
terms of epsilon hafnium isotopic measurements in zircon (εHft), based on preserved San Juan
basin sediments (Figure 5). This proxy, including the running average of εHft, can now be used
as a reference for this and future detrital zircon provenance comparisons and assignments.
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Hf Signature of Gulf of Mexico (Paleocene Wilcox Formation) Sediments
Two distinct trends in εHft are noted in the Gulf of Mexico samples (Figure 6, panel A)
during Permian through Early Cretaceous time: 1) main cluster (ca. 280 to 145 Ma) ranging from
0 to -16 εHft, and 2) subordinate group (ca. 225 to 130 Ma) ranging from +13 to +5 εHft from.
Running mean averages (red lines in Figure 6, panel A) clearly display these two trends in 
εHft space. These two trends suggest the Wilcox Group sediments were likely derived from two
regions with distinct crustal evolution characteristics. The main cluster of data is consistent with
recycling of primarily Proterozoic, and to a lesser extent, Archean crust, while the subordinate
cluster is consistent with derivation from juvenile crust. This idea is explored later in this
discussion where we compare our results with the varying tectonic elements of the North
American Cordillera.
Samples GOM-46 and GOM-76 are Late-Paleocene to earliest Eocene and were
deposited in fluvial deltaic plains, that have previously been interpreted to represent PaleoMississippi and Paleo-Arkansas drainage, respectively, and entered the Gulf of Mexico basin
through the Mississippi embayment. (Blum and Pecha, 2014; Blum et al., 2017). Samples
GOM-67, GOM-70, and GOM-71 are from Late Paleocene to earliest Eocene sandstones
deposited in similar depositional environments, but represent paleo-Brazos/Paleo-Colorado River
deposition (Galloway et al., 2011; Blum and Pecha, 2014; Blum et al., 2017). Sediment routing
to the Gulf of Mexico basin for these three samples was through the Houston embayment (Blum
and Pecha, 2014; Blum et al., 2017). Paleocene depositional environments are analogous to the
Pleistocene through modern Gulf of Mexico coastal plain depositional environments (Blum and
Price, 1988; Blum and Aslan, 2006).
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To establish an εHft fingerprint of the Wilcox Group sediments during the Late
Paleocene, we grouped all five Gulf of Mexico samples together and plotted the data using
density contour intervals (Figure 6, panel B). From these data, it is clear there are two main
groupings: 1) from ~230 to ~140 Ma with εHft ranging from +1 to -16, and 2) from ~110 to ~55
Ma with εHft ranging from +3 to -27. We also observe a juvenile trend in the data that spans the
entire age range from ~230 to ~55 Ma with εHft ranging from +15 to +5. The differentiation of
these isotopic signatures holds important implications for provenance assessments of Gulf of
Mexico sediments.

Comparison of San Juan Basin and Gulf of Mexico Hf
The effects of Laramide tectonism on sedimentation in the Gulf of Mexico has been noted
by several previous researchers (Galloway et al., 2011; Mackey et al., 2012; Blum and Pecha,
2014). Laramide basement-cored uplifts and their overlying sedimentary blanket in the southern
Rocky Mountains have been interpreted as the primary sediment sources of the Wilcox Group in
the Gulf of Mexico basin (Galloway et al., 2011; Mackey et al., 2012). The Lower Wilcox Group
in west Texas contains Cordilleran magmatic arc derived detritus, whereas, the Upper Wilcox is
enriched in basement and recycled sedimentary cover detritus (Mackey et al., 2012). During the
late Paleocene, a marked increase in sedimentation rate is observed in the lower Wilcox Group.
One plausible explanation for the increased rate of sediment accumulation in the lower Wilcox
Group is rapid erosion of relatively soft sedimentary rocks, particularly the Mesozoic section that
once covered the Laramide basement-cored uplifts (Galloway et al., 2011).
The genetic relationship between San Juan basin and Gulf of Mexico sediments is clearly
illustrated by directly comparing their εHft results (Figure 7). By draping the scatter plot on the
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three-dimensional density plot it becomes evident the ratios among Triassic, Jurassic and
Cretaceous analyses are consistent between the two regions. Similar isotopic pulldowns in both
Jurassic and Late Cretaceous zircons point to a shared provenance between the two regions.
There is also a marked similarity in εHft between the San Juan basin and Gulf of Mexico datasets
when plotted in two-dimensions (Figure 7, panel C), 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 (εHft = 0 to -16), and is clearly distinct from the
juvenile portion (εHft = +13 to +5). From these data, it is clear there is a strong connection
between San Juan basin and Gulf of Mexico sediment pathways, supporting the notion of
Galloway et al., (2011) that increased depositional rates indicated in the Lower Wilcox Group
likely represents 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 portions of
the basin, expectations are that Wilcox sediments deposited through the Houston embayment
should see sediments derived from Colorado Mineral Belt sources. The abundance of volcanic
detritus in parts of the Wilcox also points to the Colorado Mineral Belt as a potential source
(Galloway et al., 2011). However, the Colorado Mineral Belt εHft signature (Figure 10.) is
nearly nonexistent within the Wilcox samples analyzed. Two plausible explanations exist for
this apparent absence: 1) Specific units in the San Juan basin known to include Colorado Mineral
Belt detritus, the McDermott and Animas Formations, 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 aerially 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)
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The various plutons and laccoliths in the Colorado Mineral Belt contain large amounts of
xenocrystic zircons and very few zircons exhibiting crystallization ages (Gonzales, 2015).
Although potential source regions in the eastern United States were also considered
during this evaluation, they were ruled out for two main reasons: 1) absence of Paleocene clastic
sedimentation along the Atlantic perimeter (Poag and Sevon, 1989; Galloway et al., 2011), and
2) lack of exposed volcanic source regions east of the Mississippi River that could account for
the abundant volcanogenic components in the Wilcox Group (Galloway et al., 2011).

