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Abstract. Sound geologic reasoning underpins detrital zircon (DZ) maximum depositional ages (MDAs) via the principle of 

inclusions, although interpreting in situ U–Pb date distributions requires many geologically, analytically, and statistically 

driven decisions. Existing research highlights strengths and challenges of various algorithm approaches to deriving MDAs 10 

from DZ dates, yet community consensus on best practices remains elusive. Here, we first address new laser ablation-

inductively coupled plasma mass spectrometry (LA-ICPMS) and chemical abrasion-isotope dilution-thermal ionization mass 

spectrometry (CA-ID-TIMS) U–Pb geochronology for five DZ samples from a ~1 km thick section of mid-Cretaceous strata 

in Alaska’s Colville foreland basin. Youthful DZ yields are extremely sparse, and the MDAs are n = 1. LA-ICPMS and CA-

ID-TIMS dates from the same grains (i.e., tandem dating) adhere to a uniform pattern: laser ablation dates are younger than 15 

paired isotope dilution dates, with in situ offsets ranging from –0.3% to –6.4%. Existing biostratigraphic constraints suggest a 

~110–94 Ma sedimentation window for the sampled section, but the CA-ID-TIMS MDAs reduce by ~8.5 Myr the maximum 

geologic time recorded by the stratigraphy. A simple age–depth analysis incorporating the CA-ID-TIMS MDAs and correlation 

of a new CA-ID-TIMS tephra zircon age yields geologically reasonable minimum stratigraphic accumulation rates, but an LA-

ICPMS-based interpretation would render an improbable and inaccurate chronostratigraphy. We then explore the new tandem 20 

data and two previously published Mesozoic tandem DZ datasets for their broader MDA research implications, focusing on 

tandem date pair relations and youthful population sampling densities rather than conducting the typical MDA algorithm 

outputs assessment. Percent-offset plots document impactful (~2–3% on average) and pervasive (~87–100% of pairs per study) 

young bias for the laser ablation dates, likely reflecting a complex combination of analytical dispersion, low-temperature Pb-

loss, and matrix effects, which are topics we review in detail. Deconvolving offset sources without elaborate geochronologic 25 

experiments is difficult, but our tandem-date analysis provides critical context, and follow-up CA-ID-TIMS can diminish or 

eliminate analytical, systematic, and geologic offset sources. We also 1) redefine the reference value for MDA accuracy as the 

crystallization age of the youngest analyzed DZ population in a sample and 2) reframe LA-ICPMS-based DZ MDA algorithm 

evaluations around validity—how capable are the metrics at accurately measuring what they are intended to measure?—rather 

than MDA benchmarking by existing age constraints. These new perspectives follow straightforward geochronologic and 30 

stratigraphic principles, and our synthesis intends to identify and clarify opportunities to further refine DZ MDA research. 
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1 Introduction 

The principle of inclusions establishes that a sedimentary rock cannot be older than its youngest zircon (Houston and 

Murphy, 1965; Fedo et al., 2003). Zircon that crystallizes shortly before eruption or exhumation and is then transported and 

deposited as detritus in a sedimentary basin can yield a near stratal age U–Pb maximum depositional age (MDA) (e.g., Gehrels, 35 

2014; Coutts et al., 2019; Sharman and Malkowski, 2020). Detrital zircon (DZ) MDAs are now an essential tool of 

chronostratigraphy (e.g., Daniels et al., 2018; Karlstrom et al., 2018, 2020; Landing et al., 2021; Cothren et al., 2022; Huang 

et al., 2022; Lease et al., 2022; Dehler et al., 2023; Coutts et al., 2024), and numerous recent papers present insights into this 

method (e.g., Coutts et al., 2019; Herriott et al., 2019a; Johnstone et al., 2019; Rossignol et al., 2019; Copeland, 2020; Gehrels 

et al., 2020; Sharman and Malkowski, 2020; Finzel and Rosenblume, 2021; Rasmussen et al., 2021; Vermeesch, 2021; Isakson 40 

et al., 2022; Schwartz et al., 2023; Sundell et al., 2024). These efforts build on the foundational DZ MDA study by Dickinson 

and Gehrels (2009) and highlight the need to carefully consider sampling protocols, experimental designs, data filtering, 

uncertainty sources and handling, and statistical assessments and modeling (e.g., Sharman and Malkowski, 2020). 

The proliferation of algorithms used to derive MDAs is a conspicuous aspect of the DZ literature (see, e.g., Coutts et 

al., 2019; Copeland, 2020; Sharman and Malkowski, 2020; Vermeesch, 2021; Sundell et al., 2024). When DZ samples yield 45 

abundant youthful (i.e., near stratal/depositional age) U–Pb dates, a researcher has numerous interpretive metrics to choose 

from and will make the first-order decision of whether to establish MDAs with a single zircon or multiple zircon grains. Some 

authors note apparent benefits of statistically assessing the distribution of youthful DZ dates in deriving multi-grain MDAs 

(e.g., Herriott et al., 2019a; Vermeesch et al., 2021), whereas others cite geologic limitations (e.g., unknown provenance or 

magmatic relations) to pooling detrital dates and recommend single-grain MDAs regardless of youthful population yields (e.g., 50 

Spencer et al., 2016; Copeland, 2020). Arguments and demonstrations from the single-grain and multi-grain MDA perspectives 

have not yet yielded consensus (see Sharman and Malkowski, 2020; Sundell et al., 2024), and the youngest single grain (YSG) 

and youngest grain cluster with overlap at 2σ (YC2σ) algorithms of Dickinson and Gehrels (2009) are two of the most highly 

utilized metrics in DZ case studies (Coutts et al., 2019). 

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICPMS) is the most common method for DZ U–55 

Pb geochronology, yet analytical, systematic, and geologic uncertainties can undermine the accuracy of MDAs from LA-

ICPMS (e.g., Herriott et al., 2019a). The MDA algorithms were established for and mainly applied to LA-ICPMS DZ dates 

with the general aim to accommodate varying youthful zircon yields and random, systematic, and geologic errors related to 

analytical dispersion, matrix effects, and Pb-loss that can bias measured dates from true crystallization ages. Analytical 

dispersion is the most easily understood of these uncertainties and is ideally well characterized by laboratories, yet a typical ± 60 

2–4% (2σ) analytical uncertainty for LA-ICPMS dates can mask geologic relations and processes of interest (e.g., Klein and 

Eddy, 2024). Matrix effects, or variable ablation behavior among natural reference zircon (e.g., Temora-2) and unknowns (e.g., 

sampled DZ), are perhaps an underappreciated and under-characterized source of uncertainty in LA-ICPMS zircon 

geochronology (e.g., Klötzli et al., 2009; Allen and Campbell, 2012; Sliwinski et al., 2017; Ver Hoeve et al., 2018). 
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Furthermore, Pb-loss in DZ—which is difficult or impossible to recognize in LA-ICPMS dates for Meso–Cenozoic zircon 65 

(e.g., Spencer et al., 2016)—is more likely pervasive (Keller et al., 2019; Rasmussen et al., 2021; Isakson et al., 2022; Howard 

et al., 2025; also Sharman and Malkowski, 2024) than negligible (Copeland, 2020; Vermeesch, 2021).  

U–Pb zircon dating is a premier radioisotopic geochronometer, with chemical abrasion-isotope dilution-thermal 

ionization mass spectrometry (CA-ID-TIMS; Mattinson, 2005) providing high precision and accuracy in deep time (e.g., 

Schmitz et al., 2020; Schaltegger et al., 2021; Condon et al., 2024). Relatively rapid in situ microbeam geochronology by 70 

secondary ionization mass spectrometry (SIMS) and then LA-ICPMS revolutionized the field of DZ research (Gehrels, 2012). 

In recent years CA-ID-TIMS has been introduced in tandem, multi-mass-spectrometry experimental design workflows for DZ 

studies to establish precise and accurate MDAs (e.g., Macdonald et al., 2014; Burgess and Bowring, 2015; Eddy et al., 2016; 

Karlstrom et al., 2018, 2020; Herriott et al., 2019a; Landing et al., 2021; Rasmussen et al., 2021; Isakson et al., 2022), 

leveraging the benefits of both in situ and isotope dilution techniques (e.g., Mattinson, 2013; Schaltegger et al., 2015). CA-ID-75 

TIMS alleviates or dispenses with many of the current challenges for LA-ICPMS by 1) improved analytical resolution (e.g., 

~50X) through highly sensitive and stable mass spectrometry; 2) removal of matrix effects uncertainties through isotope 

dilution analysis with a well-calibrated tracer solution; 3) accurate correction for initial common Pb using precisely measured 
206Pb/204Pb ratios; and 4) pre-treatment with the chemical abrasion protocol, which is the most successful approach for 

mitigating Pb-loss from zircon (e.g., Schoene, 2014; Schaltegger et al., 2015).  80 

Regardless of what preference a researcher may have for single- or multi-grain MDAs, if very few youthful DZ are 

identified in a sample there are likely limited options (e.g., a single-grain MDA, or no MDA at all). Within this context, we 

present n = 1 (grain) DZ MDAs from mid-Cretaceous foreland basin strata of northern Alaska with sparse youthful zircon 

yields. A tephra zircon sample from a key locality that exposes a correlative cap of the studied section provides minimum, 

overlying age constraints. This study employs LA-ICPMS and CA-ID-TIMS U–Pb geochronology of the same zircon crystals 85 

(i.e., tandem dating) to establish a new chronostratigraphic framework for the Torok and Nanushuk Formations at Slope 

Mountain. An assessment of these new low-n youthful population tandem DZ data (see data release by Herriott et al., 2024) 

and two previously published, higher-n youthful population tandem DZ datasets (Herriott et al., 2019a; Rasmussen et al., 2021) 

places new focus on laser ablation date offsets rather than MDA derivations in order to gain novel insights. We present a 

review of candidate offset sources that can render LA-ICPMS-based MDAs with young bias. Our synthesis provides 90 

opportunity to evaluate current trends and future directions for DZ MDA studies.  

2 Northern Alaska case study 

2.1 Geologic background 

 The Colville foreland basin of northern Alaska formed in response to an initial phase of Late Jurassic–Early 

Cretaceous Brookian orogenesis (e.g., Moore et al., 1994; Houseknecht, 2019a). The Torok and Nanushuk Formations record 95 

an Aptian–Cenomanian cycle of Brookian sedimentation, building a large clinothem (e.g., Houseknecht, 2019b; Fig. 1a). Time-
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transgressive progradation of coupled Nanushuk (non-marine- and shallow-marine topsets) and Torok (deep-marine slope 

foresets and proximal basin-floor bottomsets) depositional systems principally progressed longitudinally from west to east, 

with an additional component of transverse sediment supply and associated clinothem growth from the Brooks Range to the 

south (e.g., Bird and Molenaar, 1992; Houseknecht et al., 2009; Houseknecht, 2019a, 2019b; Lease et al., 2022) 100 

.
Figure 1: Location map of northern Alaska (a) and the Slope Mountain (b) and Ninuluk Bluff (c) sample localities. Nanushuk–Torok 
Formations clinothem paleo-shelf margins (orange-dashed lines) and recent, clinothem-related oil discoveries (magenta ovals) are 
from Houseknecht (2019b); approximate foredeep axis is from Houseknecht et al. (2009; see Decker [2007] for range-front 
structures). Note that the detrital zircon maximum depositional ages of Lease et al. (2022) are mainly tied to basin-axial depositional 105 
systems associated with approximately north–south trending segments of Nanushuk–Torok paleo-shelf margins across the central 
and western North Slope and Chukchi Sea between the approximate latitudes of Ninuluk Bluff (~69°N) and the coast to the north 
(~71°N), as well as deep-water, basin-floor equivalents to the northeast of Slope Mountain. The magenta-dashed line in (b) delineates 
the area visible in Fig. 6a. Imagery from National Elevation Data Set, United States Geological Survey (a) and Maxar Technologies 
Inc., Alaska Geospatial Office, United States Geological Survey (b and c). Mtn—Mountain; TAPS—Trans-Alaska Pipeline System. 110 

Our new chronostratigraphic work focuses on an exposure at Slope Mountain (Fig. 1), where uppermost Torok of 

near-shelf-edge affinity crops out beneath a ~1 km thick succession of shallow-marine, non-marine, and, again, shallow-marine 

Nanushuk (e.g., Keller et al., 1961; Huffman et al., 1981; Huffman, 1985; Schenk and Bird, 1993; Johnsson and Sokol, 2000; 
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Harris et al., 2002; LePain et al., 2009, 2022; Herriott et al., 2024; Fig. 2). LePain et al. (2022) noted the economic relevance 

of the lower Nanushuk at Slope Mountain, where shoreface and delta-front deposits can serve as outcrop analogs for a major 115 

oil exploration fairway to the northwest (Houseknecht, 2019b; also Fig. 1a). A prominent unconformity lies within the ~500 

m thick lower Nanushuk marine stratigraphy at ~144 m above the Torok–Nanushuk contact (LePain et al., 2022) and has been 

interpreted as an incised valley (Schenk and Bird, 1993; LePain et al., 2009). A ~400 m thick non-marine section in Nanushuk 

(Fig. 2) reflects continued (northward) shoreline regression associated with Nanushuk–Torok depositional systems, although 

there are no known Nanushuk outcrops north of Slope Mountain. 120 

Figure 2: Stratigraphic relations and correlations of the Slope Mountain and Ninuluk Bluff sections. See text for discussion of the 
studied stratigraphy; see Tables 1 and 2 and Herriott et al. (2024) for sample details. Note that lower Seabee Formation at Ninuluk 
Bluff is associated with offshore sedimentation (LePain et al., 2009; LePain and Kirkham, 2024). Regional framework is adapted 
from Houseknecht (2019b); Ninuluk Bluff section is adapted from Detterman et al. (1963), LePain et al. (2009), and LePain and 125 
Kirkham (2024); Slope Mountain section is adapted from Johnsson and Sokol (2000) and LePain et al. (2009, 2022) (see also Herriott 
et al., 2024). DZ—detrital zircon; Fm—Formation; m-m—marginal-marine; NB—Ninuluk Bluff; SM—Slope Mountain; TZ—
tephra zircon. 

The ~100 m thick upper succession of marine Nanushuk at Slope Mountain is regionally correlated with the Ninuluk 

sandstone (Fig. 2), which is a top-of-Nanushuk transgressive unit (Houseknecht and Schenk, 2005; LePain et al., 2009) best 130 

known from its exposure at Ninuluk Bluff (Detterman et al., 1963; LePain and Kirkham, 2024; Fig. 1). Regionally, the 

Nanushuk and Torok are overlain by Seabee Formation (e.g., Mull et al., 2003; Houseknecht, 2019a), although exposures of 

the transition are rare, and Seabee does not crop out at Slope Mountain. At localities where the Nanushuk–Seabee contact is 

exposed (e.g., Ninuluk Bluff), the Ninuluk sandstone is locally recognized and abruptly capped by a transgressive surface of 

erosion that is overlain by offshore deposits of lower Seabee Formation (e.g., LePain et al., 2009; LePain and Kirkham, 2024; 135 

see also LePain et al., 2021). The Ninuluk sandstone and lower Seabee are collectively interpreted as a major, low frequency 
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(e.g., 3rd order) transgressive systems tract (Houseknecht and Schenk, 2005; Lease et al., 2022), although higher frequency 

forced regressions are reflected in the retrogradationally stacked Ninuluk sandstone section at Ninuluk Bluff (LePain et al., 

2009; LePain and Kirkham, 2024). 

Ammonites, pelecypods, palynomorphs, and foraminifera from the Nanushuk outcrop trend of the central North Slope 140 

that extends between Slope Mountain and Ninuluk Bluff (Fig. 1) are interpreted to be as old as earliest middle Albian (e.g., 

Keller et al., 1961; Reifenstuhl and Plumb, 1993; Mull et al., 2003; LePain et al., 2009), which corresponds to ~110 Ma (see 

Gale et al., 2020). The Ninuluk sandstone is generally recognized as a Cenomanian unit based on the presence of Inoceramus 

dunveganensis (e.g., Jones and Gryc, 1960; Keller et al., 1961; Detterman et al., 1963; LePain et al., 2009). The lower Seabee 

Formation regionally bears Turonian ammonites and pelecypods and microfossils, (e.g., Jones and Gryc, 1960; Detterman et 145 

al., 1963; Mull et al., 2003); however, some K–Ar and 40Ar/39Ar dates from tephra deposits equivocally suggest early (Shimer 

et al., 2016) to perhaps late (Lanphere and Tailleur, 1983; Mull et al., 2003) Cenomanian timing for onset of Seabee 

sedimentation. Current constraints for the Albian–Cenomanian and Cenomanian–Turonian transitions are 100.5 ± 0.1 Ma and 

93.9 ± 0.2 Ma, respectively (Cohen et al., 2013; 2σ uncertainties from Gale et al., 2020). 

Lease et al. (2022) presented LA-ICPMS-based DZ MDAs for the Nanushuk–Torok clinothem along an ~800-km-150 

long, basin-axial transect, with lower (and time-transgressively older) Nanushuk in the far west (Chukchi Sea area; Fig. 1) 

being no older than ~115 Ma. Those authors also reported four ~95 Ma DZ MDAs from Ninuluk sandstone samples that were 

interpreted to indicate apparently synchronous transgressive termination of the long-lived clinothem. Note that Slope Mountain 

lies south and east of the main, approximately north–south trending segments of Nanushuk–Torok paleo-shelf margins that 

Lease et al. (2022) focused on (see also Fig. 1). And the Slope Mountain stratigraphy is associated with relatively tightly 155 

spaced, approximately east–west trending paleo-shelf margins that advanced northward from the ancestral Brooks Range in a 

paleogeographic position dominated by transverse sediment routing systems (e.g., Houseknecht et al., 2009; Houseknecht, 

2019b; Fig. 1). Ultimately, time-transgressive sedimentation of lithostratigraphic and seismic-stratigraphic units, architectural-

fill complexities tied to axial versus transverse sediment routing, subsequent fold-and-thrust-belt-deformation, and limited 

seismic-stratigraphic resolution along the southern basin margin preclude extrapolating a maximum age constraint for the 160 

Torok–Nanushuk contact at Slope Mountain from the clinothem’s DZ MDA-based chronostratigraphic framework of Lease et 

al. (2022). Current constraints do, however, suggest that the Ninuluk sandstone at the top of Nanushuk Formation at Slope 

Mountain is associated with the aforementioned transgressive cessation of Nanushuk–Torok depositional systems during late 

Cenomanian time at ~≤95 Ma. Thus, existing biostratigraphic and geochronologic information suggest the studied stratigraphy 

at Slope Mountain is ~110–94 Ma. 165 

2.2 Methods 

We sampled one sandstone from the uppermost Torok Formation and four sandstones from the Nanushuk Formation 

at Slope Mountain (Figs. 1b and 2). Stratigraphic context and positions for the lower Nanushuk samples are keyed into the 

work by LePain et al. (2022). Sample 18TMH112A was collected from Nanushuk at the top of the exposed stratigraphy at 
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Slope Mountain and assigned a stratigraphic position of 1000 m above the Torok–Nanushuk contact (Johnsson and Sokol, 170 

2000; Herriott et al., 2024). We also collected a Seabee Formation air-fall tephra deposit sample from 4.2 meters above the 

Nanushuk Formation at Ninuluk Bluff (Figs. 1a and 2; Table 2; Herriott et al., 2024; LePain and Kirkham, 2024). Additional 

information for these samples is included in a companion data-release report by Herriott et al. (2024). 

