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ABSTRACT

An accurate and precise geomagnetic po-
larity time scale is crucial to the development 
of a chronologic framework in which to test 
paleoclimatic and paleoenvironmental inter-
pretations of marine and terrestrial records 
of the Eocene–Oligocene transition (EOT). 
The magnetic polarity patterns of relatively 
continuous marine and terrestrial records of 
the EOT have been dated using both radio-
isotopic techniques and astronomical tuning, 
both of which can achieve a precision ap-
proaching ±30 k.y. for much of the Paleogene. 
However, the age of magnetic reversals be-
tween chrons C12n and C16n.2n has proved 
difficult to calibrate, with discrepancies of up 
to 250  k.y. between radio-isotopically dated 
and astronomically tuned marine succes-
sions, rising to 600 k.y. for comparisons with 
the 206Pb/238U-dated terrestrial record of the 
White River Group in North America. In this 
study, we reevaluate the magnetic polarity 
pattern of the Flagstaff Rim and Toadstool 
Geologic Park records of the White River 
Group (C12n–C16n.2n). Our interpretation 
of the Flagstaff Rim polarity record differs 
significantly from earlier studies, identify-
ing a previously unreported normal polarity 
zone correlated to C15n, which eliminates 
discrepancies between the WRG and the 
206Pb/238U-dated marine record of the Rupe-
lian Global Stratotype Section and Point in 
the Italian Umbria-Marche basin. However, 
residual discrepancies persist between U-Pb–
dated and astronomically tuned records of 
the EOT even when stratigraphic and sys-
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tematic uncertainties associated with each 
locality and dating method are taken into ac-
count, which suggests that the uncertainties 
associated with astronomically tuned records 
of the EOT may have been underestimated.

1. INTRODUCTION

Sedimentary records of the abrupt green-
house–icehouse shift that marks the Eocene–
Oligocene transition (EOT) are abundant both 
on continental landmasses and in the world’s 
oceans. However, dating these records in or-
der to assess global climate dynamics across 
the EOT can be problematic. Deepening of the 
carbonate compensation depth during this time 
limited the availability of carbonate-rich marine 
sediments (Coxall et al., 2005; Merico et al., 
2008), while a base-level drop associated with 
the inception of the Antarctic ice sheet caused 
gaps in terrestrial sedimentary archives, particu-
larly in coastal areas (Ivany et al., 2006; Shack-
leton and Kennett, 1975; Zachos et al., 2001). 
As a result, most records of the EOT are unsuit-
able for astronomical tuning. Additionally, the 
limited availability of volcanic ash beds ham-
pers radio-isotopic dating based on the 40Ar/39Ar 
and 206Pb/238U systems.

Relative dating of EOT records based on 
correlating local magnetic polarity patterns to 
the Paleogene geomagnetic polarity time scale 
(GPTS) provides a solution to this problem. 
However, calibrating the late Eocene–early 
Oligocene portion of the GPTS is not straight-
forward. The most recent versions of the con-
ventional Paleogene GPTS have relied on cubic 
spline interpolation along a synthetic South 
Atlantic marine magnetic anomaly profile (e.g., 
Cande and Kent, 1992) under the assumption 
of smoothly varying seafloor spreading rates 

(Cande and Kent, 1995; Berggren et al., 1985; 
Ogg and Smith, 2004; Vandenberghe et al., 
2012). The spline curve was anchored by radio-
isotopically or astronomically dated tie-points 
from well-calibrated magnetostratigraphic 
records. However, recent 206Pb/238U dating of 
volcanic ash layers from the Umbria-Marche 
basin (UMB) sedimentary succession in central 
Italy has demonstrated that late Eocene and Oli-
gocene 40Ar/39Ar dates used as tie-points in all 
recent GPTS compilations are anomalously old 
by ca. 400 k.y. (Sahy et al. 2017). Furthermore, 
the uncertainties associated with magnetic re-
versal ages between 31 and 36 Ma are around 
± 0.2–0.5 m.y. in the most recent, 2012 edition 
of the geological time scale (Vandenberghe et 
al., 2012). (Unless otherwise stated, all uncer-
tainties in this study are quoted at the 2σ level.) 
Precision will likely improve with the addition 
of further tie-points, but is currently almost one 
order of magnitude higher than that achievable 
by state-of-the art astronomical tuning and ra-
dio-isotopic dating methods (e.g., Hinnov and 
Ogg, 2007; Schoene et al., 2013). Consequently, 
the usefulness of magnetostratigraphic dating is 
limited when applied to records of compara-
tively rapid environmental change.

