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Oblique aerial view northward across the southeast face of Slope Mountain, northern Alaska. The contact between the
Torok and Nanushuk Formations lies at the base of the thick, resistant sandstone interval that extends prominently
across the lower part of the photograph. Slope Mountain’s summit is at the left skyline, with a ~1-km-thick Nanushuk
Formation section exposed at this well-known locality.
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ZIRCON GEOCHRONOLOGY OF TOROK AND NANUSHUK FORMATIONS
SANDSTONES AT SLOPE MOUNTAIN AND A SEABEE FORMATION TEPHRA
DEPOSIT AT NINULUK BLUFF, CENTRAL NORTH SLOPE, ALASKA

Trystan M. Herriott', James L. Crowley?, David L. LePain', Marwan A. Wartes', Nina T. Harun', and
Mark D. Schmitz?

INTRODUCTION

Resolving the ages of Alaska’s stratigraphic units is foundational to understanding sedimentary
basin evolution and hydrocarbon potential. Existing stratal age constraints in Alaska often remain tied
to paleontologic assessments completed during mid-twentieth century geologic mapping campaigns
led by the U.S. Geological Survey (for example, Detterman and others, 1963). Although many of these
relative-age frameworks reflect extensive fossil collections, the provinciality and wide or ambiguous
age ranges for some faunas and floras, especially at high latitudes, can present notable hurdles to further
understanding of basin histories.

U-Pb geochronology of zircon is starting to refine, or redefine, the chronostratigraphic
frameworks in Alaska basins (for example, Herriott and others, 2019a, 2019b; Gillis and others, 2022;
Lease and others, 2022). There are, however, challenges in absolute-age radioisotopic geochronology
that should also be considered and mitigated to avoid overinterpreting results and resolve the research
questions posed. In 2018, several authors of this current report conducted a pilot study of Jurassic strata
in the Cook Inlet forearc basin of southern Alaska that aimed to delineate and mitigate common
challenges in applications of detrital zircon (DZ) geochronology for establishing maximum
depositional ages (MDAs) (Herriott and others, 2019a). Following that work, we expanded these efforts
to include Brookian megasequence strata in the Mesozoic—Cenozoic Colville foreland basin of
northern Alaska. One key to our approach is tandem dating of zircon, with moderate-precision (for
example, £3.2% at 20 [single-analysis analytical uncertainty]) screening by laser ablation-inductively
coupled plasma mass spectrometry (LA-ICPMS; see, for example, Gehrels and others, 2008) that is
then complemented by subsequent high-precision (for example, +0.08% at 20 [single-analysis
analytical uncertainty]) chemical abrasion-isotope dilution-thermal ionization mass spectrometry
(CA-ID-TIMS; Mattinson, 2005) analyses of the youngest zircon crystals identified by LA-ICPMS (see
Schoene [2014] and Schaltegger and others [2015] for reviews of U-Pb zircon geochronology mass
spectrometry). Collaboration with Boise State University’s Isotope Geology Laboratory has made it
possible for DGGS to lead high-precision, zircon-based chronostratigraphy projects in Alaska.
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This data release presents LA-ICPMS and CA-ID-TIMS U-Pb data for five DZ samples
collected from a well-known exposure at Slope Mountain (for example, Huffman, 1989; Willingham
and Herriott, 2020; figs. 1 and 2), which is one of the few localities where the transition between mid-
Cretaceous Torok and Nanushuk Formations is preserved in outcrop (for example, Harris and others,
2002; Mull and others, 2003; LePain and others, 2009, 2022; fig. 3). We also report new U-Pb tephra
zircon data from basal Seabee Formation at Ninuluk Bluff (figs. 1, 3, and 4), a key—and similarly rare—
site where the transition between Late Cretaceous Nanushuk strata and overlying Seabee crops out
(Detterman and others, 1963; LePain and others, 2009; LePain and Kirkham, 2024). These tandem-
dated samples were collected during summer field seasons in 2018 and 2019 as part of DGGS’s North
Slope and Brooks Range foothills basin analysis program. The new zircon geochronology results from
Slope Mountain and Ninuluk Bluff are documented and permanently archived here, and a detailed
chronostratigraphic assessment of these new data is being prepared. Digital data associated with this
report can be found at https://doi.org/10.14509/31152.

Stratigraphy, Sample Localities, and Existing Age Constraints
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Figure 1. Northern Alaska location map, highlighting the Slope Mountain and Ninuluk Bluff localities of the east-central and
west-central North Slope, respectively. See figures 2, 3, and 4 for sample site details. Abbreviations: Mtn—Mountain; TAPS:
Trans-Alaska Pipeline System.