Comparisons to the Cordilleran Magmatic Arc
Cordilleran Magmatic Arc Signal
Detrital zircon studies have revolutionized provenance studies, mainly because samples
restricted to a specific geographical region often contain information that pertains to a much
larger region and/or tectonic process. A similar narrative pertains to this study, where zircon
sequestered within the San Juan basin and Gulf of Mexico strata provide information about the
crustal evolution of the distant Cordilleran magmatic arc during the ca. 285-54 Ma timeframe.
Whereas Cordilleran magmatism continued until Miocene time, we consider only magmatism
that occurred until 54 Ma, the minimum age of the Wilcox Group.
To evaluate sediment provenance, comparisons of our new San Juan basin and Gulf of
Mexico εHft data were made with reference hafnium datasets from the eight principal tectonic
elements that comprise the North American Cordilleran magmatic arc (Figures 8, 9).

Comparisons with the Southern Segment of the North American Cordilleran Arc
Figure 8 compares our new εHft data to the four major magmatic provinces of the
Cordilleran arc, including the southwestern North America Porphyry Copper Province (Panel A),
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Sierra Madre Occidental (Panel B), Peninsular Ranges (Panel C), and the Transverse Ranges
(Panel D).
A significant proportion 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 εHft space for Jurassic grains (ca. 180 to 145 Ma), Cretaceous grains (ca. 110 to 65 Ma), and
Paleocene grains (ca. 65 to 58 Ma). This is not surprising, as Pecha et al (2018) indicated the
Upper Cretaceous units (Pictured Cliffs Sandstone through the Fruitland Formation) in the San
Juan basin were predominantly 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 were easily stripped off and entered the Gulf of Mexico drainage network,
ultimately to be deposited in the Wilcox Group.
The Transverse Ranges also may have been a source of zircons to both the San Juan and
Gulf of Mexico basins (Figure 8, panel D). The potential contribution from this region would be
the evolved Late Cretaceous (ca. 80 Ma to 65 Ma) zircons with εHft values ranging from
approximately -5 to -20. However, both the Peninsular Ranges and the Sierra Madre components
of the magmatic arc are poor matches for the zircons found in either the San Juan basin and Gulf
of Mexico samples. Other than the partial overlap in Late Cretaceous juvenile to intermediate
zircons (ranging from +12 to +2), these regions do not appear to be major contributors to the
overall sediment flux entering either the San Juan basin or the central Gulf of Mexico basin
through the Houston embayment or the Mississippi embayment. Both regions lie to the
southwest of previously defined drainage areas to the central Gulf Coast region (Figure 4), and if
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tapped they would have likely entered the Gulf of Mexico through the Paleo-Rio Grande/Rio
Grande embayment (Figures 3, 4), which is not included in this study.
Based on previously published data, the juvenile εHft signature (older than ~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 εHft data with the four principal magmatic arc segments in the
northern portion of the Cordillera which include the Coast Mountains batholith (panel A), North
Cascades Range (panel B), Idaho batholith (panel C), and Sierra Nevada batholith (panel D).
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 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.
Idaho batholith comparisons are strong for the prominent Late Cretaceous pull-down in
εHft observed in the Gulf of Mexico sediments (Figure 9, panel C). The Idaho batholith is also a
match for the Paleocene pull-up observed in the Wilcox Group, but only in the εHft region from 10 to 0. Only input from the Coast Mountains can explain this juvenile part of the Paleogene
pull-up.
Comparisons to the Sierra Nevada batholith provide poor provenance ties with both the
San Juan basin and Gulf of Mexico samples (Figure 9, panel D). However, the Sierra Nevada
batholith is likely under-characterized with respect to Hf isotopes in zircon, as the only published