Some of the difficulties inherent to the radio-
isotopically calibrated GPTS can be circum-
vented by compiling magnetostratigraphic data 
from astronomically tuned deep marine records 
spanning several  m.y., thereby eliminating the 
uncertainties related to interpolation between 
widely spaced tie-points and potential variability 
in seafloor spreading rates. Considerable effort 
has been directed toward achieving complete 
coverage of the Paleogene using this technique 
(Hilgen et al., 2010; Pälike et al., 2006; Wester-
hold and Röhl, 2009; Westerhold et al., 2007, 
2008, 2011). The accuracy of  astronomically 
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tuned age models is underpinned by numerical 
models of insolation (e.g., Laskar et al., 2004, 
2011), but ultimately depends upon the com-
plete expression and accurate identification of 
eccentricity, and where appropriate, obliquity 
and precession cycles in the sedimentary record. 
The validity of the tuning can be further tested 
by evaluating hierarchical cycle patterns, i.e., 
the presence of cycles whose durations conform 
to the 1:2:5:20 ratio expected for precession 
(21  k.y.), obliquity (40  k.y.), and eccentricity 
(100 and 405 k.y.), and identifying amplitude or 
frequency modulations that are calculated based 
on theoretical precession and obliquity signals 
(e.g., Meyers, 2015). Astronomically tuned time 
scales have been developed for the Oligocene 
(Pälike et al., 2006) the Paleocene (Kuiper et al., 
2008; Westerhold et al., 2008; Dinares-Turell 
et al., 2014; Hilgen et al., 2015), and much of 
the Eocene (Pälike et al., 2001; Westerhold and 
Röhl, 2009; Westerhold et al., 2014). However, 
the tuning of the EOT interval has proven to 
be problematic due to the scarcity of suitable 
carbonate-rich deep marine records, resulting in 
a late Eocene “gap” between 33.7 and 47.8 Ma 
in the astronomically tuned GPTS of the geo-
logical time scale. This gap has recently been 
closed (Westerhold et al., 2015; Boulila et al., 
2018) but the entire Eocene–Oligocene part of 
the astronomical time scale still requires inde-
pendent confirmation and testing by state-of-
the-art radio-isotopic dating. Two of the above 
astronomically tuned records are relevant to 
the present study, namely those from ODP Site 
1218 (ATPS06, Pälike et al., 2006), and the Pa-
cific Equatorial Age Transect (PEAT, Wester-
hold et al. 2014) (Fig. 1). Between chrons C12n 
and C16n.2n, the discrepancies in nominal mag-
netic reversal age between these two records 
are ~0.2–0.25 m.y. (Fig. 1). Data on the preci-
sion of the tuning of the PEAT and ATPS06 re-
cords are not reported in the literature, although 
Westerhold et al. (2014) do quote uncertainties 
associated with the stratigraphic placement of 
magnetic reversal for the former, which range 
between 4 and 44  k.y. for this interval. If we 
assume a conservative tuning uncertainty of 
± 50 k.y. (i.e., half of one 100 k.y. eccentricity 
cycle) for both the ATPS06 and PEAT records, 
the discrepancies between the two appear to be 
statistically significant at the 95% confidence 
level (Fig. 1).

The validity of astronomically tuned time 
scales of the EOT may be tested through com-
parisons with radio-isotopically dated volcanic 
tuffs from magnetostratigraphically calibrated 
land-based sections. Two such records, dated 
using the 206Pb/238U isotope system in zircon, are 
available from the UMB in central Italy (Sahy 
et al., 2017) and the White River Group (WRG) 

in central North America (Sahy et al., 2015) 
(Fig. 1). The accuracy of 206Pb/238U dating is un-
derpinned by gravimetrically calibrated isotopic 
tracer solutions developed through the commu-
nity-driven EARTHTIME initiative (Condon et 
al., 2015; McLean et al., 2015), and the 238U de-
cay constant (Jaffey et al., 1971). 206Pb/238U dat-
ing is capable of producing results with a preci-
sion of ~0.10–0.15%, or ~40–60 k.y. for a sample 
around 34 Ma in age. This includes systematic 
uncertainties associated with isotopic tracer cal-
ibration and the 238U decay constant, which must 
be propagated in order to compare U-Pb results 
with data from other dating methods. Although 
the precision of interpolated age depth models 
developed for these records is somewhat lower 
than that of individual 206Pb/238U dates, magnetic 
reversal between C12n and C16n.2n can be con-
strained to ±40–150 k.y. in both the UMB and 
WRG records.