Regionally, Nanushuk Formation (non-marine and shallow-marine topset strata) and Torok
Formation (deep-marine foreset [slope] and proximal bottomset [basin floor] strata) form a massive,
up to 7,500-m-thick clinothem that records ~20 Ma of Aptian—-Cenomanian Colville foreland basin
sedimentation, with basal Seabee Formation strata marking basin-wide transgression and termination
of principally regressive Nanushuk-Torok depositional systems (Houseknecht, 2019a; Lease and
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others, 2022; also Bird and Andrews, 1979; Molenaar, 1983, 1985, 1988; Bird and Molenaar, 1992;
Houseknecht and others, 2009; Bird and Houseknecht, 2011). Time-transgressive development of the
clinothem is generally well understood, with growth mainly accomplished by northeastward to
eastward progradation associated with continental-scale, basin-axial sediment routing systems (for
example, Houseknecht 2019a; fig. 6 therein). The timing of this progradation was further delineated
by the LA-ICPMS-based DZ MDA chronostratigraphic framework of Lease and others (2022).
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Figure 2. Slope Mountain locality map, showing the sample sites for detrital zircon results presented in this report.

LePain and others (2022) recently highlighted that sandstone-rich parasequences in the lower
Nanushuk Formation at Slope Mountain can serve as outcrop analogues for Nanushuk reservoirs of
recent major oil discoveries to the northwest. Refer to Houseknecht (2019b) for additional regional
geologic context of the Colville foreland basin and to Houseknecht (2019a) for stratigraphic relations
and petroleum geology of the Nanushuk-Torok stratigraphy (see also LePain and others, 2009;
Helmold and LePain, 2023).
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We recognize the uppermost ~100 m of marginal- poorly exposed below
marine (m-m) and marine Nanushuk Formation at

Slope Mountain as the Ninuluk sandstone (see also

Keller and others, 1961; LePain and others, 2009).

TheT9MAW119A tephra zircon sample result of Ninuluk Bluff is correlated to the top of the Slope Mountain stratigraphy
as a minimum age constraint. Note that uppermost Torok strata are interpreted as outer-shelf to upper-slope deposits;
all Nanushuk and Seabee units depicted here are topset deposits, with lower Seabee at Ninuluk Bluff principally
reflecting offshore sedimentation (LePain and others, 2009). Additional abbreviation: Fm.—Formation.

Slope Mountain: Torok and Nanushuk Formations

Slope Mountain lies in the Brooks Range foothills north of the mountain front on the east-
central North Slope (figs. 1 and 2) and has been studied for many decades (for example, Keller and
others, 1961; Huffman and others, 1981; Huffman, 1985; Johnsson and Sokol, 2000; LePain and
others, 2009, 2022). This locality is relatively accessible along the Dalton Highway corridor near
milepost 301 (for example, Huffman, 1989; Schenk and Bird, 1993; Harris and others, 2002; LePain



Raw Data File 2024-33 5

: Ny

0 A
- S

© $\¢

@ 19MAW119A
Colville River
N

o 500 meters
~ o 1640 feet

R I 153.31° -153.27°

| 1

Figure 4. Ninuluk Bluff locality map, showing the sample site for tephra zircon results presented in this report.

and others, 2009, 2022). Uppermost Torok Formation of outer-shelf to upper-slope affinity occurs
near the base of the exposure at Slope Mountain (LePain and others, 2022) and is overlain by a
~1000-m-thick Nanushuk Formation section comprising a shallow-marine and marginal-marine
lower part, a non-marine middle part, and a marginal-marine and shallow-marine upper part
(LePain and others, 2009 [discussion and fig. 12A therein]; also Keller and others, 1961; Huffman
and others, 1981; Huffman, 1989; Johnsson and Sokol, 2000; this study; fig. 3).

Sedimentologic and stratigraphic details and interpretations for the uppermost 10 m of Torok
Formation and lower 336.5 m of shallow-marine and marginal-marine Nanushuk Formation at Slope
Mountain were provided by LePain and others (2022), with four of the five DZ sample results reported
here tied to their measured section (figs. 2 and 3). The fifth Slope Mountain DZ sample (1I8STMH112A)
of this report is from the top of the exposed stratigraphy immediately below the summit (figs. 2 and 3),
where we observed marine trace fossils, including Schaubcylindrichnus and probable Planolites,
Thalassinoides, and Skolithos, in Nanushuk strata. Additionally, indications of compensationally
stacked bar forms associated with the 1I8TMH112A sample site suggest mouth bar sedimentation at a
delta front (Peter P. Flaig, personal communication, 2022). We also observed Schaubcylindrichnus and
probable Planolites within a recessive interval ~100 meters stratigraphically below the Slope Mountain
summit, confirming the presence of a relatively thick—albeit thinner as preserved at Slope Mountain
than at Ninuluk Bluff—marginal-marine and marine capping succession (fig. 3). Ultimately, we concur
with the assessment of Keller and others (1961) that the upper part of Nanushuk Formation at Slope
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Mountain regionally corresponds to the (former) Ninuluk formation (Detterman and others, 1963;
Ninuluk sandstone herein; see below).