All samples were prepared and analyzed at Boise State University’s Isotope Geology Laboratory. For the detrital 

samples, we planned to date an unbiased selection of ~200 grains per sample by LA-ICPMS. Samples typically comprised ~1–175 

2 kg of sandstone. Two sample bags of 18TMH112A were originally collected, and the second bag was analyzed in a later 

session (see Herriott et al., 2024), with a shifted focus toward smaller zircon of possible air-fall origin. Zircon yields and spot 

placement considerations resulted in dating 60 to 229 zircon per sample by LA-ICPMS (Table 1), and mid-Cretaceous zircon 

as identified by LA-ICPMS were plucked from their epoxy mounts, broken into fragments for multiple analyses if practical, 

and analyzed by CA-ID-TIMS. Fourteen zircon crystals from the Ninuluk Bluff tephra deposit were dated by LA-ICPMS, and 180 

six crystals were selected, plucked, and analyzed by CA-ID-TIMS (Table 2); follow-up selection criteria for these tephra zircon 

included LA-ICPMS date (i.e., a mid-Cretaceous result), grain morphology—e.g., favoring sharply faceted, commonly 

elongate crystals consistent with air-fall origin and limited re-working—and presence of melt inclusions suggestive of late-

stage, rapid crystallization. Detailed methods, analytical results, metadata, and cathodoluminescence images of the analyzed 

zircon are archived by Herriott et al. (2024). 185 

2.2.1 Uncertainty handling and reporting 

The uncertainty reporting framework established for ID-TIMS data (Schoene et al., 2006) has been adapted or adopted 

for LA-ICPMS data as well (e.g., Schoene, 2014; Horstwood et al., 2016; Condon et al., 2024). All U–Pb zircon dates from 

this study and re-examined from the literature are presented, discussed, and interpreted at 2σ. For the new LA-ICPMS and 

CA-ID-TIMS data, uncertainties are noted in the format of ± X (Y) [Z], where X is internal/random/analytical uncertainty; Y 190 

is internal with reference (i.e., “standard”) zircon (LA-ICPMS) or tracer (CA-ID-TIMS) calibration uncertainty; and Z is 

internal with standard or tracer and U–Pb decay constant uncertainties (Schoene et al., 2006; also Schoene, 2014; Schaltegger 

et al., 2015). Studies that handle LA-ICPMS uncertainties in the format proposed by Horstwood et al. (2016) are designated 

as ± X [Z], where X is internal/random/analytical uncertainty and Z is internal with the quantified systematic uncertainties 

(e.g., standard calibration or long-term excess variance, decay constant, etc.). It is generally viewed as appropriate to compare 195 

1) within session (LA-ICPMS) or with same tracer (CA-ID-TIMS) data to each other at X; 2) same geochronometer (e.g., U–

Pb zircon) data at Y; and 3) inter-geochronometer or disparate chronostratigraphic data type at Z (e.g., Schoene, 2014).

2.2.2 MDAs, ages, offset relations, and terms 

The DZ MDAs from Slope Mountain are based on single-grain CA-ID-TIMS results. MDAs for youthful DZ that 

were broken into fragments and dated separately by CA-ID-TIMS are reported as weighted means of the crystal fragment dates 200 

that overlap at ± 2σ analytical uncertainty and have a probability of fit >0.05. A stratal age for the Ninuluk Bluff tephra zircon 
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sample is based on a weighted mean of the CA-ID-TIMS dates that overlap at ± 2σ analytical uncertainty and yield a probability 

of fit >0.05. The >0.05 probabilities of fit cut-offs permit date dispersion to range as widely as is statistically permissible for 

a single population in an ~95% probability context for the number of analyses (n) in the weighted mean (e.g., Spencer et al., 

2016). MDA algorithms discussed below are always tied to LA-ICPMS data, reflecting their usage in the DZ literature. 205 

Tandem, or paired, U–Pb dates always refer to LA-ICPMS and CA-ID-TIMS results from the same zircon crystal. 

Some of the tandem date comparisons herein are between multiple-analyses, weighted mean results (probability of fit >0.05) 

of the LA-ICPMS data, the CA-ID-TIMS data, or both. For LA-ICPMS, multiple analyses means multiple laser ablation spots 

placed on the same grain; for CA-ID-TIMS, multiple analyses means multiple crystal fragments derived from the same grain 

were dated separately (e.g., Herriott et al., 2019a). For a single pair of tandem dates, quantified offsets are based on the LA-210 

ICPMS date relative to the CA-ID-TIMS date: offset (%) = 100*(LA-ICPMS date – CA-ID-TIMS date) / (CA-ID-TIMS date) 

and offset (Myr) = LA-ICPMS date – CA-ID-TIMS date. In this framework, CA-ID-TIMS sets the benchmark (i.e., reference 

value; e.g., Horstwood et al., 2016), and a young bias for an LA-ICPMS result is always a negative value. 

Two additional metrologic terms are also employed herein, generally following Schoene et al. (2013), Horstwood et 

al. (2016), and Reiners et al. (2017): 1) Precision characterizes data dispersion, repeatability, and reproducibility and typically 215 

constitutes reported uncertainties (at X) at a given confidence level (e.g., 2σ; see also Schaltegger et al., 2021). 2) Accuracy 

addresses the difference between a measured value and a reference (or true) value; data might be considered accurate if they 

lie within reported confidence intervals (Reiners et al., 2017). Furthermore, we suggest that validity—an assessment of how 

capably and accurately a research tactic measures what it is intended to measure (see definitions for medical 

[https://www.nlm.nih.gov/oet/ed/stats/02-500.html] and social [https://dictionary.apa.org/validity] sciences)—is a useful 220 

consideration in discussing approaches or algorithms employed to derive geologic information (e.g., MDAs, stratal age) from 

geochronologic data. 

2.3 Results 

2.3.1 Slope Mountain DZ U–Pb geochronology 

 LA-ICPMS results reveal very low proportions of youthful DZ in the samples (Fig. 3), and a general dearth of post-225 

350 Ma zircon is consistent with a transverse provenance signal (Wartes, 2008; Lease et al., 2022). Nearly all (~99%) LA-

ICPMS dates are pre-Cretaceous (n = 762 of 769; Fig. 3; Herriott et al., 2024); only six 206Pb/238U LA-ICPMS dates (from four 

of the five DZ samples) are mid-Cretaceous (Table 1) and were potentially sourced from Okhotsk-Chutokta volcanism (Shimer 

et al., 2016; Akinin et al., 2020; Lease et al., 2022). Two ~99 Ma LA-ICPMS dates, one each from the lowermost and 

uppermost samples, are from zircon that did not yield CA-ID-TIMS results (Fig. 3; Table 1); the remaining CA-ID-TIMS 230 

experiments ran successfully and yielded concordant dates (Fig. 4). Three of the four DZ grains dated by CA-ID-TIMS were 

analyzed as “a” and “b” fragments (i.e., multiple analyses) from the same crystal, and each a–b pair yielded dates that overlap 

at analytical uncertainty and have weighted mean probabilities of fit >0.05 (Fig. 5; Table 1). The three lowermost samples 

https://www.nlm.nih.gov/oet/ed/stats/02-500.html
https://dictionary.apa.org/validity
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with Cretaceous DZ have late Albian single-grain CA-ID-TIMS results (101.58 ± 0.13 Ma–100.88 ± 0.08 Ma) that get younger 

up section (Figs. 5 and 6; Table 1). Sample 18TMH112A from the top of the Slope Mountain stratigraphy yielded a multiple-235 

fragment CA-ID-TIMS result of 102.41 ± 0.03 Ma that is older than the underlying results (Figs. 2, 5, and 6; Table 1). The 

mid-Cretaceous LA-ICPMS dates mostly overlap at analytical uncertainty, although the dates generally get older up section 

(Fig. 5). All of the tandem data have younger LA-ICPMS dates, ranging from one pair yielding nearly the same date 

(18TMH112A: –0.3% offset) to one pair not overlapping at ± 2σ (Y) uncertainty (18DL001-0.8D: –6.4% offset; Fig. 5; Table 

1). 240 
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Figure 3: Normalized kernel density estimations (KDEs) of all detrital zircon (DZ) laser ablation-inductively coupled plasma mass 
spectrometry (LA-ICPMS) dates from the Slope Mountain samples. All Cretaceous LA-ICPMS dates (± 2σ at X) are listed, including 
their laser ablation analysis labels and tandem-dated z-grain designations. Dates with a single asterisk did not yield chemical 
abrasion-isotope dilution-thermal ionization mass spectrometry (CA-ID-TIMS) results; LA-ICPMS date with double asterisk was 245 
not selected for CA-ID-TIMS analysis because the Early Cretaceous result was not poised to yield chronostratigraphically significant 
constraints. KDEs were plotted in IsoplotR (Vermeesch, 2018), setting kernel bandwidth to calculated (default/auto) values (Botev 
et al., 2010) and permitting independent (per sample) and adaptive modulation (Abramson, 1982). Rug plots are presented as vertical 
dashes that mark DZ dates along the time axes; histogram bins are 100 Myr. DZ with ~800 Ma results are uncommon, and 800 Ma 
was thus used as the transition between 206Pb/238U (<800 Ma) and 207Pb/206Pb (>800 Ma) dates. No discordance filters were employed. 250 

Table 1: Summary of Slope Mountain detrital zircon geochronology samples. All mid-Cretaceous laser ablation-inductively coupled 
plasma mass spectrometry dates are included, as well as tandem chemical abrasion-isotope dilution-thermal ionization mass 
spectrometry dates and maximum depositional ages. See Herriott et al. (2024) for complete data tables. 
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255 
Figure 4: Conventional U–Pb concordia plots (Wetherill, 1956) of all chemical abrasion-isotope dilution-thermal ionization mass 
spectrometry data for the detrital zircon results at Slope Mountain (left) and tephra zircon results at Ninuluk Bluff (right). Orange 
uncertainty ellipses reflect 95% confidence intervals. Inset at upper left includes the relatively imprecise analysis from 18DL002-
0.08D z1b fragment, which is excluded from the main plot at left. Date uncertainties are ± 2σ (X). Plots were generated in IsoplotR 
(Vermeesch, 2018); gray concordia bands depict the 95% confidence interval associated with uranium decay constants and 238U/235U 260 
ratio. See Herriott et al. (2024) for complete data tables. 



12 

Figure 5: Ranked date plot of tandem-dated detrital zircon (DZ) at Slope Mountain and tephra zircon at Ninuluk Bluff, with laser 
ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) dates in magenta and chemical abrasion-isotope dilution-
thermal ionization mass spectrometry (CA-ID-TIMS) dates in orange. Tandem DZ data are boxed together, including multiple CA-265 
ID-TIMS analyses of fragments from the same crystal. Tandem tephra zircon dates are presented as pairs from left to right and the 
stratal age is a weighted mean of all tandem (z grain) CA-ID-TIMS dates (see also Table 2 and Fig. 7). Interpreted maximum 
depositional ages (MDAs) (Slope Mountain samples) and stratal age (Ninuluk Bluff sample) are labeled in bold and marked with 
orange bars that extend across all dates for the included zircon grain(s) but only reflect CA-ID-TIMS data; these interpreted ages 
are weighted means except for 19DL010D, which has a single crystal, single fragment result. Individual dates are plotted at ± 2σ (X), 270 
and the orange bars and bold ages reflect ± 2σ (Y). Labeled z2* grains were selected for analysis by CA-ID-TIMS but did not yield 
results. Stratigraphic position labels for Torok Formation and Seabee Formation samples are relative to bottom and top of Nanushuk 
Formation, respectively. 

Figure 6: (a) Oblique-aerial photograph with view north-northwestward of the southeast flank of Slope Mountain, where the 275 
uppermost Torok Formation and the lower part of Nanushuk Formation crop out. Sample locations and chemical abrasion-isotope 
dilution-thermal ionization mass spectrometry-based maximum depositional ages (MDAs) are labeled and placed in the context of 
the measured section by LePain et al. (2022; yellow labels and lines denote measured section meters and route of that study; see Fig. 
1 for location). Figure adapted from LePain et al. (2022; see therein for discussion of intra-Nanushuk surfaces [white-dashed lines]); 
the short-dashed, queried line at 153.9 m is the incised-valley surface of LePain et al. (2009; also Schenk and Bird, 1993). (b) Oblique-280 
aerial photograph with view northwestward of the southeast flank and higher topography of Slope Mountain, including the site of 
the uppermost detrital zircon sample (18TMH112A; note that this MDA is not chronostratigraphically significant). Uncertainties 
are reported at ± 2σ (Y). DNY—did not yield. 

2.3.2 Ninuluk Bluff tephra zircon U–Pb geochronology 

Eleven of the 14 zircon analyzed by LA-ICPMS from 19MAW119A yielded Late Cretaceous dates, ranging from 285 

~89.6 Ma to ~94.6 Ma (Figs. 5 and 7; Table 2; Herriott et al., 2024). Weighted means for all 11 Cretaceous LA-ICPMS dates 

(92.75 ± 0.84 (1.45) Ma) and all 6 tandem-dated crystal dates (92.72 ± 1.02 (1.56) Ma) from this sample are nearly identical 

(Fig. 7). The six crystals plucked for tandem analyses yield a CA-ID-TIMS-based weighted mean of 94.909 ± 0.032 (0.042) 
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Ma (Figs. 5 and 7; Table 2). All three weighted means of Fig. 7 exhibit date distributions and uncertainties that are consistent 

with expected degrees of analytical dispersion for a single population sample (Wendt and Carl, 1991; Spencer et al., 2016). 290 

All of the tandem data have younger LA-ICPMS dates, ranging from one pair yielding nearly the same date (z6: –0.36% offset) 

to two pairs not overlapping at ± 2σ (X or Y) uncertainty (z4: –3.52% offset; z3: –3.68% offset; Fig. 5; Table 2). 

Figure 7: (a) Ranked date plot of Cretaceous laser ablation-inductively coupled plasma mass spectrometry dates (LA-ICPMS; 
magenta data) and chemical abrasion-isotope dilution-thermal ionization mass spectrometry dates (CA-ID-TIMS; orange data) 295 
from the Ninuluk Bluff tephra zircon sample (19MAW119A). The LA-ICPMS weighted mean date for all the Cretaceous LA-ICPMS 
results is graphically presented (2σ at Y) as the magenta bar that extends across the plot, and the LA-ICPMS weighted mean date 
for the tandem-dated grains is also listed. Neither of the LA-ICPMS weighted means overlap at 2σ (Y) with the CA-ID-TIMS 
weighted mean (see narrow orange bar that extends across the plot), which we interpret as the stratal age for this sample. Both LA-
ICPMS weighted means have ~2.3% young bias (see text and Fig. 10). Individual dates are plotted at ± 2σ (X), and colored weighted 300 
mean date bars reflect uncertainty at Y (see confidence intervals listed in bold). (b) Probability density plots (DensityPlotter; 
Vermeesch, 2012) of the three pooled sets of dates from (a). Each white and black box along the x-axis marks 0.2 Myr, which could 
reflect several 10s of meters of stratigraphic accumulation in, for example, the Nanushuk Formation and perhaps a single magmatic 
zircon crystallization cycle (see text for details). We highlight this in the context of considerations of geologic rates and durations of 
interest and the appropriate relative geochronologic precision and accuracy required to adequately address research questions posed 305 
in case studies. Rug plots (IsoplotR; Vermeesch, 2018) per pooled/plotted date set are presented as vertical lines that mark dates 
along the time axis. 
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Table 2: Summary of Ninuluk Bluff air-fall tephra zircon geochronology sample 19MAW119A (Seabee Formation). All laser 310 
ablation-inductively coupled plasma mass spectrometry dates are included, as well as tandem chemical abrasion-isotope dilution-
thermal ionization mass spectrometry dates and weighted mean stratal age. See Herriott et al. (2024) for complete data tables. 

2.4 Analysis: Slope Mountain and Ninuluk Bluff 

2.4.1 Slope Mountain DZ MDAs 

We interpret each single-crystal, CA-ID-TIMS result from the Slope Mountain DZ samples as an MDA (Figs. 5 and 315 

6; Table 1). These late Albian MDAs are notably younger than previous age constraints (see below). The lack of LA-ICPMS 
206Pb/238U Cretaceous dates from 19DL011D, and an older MDA for 18TMH112A, reflect common challenges in DZ studies, 

where chronostratigraphically significant youthful zircon are geologically absent or were not successfully sampled and 

analyzed. Sample 18TMH112A from the top of the Slope Mountain stratigraphy did yield an analytically excellent MDA that 

is nevertheless ~1 Myr older than the otherwise oldest MDA from sample 18DL002-0.8D at the base of the studied section 320 

(e.g., Fig. 6). The multiple fragment-based CA-ID-TIMS dates from 18DL001-0.8D, 18DL002-296D, and 18TMH112A 

bolster confidence that the single-grain MDAs are accurate by demonstrating intra-grain experimental reproducibility (e.g., 

Fig. 5) and diminishing the possibility that intransigent Pb-loss, which is unlikely to be uniform among grain fragments from 

the same crystal, is impacting results. There is, however, nontrivial risk of losing or destroying a zircon during physical 

fragmentation, and using an entire grain for a single CA-ID-TIMS analysis may yield an analytically better result for very 325 

small zircon with limited radiogenic Pb. Sample 19DL010D is an example of the non-fragmentation approach (Fig. 5; Table 

1). Sample 18DL002-296D demonstrates a common a–b fragment precision relation, with a physically larger “a” fragment 

yielding a higher precision date than the physically smaller “b” fragment. Sample 18TMH112A also exhibits this general a–b 
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fragment precision relation, but also note that the “a” fragment yielded the most precise CA-ID-TIMS date reported herein (± 

0.04% at X) and the “b” fragment is also a very high-precision result (± 0.08% at X; Fig. 4; Table 1). The most marked example 330 

of lower precision b-fragment data is from 18DL002-0.8D (Fig. 4; Table 1), which yielded a chronostratigraphically significant 

MDA that is younger than existing biostratigraphic constraints, is from the lowest/oldest sample in the section, and lies 

immediately below the Torok–Nanushuk transition (Figs. 5 and 6). Obtaining a higher precision b-fragment CA-ID-TIMS date 

from 18DL002-0.8D would have been preferable, but the benefits of demonstrating reproducibility via the multiple-analyses 

approach are evident in this sample. 335 

2.4.2 Ninuluk Bluff tephra zircon age 

We interpret the 94.909 ± 0.032 Ma weighted mean date (n = 6 of 6) as the depositional age for the tephra sample 

(19MAW119A) at Ninuluk Bluff (Figs. 5 and 7; Table 2). The average analytical uncertainty for the individual CA-ID-TIMS 

analyses from this sample is ± 0.079 Ma (± 0.083%), which coincides with common apparent crystallization durations (e.g., 

≤105 years) for autocrystic zircon populations (e.g., Crowley et al., 2007; Wotzlaw et al., 2013, 2014; Keller et al., 2018; 340 

Pamukçu et al., 2022). The geologic, geochronologic, and statistical context of these CA-ID-TIMS dates and pooled-age 

goodness of fit metrics suggest that the results are consistent with a single geologic population and that the data may resolve a 

magmatic zircon crystallization event. In contrast, the LA-ICPMS tandem dates for this sample have average analytical 

uncertainties of ± 2.67 Ma (± 2.88%). Even if the paired LA-ICPMS data were highly accurate, these analytical uncertainty 

envelopes could encompass many magmatic cycles (references above) and 100s of meters of stratigraphy—perhaps entire 345 

formations—at typical active margin sedimentation rates (e.g., 102 m/Myr; Miall et al., 2021; Fig. 7b). Analytical uncertainty 

sets the threshold for the potential to discriminate geologic populations and processes (Schaltegger et al., 2015), such that LA-

ICPMS currently lacks the analytical resolution to truly establish geological (e.g. xenocrystic–antecrystic–autocrystic scatter) 

versus analytical dispersion for mid-Cretaceous zircon (see Fig. 7b). 