A comparison between magnetic reversal 
ages derived from the ATPS06, PEAT, UMB 
and WRG records reveals discrepancies of up to 
a few hundred k.y. both between records cali-
brated using the same dating method, and be-
tween records dated using astronomical tuning 
and the 206Pb/238U isotope system. The largest 
discrepancies are observed relative to the WRG 
record (Fig. 1), whose magnetic polarity pattern 
(Prothero et al., 1983; Prothero and Swisher, 
1992) is constrained by the 206Pb/238U dates of 
Sahy et al. (2015). The aim of this paper is to 
reevaluate the magnetic polarity pattern of the 
Flagstaff Rim (FR, central Wyoming) and Toad-
stool Geologic Park (TGP, NE Nebraska) lo-
calities from which the 206Pb/238U dates calibrat-
ing the WRG are sourced. We then assess the 
strengths and weaknesses of different records 
and dating methods in order to refine the cali-
bration of the GPTS across the EOT.

2. GEOLOGICAL SETTING 
AND PUBLISHED 
MAGNETOSTRATIGRAPHY OF  
THE WHITE RIVER GROUP

The WRG encompasses fluvial, eolian, and 
minor lacustrine deposits that accumulated on 
the North American mid-continent during the 
late Eocene–Oligocene (ca.  37–29  Ma) and 
can be traced laterally from North Dakota into 
NW Nebraska, E Wyoming, and NE Colorado 
(Fig. 2). Hosting some of the richest Paleogene 
mammal fossil assemblages in the world, the 
WRG forms the basis for the definition of the 
Chadronian (late Eocene), Orellan, and Whit-
neyan (early Oligocene) North American Land 
Mammal Ages (NALMAs).

The bulk of the WRG consists of fine-
grained, reworked volcaniclastic material, with 

subordinate siliciclastic input derived from 
the Hartville, Laramie, and Black Hills uplifts 
(Clark, 1975; Stanley and Benson, 1979). The 
source of the reworked volcaniclastic material 
was explosive volcanism in present-day Utah 
and Nevada (Larson and Evanoff, 1998), ~500–
800 km SW of the main WRG outcrops, which 
also produced numerous primary air-fall tuffs 
that are intercalated in the WRG record. Conse-
quently, the thickness of individual stratigraphic 
units, and the grainsize of primary air-fall tuffs 
decreases from SW to NE, as distance from 
the source area increases (Emry et al., 1987). 
Lithostratigraphic nomenclature varies between 
localities with White River deposits ranked as 
a group in Nebraska and South Dakota and as 
a formation in Wyoming (LaGarry, 1998; Terry, 
1998; Terry and LaGarry, 1998). The paleon-
tologic and paleoclimatologic significance of 
the WRG record prompted extensive magne-
tostratigraphic (Prothero et al., 1982; Prothero 
1985, 1996; Prothero and Swisher 1992) and 
geochronologic investigations (Evernden et al., 
1964; Swisher and Prothero, 1990; Obradovich 
et al., 1995; Terry, 2001; Zanazzi et al., 2007, 
2009; Boardman and Secord, 2013; Sahy et al., 
2015), aimed at elucidating the rate of faunal 
and environmental change across the Chadro-
nian–Whitneyan NALMAs and its relationship 
to the marine record of the EOT. Samples for 
the current study were collected from Flagstaff 
Rim (FR) in central Wyoming, and Toadstool 
Geologic Park (TGP) in NW Nebraska, with the 
aim of reevaluating the magnetic polarity pat-
terns recorded at these localities.

2.1. Flagstaff Rim

The FR section, ~20  km SW of Casper 
in central Wyoming (Fig.  2A), consists of a 
200-m-high cliff and smaller surrounding out-
crops of volcaniclastic overbank siltstones, in-
terbedded with tabular and lenticular channel 
sandstones belonging to the White River For-
mation. The White River Formation unconform-
ably overlies the Cretaceous Cody Shale and is 
in turn unconformably overlain by the Miocene 
Split Rock Formation (Emry, 1973). Seventeen 
volcanic tuffs have been identified at Flagstaff 
Rim (Fig. 2B), the most prominent of which are 
labeled A to J (Emry, 1973). The entire FR re-
cord is of Chadronian (late Eocene) age (Emry, 
1992), with the type section for the Middle Cha-
dronian starting 15 m below the B tuff and end-
ing 15 m above the G tuff (Prothero, 1996). The 
interval between the B and J tuffs spans 1.4 m.y. 
(Sahy et al., 2015).