Ninuluk Bluff: Nanushuk and Seabee Formations

Ninuluk Bluff lies along the Colville River on the west-central North Slope (figs. 1 and 4) and
has also been studied for many decades (for example, Detterman and others, 1963; Huffman and
others, 1981; LePain and others, 2009; LePain and Kirkham, 2024). This bluft is the type locality for the
(former) Ninuluk formation (Detterman and others, 1963; Mull and others (2003), a shallow-marine
stratigraphic unit of uppermost Nanushuk Formation (Mull and others, 2003) that is now commonly
referred to as the Ninuluk sandstone (for example, Houseknecht and Schenk, 2005; Lease and others,
2022; fig. 3). The Ninuluk sandstone is recognized as the record of retrogradational depositional
systems leading up to transgressive cessation of Nanushuk-Torok sedimentation (for example,
Houseknecht and Schenk, 2005; LePain and others, 2009; Lease and others, 2022; LePain and Kirkham,
2024). As noted above, the Nanushuk-Seabee Formations contact is exposed at Ninuluk Bluff, with
lower Seabee strata interpreted as offshore deposits (LePain and others, 2009). LePain and Kirkham
(2024) provide additional sedimentologic and stratigraphic details for Nanushuk and Seabee strata at
this important locality.

Existing Age Constraints: Torok, Nanushuk, and Seabee Formations (central North Slope)

LePain and others (2009) reviewed biostratigraphic constraints for Nanushuk Formation of
the central North Slope region, highlighting that ammonite and pelecypod fossils from lower
Nanushuk strata along the outcrop trend between Slope Mountain and Ninuluk Bluff (fig. 1; see also
LePain and others, 2009) are apparently as old as earliest middle Albian (~110 Ma; see Gale and others,
2020). LePain and others (2009) also presented marine microfossil constraints, with the lower, marine
part of Nanushuk Formation at Slope Mountain yielding indications of middle and late Albian
sedimentation. Farther up section at Slope Mountain, Keller and others (1961) noted an unfossiliferous
stratigraphy and inferred that the middle, non-marine part of Nanushuk Formation at this locality is
probably middle or late Albian and that the upper, marine succession is probably late Cenomanian
based on regional correlations with the Ninuluk Bluff section (see also Detterman and other, 1963; fig.
3). The Seabee Formation, which regionally overlies the Nanushuk and Torok Formations, bears
Turonian ammonites, pelecypods, and microfossils (for example, Mull and others, 2003) and has also
yielded K-Ar and Ar/Ar dates that are often equivocal but suggestive of early Cenomanian to early
Turonian sedimentation (Lanphere and Tailleur, 1983; Mull and others, 2003; Shimer and others,
2016). The Cenomanian-Turonian boundary is currently constrained at 93.9 Ma (Cohen and others,
2013; Gale and others, 2020).

More recently, Lease and others (2022) established DZ MDAs for more than a dozen
Nanushuk-Torok paleo-shelf margins, with Nanushuk strata in the far west (Chukchi Sea area) being
~<115 Ma and numerous indications that the end of Nanushuk-Torok clinothem sedimentation
occurred at ~<95 Ma. This Nanushuk-Torok Formations chronostratigraphic framework is tied to the
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basin-axial, generally eastward advancing paleo-shelf margins of the clinothem north of the latitude of
Ninuluk Bluff (Lease and others, 2022). To the south and east of Ninuluk Bluff, however, it is difficult
to extrapolate in detail the framework of Lease and others (2022) to constrain, for example, the age of
the Torok-Nanushuk Formations transition at Slope Mountain, due to several complicating factors,
including: 1) the highly time-transgressive nature of Nanushuk and Torok Formations; 2) eastern
deflection of the basin-axial, mainly north-south trending shelf-margins within the southern part of
the Nanushuk-Torok clinothem (for example, Houseknecht, 2019a); and 3) increased fold-and-thrust-
belt deformation and general scarcity of seismic reflection data in areas farther south (for example,
Slope Mountain). Nevertheless, potentially synchronous cessation of Nanushuk-Torok depositional
systems at ~<95 Ma, as interpreted by Lease and others (2022), suggests widespread onset of Seabee
Formation deposition during late Cenomanian time. Thus, published age constraints effectively
bracket the Nanushuk Formation at Slope Mountain, and generally across the central North Slope (fig.
1), between ~110 Ma and ~94 Ma.