The analytical resolution limitations of LA-ICPMS are clear, yet it is the paired LA-ICPMS result for each tandem-350 

dated tephra zircon from 19MAW119A that is most conspicuous: each LA-ICPMS date has a young bias (i.e., negative offset; 

Table 2; also Figs. 5 and 7). Offset for the n = 11 LA-ICPMS weighted mean is –2.27%, which is nearly identical to the offset 

of –2.31% for the n = 6 LA-ICPMS weighted mean that solely includes the tandem dates (Fig. 7). The goodness of fit metrics 

for each of the weighted means in Fig. 7 only establish that excess scatter is not evident in the data at the level of analytical 

resolution of the individual dates and cannot preclude systematic bias (Schaltegger et al., 2015). In fact, neither weighted mean 355 

from the LA-ICPMS dates overlap at ± 2σ (Y) with the CA-ID-TIMS-based stratal age (Fig. 7), highlighting that both statistical 

assessments of dispersion and the accuracy of underlying dates should be considered in a comprehensive interpretive 

framework. 
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2.4.3 Slope Mountain chronostratigraphy 

The uppermost Torok Formation MDA indicates that Nanushuk Formation at Slope Mountain is ≤101.58 ± 0.13 360 

(0.14) [0.18] Ma, which is ~8.5 Myr younger that previous biostratigraphic information suggested (Fig. 8). Regional 

stratigraphic relations (e.g., Keller et al., 1961; Detterman et al., 1963; Huffman et al., 1981; LePain et al., 2009) also permit 

integration of the tephra age from Ninuluk Bluff with the Slope Mountain stratigraphy. The marine–non-marine–marine 

Nanushuk Formation stacking relations at Slope Mountain (e.g., Fig. 2) and the recessive outcrop character of bentonitic 

Seabee Formation mudstone and shale (Mull et al., 2003; Herriott et al., 2018) broadly support the stratigraphic correlation 365 

between upper Nanushuk at Slope Mountain, where Seabee is absent, and upper Nanushuk at Ninuluk Bluff, where the 

Nanushuk–Seabee transition crops out (LePain et al., 2009; LePain and Kirkham, 2024; Fig. 2). Existing Nanushuk–Torok 

clinothem DZ MDAs reveal potentially synchronous drowning of Ninuluk sandstone-associated depositional systems during 

the final stage of Nanushuk deposition (Lease et al., 2022). Conceptually, however, Ninuluk Bluff is in a more landward 

position relative to the Nanushuk–Torok ultimate shelf margin than Slope Mountain is (Fig. 1a; Houseknecht, 2019b), 370 

suggesting that any diachroneity in the lithostratigraphic units would perhaps be reflected by onset of (topset) Seabee 

sedimentation at Slope Mountain prior to onset of (topset) Seabee sedimentation at Ninuluk Bluff (Fig. 2). Furthermore, it is 

not known how much upper Nanushuk stratigraphy (i.e., Ninuluk sandstone) has been eroded from the summit of Slope 

Mountain. Collectively, these time and stratigraphy considerations support the supposition that the 18TMH112A sample 

horizon at the Slope Mountain summit is not younger than 94.909 ± 0.032 Ma. 375 

Figure 8: Age–depth plot of new and existing age constraints for the Slope Mountain stratigraphy. Data plotted in magenta and 
orange are laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) and chemical abrasion-isotope dilution-
thermal ionization mass spectrometry (CA-ID-TIMS) constraints, respectively; generalized biostratigraphic constraints are plotted 
in green. Note that z2 from 18DL002-0.8D and z2 from 18TMH112A did not yield CA-ID-TIMS results (labeled with asterisks); 380 
although a solely-LA-ICPMS-based study may have considered these dates in a chronostratigraphic analysis, neither of these z2 
detrital zircon grains (plotted with slight height offsets for clarity) are poised to change any conclusions herein. Uncertainty bars for 
LA-ICPMS and CA-ID-TIMS results are ± 2σ (Y) and are generally obscured by point symbols for the latter. Each stratigraphic 
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accumulation rate between an MDA and the tephra age is a minimum; line-segment rates between MDAs are neither minimums nor 
maximums. 385 

We thus interpret the Slope Mountain Nanushuk Formation to be ≤101.58 ± 0.13 (0.14) [0.18] Ma and ≥94.909 ± 

0.032 (0.042) [0.110] Ma. One implication of these markedly narrowed age constraints is that the erosion surface at 153.9 m 

of Fig. 6 (~144 m above Torok; see LePain et al., 2009, 2022) may not reflect significant geologic time. The new MDAs also 

indicate that this cut-and-fill succession may be temporally associated with widespread paleoenvironmental changes and 

hiatuses and shelfal incisions noted elsewhere during the Albian–Cenomanian transition (e.g., Koch and Brenner, 2009; 390 

Schröder-Adams, 2014; Lease et al., 2024). 

A simple age–depth assessment of Nanushuk Formation at Slope Mountain demonstrates the value and challenges of 

single-grain LA-ICPMS DZ dates and CA-ID-TIMS MDAs of this study. Using the 94.909 ± 0.032 Ma age from Ninuluk 

Bluff as a minimum age constraint for the top of Nanushuk at Slope Mountain, each straight-segment, accumulation-rate 

pathway between a CA-ID-TIMS DZ MDA and the (overlying) tephra age in Fig. 8 represents a minimum value; the 395 

chronostratigraphically insignificant MDA from 18TMH112A is excluded from the analysis. These minimum accumulation 

rates, which are derived from shallow-marine and non-marine topset strata are consistent with 106 years duration sedimentation 

in a tectonically active foreland basin (e.g., Miall et al., 2021), with an overall minimum rate for the entire section of ~150 

m/Myr (Fig. 8). Segments separately tying the two overlying MDAs to the tephra age reveal slightly lower (minimum) rates 

than the overall ~150 m/Myr (minimum) rate for the entire section because the three lowermost MDAs are steeply stacked in 400 

age–depth space (Fig. 8). A minimum stratigraphic accumulation rate context does not apply to line segments between the 

CA-ID-TIMS MDAs in the lower ~300 m of sampled stratigraphy at Slope Mountain, as crystallization to sedimentation lag 

times can (geologically) vary between samples. Additionally, field, laboratory, and analytical sampling factors (see Dröllner 

et al., 2021; Lowey, 2024) further impact the inter-sample variability of lag time relations, such that any between-MDA-rate 

cannot be characterized as a minimum or maximum. 405 

Interpreting the Slope Mountain LA-ICPMS single-grain dates as MDAs (i.e., YSGs) would render an inaccurate (at 

2σ at Y) chronostratigraphic framework. The lowermost sample in the section yielded the youngest and most precise LA-

ICPMS date (95.1 ± 2.0 (2.1) Ma) from Slope Mountain and exhibits the greatest tandem date-pair offset (–6.4% and –6.5 

Myr; Table 1). The overlying samples yielded older LA-ICPMS dates, although all of the youngest single LA-ICPMS dates 

from the four Slope Mountain samples with mid-Cretaceous results overlap at analytical uncertainty (Figs. 5 and 8). A 410 

stratigraphic accumulation rate derived from the youngest 18DL002-0.8D LA-ICPMS DZ date and the new tephra zircon age 

is implausibly rapid (~5300 m/Myr for entire section; Fig. 8); however, permitting the rate (line segment) to wander the full 

extent of this LA-ICPMS date’s +2σ (Y) value could reduce the rate to ~440 m/Myr, which is plausible yet notably less 

probable. Nearly any rate derived from the youngest 18DL002-0.8D LA-ICPMS DZ date minus some component of  2σ is 

nonsensical from a sediment accumulation perspective, where the age–depth pathway would either indicate instantaneous 415 

sedimentation for the entire bracketed section or the age and stratigraphic relations would contravene superposition. The 

exercise of simplistically wandering the ± 2.2% (Y) uncertainty envelope for this single-grain result also demonstrates that 
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LA-ICPMS is sometimes not well suited to deriving stratigraphic accumulation rates. Although age constraints from 

throughout a section can improve the probabilistic context of LA-ICPMS results in deep-time applications (e.g., Johnstone et 

al., 2019; Coutts et al., 2024), the underlying data should be accurate for such an analysis to be valid. 420 

The new U–Pb data presented here are an example of how useful MDAs are when 1) tandem CA-ID-TIMS analyses 

are employed to obtain accurate and appropriately precise results to resolve chronostratigraphic relations of interest; 2) the 

youngest analyzed DZ are near stratal age; and 3) accurate and appropriately precise independent stratal age constraints are 

available (Fig. 8). Absent the tandem CA-ID-TIMS data, however, we would have been faced with the decision of how to treat 

the LA-ICPMS results from Slope Mountain, with the end-member choices being A) discount the results or B) note how 425 

remarkably young the strata are and how rapid the stratigraphic accumulation rates were. 

3 Discussion: Evaluating DZ MDAs in light of tandem-date relations 

3.1 Challenges of LA-ICPMS-based MDAs 

In the following sections we consider potential impacts of several sources of uncertainty on DZ MDA 

chronostratigraphic research and provide a tandem date-based framework for evaluating these challenges. The emphasis is on 430 

DZ MDA geochronology of Meso–Cenozoic strata, partly reflecting a common focus on post-Paleozoic basins and the typical 

temporal resolution of the mass spectrometry methods employed relative to the geologic processes (e.g., magmatism, 

stratigraphic accumulation rates) and common durations (e.g., 105–106 years) of interest.  

3.1.1 Analytical dispersion and MDA validation 

 Random errors are ubiquitous in measurements, including geochronology, with measured values bearing a random 435 

component of deviation relative to true values (e.g., Reiners et al., 2017). In cases where the only source of uncertainty is 

random and the number of measurements is appropriately high, the mean of the measurements should approximately coincide 

with the true value being measured, and the data dispersion can be quantified and reported at a given confidence interval (e.g., 

Schoene et al., 2013). Random errors in geochronology are commonly observed, presumed, and modeled to have normal 

(Gaussian) distributions, where ~68% and ~95% of the underlying data lie within ± 1σ and ± 2σ of the mean, respectively 440 

(e.g., McLean et al., 2011; Schoene et al., 2013; Reiners et al., 2017; Vermeesch, 2021). LA-ICPMS measurements of U and 

Pb isotope ratios include random statistical fluctuations during analysis that are reflected in the dispersion of data used to 

derive the standard error of the mean (i.e., σ as typically noted in geochronologic literature [e.g., Horstwood et al., 2016], with 

2*σ = 2σ) for each spot date (e.g., Sundell et al., 2021). It is important to note these uncertainties for LA-ICPMS dates are 

effectively a measure of analytical precision and lack explicit bearing on accuracy due to systematic uncertainties that must 445 

also be considered and are not fully characterized (e.g., Schoene, 2014; Schaltegger et al., 2015; Horstwood et al., 2016; 

Herriott et al., 2019a; this study). Nevertheless, the typical net effect of the normal distribution of individual date uncertainties 

is that many geochronologic dates obtained from a single geologic population are themselves typically normally distributed 
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relative to a mean (ideally true) value (e.g., Coutts et al., 2019). These data dispersion relations are not unique to LA-ICPMS 

U–Pb geochronology, but the typical magnitude of analytical uncertainty, common population sampling densities of DZ, and 450 

dates, rates, and durations of interest for Meso–Cenozoic strata suggest that random scatter should be carefully evaluated for 

potential to impart chronostratigraphically significant error on LA-ICPMS-based MDAs.  

In advocating for single grain-based MDAs, Copeland (2020) considered possible impacts of analytical dispersion 

and concluded that preferentially sampling the young, low-probability tail of a distribution of detrital dates would “rarely” be 

problematic because of the minimal area (~2.5%) under a Gaussian probability curve that lies beyond a mean minus 2σ value. 455 

An 40Ar/39Ar dataset (McIntosh and Ferguson, 1998) example was provided, with a youngest date reportedly overlapping at ± 

2σ with a weighted mean from two rhyodacite samples (Copeland, 2020). It is unclear how the youngest 40Ar/39Ar date (18.33 

± 0.15 Ma at 2σ; McIntosh and Ferguson, 1998) overlaps the weighted mean date (reported by Copeland [2020] as 18.59 ± 

0.02 Ma), which is also characterized by overdispersion (probability of fit = 0.00). Regardless of the details for the high-

precision volcanic sample data, we appreciate that at low- to moderate-n sampling the youngest date from a single geologic 460 

population will probably be greater than the mean minus 2σ value. However, the probability that the youngest date will be less 

than a population mean minus 2σ value increases with higher n sampling (e.g., Vermeesch, 2021). Analytical scatter is random, 

but methodically sampling the low-probability tail of a date distribution via, for example, the YSG algorithm can systematically 

render impactful young bias on MDAs and chronostratigraphic interpretations derived from LA-ICPMS data at ± 2–4% 

analytical precision. 465 

Analytical dispersion provides a straightforward opportunity to reconsider long-standing characterizations of YSG, 

which is typically described as likely to closely coincide with stratal age while also being prone to yielding MDAs younger 

than stratal age (e.g., Dickinson and Gehrels, 2009; Coutts et al., 2019; Sharman and Malkowski, 2020), and how we assess 

the reliability or success or accuracy of the MDA algorithms. A proponent of YSG in general—and within the context of 

analytical dispersion specifically—might rely on the numerical modeling of Coutts et al. (2019). Those authors concluded that 470 

YSG and other low-n (i.e., 1–3) metrics were generally “the most successful and accurate” MDA algorithms. However, they 

also noted that low-n algorithm DZ MDAs are susceptible to being younger than depositional age, especially when youthful 

DZ are abundant and overall n and analytical uncertainty are high. Coutts et al. (2019) imparted LA-ICPMS-scale analytical 

dispersion as the sole source of uncertainty on the modeled DZ dates, and the performance of YSG and other MDAs in that 

study were evaluated by comparing modeled DZ dates to a “synthetic” true depositional age (TDA). The modeled dates were 475 

themselves extracted from age populations that ranged from 93 Ma to 80 Ma, with the latter being the synthetic TDA. The 

range of near depositional age DZ dates and the fact that MDA residual offset metrics in the numerical modeling were 

established by evaluating MDAs relative to TDAs likely elevated apparent successes of YSG and other low-n algorithms.  

Characterizing the differences between MDAs and TDAs is valuable (see Sharman and Malkowski, 2020), but these 

differences are an assessment of zircon crystallization to sedimentation lag times, which do not directly bear on the accuracy 480 

of MDAs. Coutts et al. (2019) noted that “little has been done to quantitatively assess the ability of the different [MDA] 

calculation methods to reliably reproduce the true depositional age (TDA) of a rock, referred to herein as the accuracy [their 
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emphasis] of the calculated MDA”. However, accuracy in geochronology (and metrology in general) is an assessment of the 

coincidence of a measured value with the reference or true value (e.g., Condon and Schmitz, 2013; Schoene et al., 2013; 

Reiners et al., 2017; Schaltegger et al., 2021). The accuracy benchmark for an MDA is not the sampled bed’s TDA. The valid 485 

benchmark for DZ MDA accuracy is the true age or reference value of the youngest analyzed zircon population in the sample. 

The intent of the approach by Coutts et al. (2019) is understandable, but it is the chronostratigraphic significance of an 

(accurate) MDA that increases as it approaches the TDA (i.e., as crystallization to sedimentation lag time → 0). Comparing 

MDAs with existing chronostratigraphic data does not ascertain—and cannot quantify—MDA accuracy because MDAs are 

one-sided, maximum constraints that have no radioisotopic tie to stratal age. The singularly critical relationship between 490 

(accurate) MDAs and (accurate) TDAs is based on the principle of inclusions, such that TDA ≤ MDA. MDAs may be 

discounted where chronostratigraphic relations definitively preclude their accuracy, although such scenarios are uncommon in 

case studies. DZ MDA versus volcanic strata age tests or comparisons are sometimes carried out (e.g., Daniels et al., 2018; 

Lease et al., 2022), but situations where microbeam-based MDAs are younger than existing age constraints commonly render 

chronostratigraphic dilemmas that may be intractable without tandem data (e.g., Herriott et al., 2019a, 2019b). 495 

So, MDAs that appear to be an excellent proxy for stratal age can be inaccurate, a situation we colloquially refer to 

as seemingly getting the right answer but for the wrong reason(s). An MDA algorithm that has a propensity to yield what may 

seem like a correct and chronostratigraphically significant result (e.g., MDA coincides with TDA) by providing the solution 

to a question that cannot be directly answered with DZ (i.e., what is the stratal age?) should not be characterized as a reliable 

approach based on that line of reasoning. And an MDAs-as-TDAs framing itself lacks validity. Integrating existing age data 500 

with new DZ MDAs is valuable and should continue as chronostratigraphic records are refined, but the practice of using 

existing age control to benchmark the accuracy of MDAs can be abandoned. 

U–Pb data from Ninuluk Bluff provides another opportunity to examine analytical dispersion as a source of negative 

offset for single-grain MDAs and the limitations of chronostratigraphic benchmarking for evaluating MDA metrics. LA-

ICPMS DZ dates from Ninuluk Bluff (Lease et al., 2022) can be compared to the CA-ID-TIMS-based air-fall tephra age 505 

reported here. The DZ sample was collected from the uppermost 18 m of Nanushuk (~4 to ~22 m below 19MAW119A) and 

yielded a YGC 2σ (sensu Coutts et al., 2019) MDA of 95.1 ± 0.5 [1.3] Ma. A YSG of 93.0 ± 2.3 Ma (2σ at X) derivation from 

this sample overlaps the 94.909 ± 0.032 (0.042) Ma minimum age constraint for the top of Nanushuk at Ninuluk Bluff (Table 

2), as well as Lease et al.’s (2022) preferred MDA. However, a stratigrapher relying on that YSG in a chronostratigraphic 

analysis would understandably interpret the result as indicating the top of Nanushuk is probabilistically most likely to be no 510 

older than early Turonian (cf. Mull et al., 2003). A careful interpreter would also appreciate that this YSG might reflect 

sedimentation as old as late Cenomanian within a ~95% probability context (i.e., 93.0 Ma + 2.3 Ma = 95.3 Ma), but it is just 

as probable that that YSG is indicating a late Turonian MDA (i.e., 93.0 Ma – 2.3 Ma = 90.7 Ma) in the holistic context of ± 

2σ. Yet, the new tephra age precludes Nanushuk at Ninuluk Bluff from being younger than 94.909 ± 0.032 (0.042) Ma (Figs. 

7 and 8). And the probability of fit (0.31) for the YGC 2σ MDA of Lease et al. (2022) suggests that their multi-grain selection 515 

exhibits dispersion consistent with analytical scatter; in other words, the YSG we derived from their Ninuluk Bluff DZ sample 
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is selectively sampling the low-probability tail of a distribution of dates from what may be a single population as resolved by 

LA-ICPMS. 

The poor performance of YSG at Ninuluk Bluff highlights how CA-ID-TIMS constraints can break through 

theoretical discussions of the merits and limitations for single-grain LA-ICPMS-based MDAs by empirically demonstrating 520 

impactful young bias for YSG at moderate-n and moderate-precision sampling of youthful DZ where the date distribution is 

consistent with the nature of measurement dispersion for a single population. However, the CA-ID-TIMS air-fall tephra age 

of this study can only establish that the multi-grain MDA of Lease et al. (2022) is not younger than stratal age, whereas 

quantifying whether that YGC 2σ MDA is an accurate measure of the youngest zircon population sampled requires CA-ID-

TIMS of the same DZ crystals that were analyzed by LA-ICPMS. The typical chronostratigraphic-pattern-matching measures 525 

of success for single- and multi-grain MDAs are not measures of accuracy (see above), but are, again colloquially speaking, 

effectively assessments of staying out of trouble (i.e., deriving MDAs that coincide with or are older than TDAs). 