The current interpretation of the magnetic po-
larity pattern of the FR section includes two nor-
mal polarity zones (Prothero et al., 1982, 1983), 
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the extent of which has been revised by Prothero 
(1985) and Prothero and Swisher (1992). The 
two normal polarity zones were correlated to 
C15n and C16n.1n based on late Eocene biotite 
and anorthoclase 40Ar/39Ar dates from tuffs B, F, 
G, I, and J (Swisher and Prothero, 1990). How-
ever, subsequent 40Ar/39Ar dating of sanidines 
from the B and J tuffs (Obradovich et al., 1995), 
and more extensive 206Pb/238U dating of zircons 
from nine of the FR tuffs (including B and J) 
cast doubts on the validity of these correlations, 

as the 40Ar/39Ar dates of Swisher and Prothero 
(1990) were found to be anomalously old by up 
to 1 m.y., probably due to the presence of de-
trital anorthoclase and biotite grains among the 
analyzed fractions (Sahy et al., 2015).

2.2. Toadstool Geologic Park

Toadstool Geologic Park (TGP), ~20 km W 
of Chadron in NW Nebraska (Fig. 2A), consists 
of a series of laterally continuous outcrops cov-

ering ca. 6 km2 along Big Cottonwood Creek. 
Lithostratigraphically, the TGP succession com-
prises the Chadron and Brule Formations of the 
WRG (Fig. 2C). The Chadron Formation is fur-
ther subdivided into the Peanut Peak Member, 
consisting of bluish green, gray, and olive clay-
stones (Terry, 1998), and the overlying Big Cot-
tonwood Creek Member which comprises pri-
marily volcaniclastic overbank silty claystones, 
interbedded with tabular and lenticular channel 
sandstones (Terry and LaGarry, 1998). The 
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ATPS06—tuning of ODP Site 1218 (Pälike et al., 2006), PEAT—tuning of the Pacific Equatorial Age Transect (Westerhold et 
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Brule Formation is subdivided into the Orella, 
Whitney, and Brown Siltstone Members. The 
Orella Member consists of thinly interbedded 
brown and brownish-orange volcaniclastic over-
bank claystones and siltstones and bluish-green 
overbank sheet sandstone, while the Whitney 
Member mostly comprises pale-brown massive, 
nodular, eolian siltstones (LaGarry, 1998). The 
TGP sedimentary succession spans the Chadro-
nian, Orellan, and Whitneyan NALMAs (late 
Eocene–early Oligocene; Prothero and Whit-
tlesey, 1998), although boundaries between 
similarly named lithostratigraphic and biostrati-
graphic units do not necessarily coincide. A 
multi-storey Orellan (earliest Oligocene) chan-
nel complex incised ~20 m into the underlying 
Chadronian (late Eocene) deposits in the central 
part of TGP; however, the Chadronian–Orellan 
boundary interval is preserved outside the chan-
nel complex. Magnetostratigraphically, the TGP 
section spans three normal polarity zones cor-
related to C15n–C12n (Prothero and Swisher, 
1992). This correlation is consistent with zircon 
206Pb/238U dates from five tuffs intercalated in 
the TGP record (Sahy et al., 2015).

3. MATERIALS AND METHODS

Seven hundred and seventeen (717) oriented 
samples were collected at an average strati-
graphic resolution of 0.5 m at FR and TGP, us-
ing a hand-held, generator-powered drill with 
a diamond-coated, water-cooled drill bit. One 
sample was collected per stratigraphic level. 
Samples were collected along sections span-
ning 5–50  m in stratigraphic thickness, cor-
related based on volcanic tuffs or prominent 
sandstone beds whose lateral continuity was 
verified visually. The location of the sections 
and the correlations between them are listed 
in Supplementary Tables  S1 and S21, and 
 visualized in the “ Flagstaff_Rim.kmz” and 
“ Toadstool_ Geologic_Park.kmz” supplementary 
files. The latter include plots of sampled sec-
tions (blue) and outline the volcanic tuffs (red) 
and sandstone/limestone beds (green) used for 
correlation—labels for these features can be vi-
sualized by left-clicking on the respective plot 
element. Fresh rock was exposed by digging a 
50-cm-wide and 50-cm-deep trench along each 
section, except for those spanning the Whitney 
Member of the Brule formation, where weath-

ered material is removed by periodic flash 
floods along Big Cottonwood Creek. Sample 
positions were recorded using a Jacob staff 
and Abney level. Sample orientations were re-
corded using an orientation stage consisting of a 
clinometer, and a magnetic compass, and were 
corrected for present-day declination (–10° at 
FR, and –8° at TGP). Our FR composite section 
spans 183 m, starting 18.4 m below the B tuff, 
and ending at the J tuff of Emry (1973). Our 
TGP composite section spans 142  m, starting 
38.3 m below the Upper Purplish White Layer 
and ending at the Upper Whitney Ash. Cru-
cially, the stratigraphic positions of volcanic 
tuffs recorded in these composite sections form 
the basis for the 206Pb/238U calibrated age-depth 
models of the FR and TGP records (Sahy et al., 
2015), and consequently the paleomagnetic and 
geochronologic data sets from the two localities 
are fully integrated.