SAMPLES AND METHODS

Detrital zircon samples were collected from marine sandstone beds of the Torok and
Nanushuk Formations, using typical field sampling protocols and taking great care to avoid
contamination. Four of the DZ samples of this study are from the lower 296 m of the LePain and others
(2022) section, and one additional DZ sample (18TMH112A) is from Nanushuk Formation at the top
of the Slope Mountain stratigraphy (fig. 3). The tephra zircon sample was collected from a volcanic air-
fall deposit in Seabee Formation at Ninuluk Bluff (fig. 3), taking similar care to avoid contamination.

Sample Descriptions (descending stratigraphic order)
19MAW119A: Seabee Formation (Ninuluk Bluff; tephra zircon)

Orange to yellow to white weathering, clayey, friable tephra deposit that ranges from 8 to 12
cm thick and includes black laminae of mudstone and lighter gray silty mudstone (siliciclastic
components were not sampled). LePain and others (2009) interpreted the sampled Seabee succession
as the record of offshore sedimentation (fig. 10C therein). The sample was collected from 4.2 meters
above the Nanushuk-Seabee Formations contact (LePain and Kirkham, 2024; fig. 3); sample location
coordinates are 69.12639°N 153.28822°W (WGS84).

18TMH112A: Nanushuk Formation (Slope Mountain; detrital zircon)

Fine-grained, very thin-bedded, cross-stratified, locally bioturbated sandstone; sampled
package likely records delta front sedimentation (see above). The sample was collected from the top of
the uppermost resistant sandstone package at Slope Mountain and is inferred to be 1000 m (rounded
to the nearest 5 m) above the Torok-Nanushuk Formations contact of LePain and others (2022; fig. 3)
based largely on the lithologic column of Johnsson and Sokol (2000, fig. 4 therein; see also Huffman
and others, 1981; Schenk and Bird, 1993; LePain and others, 2009, 2022). The upper part of the Slope



Raw Data File 2024-33 8

Mountain stratigraphy is regionally correlated to the marine Ninuluk sandstone (see above). Sample
location coordinates are 68.74270°N 149.06694°W (WGS84). Two sample bags were collected during
2018 and analyzed separately by LA-ICPMS in 2019 and 2021 in an effort to improve youthful zircon
yields.

18DL002-296D: Nanushuk Formation (Slope Mountain; detrital zircon)

Medium-grained, thickly bedded, trough cross-stratified sandstone; sample is from the
uppermost part of a resistant interval that LePain and others (2022) interpreted as a distributary
channel fill package (see 290.0-296.2 m of sheet 1 and figs. 12B and 13B therein). The sample was
collected from meter 296 of the measured section of LePain and others (2022), which is 286 m above
the Torok-Nanushuk Formations contact of that study (fig. 3). Sample location coordinates are
68.72777°N 149.03506°W (WGS84).

19DL011D: Nanushuk Formation (Slope Mountain; detrital zircon)

Very fine-grained, thin- to medium-bedded sandstone, with moderate to high bioturbation
index (LePain and others, 2022); the sampled sandstone package is interpreted to record lower
shoreface or delta front(?) sedimentation (LePain and others, 2022; sheet 1 and fig. 11B therein). The
sample was collected from meter 170.0 of the measured section of LePain and others (2022), which is
160 m above the Torok-Nanushuk Formations contact of that study (fig. 3). Sample location
coordinates are 68.72806°N 149.03070°W (WGS84).

19DL010D: Nanushuk Formation (Slope Mountain; detrital zircon)

Very fine-grained, plane-parallel laminated sandstone; the sampled sandstone package exhibits
convolute bedding and is interpreted to record delta front sedimentation (LePain and others, 2022;
sheet 1 and fig. 9B therein). The sample was collected from meter 151.7 of the measured section of
LePain and others (2022), which is 141.7 m above the Torok-Nanushuk Formations contact of that
study (we assign a stratigraphic height of 142 m; fig. 3). Sample location coordinates are 68.72785°N
149.03033°W (WGS84).

18DL002-0.8D: Torok Formation (Slope Mountain; detrital zircon)

Very fine-grained, plane-parallel laminated sandstone; the sample is from the base of a
sandstone interval that is ~80 cm thick, hosts Phycosiphon or Helminthopsis burrows in its upper
portion, and likely records prodelta sedimentation in an outer-shelf to upper-slope setting that was
subject to hyperpycnal flows (LePain and others, 2022; sheet 1 and fig. 5 therein). The sample was
collected from meter 0.8 of the measured section of LePain and others (2022), which is 9.2 m below the
Torok-Nanushuk Formations contact of that study (we assign a stratigraphic height of -9 m; fig. 3).
Sample location coordinates are 68.72756°N 149.02518°W (WGS84).
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U-Pb Zircon Geochronology: Methods Overview