236

data are from a limited number of samples reported by Lackey et al. (2012). There are juvenile
εHft values ranging from +12 to +5 within the current Sierra Nevada batholith dataset, but they
are sparse and limited in age range from ~120 Ma to ~100 Ma. Even if there were additional
juvenile 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
paleodrainage divide during Late Cretaceous and Early Paleogene times (Henry, 2008; Lechler
and Niemi, 2011) precludes the tapping of Sierra Nevada batholith sources by Gulf of Mexico
drainage headwaters. An 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 drainage network (Sharman et al., 2015).
After evaluating the potential provenance ties from all 8 regions, we are confident the
Wilcox Group has provenance ties to multiple elements of the Cordilleran arc. The most likely
sources of the more evolved zircons (εHft ranging from 0 to -27) are the Laramide Porphyry
Copper Province, and the Idaho batholith. The more juvenile zircons (εHft ranging from +11.2
to 0) were probably 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 εHft results for the Gulf of Mexico and San Juan basins
indicate a shared sediment provenance. However, an important distinction between the two
distributions is the San Juan basin samples do not contain the juvenile trend (εHft = +5 to +13
from ~ 270 to ~100 Ma) that a subset of the Gulf of Mexico samples (GOM-76 and GOM-46)
prominently display. This indicates that the more juvenile zircons were not routed to the Gulf of
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Mexico 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
(Figures 7A and 7B, respectively) provide the only two potential source regions within the North
American Cordillera that could be the source of these juvenile zircons.
The main cluster of Gulf of Mexico data exhibits a slight increase (pull-up) in εHft values
from ~260 Ma (mean εHft =-8) to ~215 Ma (mean εHft = -2). The εHft values hold steady (εHft
= -3 to -4) from ~215 Ma to ~205 at Ma, followed by a general decrease (pull-down) in εHft
starting ~ 200 Ma and continuing until ~160 Ma (εHft range from ~0 to -16, mean = -8).
The Jurassic (~200 to ~160 Ma) pull-down in εHft values in San Juan basin, Gulf of
Mexico, and Laramide Porphyry Copper Province samples (Figure 8, panel A) indicates
recycling of Proterozoic crust during this timeframe. This deviation toward more negative
Hf(T) values indicates either a migration of the 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 magmatism in both the Klamath-Sierran and MojaveSonoran segments could be the source of these zircons with evolved Hf signatures (εHft = 0 to 15). However, during Middle to Late Jurassic time these two segments of the arc began to differ
in character, when shortening in the Klamath-Sierran segment began to thicken the crust (Busby
et al., 1990). A possible scenario is that the Late Jurassic pull-down in εHft in both San Juan
basin and Gulf of Mexico samples is related to thickening of the crust in the Klamath-Sierran
segment of the arc, but this pattern is not evident the comparison plot (Figure 7, panel D)
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 interpretation fits best with detrital-zircon provenance interpretations for Cretaceous and
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Eocene strata of the San Juan basin (Pecha et al., 2018), and is supported by our new εHft data
which indicate provenance ties to the Laramide Porphyry Copper Province of southern Arizona
and southwestern New Mexico (Figure 8, panel A). 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 (Figures 5 and 7) display an εHft pull-downs similar in scale and duration during the
same time interval.
The subordinate more juvenile grouping (εHft = +13 to +5) in the Wilcox Group does not
display εHft pull-ups or pull-downs; instead εHft follows the trend of average 176Lu/177Hf crustal
evolution from ca. 260 Ma to ~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 εHft pull-downs (minimum εHft of -27 from ca. 74-69 Ma) are present in both the
San Juan basin and Gulf of Mexico samples and represent the reworking of Proterozoic and
Archean crust. These pull-downs likely represent migration of the Laramide magmatic arc
inland toward the interior of the North American craton into older basement crust. Immediately
following this pull-down, both data sets reveal progressive pull-ups in εHft. Within the San Juan
basin samples, a distinct pull-up from -8 to +6.7 in εHft begins at ~68 Ma and continues to ~62
Ma. Based on provenance interpretations of Donahue (2016) and Pecha et al. (2018), the zircons
that form this pull-up are 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 Paleoproterozoic
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Yavapai- Mazatzal crust (Hoffman, 1988), 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 εHft pull-up also begins around 68 Ma, but is offset in age from the San
Juan basin data by ~6 Ma, reaching its maximum of +11 by 56 Ma. While the trajectory of the
pull-up indicates an increasing percentage of juvenile material into the melts that generated these
zircons, it is unclear if this was a result of arc migration.