Sample 19MAW119A is another empirical example of the strengths and challenges of single-grain- versus multi-

grain, microbeam-based chronostratigraphic constraints in the context of analytical dispersion. This tephra appears to be 

relatively simple geologically and geochronologically, yet neither the youngest LA-ICPMS zircon date nor a weighted mean 530 

from the in situ analyses overlap at 2σ (Y) the CA-ID-TIMS age (Fig. 7). The distribution of Cretaceous LA-ICPMS dates is 

consistent with random scatter during analyses of zircon from a single population (Fig. 7), and the nature of the sample avoids 

the potentially geologically and statistically fraught pooling of DZ dates from zircon of unknown relatedness (Spencer et al., 

2016; Copeland, 2020; cf. Vermeesch, 2021). Nevertheless, there are conspicuous and impactful negative offsets across the 

microbeam data (Fig. 7). And, finally, each of the youthful DZ population(s) samples obtained by LA-ICPMS for the Slope 535 

Mountain sample suite are either n = 1 or 2 (Fig. 3), where the expected distribution of analytical dispersion is effectively 

undefined, but YSGs derived from those data ubiquitously exhibit negative offsets (Fig. 5). YSG should, on average, perform 

better where analytical dispersion is the sole source of uncertainty and youthful-population sampling density is very low. YSG 

performance will increasingly degrade with increasingly high-n sampling of youthful DZ populations (e.g., see Coutts et al., 

2019; Gehrels et al., 2020; Vermeesch, 2021; Sharman and Malkowski, 2024; Sundell et al., 2024). However, any DZ MDA 540 

algorithm assessment that solely focuses on analytical dispersion of LA-ICPMS dates will be inconclusive, and both the 

youthful DZ data and the tephra zircon results of this study likely carry sources of negative offset beyond analytical dispersion. 

3.1.2 Pb-loss 

Geochronologists have explored discordance and Pb-loss since the first U–Pb dates were published (Tilton et al., 

1955; Tilton, 1956; Wetherill, 1956; see also Mattinson, 2005, 2011, 2013). Mitigating detrimental impacts of open-system 545 

behavior remains at the forefront of obtaining accurate zircon dates (e.g., Schaltegger et al., 2015, 2021), and U–Pb dates with 

young bias may reflect Pb-loss (e.g., Schoene, 2014). CA-ID-TIMS (Mattinson, 2005) provides state-of-the-art Pb-loss 

mitigation and accuracy for U–Pb zircon geochronology, including for chronostratigraphic applications (e.g., Mundil et al., 

2004; Bowring et al., 2006; Schmitz and Kuiper, 2013; Schoene et al., 2015, 2019; Schmitz et al., 2020; Ramezani et al., 
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2022). Efforts to adapt chemical abrasion to U–Pb dating of zircon by LA-ICPMS are promising (Crowley et al., 2014; von 550 

Quadt et al., 2014; Donaghy et al., 2024; see also Gehrels, 2012), although there are some complicating factors (Schaltegger 

et al., 2015; Horstwood et al., 2016; see also Ver Hoeve et al., 2018). Donaghy et al. (2024) recently demonstrated marked 

potential for chemical abrasion-LA-ICPMS to improve DZ geochronology. Apparent Pb-loss modeling by Sharman and 

Malkowski (2024) and the study by Howard et al. (2025) are also likely to instil additional focus on pre-treatment for in situ 

U–Pb zircon dating (see also chemical abrasion-SIMS studies by, e.g., Kryza et al., 2012; Watts et al., 2016; Kooymans et al., 555 

2024). 

Discordance-based evaluation of Pb-loss from zircon younger than ~400 Ma requires high-precision ratios (e.g., 

Bowring and Schmitz, 2003; Bowring et al., 2006; Spencer et al., 2016), which LA-ICPMS does not provide. Pb-loss via 

volume diffusion at high temperatures (e.g., >900°C; Cherniak and Watson, 2001) is seemingly irrelevant to many DZ MDA 

studies (Vermeesch, 2021). However, Pb-loss may also occur as the result of relatively low-temperature, fluid-mediated 560 

processes (e.g., see Schoene, 2014) and likely is associated with radiation damage and fractures (e.g., Bowring and Schmitz, 

2003). Keller et al. (2019) further suggested that low-temperature recrystallization of zircon in the presence of water during 

weathering and subaerial erosion can lead to Pb-loss, potentially rendering the incompatibility of Pb in zircon as a Pb-loss 

liability under conditions that are relatively common in sedimentary basins and incipient or modern outcrops (see also 

Andersen et al., 2019; Andersen and Elburg, 2022). Low-temperature, aqueous processes-related Pb-loss and/or 565 

recrystallization and/or overgrowth thus may impact chronostratigraphic studies that derive MDAs from DZ, as noted by 

Sharman and Malkowski (2020, 2024). Ultimately, relatively young sedimentary basins (e.g., Meso–Cenozoic) with zircon 

residing in below-geologic-annealing temperatures (e.g., <100–250 °C) may be somewhat counterintuitively prone to losing 

Pb as alpha damage and fission tracks accumulate in a zircon crystal lattice (see Herrmann et al., 2021). 

Copeland (2020) considered several aspects of Pb-loss, but concluded the phenomenon is mostly a challenge for 570 

petrologists rather than stratigraphers. And Vermeesch (2021) highlighted a so-called forbidden zone in a series of plots of 

LA-ICPMS- versus CA-ID-TIMS-based MDAs where the former are younger than the latter, but suggested that Pb-loss in DZ, 

which could account for such a data relation, is probably uncommon in sedimentary basins because they are not typically 

subject to elevated temperatures (e.g., >900°C) that would promote Pb-loss by diffusion. The plots Vermeesch (2021) referred 

to (fig. 4 therein) are based on LA-ICPMS and CA-ID-TIMS DZ dates from the companion studies of Gehrels et al. (2020) 575 

and Rasmussen et al. (2021), with the latter study concluding that most of the analyzed zircon had lost Pb. Similarly, a tandem 

DZ dataset from Jurassic strata has also been interpreted to reveal Pb-loss from zircon (Herriott et al., 2019a). Below we 

examine these two previously published tandem DZ datasets (Herriott et al., 2019a; Rasmussen et al., 2021), as well as the 

tandem date pairs from this study, in a percent-offset context to gain new insights into potential systematic and/or open-system 

sources of young bias for zircon dates, starting with Pb-loss.   580 

Rasmussen et al. (2021) presented LA-ICPMS–CA-ID-TIMS tandem-date pairs for 13 DZ samples from within and 

below the Upper Triassic Chinle Formation (Arizona, USA; fig 2. therein), which was likely deposited in a backarc basin 

associated with active magmatism. We assessed date-pair (n = 110) relations for 10 samples from the Chinle study. Negative 
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offsets are prevalent: 96 of 110 LA-ICPMS dates are younger than their paired CA-ID-TIMS dates, with average overall offsets 

of –2.2% and –4.9 Myr (Figs. 9 and 10). For reference, the average 2σ uncertainty (Y; our assessment) for the tandem LA-585 

ICPMS dates is ± 2.8% and ± 6.0 Myr. Average offsets for the 10 tandem YSGs (i.e., the youngest LA-ICPMS date per sample 

that has a paired CA-ID-TIMS date), are –4.1% and –9.0 Myr, with each tandem YSG being younger than its paired CA-ID-

TIMS dates (3 tandem date pairs overlap at 2σ at Y). In the companion study, Gehrels et al. (2020) presented a larger DZ 

dataset that included the tandem Chinle Formation data, with a focus on the LA-ICPMS results. Gehrels et al. (2020) used the 

maximum likelihood age (MLA) algorithm (adapted from thermochronologic mixture modeling; see Vermeesch, 2021) to 590 

establish their preferred LA-ICPMS-based MDAs. Rasmussen et al. (2021) established MDAs with a coherent age cluster 

weighted mean tactic, with the CA-ID-TIMS-based MDAs typically being older than the LA-ICPMS-based MDAs, although 

the per-sample-paired MDAs “in many cases” overlap at uncertainty. The LA-ICPMS dates are “systematically younger” than 

the paired CA-ID-TIMS dates, and intransigent Pb-loss was attributed to some of the CA-ID-TIMS dates (Rasmussen et al., 

2021). 595 
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Figure 9: Percent offset plots of laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) dates as benchmarked 
by tandem chemical abrasion-isotope dilution-thermal ionization mass spectrometry (CA-ID-TIMS) results from Herriott et al. 
(2019a), Rasmussen et al. (2021), and this study. Data are detrital zircon (n = 144 grains) except for the tephra zircon (n = 6 grains) 
results from Ninuluk Bluff (this study). (a) Percent offset versus uranium concentration. (b) Percent offset versus nth youngest 600 
tandem LA-ICPMS date (a grain that yielded the youngest LA-ICPMS date that was subsequently dated by CA-ID-TIMS is nth = 
1 youngest tandem LA-ICPMS date). Symbols are the same as in (a). All best-fit trend lines are linear, except for the Rasmussen et 
al. (2021) data, which are fitted with a second order polynomial regression. Wide gray bars depict the range of average uncertainty 
(± 2σ at Y) envelope edges for the plotted data (± 2.7–3.8% per study; see text and Fig. 10). 

605 
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Figure 10: Cross-plot of tandem laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) and chemical abrasion-
isotope dilution-thermal ionization mass spectrometry (CA-ID-TIMS) results from Herriott et al. (2019a), Rasmussen et al. (2021), 
and this study. Approximately 90% of the data bear negative offsets, where LA-ICPMS dates are younger than paired CA-ID-TIMS 
dates. The 1:1 black line marks zero offset for date pairs; +2.8% and –2.8% gray lines delineate the average (all plotted data) 610 
uncertainty window (± 2σ at Y). Unbiased datasets should cluster along the 1:1 line, yet it is the –2.8% line that most closely coincides 
with the linear (red-dotted) trend line fit to all the data.  
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Herriott et al. (2019a) presented LA-ICPMS–CA-ID-TIMS tandem-date pairs (n = 30; fig. 2 therein) for 6 DZ samples 

from the Middle–Upper Jurassic Chinitna and Naknek Formations (Alaska, USA), which were deposited in a forearc basin 

associated with active magmatism. The 30 tandem-date pairs plotted on figure 2 of Herriott et al. (2019a) have LA-ICPMS 615 

results that are single-grain, multiple-analyses weighted mean dates. Negative offsets are universal: 30 of 30 LA-ICPMS dates 

are younger than their paired CA-ID-TIMS dates, with average overall offsets of –2.4% and –3.7 Myr (Figs. 9 and 10). For 

reference, the average reported 2σ uncertainty (Y) for the 30 tandem (multiple analyses; n = 3 per grain) LA-ICPMS dates is 

± 2.7% and ± 4.2 Myr. Average offsets for the 6 youngest single grain with multiple analyses (YSGMAs [all tandem dated]) 

LA-ICPMS-based maximum depositional dates (MDDs sensu Herriott et al., 2019a) are –3.8% and –6.0 Myr, with all 620 

YSGMAs being younger than the paired CA-ID-TIMS dates and only 1 of 6 of these date pairs overlaps at 2σ (Y) (Herriott et 

al., 2019a; fig. 2 therein). Herriott et al. (2019a) interpreted a residual bias in their LA-ICPMS multiple-analyses results due 

to Pb-loss. Youngest statistical population (YSP sensu Coutts et al., 2019) MDDs were noted as generally yielding results 

consistent with the CA-ID-TIMS-based MDAs (Herriott et al., 2019a). 

Zircon with higher U (and Th) concentrations accumulate more radiation damage per unit time than zircon with lower 625 

concentrations, and radiation damage can be a proxy for, and mechanism of, Pb-loss (and matrix effects), although geologic 

annealing can impart complexity on these relations (e.g., Herrmann et al., 2021). Tandem data of Figs. 9 and 10 are mostly 

from zircon with moderate to low U-concentrations (94% are <600 ppm U), with only 15% of the tandem YSG/YSGMA DZ 

having U concentrations >350 ppm. Although most trend lines of Fig. 9a reveal poor goodness of fit values, each line does 

indicate increasing (absolute value) negative offsets with increasing U concentration. Despite the potential causal relation 630 

between percent offset and U concentration, any U-based date filtering tactic seems unlikely to meaningfully mitigate the 

magnitude and pervasiveness of the too-young errors in the tandem LA-ICPMS dates. Nevertheless, viewing tandem dating 

offset relations relative to U values—or, ideally, alpha dose determinations (McKanna et al., 2024)—may be a way to gain 

further insight into open-system behavior. 

The Triassic and Jurassic datasets in Fig. 9b adhere to a similar pattern of overall decreasing offset with increasing 635 

nth youngest tandem LA-ICPMS date, although neither trend line achieves coincidence with 0% offset at the highest nth 

tandem dates. The Herriott et al. (2019a) data improve rapidly with increasing nth youngest tandem date, but the trend is 

abruptly clipped at the highest nth (5th) date per sample. The Rasmussen et al. (2021) data do level out at approximately –

1.5% offset (Fig. 9b) by nth = ~10 with a polynomial (2nd order) trend line, but nth youngest tandem LA-ICPMS date is not 

nth youngest LA-ICPMS date per sample for that dataset (Fig. 11), so the significance of the relations is less clear. These data 640 

suggest that tandem dating studies that aim to improve LA-ICPMS by more fully characterizing offset relations and their trends 

thru ranked date ordering should consider multiple analyses by LA-ICPMS, higher n (e.g., n = 12–20) follow-up with CA-ID-

TIMS, and/or methodically broadly sampling (i.e., plucking for tandem CA-ID-TIMS dating) across dense LA-ICPMS date 

distributions to more comprehensively delineate percent offset trends for (ideally) single geologic populations, although the 

latter is difficult to do for DZ samples. Understanding where offset plateaus or inflections may be achieved at higher nth 645 

youngest LA-ICPMS date may reveal distinct or cumulative sources of bias and/or resolve certain offset contributions.  
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Figure 11: Plots highlighting the context of sampling broadly across laser ablation-inductively coupled plasma mass spectrometry 
(LA-ICPMS) date distributions for follow-up (tandem) dating by chemical abrasion-isotope dilution-thermal ionization mass 
spectrometry (CA-ID-TIMS). Data plotted are from Rasmussen et al. (2021), with additional date-rank context from Gehrels et al. 650 
(2020). (a) Youngest tandem LA-ICPMS date versus youngest LA-ICPMS date, with the bold black line representing 1-to-1, 
chronologically sequential sampling for isotope dilution tandem dating from in situ youthful zircon date distributions. Most of the 
tandem CA-ID-TIMS analyses were conducted on grains with LA-ICPMS dates that range across the youngest ~1/3 to ~2/3 of dates 
within young shoulders of the youngest probability density plot modes, which for the plotted samples are generally major modes 
with relatively dense youthful population(s) sampling by LA-ICPMS (see data tables of Gehrels et al., 2020; Rasmussen et al., 2021). 655 
(b) Percent offset versus nth youngest LA-ICPMS date. Notably different trend lines (second order polynomial) between this plot
and for the same data in Fig. 9b are reflecting the difference between nth youngest LA-ICPMS date (here) and nth youngest tandem 
LA-ICPMS date (Fig. 9b); as an example, if grains that yielded the 5th youngest and 10th youngest LA-ICPMS dates were
subsequently selected as the (ostensibly) youngest two zircon for dating by CA-ID-TIMS, then those two zircon are nth = 5 and 10
“youngest LA-ICPMS date” but are nth = 1 and 2 “youngest tandem LA-ICPMS date”. The 30 date pairs from Herriott et al. (2019a; 660 
fig. 2 therein) are not plotted here but would lie on the 1:1 line of (a) due to their experimental design (i.e., plotting those data on (b) 
would be the same as in Fig. 9b). The +2.8% and –2.8% gray lines delineate the average uncertainty window (± 2σ at Y). 

Treatment of the Chinle Formation (and associated Permo–Triassic strata) DZ data by Gehrels et al. (2020), 

Rasmussen et al. (2021), and Vermeersch (2021) demonstrates the significance of MDA algorithm selection. Gehrels et al. 

(2020) described how well their MLA MDAs compared to the CA-ID-TIMS-based MDAs (fig. 13 therein), while also noting 665 
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that the MLAs were older than the LA-ICPMS-based MDAs of Rasmussen et al. (2021). Vermeesch (2021) reported that MLA 

performed better than any other MDA algorithm assessed therein, using the tandem-dated Chinle study samples as a test 

dataset. Rasmussen et al. (2021) concluded “that obtaining a reliable maximum depositional age from LA-ICP-MS analyses is 

not straightforward and that this approach can lead to greater uncertainties than is often appreciated.” Our percent-offset and 

date-rank trend analysis further highlights the difficulty of deriving accurate and valid LA-ICPMS-based MDAs from biased 670 

data (Figs. 9–11). In fact, Vermeesch (2021) noted that none of the existing LA-ICPMS MDA algorithms, including MLA, 

can “detect” Pb-loss, which violates current MDA model assumptions. 

Offset relations from the Herriott et al. (2019a) data suggest similar challenges to obtaining accurate LA-ICPMS-

based MDAs. The sampling density of the Jurassic youthful DZ populations by LA-ICPMS is relatively high, and a single-

grain MDA-based chronostratigraphic framework derived from those in situ data would be inaccurate  at ± 2σ (Y). Although 675 

Herriott et al. (2019a) did not place chronostratigraphic significance on their LA-ICPMS results, they did suggest that LA-

ICPMS-based MDA studies consider favoring YSP (or YC2σ) because of the statistical underpinnings and tendency to 

coincide with their CA-ID-TIMS-based MDAs. However, that recommendation is subject to the same assessment noted in the 

previous paragraph: any typical LA-ICPMS-based MDA interpretive tactic would likely include dates that bear systematic 

and/or geologic biases—near and beyond ± 2σ (Y; Fig. 10)—that current algorithms, including YSP, cannot validly mitigate. 680 

The tandem DZ date pairs of our case study only sparsely sample youthful populations, yet they also conform to the 

trends of the previously published studies. Average LA-ICPMS offsets for the 4 Slope Mountain DZ date pairs are –3.0% and 

–3.1 Myr (Fig. 10), ranging from –0.3% to –6.4% and from –0.3 Myr to –6.5 Myr (Table 1; Fig. 9); for reference, the average 

reported uncertainties (2σ at Y) for the tandem DZ LA-ICPMS dates are ± 3.8% and ± 3.7 Myr. This pair-wise bias suggests 

that the LA-ICPMS DZ dates are not reflecting only random scatter during analysis but rather also include a source of error 685 

that will always yield younger dates (e.g., Pb-loss) or be systematically prone to rendering a young bias in Mesozoic zircon 

(e.g., matrix effects; see below). Again removing the geologic complexities tied to DZ, the Ninuluk Bluff tephra zircon date 

pairs (n = 6) have average LA-ICPMS offsets of –2.3% and –2.2 Myr (Fig. 10), ranging from –0.36% to –3.68% and from –

0.34 Myr to –3.49 Myr (Table 2; Fig. 9); for reference, the average reported uncertainties (2σ at Y) for the tandem tephra 

zircon LA-ICPMS dates are ± 3.2% and ± 2.9 Myr. The tephra zircon date distributions (LA-ICPMS and CA-ID-TIMS) are 690 

consistent with analytical dispersion among a single population as resolved by the methods, but the LA-ICPMS results have 

pervasive negative offsets (Table 2; Fig. 7), demonstrating that U–Pb geochronologic challenges for LA-ICPMS are not unique 

to DZ (see also Tian et al., 2022; Howard et al., 2025). Although Pb-loss is the most widely cited cause for young bias in DZ 

MDA case studies, variable ablation behavior is an additional candidate source of negative offset for LA-ICPMS data that is 

examined in the following section. 695 

3.1.3 Variable ablation behavior 

Inter-elemental mass fractionation occurs during U–Pb LA-ICPMS analysis, requiring sample–standard bracketing 

to correct isotope ratios for unknowns (e.g., Schaltegger et al., 2015). The unknown analyses (i.e., sample; e.g., DZ) are 
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fractionation corrected based on a primary standard/reference zircon (e.g., Plešovice, R33, Temora-2, 91500; e.g., Eddy et al., 

2019; Sundell et al., 2021) and checked by validation (e.g., secondary, tertiary) references, which are treated as unknowns, 700 

commonly selected from the same suite of well-characterized reference zircon, and generally regarded as an accuracy and/or 

reproducibility assessment for the LA-ICPMS analyses  (e.g., Gehrels et al., 2008, 2020). Variable ablation behavior (i.e., 

matrix effects) between primary reference and sample zircon analyzed by LA-ICPMS can render biases in inter-element 

fractionation corrected U–Pb ratios (and dates) of the unknowns (e.g., Schoene, 2014). Thus, systematic errors in laser- and 

plasma-induced elemental fractionation are critical uncertainty sources in LA-ICPMS U–Pb geochronology of zircon (e.g., 705 

Košler et al., 2013; Sliwinsky et al., 2017, 2022; Ver Hoeve et al., 2018) and may impact MDA case studies.  