Zircon from the Slope Mountain DZ samples and the Ninuluk Bluff tephra zircon sample were
separated and analyzed by U-Pb geochronology at the Boise State University Isotope Geology Laboratory. All
samples were analyzed first by LA-ICPMS, delineating the overall character of date distributions for the DZ
samples and distinguishing approximately syn-eruptive versus clearly xenocrystic or otherwise older zircon
for the tephra sample. The DZ samples were principally analyzed to establish MDAs, with LA-ICPMS serving
as a moderate-precision screening tool to target youthful, near-stratal-age zircon for high-precision follow-up
analysis by CA-ID-TIMS. All mid-Cretaceous DZ identified by LA-ICPMS were plucked from their epoxy
mounts and analyzed by CA-ID-TIMS; in several cases, “a” and “b” zircon fragments from the same crystal
were analyzed by CA-ID-TIMS to further evaluate reproducibly and accuracy of the results (see Herriott and
others [2019a] for additional discussion of these protocols). A sub-set (n=6) of tephra zircon from the Ninuluk
Bluff sample that yielded mid-Cretaceous LA-ICPMS dates were plucked for analyses by CA-ID-TIMS.
Appendix A (included below) provides detailed analytical methods for the LA-ICPMS and CA-ID-TIMS
experiments. Appendix B (included below) presents cathodoluminescence images of zircon analyzed during
this study, including annotations with LA-ICPMS analysis numbers, laser ablation spot locations, z-grain
(CA-ID-TIMS) designations, and dates and analytical uncertainties (20) for the CA-ID-TIMS results.

RESULTS

Mid-Cretaceous DZ dates are rare in the LA-ICPMS results for the Slope Mountain sandstones
(n=0-2 per sample), whereas the Ninuluk Bluff tephra zircon sample yielded mostly mid-Cretaceous
LA-ICPMS dates (n=11 of 14) (data file 1). As noted above, tandem dating by CA-ID-TIMS solely
focused on zircon with mid-Cretaceous LA-ICPMS dates; complete CA-ID-TIMS results are in data
file 2. Table 1 briefly summarizes the CA-ID-TIMS results, including MDAs for the Slope Mountain
DZ samples and a depositional age for the Ninuluk Bluff tephra zircon sample; data file 3 also
summarizes these results in a geodatabase-ready format. Data file 4 contains machine-readable
summaries of the U-Pb zircon data (LA-ICPMS and CA-ID-TIMS). Data files 1-4 are available at
doi.org/10.14509/31152.

CLOSING COMMENT

A chronostratigraphic analysis of the new CA-ID-TIMS-based age constraints from Slope Mountain
and Ninuluk Bluff is in preparation; that treatment will also address considerations for establishing accurate
and valid DZ MDA in light of LA-ICPMS-CA-ID-TIMS tandem-date relations. This data release is part of
DGGS'’s continued efforts to bring chronostratigraphic research in Alaska basins into higher resolution focus,
with an emphasis on both precision and accuracy. Relatively few radioisotopic age constraints for Brookian
strata have been published (for example, Shimer and others, 2016; LePain and others, 2021; Lease and others,
2022), and the record of Colville foreland basin depositional systems is remarkably extensive in time and space
(Houseknecht, 2019b), providing many opportunities to conduct relevant, impacttful studies. Additional CA-
ID-TIMS zircon age constraints for Alaska’s energy-resource-bearing sedimentary successions will be
published pending completion of further analytical work and stratigraphic syntheses.
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Table 1 (following page). Summary of U-Pb chemical abrasion-thermal ionization mass spectrometry (CA-ID-TIMS)
results and interpreted ages from the Ninuluk Bluff tephra zircon (19MAW119A) and Slope Mountain detrital zircon (all
others) samples. The dates are 2%Pb/2*U results. Interpreted ages reflect weighted means of multiple tephra zircon dates
for T9MAW119A and multiple fragment dates from a single detrital zircon for 18TMH112A, 18DL002-296D, and
18DL002-0.8D; note that the 19DL010D maximum depositional age (MDA) is based on a single analysis and 19DL011D
did not yield mid-Cretaceous laser ablation-inductively coupled mass spectrometry (LA-ICPMS) dates. Individual z-grain
date uncertainties only include analytical (also known as internal or random) sources; uncertainties for interpreted ages
(depositional age [DA] for tephra zircon; MDA for detrital zircon) are reported as X (Y) [Z], reflecting analytical, (analytical
with tracer), and [analytical with tracer and decay constant] sources (see appendix A). Stratigraphic position, or height,
for all DZ samples is relative to the base of Nanushuk Formation at Slope Mountain (see text) and as meters above top
of Nanushuk Formation for the Ninuluk Bluff tephra zircon sample. Complete LA-ICPMS and CA-ID-TIMS results are in
datafiles 1 and 2, respectively. MSWD = mean square weighted deviation; PoF = probability of fit.
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94.866 0078  z1 (XXS 428) X
94.889 0.071 22 (XXS 429) X
94.947 0078 23 (XXS 434) X
19MAW119A  Seabee +4.2 94.909 - °'°302 1((1":42) 6 6 110 036
94886 0071 74 (XXS437) X [0.110]
94.985 0.095 25 (XXS 441) X
94.914 0079 26 (XXS 428) X
102.40 0.04 z1a (M 132) X
18TMH112A  Nanushuk 1000 - 102.41 0'02 (103;06) 1 2 268 0.0
102.48 0.08 21b (M 132 X [0.13]
100.90 0.08 z1a (M 272) X
18DL002-296D Nanushuk 286 - 100.88 0'03 (10409) 1 2 094 033
100.78 0.22 21b (M 272) X [0.14]
19DLO11D  Nanushuk 160 - - - - - - - - - - -
19DLOT0D  Nanushuk 142 101.19 0.08 21 (XS 461) X - 101.19 °'°[g (104?9) 1 1 - -
101.58 0.13 z1a (S 138) X
18DL002-0.8D  Torok -9 - 10158 013(014) 1 2 1.08 030
100.85 1.41 21b (S 138) X [0.18]
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APPENDICES