Defining the Epsilon Hf Signature for Laramide-Age Zircons
One of the results from the new data and accompanying compilation of previously
published Hf isotopic data, is a Laramide-age detrital zircon source map (Figure 10). The
varying isotopic character of Laramide-age magmatism, based on location within the arc, allows
for differentiation of sediment source(s) of zircons ranging in age from ~85 to ~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 largely extinguished by flat-slab subduction
during the Laramide tectono-magmatic event (e.g. Coney and Reynolds, 1977; Constenius et al.,
2003).
The variability in Hf isotopic character of Laramide age zircons appears to primarily be a
function of basement geology and variable tectonic partitioning along the length of the North
American 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-thrust belt, and emplacement of juvenile magmas in isotopically juvenile crust in

240

the Coast Mountains batholith are some of the perturbations in tectonic style that contribute to
the Hf isotopic character. Based on the average crustal evolution 176Lu/177Hf ratio of 0.0115
(Vervoort and Patchett, 1996; Vervoort et al., 1999; Amelin et al., 1999, 2000), the resulting εHft
signatures during this timeframe fall into 3 distinct groups: 1) +15 to +5 represents the influx of
mantle derived material and generation of juvenile crust. 2) +5 to -20 represent s recycling of
Proterozoic crust, and 3) -20 to -40 represent recycling of Archean crust.
Source regions that predominantly contain zircon with more juvenile to intermediate εHft
values are the Coast Mountains batholith (range +16 to -3), North Cascades range, Sierra Madre
Occidental (range +9 to -3, and -7 to -12 from 70-60 Ma), and the Colorado Mineral Belt (range
+7 to -7). Zircon εHft values from the Coast Mountains batholith typically range from +15 to +5
(Cecil et a., 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 (Gashnig et al., 2011) form a consistent negative trend
in Hf(T) space, ranging from -8 to -18 at ~ 85 Ma, decreasing steadily in εHft to a range of -17
to -28 from ~65 to 56 Ma. This is because the batholith is composed of multiple discrete bodies
of peraluminous granitic bodies, hosted entirely in Precambrian crust (Armstrong et al., 1977;
Hyndman, 1983).