Matrix effects are generally attributed to physical and chemical properties of zircon (e.g., radiation damage, 

crystallinity, crystallography, trace element substitution, opacity, texture, etc.), with experimental studies exploring various 

potential factors and mitigation measures (Black et al., 2004; Allen and Campbell, 2012; Crowley et al., 2014; Marillo-Sailer 

et al., 2014, 2016; Steely et al., 2014; von Quadt et al., 2014; Solari et al., 2015; Sliwinsky et al., 2017, 2022; Ver Hoeve et 710 

al., 2018; Donaghy et al., 2024). Instrumental settings can also impact ablation behavior, as reviewed by Schaltegger et al. 

(2015; see also Sliwinski et al., 2022). Regardless, a typical view of sample–standard bracketing for 206Pb/238U geochronology 

of zircon by LA-ICPMS is that it generally performs well, although a commonly cited ~1–2% systematic, reference material 

variability uncertainty for LA-ICPMS currently sets precision and accuracy limits for the method (e.g., Gehrels et al., 2008; 

Schoene, 2014; Horstwood et al., 2016; Sliwinski et al., 2022). 715 

There are indications that Meso–Cenozoic zircon are prone to having negative offsets tied to matrix effects. 

Experiments by Allen and Campbell (2012) revealed that LA-ICPMS-based 206Pb/238U dates for their Cretaceous and Cenozoic 

zircon bore the greatest offsets, ranging from –5.1% to 0% (see also Klötzli et al., 2009). Comparisons between LA-ICPMS 

and ID-TIMS or CA-ID-TIMS dates/ages for reference zircon suggest that some of the least well-behaved reference zircon 

(when treated as unknowns) are the relatively few that are of Meso–Cenozoic age (e.g., Donaghy et al., 2024, fig. 1 therein), 720 

with negative offsets being common in many compilations (Gehrels et al., 2008, fig. 10 therein; Schoene, 2014, fig. 11 therein; 

Sundell et al., 2021, fig. 5; Sliwinski et al., 2022). These relations may in part reflect that older primary reference zircon and/or 

primary reference zircon with higher U (and Th) concentrations are dated relative to younger unknown zircon and/or unknown 

zircon with lower U (and Th) concentrations (Allen and Campbell, 2012). As noted above, geologic annealing, which heals 

radiation damage, can complicate this simplified framework. Either way, one implication is that primary reference zircon with 725 

higher degrees of accumulated radiation damage may ablate at faster rates than unknown zircon with lower degrees of radiation 

damage, potentially rendering a young bias to the unknowns (e.g., Sliwinsky et al., 2017, 2022), although additional controls 

on ablation rate variability have also been noted (e.g., Marillo-Sailer et al., 2014, 2016). Nevertheless, employing reference 

materials with similar matrix character to that of unknowns and laboratory thermal annealing of references and unknowns may 

be considered best practices for mitigating this source of uncertainty (e.g., Mattinson, 2005, Allen and Campbell, 2012; Solari 730 

et al., 2015; Marillo-Sailer et al., 2016; Ver Hoeve et al., 2018; Herriott et al., 2019a).  
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Interestingly, for some of the younger reference zircon analyzed by Sundell et al. (2021; e.g., FCT, fig. 5 therein), 

their rapid acquisition LA-ICPMS results are overall more accurate (though less precise) than more conventional (i.e., longer) 

acquisition rates, leading those authors to suggest that limiting ablation time (per spot) could render “better analytical results 

in some cases” due to limiting the relative impact of “down-hole fractionation and compositional heterogeneity” (i.e., matrix 735 

effects) on the resultant data. And chemical abrasion pre-treatment for LA-ICPMS zircon geochronology has been 

demonstrated to reduce ablation rates, and thus pit depth for any given ablation duration (Crowley et al., 2014; Donaghy et al., 

2024), suggesting that chemical abrasion-LA-ICPMS not only provides Pb-loss mitigation but can also diminish down-hole 

fractionation and may reduce matrix effects impacts. Future experiments might further evaluate thermal annealing versus full 

chemical abrasion pre-treatments for LA-ICPMS zircon geochronology to distinguish, for example, the benefits of increased 740 

crystal density and normalizing of ablation behavior among references and unknowns for thermal annealing alone from the 

potential additional influence of acid leaching on diminished coupling (and resultant reduced pit depths) with the laser 

(Crowley et al., 2014; see also Ver Hoeve et al., 2018). 

The general analytical context for fractionation-corrected LA-ICPMS ratios (and dates) of sampled zircon are clearly 

relevant to DZ MDAs employed in chronostratigraphic work. Most of the tandem LA-ICPMS data plotted here lie between 745 

approximately –6% and +1% offset (Fig. 9), with averages per tandem dataset of –2.2% to –3.0% (Fig. 10), which is generally 

consistent with the large compilation and findings of Howard et al. (2025). Even the above noted LA-ICPMS–(CA-)ID-TIMS 

U–Pb datasets of reference zircon suggest that biases tied to matrix effects should not be ignored for Meso–Cenozoic zircon 

and can be of sufficient magnitude to detrimentally impact interpretations (Herriott et al., 2019a). It is critical for practitioners 

to appreciate that reference material-related errors or variance factors do not—and effectively cannot—quantify how well the 750 

fractionation corrections perform for unknown zircon (e.g., Sliwinsky et al., 2017; also Ruiz et al., 2022; Puetz and Spencer, 

2023). And validation material results are similarly not an explicit assessment of accuracy and/or reproducibility of LA-ICPMS 

analyses of unknowns, but rather serve as an important yet general proxy for LA-ICPMS performance during a session. 

Tandem dating does, however, provide an independent and direct benchmark for unknowns. 

Finally, it may be that higher U (and Th) zircon are less susceptible to matrix effects-related offsets (Allen and 755 

Campbell, 2012), but an all-things-being-equal increase in radiation damage is conducive to Pb-loss. And in our case study 

and the work by Herriott et al. (2019a), all analyzed zircon were thermally annealed prior to LA-ICPMS in an attempt to 

diminish variable ablation behavior among unknowns and references, yet data from both of those studies and the independent 

work by Rasmussen et al. (2021) exhibit nearly ubiquitous negative offsets of comparable (percent) magnitudes (Fig. 10). 

There are many factors that affect the degree to which thermal annealing may improve results, and establishing that improved 760 

accuracy has been achieved is not typically demonstrable in routine studies (Horstwood et al., 2016). And, for the Ninuluk 

Bluff tephra data, the linear correlations between increasing (absolute value) percent negative offset and increasing U 

concentration (Fig. 9a;), as well as decreasing (absolute value) percent negative offset and increasing nth youngest tandem 

date (Fig. 9b), are the best goodness of fits for any of the tandem datasets presented and reviewed here and are suggestive of a 
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causal link. However, a conventional, radiation-damage-based view of Pb-loss to account for such a correlation should be 765 

expanded to also consider a matrix-effect component or control. 

3.2 Justification for benchmarking with CA-ID-TIMS 

U–Pb zircon geochronology by CA-ID-TIMS is a cornerstone of high-precision chronostratigraphy (e.g., Bowring et 

al., 2006; Schmitz et al., 2020; Schoene et al., 2021; Wang et al., 2023). The past two decades brought breakthroughs in ID-

TIMS with the advent of chemical abrasion for zircon (Mattinson, 2005) and tracer solution advancements (Condon et al., 770 

2015; McLean et al., 2015). ID-TIMS zircon geochronology has improved beyond the <0.1% precision and accuracy barrier, 

with the <0.01% threshold on the horizon (Schaltegger et al., 2021). Analytical dispersion does occur in CA-ID-TIMS 

experiments (e.g., McLean et al., 2015; Horstwood et al., 2016; Spencer et al., 2016; Klein and Eddy, 2024; Condon et al., 

2024), although the precision of the measurements is improved by ~1–2 orders of magnitude relative to LA-ICPMS (e.g., 

Schoene, 2014; Schaltegger et al., 2015, 2021) such that the method may resolve geologic processes of interest for Meso–775 

Cenozoic zircon. CA-ID-TIMS dates are also less likely to bear systematic offsets than microbeam data are, with isotope 

dilution permitting elemental fractionation corrections via well-calibrated synthetic tracer solutions, eliminating the sample–

standard bracketing—and matrix effects uncertainties—of in situ methods (e.g., Schoene, 2014; Ramezani et al., 2022). Pb-

loss can impact zircon analyzed by CA-ID-TIMS (e.g., Schoene, 2014; Keller et al., 2018, 2019; Widmann et al., 2019; 

Rasmussen et al., 2021; Schaltegger et al., 2021; McKanna et al., 2023, 2024), although some potential points of failure for 780 

chemical abrasion (Mattinson, 2011; references therein) reflect significant Pb-loss and/or extensive radiation damage. Recent 

advancements have also permitted CA-ID-TIMS analyses of fragments from the same zircon crystal (e.g., Schmitz et al., 2020; 

Gaynor et al., 2022), and separately dating multiple fragments per zircon crystal is a practical, empirical means of rooting out 

potentially spurious results and increasing confidence that critically young CA-ID-TIMS DZ dates that underpin MDAs are 

not impacted by Pb-loss (e.g., Herriott et al., 2019a; Karlstrom et al., 2020; this study).  785 

There is thus reasonable justification for benchmarking LA-ICPMS zircon dates with CA-ID-TIMS ages (i.e., 

reference values) from the same crystals; however, increased understanding of Pb-loss and how chemical abrasion performs 

in zircon (including DZ) with perhaps subtle, near-zero age, low-temperature Pb-loss would further bolster such benchmarking. 

Although Pb lost from damaged portions of zircon is typically mitigated by chemical abrasion, the pre-treatment may not 

remove recrystallized or overgrowth domains (e.g., Gaynor et al., 2022; references therein). Thus, avoiding altered zones 790 

and/or overgrowths, which can result from low-temperature alteration and/or metamorphic processes, is important in 

establishing accurate CA-ID-TIMS-based DZ MDAs (e.g., Ruiz et al., 2022; references therein).  

4 Summary 

The late Albian DZ MDAs from Slope Mountain provide high-precision age constraints for the Nanushuk–Torok 

clinothem along its southern outcrop belt. The Ninuluk Bluff tephra zircon age is associated with a sequence stratigraphically 795 
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significant transgression (Lease et al., 2022) and provides a minimum age constraint for Nanushuk Formation at Slope 

Mountain, which we bracket as ≤101.58 ± 0.13 (0.14) [0.18] Ma and ≥94.909 ± 0.032 (0.042) [0.110] Ma. Collectively, these 

interpretations render geologically sensible minimum stratigraphic accumulation rates (~120–150 m/Myr) and indicate a 

reduced (>50%) window of Nanushuk sedimentation at Slope Mountain relative to the wide-ranging biostratigraphy (Fig. 8). 

Furthermore, the Slope Mountain CA-ID-TIMS results establish that the tandem LA-ICPMS data have young bias that would 800 

render a geologically implausible and inaccurate—at 2σ at Y—framework if they had been integrated as YSG (LA-ICPMS) 

MDAs in a chronostratigraphic analysis. The Ninuluk Bluff tephra zircon data also have offsets for the paired LA-ICPMS 

results, with weighted means that are inaccurate at 2σ at Y (Fig. 7), indicating that young bias is not only a challenge for DZ 

geochronology and demonstrating that analytically seemingly well-behaved and well-clustered LA-ICPMS data can 

nevertheless bear total geochronologic uncertainty that may not be adequately accounted for by quantified confidence intervals. 805 

We considered three candidate offset sources for LA-ICPMS U–Pb zircon dates:  

1) Analytical dispersion in LA-ICPMS data will impart YSGs with increasing (absolute value) negative offsets as 

youthful population sampling density increases. It is generally difficult to defend relying on YSG MDAs, which in lower-n 

population sampling may lie within the 2σ uncertainty window of—but are systematically prone to be younger than—the true 

age of the dated DZ. Typical LA-ICPMS ranked-date-based selection of DZ crystals for tandem dating will also benchmark 810 

increasing (absolute value) magnitudes of analytical-dispersion-sourced negative offsets as youthful population sampling 

density increases. Measurement uncertainty is a relatively simple source of potential MDA error but can be difficult to 

disentangle from other sources of offset or geologic mixing of DZ populations. Our exploration of the perils of analytical 

uncertainty for establishing accurate single-grain, LA-ICPMS MDAs from moderate-precision microbeam data also starkly 

highlights how using a TDA as the reference value for MDA accuracy is invalid regardless of youthful population sampling 815 

density, MDA algorithm preferences, or analytical technique. 

2) Identifying Pb-loss for LA-ICPMS analyses of Meso–Cenozoic zircon is difficult because discordance cannot be 

meaningfully assessed. Thus, mitigating Pb-loss from zircon is imperative. Although mitigation methods for in situ U–Pb 

methods are not yet well established, chemical abrasion LA-ICPMS is poised to become more routine and beneficial to DZ 

MDA studies (Donaghy et al., 2024; Sharman and Malkowski, 2024; Howard et al., 2025). Pb-loss under common conditions 820 

in sedimentary basins and outcrops, including zircon residence in water (Keller et al., 2019) at less than geologic annealing 

temperatures (Herrmann et al., 2021), could be a culprit for what might be subtle and pervasive Pb-loss in DZ (e.g., Andersen 

et al., 2019; Andersen and Elburg, 2022; Sharman and Malkowski, 2024; Howard et al., 2025).  

3) Variable ablation behavior (i.e., matrix effects) can impact the accuracy of laser ablation zircon geochronology 

(e.g., Allen and Campbell, 2012; Sliwinski et al., 2022). Klötzli et al. (2009) demonstrated the significance and influence of 825 

the primary reference zircon on reported dates and accuracy for LA-ICPMS. CA-ID-TIMS dating of unknowns uses internal 

isotope dilution based on well-calibrated tracer solutions, eliminating the laser-ablation-related matrix effects of LA-ICPMS 

that result from variation among reference and sample zircon crystals, further bolstering the complementary benefits of tandem 

dating. Propagating systematic uncertainties is one key to avoiding over-interpreting dates/ages, but standard calibration 
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uncertainties or excess-variance factors for reference zircon are not quantified characterizations of the variance of unknown 830 

zircon. The “extended error” approach and discussion of Ruiz et al. (2022) is a reminder that systematic uncertainties are 

perhaps under-characterized for LA-ICPMS U–Pb dating of unknown zircon. 

5 Conclusions and future directions 

The goal for establishing DZ MDAs is to sample the youngest zircon population in a sedimentary rock and determine 

its true age. The potential chronostratigraphic significance of an MDA will depend on a complex series of factors, with the 835 

most significant results being derived by successfully sampling and accurately dating youthful populations with minimal 

crystallization–sedimentation lag times. The accuracy of an MDA is quantitatively determined via a reference age of 

crystallization (e.g., by tandem dating) for the youngest analyzed DZ population and cannot be quantitatively ascertained by 

chronostratigraphic benchmarking due to the one-sided (maximum) detrital (principle of inclusions) context. Obtaining LA-

ICPMS DZ MDAs that overlap CA-ID-TIMS MDAs is commonly achieved (e.g., Herriott et al., 2019; Gehrels et al., 2020; 840 

Rasmussen et al., 2021; Vermeesch, 2021), but the accuracy and validity of results obtained from biased datasets (Figs. 9–11; 

Howard et al., 2025) should be queried. A simple overlap-at-uncertainty (e.g., 2σ) accuracy criterion is reasonable for any 

single result, but it is harder to justify that tactic when assessing larger or compiled datasets and offset trends for their broader 

implications because it can stymie further advancements. Even with LA-ICPMS offset averages lying within—yet near the 

negative edges of—± 2σ (Y) intervals (Fig. 10), we anticipate that many researchers will not be satisfied with the offset plots 845 

of this study and of Howard et al. (2025) and efforts to improve accuracy for LA-ICPMS zircon geochronology will be fruitful. 

We recommend a shift in evaluating LA-ICPMS-based MDAs toward considering the broad validity of the 

algorithms: i.e., the capability of the metrics to accurately measure what they are intended to measure. Accurate and valid 

MDAs are derived from analytically, statistically, and geologically defensible algorithms, and because we do not currently 

have Pb-loss aware (see Keller, 2023) or matrix-effects aware LA-ICPMS DZ MDA algorithms (see also Sharman and 850 

Malkowski, 2024), the underlying data should not bear systematic or geologic biases. LA-ICPMS-based single-grain MDAs 

are problematic because numerous sources of error, including the magnitude and distribution of analytical dispersion, Pb-loss, 

and matrix effects, collectively render n = 1 grain MDAs (e.g., YSG) with maximized (absolute value) young bias potential. 

Adhering to the philosophically defensible ideal of single-crystal DZ MDAs, as recommended by Copeland (2020), is best 

paired with CA-ID-TIMS. Furthermore, accurate and valid multi-grain LA-ICPMS MDAs will be more commonly achievable 855 

as LA-ICPMS U–Pb geochronology accuracy improves (cf. Puetz and Spencer, 2023). 

LA-ICPMS fueled the DZ revolution, but the uncertainty sources for LA-ICPMS dates explored in this paper suggest 

that follow-up analyses by CA-ID-TIMS will become more common in MDA studies where the accuracy and precision is 

poised to resolve the research questions posed. And the future remains bright for microbeam-based MDAs. Intra- and inter-

lab tandem-dating experiments may definitively deconvolve error components in LA-ICPMS. Further understanding how low-860 

temperature Pb-loss may impact LA-ICPMS DZ dates—and how chemical abrasion performs in mitigating Pb-loss for LA-
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ICPMS ages from young zircon (e.g., Donaghy et al., 2024; Sharman and Malkowski, 2024)—are similarly critical and 

promising pursuits. CA-ID-TIMS MDAs now bear on considerations of geologic time scale refinements (e.g., Herriott et al., 

2019a; Karlstrom et al., 2020; Cothren et al., 2022), and Bayesian modeling conditioned with high-precision U–Pb tephra ages, 

and DZ MDAs, in a superpositional, age–depth context is a notable development in deep-time chronostratigraphic research 865 

(e.g., Schoene et al., 2019; Trayler et al., 2020; Landing et al., 2021). For current DZ MDA work, tandem dating is available 

today, with screening for youthful zircon by LA-ICPMS and establishing MDAs by CA-ID-TIMS. “The best of both worlds” 

(Mattinson, 2013) benefits of tandem dating are evident, but integrating CA-ID-TIMS into DZ case studies requires careful 

consideration of project budgets, experimental designs, and collaboration opportunities. 

Data availability 870 

Per funding agency and scholarly publishing requirements and recommendations, the geochronologic data from 

northern Alaska are openly available and permanently archived here: https://doi.org/10.14509/31152  

Author contributions 

TMH, MAW, and DLL collected the northern Alaska samples; JLC and TMH designed the geochronologic 

experiments; JLC conducted the analyses. All authors discussed the results and interpretations. TMH drafted the manuscript, 875 

figures, and tables. All authors participated in review and final preparation of this contribution. 