Appendix A. U-Pb zircon geochronology methods for laser ablation-inductively coupled plasma mass spectrometry
and chemical abrasion-isotope dilution-thermal ionization mass spectrometry (included below).

Appendix B. Cathodoluminescence images of zircon analyzed during this study (included below). Laser ablation spot
locations, analysis labels, and all mid-Cretaceous laser ablation-inductively coupled plasma mass spectrometry dates
and analytical uncertainties (20) are included as annotations (black and white labels). Chemical abrasion-isotope
dilution-thermal ionization mass spectrometry dates and analytical uncertainties (20) are noted for the tandem-dated
crystals (see orange z-grain labels).

DATAFILES

Data File 1. Laser ablation-inductively coupled plasma mass spectrometry U-Pb geochronology and related data (six
Xls files are available for download here: https://doi.org/10.14509/31152). Each Excel file includes instrumental data,
sample data, standard data, and data dictionary worksheets. A. Seabee Formation, Ninuluk Bluff, tephra zircon, sample
19MAW119A. B. Nanushuk Formation, Slope Mountain, detrital zircon, sample 18TMH112A. C. Nanushuk Formation,
Slope Mountain, detrital zircon, sample 18DL002-296D. D. Nanushuk Formation, Slope Mountain, detrital zircon, sample
19DL011D. E. Nanushuk Formation, Slope Mountain, detrital zircon, sample 19DL0O10D. F. Torok Formation, Slope
Mountain, detrital zircon, sample 18DL002-0.8D.

Data File 2. Chemical abrasion-isotope dilution-thermal ionization mass spectrometry U-Pb zircon geochronology
data (one xlIsfile is available for download here: https://doi.org/10.14509/31152) for tephra zircon sample (Ninuluk Bluff)
19MAW119A and detrital zircon samples (Slope Mountain) 18TMH112A, 18DL002-296D, 19DL010D, and 18DL002-0.8D.
Slope Mountain detrital zircon sample 19DL011D did not yield Cretaceous 2**Pb/*#U dates by laser ablation-inductively
coupled plasma mass spectrometry, and thus there are no isotope dilution data for that sample. A data dictionary
worksheet is also included in the Excel file.

Data File 3. Summary of interpreted ages in a geodatabase-ready format (A), as well as a data dictionary (B) (two .csv
files are available for download here: https://doi.org/10.14509/31152).

Data File 4. Summaries of the U-Pb zircon geochronology data in machine-readable formats. A. Laser ablation-
inductively coupled plasma mass spectrometry data. B. Data dictionary for A. C. Chemical abrasion-isotope dilution-
thermal ionization mass spectrometry data. D. Data dictionary for C. (four .csv files are available for download here:
https://doi.org/10.14509/31152).
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APPENDIX A. U-PB ZIRCON GEOCHRONOLOGY METHODS