PALEOGEOGRAPHIC IMPLICATIONS
Linking the Coast Mountains Batholith and Gulf of Mexico
Paleogeography of Cretaceous through Eocene sediments preserved in the Four Corners
Region of the Colorado Plateau, including the San Juan basin, is well understood from a
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combination of paleocurrent indicators (Fassett and Hinds, 1971; Powell, 1972; Fassett, 1985;
Lehman, 1985; Klute, 1986; Sikkink, 1987; Smith, 1988, 1992; Cather, 2004; Cather et al., 2012;
Dickinson 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; Dickinson et al., 2012; Bush et al., 2016; Pecha et al., 2018). Our new Hf
data from the San Juan basin support earlier paleogeographic reconstructions previously outlined
in Donahue (2016) and Pecha et al. (2018), and the composite of our San Juan basin results now
provide a proxy for Cretaceous and Paleocene sedimentary 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 paleoPlatte River which has provenance ties to the Sevier fold and thrust belt as far north as the Idaho
batholith (Blum et al., 2017). Based on initial reconstructions from Flores (2003) and Jacobson
et al. (2011), the paleo-Platte drainage extended westward beyond the Sevier fold and thrust belt
to the drainage divide in west- central Nevada (Blum et al., 2017). The headwaters of the paleoPlatte 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 (εHft ranging from
+13 to +3) indicates additional input from outside the Laramide Rockies or the Idaho batholith
(Figure 11).
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Based on our εHft 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 εHft signature is comprised of two distinct
εHft ranges: 1) from 230-190 Ma with εHft = +13 to +7; 2) from ~180-54 Ma with εHft = +15 to
-1, and only the Coast Mountains batholith (Figure 9, panel A) can account for both
contributions. The North Cascades Range only matches well with the Gulf of Mexico juvenile
signature from ca. 190-130 Ma with εHft = +15 to +5, and ca. 130-100 Ma with εHft = +13 to +5
(Figure 9, Panel B). The North Cascades Range cannot account for the ca. 230 to 190 Ma
juvenile zircons. Therefore, we propose 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 transported through the air by volcanic eruptions
(herein referred to as air-fall zircons), 2) hinterland river(s) tapped the Coast Mountains batholith
and flowed generally south, then east, and entered the Paleo-Platte drainage network, and 3)
transverse river(s) originating in the Coast Mountains batholith that exited the hinterland, crossed
the foreland basin, and flowed all the way to the Gulf of Mexico through the paleo-Mississippi.
To establish detrital-zircon provenance we examined each of the three scenarios
presented above. Regarding air-fall zircons, the presence of near depositional age grains (ca. 5854 Ma) in the Gulf of Mexico samples have a unique juvenile isotopic signature (εHft = +13 to 0)
which only match the Coast Mountains batholith, making this scenario plausible (Figures 9,
Panel A). However, without continuous reworking throughout the entirety of Mesozoic time,
air-fall zircons cannot account for the entire age range (ca. 230 to 54 Ma) of juvenile zircons
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found in the Wilcox Group. Therefore, air-fall zircons are likely present in Wilcox Group
sediments, but only account for a very small percentage of the total flux.
Hinterland river(s) that originated in the Coast Mountains batholith which flowed
southward through the hinterland seems 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 (Dumitru 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)
do provide potential exits through the thrust belt, but routing a large river to these areas do not
seem feasible. During our evaluation, we also considered the possibility of a river flowing
southward immediately once it reached the foredeep in Sevier foreland basin, paralleling the
Sevier thrust front until it was captured by the Idaho River and enters the Green River basin enroute to the Gulf of Mexico. However, extensive disruption of the foreland basin in western
Montana and Wyoming (eg. Teton-Gros Ventre-Wind River, Beartooths, Bighorns, etc.) during
the Laramide orogeny likely prohibited a large-scale river(s) from crossing the region, without
taking a highly circuitous and improbable route. The Paleogene topographic and climatic
evolution of the Northern Rocky Mountains region near the Idaho and Boulder batholiths
(Schwartz et al., 2019), also make it unfeasible to simply extend the Idaho River to capture North
Cascades 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 (2004) establishes paleoflow off the eastern margin of the
Coast Mountains batholith to be generally toward the east-northeast, with rivers crossing the

244

hinterland in British Columbia. In the Alberta foreland, Post Wapaibi Sandstone paleocurrent
indicators are generally toward the east (Mack and Jerzykiewicz, 1989) supporting the idea these
transverse rivers exited the Sevier thrust front in southern Alberta, Canada. Supporting evidence
for transverse rivers draining elevated regions comes from Miall (1981) and Burbank (1992) who
have shown 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 Plains region, the paleocurrents generally turn southeasterly as
evidenced by the Sentinel Butte Formation (Daly et al., 1985), and in the Ludlow Member of the
Fort Union Formation (Belt et al., 1984), both supporting the possibility of a trans-continent
sediment pathway.
Based on the supporting evidence, we propose an extension (aka “Coast Mountains
River”) to the paleo-Mississippi River drainage basin of Galloway et al (2011) and Blum et al.
(2017), (Figure 11). This extension extends the originally defined headwaters of the paleoMississippi northwesterly by an estimated 1700 km. Late Cretaceous to Cenozoic dextral strikeslip fault restorations from Wyld et al. (2006) would place the Coast Mountains batholith slightly
south of its present position in coastal British Columbia (see Figure 11 for approximate location
at ~58 to 55 Ma), however, this extension to the drainage basin is required to capture these
juvenile zircons. 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, entering the foreland basin. This drainage network likely consisted of a series of rivers
that flowed across the Great Plains region and through the established paleo-Mississippi.
The Cannonball embayment, a marine relict of the Cretaceous Interior Seaway which
channeled sediment toward the north and northeast from north-central Wyoming during Late
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Cretaceous through Middle Paleocene time (Lillegraven and Ostresh, 1988; Flores, 2003), was
taken into consideration when constructing the paleoflow of the proposed Coast Mountains
River. However, the Cannonball embayment was no longer a marine depocenter by Late
Paleocene time (ca. 58 Ma), allowing the headwaters of the paleo-Mississippi to tap the Coast
Mountain batholith sources.
Our paleogeogrphic 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. The relationship between length of the longest fluvial
channel and the length of the basin-floor fan has been demonstrated by Somme et al (2009),
where length of the basin floor fan Lf= .1—0.5 the length of the drainage basin length (Ldb).
This method was applied by Blum et al. (2017) on the Late Paleocene to earliest Eocene paleoMississippi drainage (area = 2.2x106 km2, and a reconstructed drainage length of 2500 km),
which resulted in a predicted basin-floor fan length ranging from 250-1250 km (Lbff = 0.1—0.5
Ldb). Once we add the newly incorporated area and length based on our new data the paleoMississippi drainage basin area = 2.5x106 km2 and a reconstructed length of 3200 km. This
results in a predicted basin-floor fan length (Lbff = 0.1—0.5 Ldb) 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. (2017) which measured 392 km.