Competing Interests 

The authors declare that they have no conflicts of interest. 

Acknowledgements 

We recognize that Alaska Natives have since the latest Pleistocene lived on the lands that we now study. Our base 880 

camp for many recent field seasons (2019, 2021–2025) was at Toolik Field Station, which is placed on and surrounded by “the 

ancestral hunting grounds of the Nunamiut, and occasional hunting grounds and routes of the Gwich’in, Koyukuk, and Iñupiaq 

peoples” (https://www.uaf.edu/toolik/about/land-acknowledgement.php); these surrounding lands include Slope Mountain and 

some of the earliest known Indigenous peoples sites in northern Alaska. Arctic Slope Regional Corporation granted access to 

their lands at Ninuluk Bluff; we thank Erik Kenning for processing our permit requests. 885 

Richard Lease shared insights into DZ geochronology of the Slope Mountain stratigraphy. Amanda Willingham, Peter 

Flaig, Joshua Long, Nina Harun, Michelle Gavel, and Robin Carbaugh participated in fieldwork. BSU IGL staff assisted with 

sample preparation. We thank the following folks for stratigraphic and geochronologic discussions: Joshua Long, Peter Flaig, 

https://doi.org/10.14509/31152
https://www.uaf.edu/toolik/about/land-acknowledgement.php


35 
 

Jeff Benowitz, Robert Gillis, Jamey Jones, David Houseknecht, Jared Gooley, Paul O’Sullivan, Evan Twelker, Amanda 

Willingham, and Mareca Guthrie.  890 

We thank Blair Schoene, Michael Eddy, and an anonymous referee for thorough reviews that notably improved this 

contribution. Manuscript handling and comments by Associate Editor Brenhin Keller and Editor Klaus Mezger are greatly 

appreciated. We also thank the editorial support team at Copernicus Publications for their professionalism.  

In developing chemical abrasion pre-treatment for zircon, Dr. James M. Mattinson transformed the field of high-

precision geochronology. Jim’s legacy and contributions carry on as CA-ID-TIMS continues to provide countless opportunities 895 

to gain geoscientific insights.  

Financial support 

The State of Alaska funded this study, and funding for the analytical infrastructure of the Boise State University 

Isotope Geology Laboratory (Boise, Idaho, USA) was provided by the National Science Foundation (grants EAR-0521221, 

EAR-0824974, EAR-1337887, EAR-1735889). 900 

References 

Abramson, I.S.: On bandwidth variation in kernel estimates—A square root law, Ann Stat, 10, 1217–1223, 

https://www.jstor.org/stable/2240724, 1982. 

Akinin, V.V., Miller, E.L., Toro, J., Prokopiev, A.V., Gottlieb, E.S., Pearcey, S., Polzunenkov, G.O., and Trunilina, V.A.: 

Episodicity and the dance of late Mesozoic magmatism and deformation along the northern circum-Pacific margin: North-905 

eastern Russia to the Cordillera, Earth-Sci Rev, 208, 103272, https://doi.org/10.1016/j.earscirev.2020.103272, 2020. 

Allen, C.M. and Campbell, I.H.: Identification and elimination of a matrix-induced systematic error in LA-ICP-MS 206Pb/238U 

dating of zircon, Chem Geol, 332–333, 157–165, https://doi.org/10.1016/j.chemgeo.2012.09.038, 2012. 

Andersen, T. and Elburg, M.A.: Open-system behaviour of detrital zircon during weathering: An example from the 

Palaeoproterozoic Pretoria Group, South Africa, Geol Mag, 159, 561–576, https://doi.org/10.1017/S001675682100114X, 910 

2022. 

Andersen, T., Elburg, M.A., and Magwaza, B.N.: Sources of bias in detrital zircon geochronology: Discordance, concealed 

lead loss and common lead correction, Earth-Sci Rev, 197, 102899, https://doi.org/10.1016/j.earscirev.2019.102899, 

2019. 

Bird, K.J. and Molenaar, C.M.: The North Slope foreland basin, Alaska, in: Foreland Basins and Foldbelts, edited by: 915 

Macqueen, R.W. and Leckie, D.A., AAPG Memoir 55, 363–393, https://doi.org/10.1306/M55563C14, 1992. 

Black, L.P., Kamo, S.L., Allen, C.M., Davis, D.W., Aleinikoff, J.N., Valley, J.W., Mundil, R., Campbell, I.H., Korsch, R. J., 

Williams, I.S., and Foudoulis, C.: Improved 206Pb/238U microprobe geochronology by the monitoring of a trace-element-

https://www.jstor.org/stable/2240724
https://doi.org/10.1016/j.earscirev.2020.103272
https://doi.org/10.1016/j.chemgeo.2012.09.038
https://doi.org/10.1017/S001675682100114X
https://doi.org/10.1016/j.earscirev.2019.102899
https://doi.org/10.1306/M55563C14


36 
 

related matrix effect; SHRIMP, ID–TIMS, ELA–ICP–MS and oxygen isotope documentation for a series of zircon 

standards, Chem Geol, 205, 115–140, https://doi.org/10.1016/j.chemgeo.2004.01.003, 2004. 920 

Botev, Z.I., Grotowski, J.F., and Kroese, D.P.: Kernel density estimation via diffusion, Ann Stat, 38, 2916–2957, 

https://doi.org/10.1214/10-AOS799, 2010. 

Bowring, S.A. and Schmitz, M.D.: High-precision U–Pb zircon geochronology and the stratigraphic record, Rev Mineral 

Geochem, Zircon, 53, 305–326, https://doi.org/10.2113/0530305, 2003. 

Bowring, S.A., Schoene, B., Crowley, J.L., Ramezani, J., and Condon, D.J.: High-precision U–Pb zircon geochronology and 925 

the stratigraphic record: Progress and promise, The Paleontological Society Papers, 12, 25–45, 

https://doi.org/10.1017/S1089332600001339, 2006. 

Burgess, S.D. and Bowring, S.A.: High-precision geochronology confirms voluminous magmatism before, during, and after 

Earth’s most severe extinction, Science Advances, 1, 15 pp., https://doi.org/10.1126/sciadv.1500470, 2015. 

Cherniak, D.J. and Watson, E.B.: Pb diffusion in zircon, Chem Geol, 172, 5–24, https://doi.org/10.1016/S0009-930 

2541(00)00233-3, 2001. 

Cohen, K.M., Finney, S.C., Gibbard, P.L., and Fan, J.-X.: The ICS International Chronostratigraphic Chart, Episodes, 36,  

199–204, https://doi.org/10.18814/epiiugs/2013/v36i3/002, 2013 (updated v. 2023/09; https://stratigraphy.org/chart). 

Condon, D.J., Schoene, B., McLean, N.M., Bowring, S.A., and Parrish, R.R.: Metrology and traceability of U–Pb isotope 

dilution geochronology (EARTHTIME Tracer Calibration Part I), Geochim Cosmochim Ac, 164, 464–480, 935 

https://doi.org/10.1016/j.gca.2015.05.026, 2015.  

Condon, D.J. and Schmitz, M.D.: One hundred years of isotope geochronology, and counting, Elements, 9, 15–17, 

https://doi.org/10.2113/gselements.9.1.15, 2013. 

Condon, D., Schoene, B., Schmitz, M., Schaltegger, U., Ickert, R.B., Amelin, Y., Augland, L.E., Chamberlain, K.R., Coleman, 

D.S., Connelly, J.N., Corfu, F., Crowley, J.L., Davies, J.H.F.L., Denyszyn, S.W., Eddy, M.P., Gaynor, S.P., Heaman, 940 

L.M., Huyskens, M.H., Kamo, S., Kasbohm, J., Keller, C.B., MacLennan, S.A., McLean, N.M., Noble, S., Ovtcharova, 

M., Paul, A., Ramezani, J., Rioux, M., Sahy, D., Scoates, J.S., Szymanowski, D., Tapster, S., Tichomirowa, M., Wall, 

C.J., Wotzlaw, J.-F., Yang, C., and Yin, Q.-Z.: Recommendations for the reporting and interpretation of isotope dilution 

U–Pb geochronological information, Geol Soc Am Bull, 136, 4233–4251, https://doi.org/10.1130/B37321.1, 2024. 

Copeland, P.: On the use of geochronology of detrital grains in determining the time of deposition of clastic sedimentary strata, 945 

Basin Res, 32, 1532–1546, https://doi.org/10.1111/bre.12441, 2020. 

Cothren, H.R., Farrell, T.P., Sundberg, F.A., Dehler, C.M., and Schmitz, M.D.: Novel age constraints for the onset of the 

Steptoean Positive Isotopic Carbon Excursion (SPICE) and the late Cambrian time scale using high-precision U-Pb detrital 

zircon ages, Geology, 50, 1415–1420, https://doi.org/10.1130/G50434.1, 2022. 

Coutts, D., Hubbard, S., Englert, R., Ward, P., and Matthews, W.: Dissecting 20 million years of deep-water forearc sediment 950 

routing using an integrated basin-wide Bayesian chronostratigraphic framework, Geol Soc Am Bull, 136, 3485–3509, 

https://doi.org/10.1130/B37194.1, 2024. 

https://doi.org/10.1016/j.chemgeo.2004.01.003
https://doi.org/10.1214/10-AOS799
https://doi.org/10.2113/0530305
https://doi.org/10.1017/S1089332600001339
https://doi.org/10.1126/sciadv.1500470
https://doi.org/10.1016/S0009-2541(00)00233-3
https://doi.org/10.1016/S0009-2541(00)00233-3
https://doi.org/10.18814/epiiugs/2013/v36i3/002
https://stratigraphy.org/chart
https://doi.org/10.1016/j.gca.2015.05.026
https://doi.org/10.2113/gselements.9.1.15
https://doi.org/10.1130/B37321.1
https://doi.org/10.1111/bre.12441
https://doi.org/10.1130/G50434.1
https://doi.org/10.1130/B37194.1


37 
 

Coutts, D.S., Matthews, W.A., and Hubbard, S.M.: Assessment of widely used methods to derive depositional ages from 

detrital zircon populations, Geosci Front, 10, 1421–1435, https://doi.org/10.1016/j.gsf.2018.11.002, 2019. 

Crowley, Q.G., Heron, K., Riggs, N., Kamber, B., Chew, D., McConnell, B., and Benn, K.: Chemical abrasion applied to LA-955 

ICP-MS U–Pb zircon geochronology, Minerals, 4, 503–518, https://doi.org/10.3390/min4020503, 2014. 

Crowley, J.L., Schoene, B., and Bowring, S.A.: U–Pb dating of zircon in the Bishop Tuff at the millennial scale, Geology, 35, 

1123–1126, https://doi.org/10.1130/G24017A.1, 2007. 

Daniels, B.G., Auchter, N.C., Hubbard, S.M., Romans, B.W., Matthews, W.A., and Stright, L.: Timing of deep-water slope 

evolution constrained by large-n detrital and volcanic ash zircon geochronology, Cretaceous Magallanes Basin, Chile, 960 

Geol Soc Am Bull, 130, 438–454, https://doi.org/10.1130/B31757.1, 2018. 

Decker, P.L.: Brookian sequence stratigraphic correlations, Umiat Field to Milne Point Field, west-central North Slope, Alaska, 

Alaska Division of Geological & Geophysical Surveys Preliminary Interpretive Report 2007-2, 19 pp., 1 sheet, 

https://doi.org/10.14509/15758, 2007. 

Dehler, C., Schmitz, M., Bullard, A., Porter, S., Timmons, M., Karlstrom, K., and Cothren, H.: Precise U–Pb age models refine 965 

Neoproterozoic western Laurentian rift initiation, correlation, and Earth system changes, Precambrian Res, 396, 107156, 

https://doi.org/10.1016/j.precamres.2023.107156, 2023. 

Detterman, R.L., Bickel, R.S., and Gryc, G.: Geology of the Chandler River region, Alaska, Geol Surv Prof Paper 303-E, 233–

324, 16 sheets, https://doi.org/10.3133/pp303E, 1963. 

Dickinson, W.R. and Gehrels, G.E.: Use of U–Pb ages of detrital zircons to infer maximum depositional ages of strata: A test 970 

against a Colorado Plateau Mesozoic database, Earth Planet Sci Lett, 288, 115–125, 

https://doi.org/10.1016/j.epsl.2009.09.013, 2009. 

Donaghy, E.E, Eddy, M.P, Moreno, F., and Ibañez-Mejia, M.: Minimizing the effects of Pb loss in detrital and igneous U–Pb 

zircon geochronology by CA-LA-ICP-MS, Geochronology, 6, 89–106, https://doi.org/10.5194/gchron-6-89-2024, 2024. 

Dröllner, M., Barham, M., Kirkland, C.L., and Ware, B.: Every zircon deserves a date: Selection bias in detrital geochronology, 975 

Geol Mag, 158, 1135–1142, https://doi.org/10.1017/S0016756821000145, 2021. 

Eddy, M.P., Bowring, S.A., Umhoefer, P.J., Miller, R.B., McLean, N.M., and Donaghy, E.E.: High-resolution temporal and 

stratigraphic record of Siletzia’s accretion and triple junction migration from nonmarine sedimentary basins in central and 

western Washington, Geol Soc Am Bull, 128, 425–441, https://doi.org/10.1130/B31335.1, 2016.   

Eddy, M.P., Ibañez-Mejia, M., Burgess, S.D., Coble, M.A., Cordani, U.G., DesOrmeau, J., Gehrels, G.E., Li, X., MacLennan, 980 

S., Pecha, M., Sato, K., Schoene, B., Valencia, V.A., Vervoort, J.D., and Wang, T.: GHR1 zircon—A new Eocene natural 

reference material for microbeam U–Pb geochronology and Hf isotopic analysis of zircon, Geostand Geoanal Res, 43, 

113–132, https://doi.org/10.1111/ggr.12246, 2019. 

Fedo, C.M., Sircombe, K.N., and Rainbird, R.H.: Detrital zircon analysis of the sedimentary record, Rev Mineral Geochem, 

Zircon, 53, 277–303, https://doi.org/10.2113/0530277, 2003. 985 

https://doi.org/10.1016/j.gsf.2018.11.002
https://doi.org/10.3390/min4020503
https://doi.org/10.1130/G24017A.1
https://doi.org/10.1130/B31757.1
https://doi.org/10.14509/15758
https://doi.org/10.1016/j.precamres.2023.107156
https://doi.org/10.3133/pp303E
https://doi.org/10.1016/j.epsl.2009.09.013
https://doi.org/10.5194/gchron-6-89-2024
https://doi.org/10.1017/S0016756821000145
https://doi.org/10.1130/B31335.1
https://doi.org/10.1111/ggr.12246
https://doi.org/10.2113/0530277


38 
 

Finzel, E.S. and Rosenblume, J.A.: Dating lacustrine carbonate strata with detrital zircon U–Pb geochronology: Geology, 49, 

294–298, https://doi.org/10.1130/G48070.1, 2021. 

Gale, A.S., Mutterlose, J., Batenburg, S., Gradstein, F.M., Agterberg, F.P., Ogg, J.G., and Petrizzo, M.R.: The Cretaceous 

Period, in: Geologic Time Scale 2020, edited by: Gradstein, F.M., Ogg, J.G., Schmitz, M.D., and Ogg, G.M., Elsevier, 2, 

1023–1086, https://doi.org/10.1016/B978-0-12-824360-2.00027-9, 2020. 990 

Garza, H.K., Catlos, E.J., Chamberlain, K.R., Suarez, S.E., Brookfield, M.E., Stockli, D.F., and Batchelor, R.A.: How old is 

the Ordovician–Silurian boundary at Dob’s Linn, Scotland? Integrating LA-ICP-MS and CA-ID-TIMS U–Pb zircon dates, 

Geol Mag, 160, 1761–1774, https://doi.org/10.1017/S0016756823000717, 2023.   

Gaynor, S.P., Ruiz, M., and Schaltegger, U.: The importance of high precision in the evaluation of U–Pb zircon age spectra: 

Chem Geol, 603, 120913, https://doi.org/10.1016/j.chemgeo.2022.120913, 2022. 995 

Gehrels, G.: Detrital zircon U–Pb geochronology: Current methods and new opportunities, in: Tectonics of Sedimentary 

Basins: Recent Advances, edited by: Busby, C. and Azor, A., Blackwell Publishing, 2, 47–62, 

https://doi.org/10.1002/9781444347166.ch2, 2012.  

Gehrels, G.: Detrital zircon U–Pb geochronology applied to tectonics, Annu Rev Earth Pl Sc, 42, 127–149, 

https://doi.org/10.1146/annurev-earth-050212-124012, 2014. 1000 

Gehrels, G., Giesler, D., Olsen, P., Kent, D., Marsh, A., Parker, W., Rasmussen, C., Mundil, R., Irmis, R., Geissman, J., and 

Lepre, C.: LA-ICPMS U–Pb geochronology of detrital zircon grains from the Coconino, Moenkopi, and Chinle formations 

in the Petrified Forest National Park (Arizona), Geochronology, 2, 257–282, https://doi.org/10.5194/gchron-2-257-2020, 

2020. 

Gehrels, G.E., Valencia, V.A., and Ruiz, J.: Enhanced precision, accuracy, efficiency, and spatial resolution of U–Pb ages by 1005 

laser ablation–multicollector–inductively coupled plasma–mass spectrometry, Geochem Geophy Geosy, 9, Q03017, 

https://doi.org/10.1029/2007GC001805, 2008. 

Harris, E.E., Mull, C.G., Reifenstuhl, R.R., and Montayne, S.: Geologic map of the Dalton Highway (Atigun Gorge to Slope 

Mountain) area, southern Arctic Foothills, Alaska, Alaska Division of Geological & Geophysical Surveys Preliminary 

Interpretive Report 2002-2, 1 sheet, https://doi.org/10.14509/2867, 2002. 1010 

Herriott, T.M., Crowley, J.L., Schmitz, M.D., Wartes, M.A., and Gillis, R.J.: Exploring the law of detrital zircon: LA-ICP-MS 

and CA-TIMS geochronology of Jurassic forearc strata, Cook Inlet, Alaska, USA, Geology, 47, 1044–1048, 

https://doi.org/10.1130/G46312.1, 2019a. 

Herriott, T.M., Crowley, J.L., LePain, D.L., Wartes, M.A., Harun, N.T., and Schmitz, M.D.: Zircon geochronology of Torok 

and Nanushuk Formations sandstones at Slope Mountain and a Seabee Formation tephra deposit at Ninuluk Bluff, central 1015 

North Slope, Alaska, Alaska Division of Geological & Geophysical Surveys Raw Data File 2024-33, 42 pp., 

https://doi.org/10.14509/31152, 2024. 

https://doi.org/10.1130/G48070.1
https://doi.org/10.1016/B978-0-12-824360-2.00027-9
https://doi.org/10.1017/S0016756823000717
https://doi.org/10.1016/j.chemgeo.2022.120913
https://doi.org/10.1002/9781444347166.ch2
https://doi.org/10.1146/annurev-earth-050212-124012
https://doi.org/10.5194/gchron-2-257-2020
https://doi.org/10.1029/2007GC001805
https://doi.org/10.14509/2867
https://doi.org/10.1130/G46312.1
https://doi.org/10.14509/31152


39 
 

Herriott, T.M., Wartes, M.A., Decker, P.L., Gillis, R.J., Shellenbaum, D.P., Willingham, A.L., and Mauel, D.J.: Geologic map 

of the Umiat–Gubik area, central North Slope, Alaska, Alaska Division of Geological & Geophysical Surveys Report of 

Investigation 2018-6, 55 pp., 1 sheet, https://doi.org/10.14509/30099, 2018. 1020 

Herriott, T.M., Wartes, M.A., O'Sullivan, P.B., and Gillis, R.J.: Detrital zircon maximum depositional dates for the Jurassic 

Chinitna and Naknek Formations, lower Cook Inlet, Alaska: A preliminary view, Alaska Division of Geological & 

Geophysical Surveys Preliminary Interpretive Report 2019-5, 11 pp., https://doi.org/10.14509/30180, 2019b. 