Magnetic analysis was carried out at the Fort 
Hoofddijk Paleomagnetic Laboratory, Utrecht 
University. A first round of paleomagnetic anal-
ysis focused on 45 samples from FR and 35 sam-
ples from TGP, providing roughly evenly spaced 
coverage of both records at a stratigraphic res-
olution of ~4 m. This initial data set was then 
expanded by analyzing all available samples 
from stratigraphic intervals where preliminary 
data indicated the presence of magnetic rever-
sals, and all available samples from intervals 
whose polarity could not be established based 
on the initial data set. The final data set included 
185 samples from FR, equivalent to a mean 
temporal resolution of 8 k.y., and 157 samples 
from TGP, equivalent to a mean temporal reso-
lution of 27  k.y. (Sahy et al., 2015). Samples 
were analyzed via stepwise demagnetization, 
with natural remanent magnetization (NRM) 
measured following each demagnetization step 
using a horizontal 2G Enterprise DC SQUID 
cryogenic magnetometer (noise level 3 × 10–12 
Am2). All samples were subjected to thermal de-
magnetization in a magnetically shielded oven 
at 100, 150, 200, and 240 °C in order to remove 
overprints carried by low blocking temperature 
minerals such as goethite alluded to by previous 
magnetostratigraphic studies of these records 
(Prothero et al., 1985; Prothero and Swisher, 
1992). Approximately 60% of the samples were 
subjected to further thermal demagnetization 
using 30–40  °C temperature increments up to 
660 °C. The remaining 40% of the samples were 
demagnetized using alternating field techniques 
in a 2G degausser, using 5 mT increments up to 
40 mT, and then 10 mT increments up to a maxi-
mum intensity of 100 mT. Alternating field de-
magnetization was mainly used for stratigraphic 
intervals where thermal demagnetization above 
270° resulted in unstable magnetic directions.

4. RESULTS

Demagnetization data were plotted on Zi-
jderveld diagrams (Kirschvink, 1980; Zi-
jderveld, 1967). The directions of different 
magnetic components were determined using 
best-fit lines with principal component analy-
sis (Kirschvink, 1980) based on at least three 
consecutive demagnetization steps. Results are 
listed in Supplementary Tables S3 (FR) and S4 
(TGP) (see footnote 1). Mean normal and re-
verse polarity directions were calculated using 
Fisher statistics (Fisher, 1953). Because WRG 
strata are broadly horizontal, no tectonic correc-
tion was applied.

4.1. Demagnetization Behavior

Initial NRM intensities ranged between 0.02 
and 4 mA/m, increasing up-section at both locali-
ties. Eolian deposits above the I tuff at FR (Eva-
noff et al., 1992) and starting ~50 m above the Up-
per Purplish White Layer  at TGP showed higher 
NRM values than the underlying fluvial deposits. 
All samples underwent thermal demagnetization 
up to a temperature of 240 °C. About 77% of the 
samples remained stable through this initial ther-
mal demagnetization and retained ~20–30% of 
their original NRM at 240 °C.

Samples that were subjected to further ther-
mal demagnetization above 240  °C generally 
yielded data that could be interpreted up to tem-
peratures of 400–520 °C. Data from alternating 
field demagnetized samples could be interpreted 
up to field intensities of 70–90 mT. Samples that 
remained stable throughout the demagnetiza-
tion process typically retained less than 10% of 
their original NRM signal when demagnetized 
at 660 °C or 100 mT, respectively. A low tem-
perature component (LTC) with normal polarity 
is distinguishable in 96% of the samples, be-
tween 100 and 240 °C (Fig. 3). Mean declina-
tion (D) and inclination (I) of this component 
cluster close to the parameters of the present 
day magnetic field, which at the time of sam-
pling was characterized by D = 10, I = 69 at FR, 
and D = 8, I = 69 at TGP (Fig. 4). Samples that 
remained stable above 240  °C exhibit a high 
temperature component (HTC) which steadily 
decays toward, but does not reach zero, and 
shows dual polarity. LTC (non-anchored fit) and 
HTC (anchored fit) were calculated using in-
house software available from the Fort Hoofd-
dijk Laboratory. Isolating the LTC and HTC 
in samples for which the latter shows normal 
polarity is difficult because the directions of the 
two components are nearly parallel. In samples 
for which the HTC shows reversed polarity, 
thermal demagnetization at 150–240  °C was 
sufficient to remove the LTC. For this reason, 