CONCLUSIONS
Comparisons of our new εHft isotopic results to a comprehensive compilation of Hf
isotopic data from the entire North American Cordilleran reveal important provenance
connections, and also shed light upon the crustal evolution of the North American Cordilleran
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magmatic arc from ca. 285-55 Ma. The region of the North American Cordillera that best
matches both the San Juan basin 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). This fits well with earlier assumptions (Galloway,
2008, Galloway et al., 2011; Blum et al., 2017) that the Laramide basement block uplifts (eg.
Needle Mountains, Nacimiento uplifts) and intervening intra-foreland basins (e.g. San Juan
basin) likely drained to Gulf of Mexico depocenters during the Late Paleocene and into the
earliest Eocene. It also supports the idea that the sedimentary cover that once blanketed the
Laramide basement uplifts, was the primary source of detritus for the influx (three-times the
Cenozoic average) of zircons in the Lower Wilcox Group. Jurassic zircons (ca. 180-150 Ma)
from Gulf of Mexico and San Juan basin strata also have similar εHft ratios of magmatic zircons
from the Laramide Porphyry Copper Province, ranging from -15 to -3, as exhibited by similar
Late Cretaceous pull-downs in εHft values (~-23 to -7).
We have sourced a distinctive suite of juvenile (εHft = +15 to +5) detrital-zircons found
in Paleocene Wilcox Group sediments in the Gulf of Mexico sediments, which supports the
notion that sediments entering the Gulf of Mexico through the Mississippi embayment were
derived from a more northerly routed path (paleo-Mississippi River) through the interior of the
continent. These data provide evidence that the paleodrainage basins set forth by Galloway et a.
(2011) and Blum et al., (2017) are robust, but the length scale of the paleo-Mississippi drainage
basin is longer than originally estimated, with headwaters originating in the Coast Mountains
batholith region of British Columbia. Based on this information, we propose a through-going
river (aka, Coast Mountains River) must have tapped hinterland sources deep in the Coast
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Mountains region of British Columbia, and entered the foreland basin and paleo-Mississippi
drainage system en-route to deposition in the Gulf of Mexico.
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FIGURES