Laser Ablation-Inductively Coupled Plasma Mass Spectrometry

Zircon grains were separated from rocks using standard techniques, annealed at 900°C for 60
hours in a muffle furnace, and mounted in epoxy and polished until their centers were exposed.
Cathodoluminescence (CL) images (appendix B) were obtained with a JEOL JSM-300 scanning
electron microscope and Gatan MiniCL. Zircon was analyzed by laser ablation-inductively coupled
plasma mass spectrometry (LA-ICPMS) using two different platforms. Four samples (I9MAW119A,
18TMH112A [bag 2], 19DL011D, 19DL010D) were analyzed during 2021 using an iCAP RQ
Quadrupole ICP-MS and Teledyne Photon Machines Analyte Excite+ 193 nm excimer laser ablation
system with HelEx II Active two-volume ablation cell. In-house analytical protocols, standard
materials, and data reduction software were used for acquisition and calibration of U-Pb dates and a
suite of high field strength elements and rare earth elements. Zircon was ablated with a laser spot of 20
pm wide using fluence and pulse rates of 2.5 J/cm?* and 10 Hz, respectively, during a 25 second analysis
(15 second gas blank, 10 second ablation) that excavated a pit ~8 um deep. Ablated material was carried
by a 0.25 L/min He gas stream in the inner cell and a 1.25 L/min He gas stream in the outer cell. Three
samples (18TMHI112A [bag 1], 18DL002-296D, 18DL002-0.8D) were analyzed during 2019 using a
ThermokElectron X-Series II quadrupole ICPMS and New Wave Research UP-213 Nd:YAG UV (213
nm) laser ablation system. In-house analytical protocols, standard materials, and data reduction
software were used for acquisition and calibration of U-Pb dates and a suite of high field strength
elements and rare earth elements. Zircon was ablated with a laser spot of 25 um wide using fluence and
pulse rates of 5 J/cm?* and 5 Hz, respectively, during a 45 second analysis (15 second gas blank, 30
second ablation) that excavated a pit ~15 um deep. Ablated material was carried by a 1.2 L/min He gas
stream to the nebulizer flow of the plasma. Dwell times and other instrumental data are given in the
“Instrumental data” worksheet for each data file 1 (available at https://doi.org/10.14509/31152) Excel
file. Background count rates for each analyte were obtained prior to each spot analysis and subtracted

from the raw count rate for each analyte. Ablations pits that appear to have intersected glass or mineral
inclusions were identified based on Ti and P. U-Pb dates from these analyses are considered valid if
the U-Pb ratios appear to have been unaffected by the inclusions. Analyses that appear contaminated
by common Pb were rejected based on mass 204 being above baseline. For concentration calculations,
background-subtracted count rates for each analyte were internally normalized to *Si and calibrated
with respect to NIST SRM-610 and -612 glasses as the primary standards. Temperature was calculated
from the Ti-in-zircon thermometer (Watson and others, 2006). Because there are no constraints on
the activity of TiO,, an average value in crustal rocks of 0.6 was used.

The primary standard PleSovice zircon (Slama and others, 2008) was used to monitor time-
dependent instrumental fractionation based on two analyses for every 12 analyses of unknown zircon.
A secondary correction to the **Pb/>*U dates was made based on results from the zircon standards
Seiland (531 Ma, Kuiper and others, 2022), 91500 (1065 Ma, Wiedenbeck and others, 1995), and
Zirconia (327 Ma, Boise State University, unpublished data) which were treated as unknowns and
measured once for every 10-12 analyses of unknown zircon. These results (see “Standard data”
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worksheet for each data file 1 Excel file) showed a linear age bias of several percent that is related to the
%Pb count rate. The secondary correction is thought to mitigate matrix-dependent variations due to
contrasting compositions and ablation characteristics between the PleSovice zircon and other
standards (and unknowns).

Radiogenic isotope ratio and age error propagation for all analyses includes uncertainty
contributions from counting statistics and background subtraction. Errors without and with the
standard calibration uncertainty are shown in the “Sample data” worksheet for each data file 1 Excel
file. This uncertainty is the local standard deviation of the polynomial fit to the interspersed primary
standard measurements versus time for the time-dependent, relatively larger U/Pb fractionation factor,
and the standard error of the mean of the consistently time-invariant and smaller *’Pb/***Pb
fractionation factor. These uncertainties are given in the “Instrumental data” worksheet for each data
file 1 Excel file. For groups of analyses that are collectively interpreted from a weighted mean date, a
weighted mean date is first calculated from equivalent dates (probability of fit >0.05) using Isoplot 3.0
(Ludwig, 2003) with errors on individual dates that do not include a standard calibration uncertainty.
A standard calibration uncertainty is then propagated into the error on the date. Discordance is
calculated as the relative difference between *’Pb/**U and **Pb/**U dates; unless otherwise noted on
“Instrumental data” worksheet(s) for each data file 1 Excel file, analyses with discordance outside of
uncertainty of 5% are formatted with strike-through and placed at the bottom of the “Sample data”
worksheet for each data file 1 Excel file. Errors are at 2.

Chemical Abrasion-Isotope Dilution Thermal lonization Mass Spectrometry

U-Pb dates were obtained by the chemical abrasion-isotope dilution-thermal ionization mass
spectrometry (CA-ID-TIMS) method from analyses composed of single zircon grains or fragments of
grains (data file 2; available at https://doi.org/10.14509/31152), modified after Mattinson (2005).
Zircon was removed from the epoxy mounts for isotope dilution dating based on LA-ICPMS data (data

file 1) and CL imagery (appendix B).