1GSA Data Repository item 2019238, which pro-
vides details of sampled localities, age modelling, 
uncertainty propagation, and summarises paleo-
magnetic results discussed in the text, is available 
at http://www.geosociety.org/datarepository/2019 or 
by request to editing@geosociety.org.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/1-2/373/4907473/373.pdf
by Vrije Universiteit Bibl user
on 10 May 2023



Sahy et al.

378 Geological Society of America Bulletin, v. 132, no. 1/2

Figure 3. Representative Zijderveld diagrams for samples demagnetized using thermal (TGP317, TGP10, FR341, FR291, 
and FR1) and combined thermal and alternating field demagnetization techniques (TGP217). The stratigraphic posi-
tion of each sample is indicated next to the diagrams. Closed (open) symbols denote the horizontal (vertical) component 
of the magnetic field, and squares indicate the initial natural remanent magnetization (NRM). Plain numbers indicate 
demagnetization temperature steps in °C. Numbers in italics indicate alternating field intensities in mT. A diagram show-
ing the relative % decrease in magnetic moment with each demagnetization step is included for each sample. In terms 
of paleomagnetic interpretation, all samples fall in category A (see text for details) except FR1 and TGP10 (category D).
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Figure 4. Equal area diagrams showing normal polarity low temperature component (LTC) and normal and reversed polarity high 
temperature components for the Flagstaff Rim and Toadstool Geologic Park records. Both the ChRM (characteristic remanent mag-
netization) and the calculated virtual geomagnetic pole (VGP) positions are shown. VGP plots are centered on the mean VGP for each 
sample group. D—mean declination; I—mean inclination; α95—95% confidence interval of the mean; V—angular cut-off distance from 
the mean VGP determined using the variable cut-off algorithm of Vandamme (1994) shown as dashed circle for each VGP plot; ASD— 
angular standard deviation of the mean VGP. Grey (category B)/black (category A) symbols represent data excluded from/included 
in the calculation of mean directions and VGP position based in the respective cut-off angles. Star indicates magnetic inclination and 
declination at the time of sampling.
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all data obtained from thermal demagnetization 
steps below 240  °C in samples that showed a 
normal polarity HTC were attributed to pres-
ent day overprint, while the HTC was defined 
based on data obtained above 240  °C. As the 
HTC shows dual, normal, and reversed polar-
ity and appears to be carried by an iron oxide, 
such as magnetite, whose signal is likely to be of 
primary nature, it was interpreted as a primary 
characteristic remanent magnetization (ChRM) 
signal. Virtual geomagnetic pole (VGP) latitude 
data calculate base on the HTC of samples from 
FR and TGP showed high scatter, and were 
filtered using the variable cut-off algorithm of 
Vandamme (1994).

Samples were subdivided into four catego-
ries, A, B, C, and D (Supplementary Tables S3 
and S4). Category D samples (~23% of the data 
set) were demagnetized to below a threshold of 
0.02–0.05 mA/m during initial thermal demagne-
tization up to 240 °C, which usually resulted in 
unstable behavior with oscillating NRM intensi-
ties and directions. While most of these samples 
gave sufficient data to identify an LTC, no HTC 
could be calculated. Category C samples (9% 
of the data set) had an HTC with an associated 
mean angular deviation (MAD) in excess of 20°, 
and were excluded from interpretation. Category 
B samples (5% of the data set) were identified as 
outliers based on VGP data filtered through the 
Vandamme (1994) variable cut-off algorithm, and 
were also excluded. The remaining samples fell 
into category A (~63% of the data set) and were 
used to identify normal and reversed polarity in-
tervals in the FR and TGP records.

4.2. Magnetic Polarity Record of the FR 
and TGP Sections

The magnetic polarity pattern of the FR and 
TGP sections was interpreted in terms of VGP 
latitudes. Changes in polarity were defined 
based pairs of at least two consecutive samples 
of identical polarity, and magnetic reversals 
were inferred to lie halfway between consecu-
tive samples of opposite polarity. This approach 
identified seven polarity zones at FR and six at 
TGP, each of which was defined based on be-
tween 4 and 35 consecutive samples of the same 
polarity. Both the FR and TGP records include 
one or more 5–15-m-thick intervals of indeter-
minate polarity, which most likely result from an 
incomplete removal of weathered material dur-
ing sampling. In spite of this, the stratigraphic 
positions of most magnetic reversal were con-
strained to better than ±2 m (Figs. 5 and 6).