Figure C1: Generalized Tectonic Elements Map of North America.
Generalized tectonic elements map of North America showing the spatial relationship between the
San Juan basin, Gulf of Mexico, and the major tectonic elements of the Cordillera. Tectonic
elements within the North American Cordilleran arc are indicated as follows: SFTB: Sevier Fold
and thrust belt, Nevadaplano (DeCelles, 2004); LPCP: Laramide Porphyry Copper Province
(Leveille and Stegen, 2012); LFTB: Laramide fold and thrust belt; CFTB: Chihuahua-Coahuila
fold and thrust belt. Figure primarily based on Galloway et al. (2011), Blum and Pecha (2014),
Blum et al. (2017), and restored palinspatically after Dickinson et al. (2012); Coast Mountains
batholith restoration after Wyld et al. (2006).
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Figure C2: Simplified Geologic Map of San Juan Basin.
Simplified geologic map and stratigraphic column of the San Juan basin, northwestern New
Mexico and southwestern Colorado. Surrounding Laramide features indicated in bold print:
Colorado Mineral Belt, San Juan uplift, San Juan sag (Brister and Chapin, 1994), Archuleta
anticlinorium, Nacimiento uplift, Zuni uplift, Defiance uplift, Hogback monocline. Detrital
zircon U-Pb and Hf samples indicated with sample number (e.g. WP56) and color-coded by
reference: red (Pecha et al., 2018), blue (Donahue, 2016). Base geologic map modified from
New Mexico Bureau of Geology and Mineral Resources (2003), Geologic map of New Mexico,
1:500,000. Schematic stratigraphic column of Cretaceous (Late Turonian) through Eocene strata
of the San Juan basin, modified from Cather, (2003, 2004). Geologic Timescale based on
Walker, J.D., and Geissman, J.W., compilers, 2009, Geologic Time Scale: Geological Society of
America, doi:10.1130/2009.CTS004R2C.
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Figure C3: Outcrop Map, Wilcox Group, Gulf of Mexico.
Outcrop map of the Paleocene Wilcox Group, Gulf of Mexico basin. Hf samples designated by
number correspond with U-Pb age dates from Blum and Pecha (2014). Gulf of Mexico structural
embayments after Galloway et al. (2011) are labelled RE: Rio Grande embayment, HE: Houston
embayment, ME: Mississippi embayment. LPCP: Laramide Porphyry Copper Province (Leveille
and Stegen, 2012); LFTB: Laramide fold and thrust belt; CFTB: Chihuahua-Coahuila fold and
thrust belt. Base map and geology based on Blum and Pecha (2014) and Blum et al. (2017).
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Figure C4: Late Paleocene Paleodrainage Reference.
Paleodrainage reconstruction for the northern Gulf of Mexico during Late Paleocene (ca. 58-55
Ma) time, after Blum et al. (2017), in relation to the major elements of the North American
Cordillera. Rosita, Rockdale, and Holly Springs depocenters after Fisher and McGowen (1969),
Edwards (1981), and Galloway et al. (2011), and predicted slope and basin-floor fan after Blum
et al. (2017). Map illustrates the spatial relationship of these depositional systems with potential
source regions located within the North American Cordillera as follows: SFTB: Sevier Fold and
thrust belt (DeCelles, 2004); LFTB: Laramide fold and thrust belt; CFTB: Chihuahua-Coahuila
fold and thrust belt; SJB: San Juan basin.
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Figure C5: Hf Isotopic Data for San Juan Basin Samples.
Upper panel (A) plots epsilon Hf vs. U-Pb age of individual zircon analyses, which are color
coded by sample. Black line is running average based on bin width of 5 analyses. Lower panel
(B) 2-dimensional density plot of epsilon Hf vs. U-Pb age of all San Juan basin analyses. Green
lines are 95% confidence contour interval. Density plot generated using HafniumPlotter (Matlab
script) from Sundell et al. (2019). Average crustal evolution arrows are based on 176Lu/177Hf
ratio of 0.0115 (Vervoort and Patchett, 1996; Vervoort et al., 1999; Amelin et al., 1999, 2000).
DM (depleted mantle) reservoir reference from Vervoort and Blichert-Toft, (1999). CHUR
(chondritic uniform reservoir) from Bouvier et al., (2008).
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Figure C6: Hf Isotopic Data for Wilcox Group, Gulf of Mexico Basin Samples.
Upper panel (A) plots epsilon Hf vs. U-Pb age of individual zircon analyses, which are color
coded by sample. 2 distinct trends within the data are separated with the grey dashed line. Black
lines are running averages based on bin width of 5 analyses, top running average only contains
data from above the grey dashed line and bottom running average only uses data from below the
grey dashed line. Lower panel (B) 2-dimensional density plot of epsilon Hf vs. U-Pb age of all
Wilcox Group, Gulf of Mexico analyses. Purple lines are 95% density contour intervals
generated using HafniumPlotter (Matlab script) from Sundell et al., (2018). Average crustal
evolution arrows are based on 176Lu/177Hf ratio of 0.0115 (Vervoort and Patchett, 1996;
Vervoort et al., 1999; Amelin et al., 1999, 2000). DM (depleted mantle) reservoir reference from