Herrmann, M., Söderlund, U., Scherstén, A., Næraa, T., Holm‑Alwmark, S., and Alwmark, C.: The effect of low‑temperature 

annealing on discordance of U–Pb zircon ages, Scientific Reports, 11, 7079, https://doi.org/10.1038/s41598-021-86449-1025 

y, 2021. 

Horstwood, M.S., Košler, J., Gehrels, G., Jackson, S.E., McLean, N.M., Paton, C., Pearson, N.J., Sircombe, K., Sylvester, P., 

Vermeesch, P., Bowring, J.F., Condon, D.J., and Schoene, B.: Community-derived standards for LA-ICP-MS U–(Th–)Pb 

geochronology—Uncertainty propagation, age interpretation and data reporting, Geostand Geoanal Res, 40, 311–332,  

https://doi.org/10.1111/j.1751-908X.2016.00379.x, 2016. 1030 

Houseknecht, D.W.: Evolution of the Arctic Alaska sedimentary basin, in: The Sedimentary Basins of the United States and 

Canada (Second Edition), edited by: Miall, A.D., Elsevier, 719–745, https://doi.org/10.1016/B978-0-444-63895-3.00018-

8, 2019a. 

Houseknecht, D.W.: Petroleum systems framework of significant new oil discoveries in a giant Cretaceous (Aptian–

Cenomanian) clinothem in Arctic Alaska, Am Assoc Petr Geol B, 103, 619–652, https://doi.org/10.1306/08151817281, 1035 

2019b. 

Houseknecht, D.W., Bird, K.J., and Schenk, C.J.: Seismic analysis of clinoform depositional sequences and shelf-margin 

trajectories in Lower Cretaceous (Albian) strata, Alaska North Slope, Basin Res, 21, 644–654, 

https://doi.org/10.1111/j.1365-2117.2008.00392.x, 2009. 

Houseknecht, D.W. and Schenk, C.J.: Sedimentology and sequence stratigraphy of the Cretaceous Nanushuk, Seabee, and 1040 

Tuluvak Formations exposed on Umiat Mountain, north-central Alaska, in: Studies by the U.S. Geological Survey in 

Alaska, 2004, edited by: Haeussler, P.J. and Galloway, J.P., Geol Surv Prof Paper 1709-B, 18 pp., 

https://doi.org/10.3133/pp1709B, 2005. 

Houston, R.S. and Murphy, J.F.: Age and distribution of sedimentary zircon as a guide to provenance, Geol Surv Prof Paper 

525-D, D22–D26, https://doi.org/10.3133/pp525D, 1965. 1045 

Howard, B.L., Sharman, G.R., Crowley, J.L., and Reat Wersan, E.: The leaky chronometer: Evidence for systematic cryptic 

Pb loss in laser ablation U–Pb dating of zircon relative to CA-TIMS, Terra Nova, 37, 19–25, 

https://doi.org/10.1111/ter.12742, 2025. 

Huang, C., Dashtgard, S.E., Haggart, J.W., and Girotto, K.: Synthesis of chronostratigraphic data and methods in the Georgia 

Basin, Canada, with implications for convergent-margin basin chronology, Earth-Sci Rev, 231, 104076, 1050 

https://doi.org/10.1016/j.earscirev.2022.104076, 2022. 

https://doi.org/10.14509/30099
https://doi.org/10.14509/30180
https://doi.org/10.1038/s41598-021-86449-y
https://doi.org/10.1038/s41598-021-86449-y
https://doi.org/10.1111/j.1751-908X.2016.00379.x
https://doi.org/10.1016/B978-0-444-63895-3.00018-8
https://doi.org/10.1016/B978-0-444-63895-3.00018-8
https://doi.org/10.1306/08151817281
https://doi.org/10.1111/j.1365-2117.2008.00392.x
https://doi.org/10.3133/pp1709B
https://doi.org/10.3133/pp525D
https://doi.org/10.1111/ter.12742
https://doi.org/10.1016/j.earscirev.2022.104076


40 
 

Huffman, A.C., Jr. (editor): Geology of the Nanushuk Group and related rocks, North Slope, Alaska, U.S. Geological Survey 

Bulletin 1614, 129 pp., https://doi.org/10.3133/b1614, 1985. 

Huffman, A.C., Ahlbrandt, T.S., Pasternack, I., Stricker, G.D., Bartsch-Winkler, S., Fox, J.E., May, F.E., and Scott, R.A.: 

Measured sections in the Cretaceous Nanushuk and Colville groups undivided, central North Slope, Alaska, U.S. 1055 

Geological Survey Open-File Report 81-177, 162 pp., https://doi.org/10.3133/ofr81177, 1981.  

Isakson, V.H., Schmitz, M.D., Dehler, C.M., Macdonald, F.A., and Yonkee, W.A.: A robust age model for the Cryogenian 

Pocatello Formation of southeastern Idaho (northwestern USA) from tandem in situ and isotope dilution U–Pb dating of 

volcanic tuffs and epiclastic detrital zircons, Geosphere, 18, 825–849, https://doi.org/10.1130/GES02437.1, 2022. 

Johnsson, M.J. and Sokol, N.K.: Stratigraphic variation in petrographic composition of Nanushuk Group sandstones at Slope 1060 

Mountain, North Slope, Alaska, in: Geologic Studies in Alaska by the U. S. Geological Survey, 1998, edited by: Kelley, 

K.D. and Gough, L.P., Geol Surv Prof Paper 1615, 83–100, https://doi.org/10.3133/70180644, 2000.  

Johnstone, S.A., Schwartz, T.M., and Holm-Denoma, C.S.: A stratigraphic approach to inferring depositional ages from detrital 

geochronology data, Front Earth Sci, 7, 57, https://doi.org/10.3389/feart.2019.00057, 2019. 

Jones, D.L. and Gryc, G.: Upper Cretaceous pelecypods of the genus Inoceramus from northern Alaska, Geol Surv Prof Paper 1065 

334-E, 149–165, https://doi.org/10.3133/pp334E, 1960. 

Karlstrom, K.E., Mohr, M.T., Schmitz, M.D., Sundberg, F.A., Rowland, S.M., Blakey, R., Foster, J.R., Crossey, L.J., Dehler, 

C.M., and Hagadorn, J.W.: Redefining the Tonto Group of Grand Canyon and recalibrating the Cambrian time scale, 

Geology, 48, 425–430, https://doi.org/10.1130/G46755.1, 2020. 

Karlstrom, K., Hagadorn, J., Gehrels, G., Matthews, W., Schmitz, M., Madronich, L., Mulder, J., Pecha, M., Giesler, D., and 1070 

Crossey, L.: Cambrian Sauk transgression in the Grand Canyon region redefined by detrital zircons, Nat Geosci, 11, 438–

443, https://doi.org/10.1038/s41561-018-0131-7, 2018. 

Keller, A.S., Morris, R.H., and Detterman, R.L.: Geology of the Shaviovik and Sagavanirktok rivers region, Alaska, Geol Surv 

Prof Paper 303-D, 169–222, 6 sheets, https://doi.org/10.3133/pp303D, 1961. 

Keller, C.B.: Technical Note: Pb-loss-aware eruption/deposition age estimation, Geochronology Discuss. [preprint], 1075 

https://doi.org/10.5194/gchron-2023-9, 2023. 

Keller, C.B., Boehnke, P., Schoene, B., and Harrison, T.M.: Stepwise chemical abrasion–isotope dilution–thermal ionization 

mass spectrometry with trace element analysis of microfractured Hadean zircon, Geochronology, 1, 85–97, 

https://doi.org/10.5194/gchron-1-85-2019, 2019. 

Keller, C.B., Schoene, B., and Samperton, K.M.: A stochastic sampling approach to zircon eruption age interpretation, 1080 

Geochemical Perspective Letters, 8, 31–35, https://doi.org/10.7185/geochemlet.1826, 2018. 

Klein, B.Z. and Eddy, M.P.: What’s in an age? Calculation and interpretation of ages and durations from U–Pb zircon 

geochronology of igneous rocks, Geol Soc Am Bull, 136, 93–109, https://doi.org/10.1130/B36686.1, 2024. 

https://doi.org/10.3133/b1614
https://doi.org/10.3133/ofr81177
https://doi.org/10.1130/GES02437.1
https://doi.org/10.3133/70180644
https://doi.org/10.3389/feart.2019.00057
https://doi.org/10.3133/pp334E
https://doi.org/10.1130/G46755.1
https://doi.org/10.1038/s41561-018-0131-7
https://doi.org/10.3133/pp303D
https://doi.org/10.5194/gchron-2023-9
https://doi.org/10.5194/gchron-1-85-2019
https://doi.org/10.7185/geochemlet.1826
https://doi.org/10.1130/B36686.1


41 
 

Koch, J.T. and Brenner, R.L.,: Evidence for glacioeustatic control of large, rapid sea-level fluctuations during the Albian–

Cenomanian: Dakota Formation, eastern margin of western interior seaway, USA, Cretaceous Res, 30, 411–423, 1085 

https://doi.org/10.1016/j.cretres.2008.08.002, 2009. 

Kooymans, C., Magee Jr., C.W., Waltenberg, K., Evans, N.J., Bodorkos, S., Amelin, Y., Kamo, S.L., and Ireland, T.: Effect 

of chemical abrasion of zircon on SIMS U–Pb, δ18O, trace element, and LA-ICPMS trace element and Lu–Hf isotopic 

analyses, Geochronology, 6, 337–363, https://doi.org/10.5194/gchron-6-337-2024, 2024. 

Košler, J., Sláma, J., Belousova, E., Corfu, F., Gehrels, G.E., Gerdes, A., Horstwood, M.S.A., Sircombe, K.N., Sylvester, P.J., 1090 

Tiepolo, M., Whitehouse, M.J., and Woodhead, J.D.: U–Pb detrital zircon analysis—Results of an inter-laboratory 

comparison, Geostand Geoanal Res, 37, 243–259, https://doi.org/10.1111/j.1751-908X.2013.00245.x, 2013. 

Klötzli, U., Klötzli, E., Günes, Z., and Kosler, J.: Accuracy of laser ablation U–Pb zircon dating: Results from a test using five 

different reference zircons, Geostand Geoanal Res, 33, 5–15, https://doi.org/10.1111/j.1751-908X.2009.00921.x, 2009. 

Kovacs, N., Allan, M.M., Crowley, J.L., Colpron, M., Hart, C.J.R., Zagorevski, A., and Creaser, R.A.: Carmacks Copper Cu-1095 

Au-Ag deposit: Mineralization and postore migmatization of a Stikine arc porphyry copper system in Yukon, Canada, 

Econ Geol, 115, 1413–1442, https://doi.org/10.5382/econgeo.4756, 2020. 

Kryza, R., Crowley, Q.G., Larionov, A., Pin, C., Oberc-Dziedzic, T., and Mochnacka, K.: Chemical abrasion applied to 

SHRIMP zircon geochronology: An example from the Variscan Karkonosze granite (Sudetes, SW Poland), Gondwana 

Res, 21, 757–767, https://doi.org/10.1016/j.gr.2011.07.007, 2012. 1100 

Landing E., Schmitz, M.D., Geyer, G., Trayler, R.B., and Bowring S.A.: Precise early Cambrian U–Pb zircon dates bracket 

the oldest trilobites and archaeocyaths in Moroccan West Gondwana, Geol Mag, 158, 219–238, 

https://doi.org/10.1017/S0016756820000369, 2021. 

Lanphere, M.A. and Tailleur, I.L.: K–Ar ages of bentonites in the Seabee Formation, northern Alaska: A Late Cretaceous 

(Turonian) time-scale point, Cretaceous Res, 4, 361–370, https://doi.org/10.1016/S0195-6671(83)80004-4, 1983. 1105 

Lease, R.O., Houseknecht, D.W., and Kylander-Clark, A.R.C.: Quantifying large-scale continental shelf margin growth and 

dynamics across middle-Cretaceous Arctic Alaska with detrital zircon U–Pb dating, Geology, 50, 620–625, 

https://doi.org/10.1130/G49118.1, 2022. 

Lease, R.O., Whidden, K.J., Dumoulin, J.A., Houseknecht, D.W., Botterell, P.J., Dreier, M.F., Griffis, N.P., Mundil, R., 

Kylander-Clark, A.R.C., Sanders, M.M., Counts, J.W., Self-Trail, J.M., Gooley, J.T., Rouse, W.A., Smith, R.A., and 1110 

DeVera, C.A.,: Arctic Alaska deepwater organic carbon burial and environmental changes during the late Albian–early 

Campanian (103–82 Ma), Earth Planet Sci Lett, 646, 118948,  https://doi.org/10.1016/j.epsl.2024.118948, 2024. 

LePain, D.L., Kirkham, R.A., and Montayne, S.: Measured stratigraphic section, Nanushuk Formation (Albian–Cenomanian), 

Nanushuk River (Rooftop Ridge), Alaska, Alaska Division of Geological & Geophysical Surveys Preliminary Interpretive 

Report 2021-5, 8 pp., 1 sheet, https://doi.org/10.14509/30744, 2021. 1115 

https://doi.org/10.1016/j.cretres.2008.08.002
https://doi.org/10.5194/gchron-6-337-2024
https://doi.org/10.1111/j.1751-908X.2013.00245.x
https://doi.org/10.1111/j.1751-908X.2009.00921.x
https://doi.org/10.5382/econgeo.4756
https://doi.org/10.1016/j.gr.2011.07.007
https://doi.org/10.1017/S0016756820000369
https://doi.org/10.1016/S0195-6671(83)80004-4
https://doi.org/10.1130/G49118.1
https://doi.org/10.1016/j.epsl.2024.118948
https://doi.org/10.14509/30744


42 
 

LePain, D.L., Harun, N.T., and Kirkham, R.A.: Measured stratigraphic section, lower Nanushuk Formation (Albian), Slope 

Mountain (Marmot syncline), Alaska, Alaska Division of Geological & Geophysical Surveys Preliminary Interpretive 

Report 2022-1, 21 pp., 1 sheet, https://doi.org/10.14509/30871, 2022. 

LePain, D.L. and Kirkham, R.A.: Measured stratigraphic section, upper Nanushuk Formation (Cenomanian), Ninuluk Bluff, 

Alaska, Alaska Division of Geological & Geophysical Surveys Preliminary Interpretive Report 2024-3, 28 pp., 1 sheet, 1120 

https://doi.org/10.14509/31150, 2024. 

LePain, D.L., McCarthy, P.J., and Kirkham, R.A.: Sedimentology and sequence stratigraphy of the middle Albian–

Cenomanian Nanushuk Formation in outcrop, central North Slope, Alaska, Alaska Division of Geological & Geophysical 

Surveys Report of Investigation 2009-1 (version 2), 76 p., 1 sheet, https://doi.org/10.14509/19761, 2009. 

Lowey, G.W.: Bias in detrital zircon geochronology: A review of sampling and non-sampling errors, Int Geol Rev, 66, 1259–1125 

1279, https://doi.org/10.1080/00206814.2023.2233017, 2024. 

Macdonald, F.A., Ryan-Davis, J., Coish, R.A., Crowley, J.L., and Karabinos, P.: A newly identified Gondwanan terrane in the 

northern Appalachian Mountains: Implications for the Taconic orogeny and closure of the Iapetus Ocean, Geology, 42, 

539–542, https://doi.org/10.1130/G35659.1, 2014. 

Marillo-Sialer, E., Woodhead, J., Hanchar, J.M., Reddy, S.M., Greig, A., Hergt, J., and Kohn, B.: An investigation of the laser-1130 

induced zircon ‘matrix effect’, Chem Geol, 438, 11–24, https://doi.org/10.1016/j.chemgeo.2016.05.014, 2016. 

Marillo-Sialer, E., Woodhead, J., Hergt, J., Greig, A., Guillong, M., Gleadow, A., Evans, N., and Paton, C.: The zircon ‘matrix 

effect’: Evidence for an ablation rate control on the accuracy of U–Pb age determinations by LA-ICP-MS, J Anal Atom 

Spectrom, 29, 981–989, https://doi.org/10.1039/C4JA00008K, 2014. 

Mattinson, J.M.: Zircon U–Pb chemical abrasion (“CA-TIMS”) method: Combined annealing and multi-step partial 1135 

dissolution analysis for improved precision and accuracy of zircon ages, Chem Geol, 220, 47–66, 

https://doi.org/10.1016/j.chemgeo.2005.03.011, 2005. 

Mattinson, J.M.: Extending the Krogh legacy: Development of the CA-TIMS method for zircon U–Pb geochronology, Can J 

Earth Sci, 48, 95–105, https://doi.org/10.1139/E10-023, 2011. 

Mattinson, J.M.: Revolution and evolution: 100 years of U–Pb geochronology, Elements, 9, 53–57, 1140 

https://doi.org/10.2113/gselements.9.1.53, 2013. 

McIntosh, W.C. and Ferguson, C.A.: Sanidine, single crystal, laser-fusion 40Ar/39Ar geochronology database for the 

Superstition Volcanic Field, central Arizona, Arizona Geological Survey Open File Report 98-27, 74 pp., 1998. 

McKanna, A.J., Koran, I., Schoene, B., and Ketcham, R.A.: Chemical abrasion: The mechanics of zircon dissolution, 

Geochronology, 5, 127–151, https://doi.org/10.5194/gchron-5-127-2023, 2023. 1145 

McKanna, A.J., Schoene, B., and Szymanowski, D.: Geochronological and geochemical effects of zircon chemical abrasion: 

Insights from single-crystal stepwise dissolution experiments, Geochronology, 6, 1–20, https://doi.org/10.5194/gchron-6-

1-2024, 2024.  

https://doi.org/10.14509/30871
https://doi.org/10.14509/31150
https://doi.org/10.14509/19761
https://doi.org/10.1080/00206814.2023.2233017
https://doi.org/10.1130/G35659.1
https://doi.org/10.1016/j.chemgeo.2016.05.014
https://doi.org/10.1039/C4JA00008K
https://doi.org/10.1016/j.chemgeo.2005.03.011
https://doi.org/10.1139/E10-023
https://doi.org/10.2113/gselements.9.1.53
https://doi.org/10.5194/gchron-5-127-2023
https://doi.org/10.5194/gchron-6-1-2024
https://doi.org/10.5194/gchron-6-1-2024


43 
 

McLean, N.M., Bowring, J.F., and Bowring, S.A.: An algorithm for U–Pb isotope dilution data reduction and uncertainty 

propagation, Geochem Geophy Geosy, 12, Q0AA18, https://doi.org/10.1029/2010GC003478, 2011.  1150 

McLean, N.M., Condon, D.J., Schoene, B., and Bowring, S.A.: Evaluating uncertainties in the calibration of isotopic reference 

materials and multi-element isotopic tracers (EARTHTIME Tracer Calibration Part II), Geochim Cosmochim Ac, 164, 

481–501, https://doi.org/10.1016/j.gca.2015.02.040, 2015. 

Miall, A.D., Holbrook, J.M., and Bhattacharya, J.P.: The stratigraphy machine, J Sediment Res, 91, 595–610, 

https://doi.org/10.2110/jsr.2020.143, 2021. 1155 

Moore, T.E., Wallace, W.K., Bird, K.J., Karl, S.M., Mull, C.G., and Dillon, J.T.: Geology of northern Alaska, in: The Geology 

of Alaska: The Geology of North America, edited by: Plafker, G. and Berg, H.C., Geological Society of America, G-1, 

49–140, https://doi.org/10.1130/DNAG-GNA-G1.49, 1994. 