4.2.1. Flagstaff Rim
Our interpretation of the FR magnetic polarity 

record, which comprises four normal and three 
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Figure  5. Magnetostratigraphy of the Flagstaff Rim section. Mean angular deviation 
(MAD) and virtual geomagnetic pole latitude (VGP lat.) are plotted for each sample. 
Diamonds—category D samples showing unstable magnetic directions above 240  °C; 
 triangles—category C samples, with MAD > 20°; open circles—category B samples ex-
cluded through filtering of VGP data using the variable cut-off algorithm of Vandamme 
(1994), closed circles—category A samples underpinning the interpretation of the mag-
netic polarity pattern. Black, white, and gray intervals in the polarity column represent 
normal, reverse and indeterminate polarity respectively. P83—magnetostratigraphic 
interpretation of Prothero et al. (1983); P92—magnetostratigraphic interpretation of 
Prothero (1985) and Prothero and Swisher (1992). Horizontal lines next to each polarity 
column indicate the approximate distribution of paleomagnetic samples. For this study, 
lines offset to the left (right) indicate the use of thermal (alternating field) techniques to 
derive the ChRM (characteristic remanent magnetization) of each sample.
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reversed intervals (Fig. 5), differs significantly 
from earlier studies. Prothero et al. (1982, 1983) 
determined that the lower half of the section, be-
low the F tuff, recorded mostly normal polarity, 
based on analyzing a set of samples with a mean 
stratigraphic resolution of 0.8 m using alternat-
ing field demagnetization. Prothero (1985) ana-
lyzed a second group of samples, with sets of 
three replicates collected at a mean stratigraphic 
resolution of 1.7 m, using thermal demagneti-
zation. The resulting record was dominated by 
reversed polarity, with two short normal polarity 
intervals identified in the vicinity of the B tuff 
and between the I and J tuffs. The discrepancies 
between these two early interpretations were at-
tributed to the incomplete removal of present-

day field overprints (Prothero 1985; Prothero 
and Swisher, 1992). Such overprints were 
thought to be carried by low blocking tempera-
ture but high coercivity minerals (e.g., goethite), 
resulting in spurious normal polarity zones in 
the Prothero et al. (1982, 1983) studies, which 
used alternating field demagnetization. Be-
cause all samples from the present study were 
thermally demagnetized up to at least 240 °C, 
such overprints are unlikely to have a signifi-
cant impact on our interpretation. Furthermore, 
our FR polarity record consists of interspaced 
samples for which the HTC was analyzed us-
ing thermal and alternating field demagnetiza-
tion respectively (except between the H and G 
tuffs where only thermal demagnetization was 
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Figure 6. Magnetostratigraphy of the Toadstool Geologic Park section. All symbols are the 
same as in Figure 5. Magnetostratigraphic interpretation of Prothero et al. (1983) (P83) is 
shown for comparison. UWA—Upper Whitney Ash; LWA—Lower Whitney Ash; SDP—
Serendipity ash; UPW—Upper Purplish White Layer; TGP—Toadstool Geologic Park; 
MAD—mean angular deviation; VGP—virtual geomagnetic pole latitude.

used) and no systematic differences were de-
tected between results obtained using the two 
methods. However, the lack of normal polarity 
zones between the B+15 and H tuffs in the data 
of Prothero et al. (1985) remains puzzling. As-
suming the zircon 206Pb/238U geochronology of 
Sahy et al. (2015) is correct, such zones would 
be expected to occur based on the late Eocene 
polarity record of the UMB, ATPS06, and PEAT 
(see Sections 5.1 and 5.2). It is unlikely that the 
data set of Prothero et al. (1985) includes sam-
ples with reverse polarity overprints, given that 
no evidence of such artifacts has been found 
in our own samples. It seems equally unlikely 
that processes such as lightning strikes would 
have consistently reset the magnetic signal over 
several tens of meters of stratigraphy. However, 
given the topography of the FR area, assem-
bling a continuous collection of paleomagnetic 
samples between the B and J tuffs must rely on 
individual measured sections correlated based 
on volcanic tuffs or other prominent beds (see 
Section 3, and Tables S1 and S2). As a result, it 
is possible that errors in such correlations have 
resulted in normal polarity zones being missed 
in the data set of Prothero et al. (1985).