Zircon was put into 3 ml Teflon PFA beakers and loaded into 300 pl Teflon PFA microcapsules.
Fifteen microcapsules were placed in a large-capacity Parr vessel and the zircon partially dissolved in
120 pl of 29 M HF for 12 hours at 190°C. Zircon was returned to 3 ml Teflon PFA beakers, HF was
removed, and zircon was immersed in 3.5 M HNOj, ultrasonically cleaned for an hour, and fluxed on
a hotplate at 80°C for an hour. The HNO; was removed, and zircon was rinsed twice in ultrapure H,O
before being reloaded into the 300 pl Teflon PFA microcapsules (rinsed and fluxed in 6 M HCl during
sonication and washing of the zircon) and spiked with the EARTHTIME mixed **U-**U-**Pb-**Pb
tracer solution (ET2535) or the EARTHTIME mixed *U-*U-2*Pb tracer solution (ET535). Three
samples were spiked with ET2535 and two samples were spiked with ET535 (data file 2). Zircon was
dissolved in Parr vessels in 120 ul of 29 M HF with a trace of 3.5 M HNO; at 220°C for 48 hours, dried
to fluorides, and re-dissolved in 6 M HCl at 180°C overnight. U and Pb were separated from the zircon
matrix using an HCl-based anion-exchange chromatographic procedure (Krogh, 1973), eluted
together and dried with 2 pl of 0.05 N H;PO..
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Pb and U were loaded on a single outgassed Re filament in 5 pl of a silica-gel/phosphoric acid
mixture (Gerstenberger and Haase, 1997), and U and Pb isotopic measurements made on a GV
Isoprobe-T multicollector thermal ionization mass spectrometer equipped with an ion-counting Daly
detector. Pb isotopes were measured by peak-jumping all isotopes on the Daly detector for 160 cycles,
and corrected for mass fractionation using the known **Pb/*Pb ratio of the ET2535 tracer solution.
Transitory isobaric interferences due to high-molecular weight organics, particularly on ***Pb and *’Pb,
disappeared within approximately 30 cycles, while ionization efficiency averaged 10* cps/pg of each Pb
isotope. Linearity (to 1.4 x 10° cps) and the associated deadtime correction of the Daly detector were
determined by analysis of NBS982. U was analyzed as UO," ions in static Faraday mode on 10'? ohm
resistors for 300 cycles, and corrected for isobaric interference of 2*U*0'O on **U'0'O with an
180/'0 of 0.00206. Ionization efficiency averaged 20 mV/ng of each U isotope. U mass fractionation
was corrected using the known **U/*°U ratio of the ET2535 tracer solution.

U-Pb dates and uncertainties were calculated using the algorithms of Schmitz and Schoene
(2007), calibration of ET2535 tracer solution (Condon and others, 2015) of *U/**Pb = 100.233,
23U/ U = 0.99506, *Pb/*™Pb = 8474, and **Pb/**Pb = 0.99924, calibration of ET535 tracer solution
(Condon and others, 2015) of 2°U/?Pb = 100.233, 2U/*?°U = 0.99506, and 2*>Pb/*™Pb = 11268, U
decay constants recommended by Jaffey and others (1971), and #*U/**U of 137.818 (Hiess and others,
2012). The *Pb/**U ratios and dates were corrected for initial *°Th disequilibrium using Dru=0.2 +
0.1 (20) and the algorithms of Crowley and others (2007), resulting in an increase in the *Pb/>*U dates
of ~0.09 Ma. All common Pb in analyses was attributed to laboratory blank and subtracted based on
the measured laboratory Pb isotopic composition and associated uncertainty. U blanks are estimated
at 0.013 pg.

Weighted mean **Pb/**U and *”Pb/*®Pb dates are calculated from equivalent dates
(probability of fit >0.05) using Isoplot 3.0 (Ludwig, 2003). Errors on weighted mean and single analysis
206pb/>#U interpreted ages are given as + X (Y) [Z], where X is the internal error based on analytical
uncertainties only, including counting statistics, subtraction of tracer solution, and blank and initial
common Pb subtraction, Y includes the tracer calibration uncertainty propagated in quadrature, and
Z includes the #*U decay constant uncertainty propagated in quadrature. Internal errors should be
considered when comparing our dates with **Pb/**U dates from other laboratories that used the same
tracer solution or a tracer solution that was cross-calibrated using EARTHTIME gravimetric
standards. Errors including the uncertainty in the tracer calibration should be considered when
comparing our dates with those derived from other geochronological methods using the U-Pb decay
scheme (for example, LA-ICPMS). Errors including uncertainties in the tracer calibration and **U
decay constant (Jaffey and others, 1971) should be considered when comparing our dates with those
derived from other decay schemes (for example, *Ar/*Ar, *’Re-'¥Os). Errors are at 20.
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