Vervoort and Blichert-Toft, (1999). CHUR (chondritic uniform reservoir) from Bouvier et al.,
(2008).
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Figure C7: Epsilon Hf vs. U-Pb Age Plots.
Epsilon hafnium vs. U-Pb age plots: A.) 3-dimensional scatter plot showing San Juan basin
detrital zircon samples. Yellow line is 95% confidence contour interval; B.) 3-dimensional
scatter plot showing Wilcox Group, Gulf of Mexico basin detrital zircon samples. Green line is
95% confidence contour interval; C) 2-dimensional scatter plot comparison of San Juan basin vs.
Gulf of Mexico basin samples. Yellow lines are 95% confidence contour intervals for San Juan
basin results. Green lines are 95% confidence contours intervals for Gulf of Mexico results.
Average crustal evolution arrow is based on 176Lu/177Hf ratio of 0.0115 (Vervoort and
Patchett, 1996; Vervoort et al., 1999; Amelin et al., 1999, 2000). DM (depleted mantle)
reservoir reference from Vervoort and Blichert-Toft, (1999). CHUR (chondritic uniform
reservoir) from Bouvier et al., (2008). All three plots generated using Hf plotter (Matlab script)
from Sundell et al. (2018). Plotting these values in three-dimensions (Figure 7, panels A and B)
and determining their 95% density contour intervals using Hf plotter (Sundell et al., 2019).
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Figure C8: Epsilon Hf Comparisons with Southern Cordilleran Arc.
Epsilon Hf comparison plot with four of the principal tectonic elements of the southern North
American Cordilleran magmatic arc. San Juan basin and Gulf of Mexico Hf(T) results 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. (2012); Chapman et al. (2018), B.
Sierra Madre, Mexico (Arvizu and Iriondo (2011); Mahar et al. (2016), C. Peninsular Ranges
batholith from Shaw et al. (2014), and D. Transverse Ranges from Barth et al. (2016); Fisher et
al. (2017). Density plot generated using HafniumPlotter (Matlab GUI) 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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Figure C9: Epsilon Hf Comparisons with Northern Cordilleran Arc.
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 Hf(T) results 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), B. North Cascades Range from Sauer et al. (2017), C. Idaho batholith from
Gashnig et al. (2011), and D. Sierra Nevada batholith from Lackey et al. (2012). Density plot
generated using HafniumPlotter (Matlab GUI) 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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Figure C10: Laramide Age Epsilon Hf Fingerprint Map.
Epsilon Hf signatures of potential Laramide (~85-50 Ma) source regions within the North
American Cordillera. Reference comparisons including (citations): IB = Idaho batholith
(Gashnig et al., 2011); LPCP = Laramide Porphyry Copper Province of southern Arizona,
southwestern New Mexico, and southeastern California (Mohave region) (Fisher et al., 2017;
Chapman et al., 2018); Sierra Madre Occidental (Arvizu and Iriondo, 2011; Mahar et al., 2016);
Transverse Ranges (Barth et al., 2016); Peninsular Ranges (Shaw et al., 2014); CMB = Colorado
Mineral Belt (this study); CPC = Coast Plutonic Complex/Coast Mountains batholith (Cecil et
al., 2011); Sierra Nevada batholith (Lackey et al., 2012); 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 analyses
from this study as follows: purple asterisk signs are from the Wilcox Group, Gulf of Mexico
analyses, and blue diamonds are from San Juan basin analyses. Average crustal evolution arrows
are based on 176Lu/177Hf ratio of 0.0115 (Vervoort and Patchett, 1996; Vervoort et al., 1999;
Amelin et al., 1999, 2000). DM (depleted mantle) reservoir reference from Vervoort and
Blichert-Toft, (1999). CHUR (chondritic uniform reservoir) from Bouvier et al. (2008).
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Figure C11: Paleogeographic Reconstruction.
Paleodrainage reconstruction for the northern Gulf of Mexico during Late Paleocene to earliest
Eocene Wilcox Group. Inferred river courses (schematic) and interpreted drainage area
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boundaries based on Blum et al. (2017), except for the modification of the paleo-Platte River and
proposed increase in basin floor fan length scale supported by this study. Rosita, Rockdale, and
Holly Springs depocenters after Fisher and McGowen (1969), Edwards (1981), and Galloway et
al. (2011), and predicted slope and basin-floor fan after Blum et al. (2017). Idaho River from
Chetel et al. (2011); Princeton River from Dumitru et al. (2013); California River from Davis et
al. (2010). Paleocene paleocuurent references: P1: Mack and Jerzykiewicz (1989), P2: Daly et al.
(1985), P3: Belt et al. (1984), P4: Tribe (2004).
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TABLES

Table C1. Summary of Detrital Zircon Epsilon Hf Results

Table C2. Detrital Zircon Hf Signatures of the North American Cordilleran Arc.
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SUPPLEMENTARY MATERIALS
Appendix C1: Hf Analytical Datatable
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