Mull, C.G., Houseknecht, D.W., and Bird, K.J.: Revised Cretaceous and Tertiary stratigraphic nomenclature in the Colville 

basin, northern Alaska, Geol Surv Prof Paper 1673, 59 pp., https://doi.org/10.3133/pp1673, 2003.  1160 

Mundil, R., Ludwig, K.R., Metcalfe, I., and Renne, P.R.: Age and timing of the Permian mass extinctions: U/Pb dating of 

closed-system zircons, Science, 305, 1760–1763, https://doi.org/10.1126/science.1101012, 2004. 

Pamukçu, A.S., Schoene, B., Deering, C.D., Keller, C.B., and Eddy, M.P.: Volcano-pluton connections at the Lake City 

magmatic center (Colorado, USA), Geosphere, 18, 1– 18, https://doi.org/10.1130/GES02467.1, 2022.  

Puetz, S.J. and Spencer, C.J.: Evaluating U–Pb accuracy and precision by comparing zircon ages from 12 standards using 1165 

TIMS and LA-ICP-MS methods, Geosystems and Geoenvironment, 2, 100177, 

https://doi.org/10.1016/j.geogeo.2022.100177, 2023. 

Ramezani, J., Beveridge, T.L., Rogers, R.R., Eberth, D.A., and Roberts, E.M.: Calibrating the zenith of dinosaur diversity in 

the Campanian of the Western Interior Basin by CA-ID-TIMS U–Pb geochronology, Scientific Reports, 12, 16026, 

https://doi.org/10.1038/s41598-022-19896-w, 2022. 1170 

Rasmussen, C., Mundil, R., Irmis, R.B., Geisler, D., Gehrels, G.E., Olsen, P.E., Kent, D.V., Lepre, C., Kinney, S.T., 

Geissmann, J.W., and Parker, W.G.: U–Pb zircon geochronology and depositional age models for the Upper Triassic 

Chinle Formation (Petrified Forest National Park, Arizona, USA): Implications for Late Triassic paleoecological and 

paleoenvironmental change, Geol Soc Am Bull, 133, 539–558, https://doi.org/10.1130/B35485.1, 2021. 

Reifenstuhl, R.R. and Plumb, E.W.: Micropaleontology of 38 outcrop samples from the Chandler Lake, Demarcation Point, 1175 

Mt. Michelson, Philip Smith Mountains, and Sagavanirktok quadrangles, northeast Alaska, Alaska Division of Geological 

& Geophysical Surveys Public Data File 93-30B, 15 pp., 4 sheets, https://doi.org/10.14509/1565, 1993. 

Reiners, P.W., Carlson, R.W., Renne, P.R., Cooper, K.M., Granger, D.E., McLean, N.M. and Schoene, B.: Interpretational 

approaches: Making sense of data, in: Geochronology and Thermochronology, edited by: Reiners, P.W., Carlson, R.W., 

Renne, P.R., Cooper, K.M., Granger, D.E., McLean, N.M. and Schoene, B., John Wiley & Sons Ltd., 65–82, 1180 

https://doi.org/10.1002/9781118455876.ch4, 2017. 

https://doi.org/10.1029/2010GC003478
https://doi.org/10.1016/j.gca.2015.02.040
https://doi.org/10.2110/jsr.2020.143
https://doi.org/10.1130/DNAG-GNA-G1.49
https://doi.org/10.3133/pp1673
https://doi.org/10.1126/science.1101012
https://doi.org/10.1130/GES02467.1
https://doi.org/10.1016/j.geogeo.2022.100177
https://doi.org/10.1038/s41598-022-19896-w
https://doi.org/10.1130/B35485.1
https://doi.org/10.14509/1565
https://doi.org/10.1002/9781118455876.ch4


44 
 

Rossignol, C., Hallot, E., Bourquin, S., Poujol, M., Jolivet, M., Pellenard, P., Ducassou, C., Nalpas, T., Heilbronn, G., Yu, J., 

and Dabard, M.-P.: Using volcaniclastic rocks to constrain sedimentation ages: To what extent are volcanism and 

sedimentation synchronous?, Sediment Geol, 381, 46–64, https://doi.org/10.1016/j.sedgeo.2018.12.010, 2019. 

Ruiz, M., Schaltegger, U., Gaynor, S.P., Chiaradia, M., Abrecht, J., Gisler, C., Giovanoli, F., and Wiederkehr, M.: Reassessing 1185 

the intrusive tempo and magma genesis of the late Variscan Aar batholith: U–Pb geochronology, trace element and initial 

Hf isotope composition of zircon, Swiss J Geosci, 115, 20, https://doi.org/10.1186/s00015-022-00420-1, 2022.  

Schaltegger, U., Ovtcharova, M., Gaynor, S.P., Schoene, B., Wotzlaw, J.F., Davies, J.F.H.L., Farina, F., Greber, N.D., 

Szymanowski, D., and Chelle-Michou, C.: Long-term repeatability and interlaboratory reproducibility of high-precision 

ID-TIMS U–Pb geochronology, J Anal Atom Spectrom, 36, 1466–1477, https://doi.org/10.1039/D1JA00116G, 2021. 1190 

Schaltegger, U., Schmitt, A.K., and Horstwood, M.S.A.: U–Th–Pb zircon geochronology by ID-TIMS, SIMS, and laser 

ablation ICP-MS: Recipes, interpretations, and opportunities, Chem Geol, 402, 89–110, 

https://doi.org/10.1016/j.chemgeo.2015.02.028, 2015. 

Schenk, C.J. and Bird, K.J.: Depositional sequences in Lower Cretaceous rocks, Atigun Syncline and Slope Mountain areas, 

Alaskan North Slope, in: Geologic Studies in Alaska by the U.S. Geological Survey, 1992, edited by: Dusel-Bacon, C. 1195 

and Till, A.B., U.S. Geological Survey Bulletin 2068, 48–58, https://doi.org/10.3133/b2068, 1993. 

Schmitz, M.D. and Kuiper, K.F.: High-precision geochronology, Elements, 9, 25–30, 

https://doi.org/10.2113/gselements.9.1.25, 2013. 

Schmitz, M.D., Singer, B.S., and Rooney, A.D.: Radioisotope geochronology, in: Geologic Time Scale 2020, edited by: 

Gradstein, F.M., Ogg, J.G., Schmitz, M.D., and Ogg, G.M., Elsevier, 1, 193–209, https://doi.org/10.1016/B978-0-12-1200 

824360-2.00006-1, 2020. 

Schoene, B.: U–Th–Pb geochronology, in: Treatise on Geochemistry (Second Edition), Volume 4: The Crust, edited by: 

Rudnick, R.L., Elsevier, 341–378, https://doi.org/10.1016/B978-0-08-095975-7.00310-7, 2014. 

Schoene, B., Condon, D.J., Morgan, L., and McLean, N.: Precision and accuracy in geochronology: Elements, 9, 19–24, 

https://doi.org/10.2113/gselements.9.1.19, 2013. 1205 

Schoene, B., Crowley, J.L., Condon, D.J., Schmitz, M.D., and Bowring, S.A.: Reassessing the uranium decay constants for 

geochronology using ID-TIMS U–Pb data, Geochim Cosmochim Ac, 70, 426–445, 

https://doi.org/10.1016/j.gca.2005.09.007, 2006. 

Schoene, B., Eddy, M.P., Keller, C.B., and Samperton, K.M.: An evaluation of Deccan Traps eruption rates using 

geochronologic data, Geochronology, 3, 181–198, https://doi.org/10.5194/gchron-3-181-2021, 2021. 1210 

Schoene, B., Eddy, M.P., Samperton, K.M., Keller, C.B., Keller, G., Adatte, T., and Khadri, S.F.R.: U–Pb constraints on pulsed 

eruption of the Deccan Traps across the end-Cretaceous mass extinction, Science, 363, 862–866, 

https://doi.org/10.1126/science.aau2422, 2019. 

https://doi.org/10.1016/j.sedgeo.2018.12.010
https://doi.org/10.1186/s00015-022-00420-1
https://doi.org/10.1039/D1JA00116G
https://doi.org/10.1016/j.chemgeo.2015.02.028
https://doi.org/10.3133/b2068
https://doi.org/10.2113/gselements.9.1.25
https://doi.org/10.1016/B978-0-12-824360-2.00006-1
https://doi.org/10.1016/B978-0-12-824360-2.00006-1
https://doi.org/10.1016/B978-0-08-095975-7.00310-7
https://doi.org/10.2113/gselements.9.1.19
https://doi.org/10.1016/j.gca.2005.09.007
https://doi.org/10.5194/gchron-3-181-2021
https://doi.org/10.1126/science.aau2422


45 
 

Schoene, B., Samperton, K.M., Eddy, M.P., Keller, G., Adatte, T., Bowring, S.A., Khadri, S.F.R., and Gertsch, B.: U–Pb 

geochronology of the Deccan Traps and relation to the end-Cretaceous mass extinction, Science, 347, 182–184, 1215 

https://doi.org/10.1126/science.aaa0118, 2015. 

Schröder-Adams, C.: The Cretaceous Polar and Western Interior seas: Paleoenvironmental history and paleoceanographic 

linkages: Sediment Geol, 301, 26–40, https://doi.org/10.1016/j.sedgeo.2013.12.003, 2014. 

Schwartz, T.M., Souders, A.K., Lundstern, J.E., Gilmer, A.K., and Thompson, R.A.: Revised age and regional correlations of 

Cenozoic strata on Bat Mountain, Death Valley region, California, USA, from zircon U–Pb geochronology of sandstones 1220 

and ash-fall tuffs, Geosphere, 19, 235–257, https://doi.org/10.1130/GES02543.1, 2023. 

Sharman, G.R. and Malkowski, M.A.: Needles in a haystack: Detrital zircon U–Pb ages and the maximum depositional age of 

modern global sediment, Earth-Sci Rev, 203, 103109, https://doi.org/10.1016/j.earscirev.2020.103109, 2020. 

Sharman, G.R. and Malkowski, M.A.: Modeling apparent Pb-loss in zircon U–Pb geochronology, Geochronology, 6, 37–51, 

https://doi.org/10.5194/gchron-6-37-2024, 2024. 1225 

Shimer, G.T., Benowitz, J.A., Layer, P.W., McCarthy, P.J., Hanks, C.L., and Wartes, M.: 40Ar/39Ar ages and geochemical 

characterization of Cretaceous bentonites in the Nanushuk, Seabee, Tuluvak, and Schrader Bluff formations, North Slope, 

Alaska, Cretaceous Res, 57, 325–341, https://doi.org/10.1016/j.cretres.2015.04.008, 2016. 

Sliwinski, J.T., Guillong, M., Horstwood, M.S.A., and Bachmann, O.: Quantifying long-term reproducibility of zircon 

reference materials by U–Pb LA-ICP-MS dating, Geostand Geoanal Res, 46, 401–409, https://doi.org/10.1111/ggr.12442, 1230 

2022. 

Sliwinski, J.T., Guillong, M., Liebske, C., Dunkl, I., von Quadt, A., and Bachmann, O.: Improved accuracy of LA-ICP-MS 

U–Pb ages of Cenozoic zircons by alpha dose correction, Chem Geol, 472, 8–21, 

https://doi.org/10.1016/j.chemgeo.2017.09.014, 2017. 

Solari, L.A., Ortega-Obregón, C., and Bernal, J.P.: U–Pb zircon geochronology by LAICPMS combined with thermal 1235 

annealing: Achievements in precision and accuracy on dating standard and unknown samples, Chem Geol, 414, 109–123, 

https://doi.org/10.1016/j.chemgeo.2015.09.008, 2015. 

Spencer, C.J., Kirkland, C.L., and Taylor, R.J.M.: Strategies towards statistically robust interpretations of in situ U–Pb zircon 

geochronology, Geosci Front, 7, 581–589, https://doi.org/10.1016/j.gsf.2015.11.006, 2016. 

Steely, A.N., Hourigan, J.K., and Juel, E.: Discrete multi-pulse laser ablation depth profiling with a single-collector ICP-MS: 1240 

Sub-micron U–Pb geochronology of zircon and the effect of radiation damage on depth-dependent fractionation, Chem 

Geol, 372, 92–108, https://doi.org/10.1016/j.chemgeo.2014.02.021, 2014. 

Sundell, K.E., Gehrels, G.E., Blum, M., Saylor, J.E., Pecha, M.E., and Hundley, B.P.: An exploratory study of “large-n” detrital 

zircon geochronology of the Book Cliffs, UT via rapid (3 s/analysis) U–Pb dating, Basin Res, 36, e12840, 

https://doi.org/10.1111/bre.12840, 2024. 1245 

Sundell, K.E., Gehrels, G.E. and Pecha, M.E.: Rapid U–Pb geochronology by laser ablation multi-collector ICP-MS, Geostand 

Geoanal Res, 45, 37–57, https://doi.org/10.1111/ggr.12355, 2021. 

https://doi.org/10.1126/science.aaa0118
https://doi.org/10.1016/j.sedgeo.2013.12.003
https://doi.org/10.1130/GES02543.1
https://doi.org/10.1016/j.earscirev.2020.103109
https://doi.org/10.5194/gchron-6-37-2024
https://doi.org/10.1016/j.cretres.2015.04.008
https://doi.org/10.1111/ggr.12442
https://doi.org/10.1016/j.chemgeo.2017.09.014
https://doi.org/10.1016/j.chemgeo.2015.09.008
https://doi.org/10.1016/j.gsf.2015.11.006
https://doi.org/10.1016/j.chemgeo.2014.02.021
https://doi.org/10.1111/bre.12840
https://doi.org/10.1111/ggr.12355


46 
 

Tian, H., Fan, M., Valencia, V., Chamberlain, K., Waite, L., Stern, R.J., and Loocke, M.: Rapid early Permian tectonic 

reorganization of Laurentia’s plate margins: Evidence from volcanic tuffs in the Permian Basin, USA, Gondwana Res, 

111, 76–94, https://doi.org/10.1016/j.gr.2022.07.003, 2022. 1250 

Tilton, G.R.: The interpretation of lead-age discrepancies by acid-washing experiments, EOS T Am Geophys Un, 37, 224–

230, https://doi.org/10.1029/TR037i002p00224, 1956. 

Tilton, G.R., Patterson, C., Brown, H., Inghram, M., Hayden, R., Hess, D., and Larsen, E., Jr.: Isotopic composition and 

distribution of lead, uranium, and thorium in a Precambrian granite, Geol Soc Am Bull, 66, 1131–1148, 

https://doi.org/10.1130/0016-7606(1955)66[1131:ICADOL]2.0.CO;2, 1955. 1255 

Trayler, R.B., Schmitz, M.D., Cuitiño J.I., Kohn, M.J., Bargo, M.S., Kay, R.F., Strömberg, C.A.E., and Vizcaíno, S.F.: An 

improved approach to age-modeling in deep time: Implications for the Santa Cruz Formation, Argentina, Geol Soc Am 

Bull, 132, 233–244, https://doi.org/10.1130/B35203.1, 2020. 

Ver Hoeve, T.J., Scoates, J.S., Wall, C.J., Weis, D., and Amini, M.: Evaluating downhole fractionation corrections in LA-ICP-

MS U-Pb zircon geochronology, Chem Geol, 483, 201–217, https://doi.org/10.1016/j.chemgeo.2017.12.014, 2018. 1260 

Vermeesch, P.: On the visualisation of detrital age distributions, Chem Geol, 312–313, 190–194, 

https://doi.org/10.1016/j.chemgeo.2012.04.021, 2012. 

Vermeesch, P.: IsoplotR: A free and open toolbox for geochronology, Geosci Front, 9, 1479–1493, 

https://doi.org/10.1016/j.gsf.2018.04.001, 2018.  

Vermeesch, P.: Maximum depositional age estimation revisited, Geosci Front, 12, 843–850, 1265 

https://doi.org/10.1016/j.gsf.2020.08.008, 2021. 

von Quadt, A., Gallhofer, D., Guillong, M., Peytcheva, I., Waelle, M., and Sakata, S.: U–Pb dating of CA/non-CA treated 

zircons obtained by LA-ICPMS and CA-TIMS techniques: Impact for their geological interpretation, J Anal Atom 

Spectrom, 29, 1618–1629, https://doi.org/10.1039/C4JA00102H, 2014. 

Wang, T., Ramezani, J., Yang, C., Yang, J., Wu, Q., Zhang, Z., Lv, D., and Wang, C.: High-resolution geochronology of 1270 

sedimentary strata by U–Pb CA-ID-TIMS zircon geochronology: A review, Earth-Sci Rev, 245, 104550, 

https://doi.org/10.1016/j.earscirev.2023.104550, 2023. 

Wartes, M.A.: Evaluation of stratigraphic continuity between the Fortress Mountain and Nanushuk Formations in the central 

Brooks Range foothills—Are they partly correlative?, in: Preliminary Results of Recent Geologic Field Investigations in 

the Brooks Range Foothills and North Slope, Alaska, edited by: Wartes, M.A. and Decker, P.L., Alaska Division of 1275 

Geological & Geophysical Surveys Preliminary Interpretive Report 2008-1C, 25–39, https://doi.org/10.14509/16087, 

2008.  

Watts, K.E., Coble, M.A., Vazquez, J.A., Henry, C.D., Colgan, J.P., and John, D.A.: Chemical abrasion-SIMS (CA-SIMS) U–

Pb dating of zircon from the late Eocene Caetano caldera, Nevada, Chem Geol, 439, 139–151, 

https://doi.org/10.1016/j.chemgeo.2016.06.013, 2016.  1280 

https://doi.org/10.1016/j.gr.2022.07.003
https://doi.org/10.1029/TR037i002p00224
https://doi.org/10.1130/0016-7606(1955)66%5b1131:ICADOL%5d2.0.CO;2
https://doi.org/10.1130/B35203.1
https://doi.org/10.1016/j.chemgeo.2017.12.014
https://doi.org/10.1016/j.chemgeo.2012.04.021
https://doi.org/10.1016/j.gsf.2018.04.001
https://doi.org/10.1016/j.gsf.2020.08.008
https://doi.org/10.1039/C4JA00102H
https://doi.org/10.1016/j.earscirev.2023.104550
https://doi.org/10.14509/16087
https://doi.org/10.1016/j.chemgeo.2016.06.013


47 
 

Wendt, I. and Carl, C.: The statistical distribution of the mean squared weighted deviation, Chem Geol, Isotope Geoscience 

section, 86, 275–285, https://doi.org/10.1016/0168-9622(91)90010-T, 1991.  

Wetherill, G.W.: Discordant uranium–lead ages, I, EOS T Am Geophys Un, 37, 320–326, 

https://doi.org/10.1029/TR037i003p00320, 1956. 

Widmann, P., Davies, J.H.F.L., and Schaltegger, U.: Calibrating chemical abrasion: Its effects on zircon crystal structure, 1285 

chemical composition and U–Pb age, Chem Geol, 511, 1–10, https://doi.org/10.1016/j.chemgeo.2019.02.026, 2019. 

Wotzlaw, J.-F., Schaltegger, U., Frick, D.A., Dungan, M.A., Gerdes, A., and Günther, D.: Tracking the evolution of large-

volume silicic magma reservoirs from assembly to supereruption, Geology, 41, 867–870, 

https://doi.org/10.1130/G34366.1, 2013. 

Wotzlaw, J.-F., Hüsing, S.K., Hilgen, F.J., and Schaltegger, U.: High-precision zircon U–Pb geochronology of astronomically 1290 

dated volcanic ash beds from the Mediterranean Miocene, Earth Planet Sci Lett, 407, 19–34, 

https://doi.org/10.1016/j.epsl.2014.09.025, 2014. 

https://doi.org/10.1016/0168-9622(91)90010-T
https://doi.org/10.1029/TR037i003p00320
https://doi.org/10.1016/j.chemgeo.2019.02.026
https://doi.org/10.1130/G34366.1
https://doi.org/10.1016/j.epsl.2014.09.025