The mean direction of normal polarity 
samples was D = 351.1, I = 62.9, and that of 
reversed polarity samples was D = 172.2, I = 
–49.0. For comparison, the expected normal 
polarity directions for the FR site varied from 
D = 344.3, I = 62.4 at 36  Ma to D = 345.3,  
I = 63.2 at 34 Ma (Besse and Courtillot, 2002; 
Tauxe, 2010).The Flagstaff Rim samples failed 
the reversal test of Tauxe (2010) due to a differ-
ence of 11° between mean normal and reversed 
polarity inclinations. Such non-antipodal direc-
tions in Cenozoic sediments may be attributed 
to the presence of partially unremoved present 
day overprints, or persistent non-dipole contri-
butions to the magnetic field during reversed 
polarity intervals (e.g., Parés and Van der Voo, 
2013). In spite of the non-antipodal nature of the 
mean normal and reversed directions in the FR 
record, we nonetheless interpret the ChRM as 
a primary signal due to: (i) its dual polarity, (ii) 
the fact that thermomagnetic runs (Mullender et 
al., 1993) suggest that magnetization is carried 
by magnetite, whose signal is likely to be of pri-
mary nature (Fig. S1; see footnote 1), and (iii) 
because, as discussed below in Sections 5.1 and 
5.2, except for zone FR1N, the placement, and 
implicitly the age of the normal polarity zones 
conforms to what we would expect based on 
late Eocene magnetic polarity records from the 
UMB, ATPS06 and PEAT data sets.

4.2.2. Toadstool Geologic Park
In the lower 40 m of the TGP record, sam-

ples yielding reliable magnetic directions form   
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distinct clusters around 3, 8, 12, 18, and 21–28 m 
(n = 23, out of 71 analyzed samples; Fig. 6). The 
quality of the data improves significantly around 
47  m above the base of the section, or ~8  m 
above the Upper Purplish White Layer , which 
broadly coincides with the lithological bound-
ary between the Chadron and Brule formations. 
Our interpretation of the TGP magnetic polarity 
record comprises three normal and two reversed 
polarity zones, and is generally in agreement 
with earlier work by Prothero et al. (1983), ex-
cept for a short normal polarity zone in the lower 
part of the section (TGP-3N in Fig.  6) which 
has not been previously reported. Normal and 
reversed polarity directions passed the reversal 
test of Tauxe (2010); however, mean inclina-
tions are ~10° lower than expected from plate 
tectonic models (Torsvik et al., 2008) indicating 
some degree of post-depositional compaction. 
The mean direction of normal polarity samples 
was D = 343.5, I = 51.1, and that of reversed 
polarity samples was D = 166.6, I = –47.9. For 
comparison, the expected normal polarity direc-
tions for the FR site varied from D = 344.2, I = 
62.4 at 36 Ma to D = 345.9, I = 63.9 at 31 Ma 
(Besse and Courtillot, 2002; Tauxe, 2010).

5. DISCUSSION

5.1. Correlation of the WRG Record to  
the GPTS

Historically, the published magnetic polarity 
pattern of the FR and TGP sections has been cor-
related to chrons C12n–C16n.1n of the GPTS 
(Prothero and Swisher, 1992) based on the 
40Ar/39Ar dates of Swisher and Prothero (1990). 
More recently, 206Pb/238U dating of zircons from 
15 tuffs intercalated in the FR and TGP records 
(Sahy et al., 2015) has demonstrated that the 
40Ar/39Ar dates of Swisher and Prothero (1990) 
were anomalously old by up to 0.6 m.y., likely 
due to the inadvertent analysis of older detrital 

biotite and anorthoclase grains. Consequently, 
our attempts to refine the correlation of mag-
netic polarity patterns identified in this study to 
the GPTS are based on the 206Pb/238U calibrated 
age-depth models of Sahy et al. (2015), which 
rely on the Bayesian approach implemented in 
the OxCal software package of Bronk-Ramsey 
(2008), and are described in Section S1 of the 
Supplementary Materials (see footnote 1). 
Magnetic reversal ages extracted from these 
age depth models (Table  1) and compared to 
the independently dated UMB, APTS06 and 
PEAT records are used to correlate the polarity 
pattern identified at FR and TGP to the GPTS, 
and to develop a composite polarity record for 
the late Eocene–early Oligocene portion of the 
WRG (Fig.  7). Data from the geological time 
scale were not included in these comparisons, as 
the radio-isotopic age model presented therein 
relied on anomalously old 39Ar/40Ar dates from 
the UMB (Sahy et al., 2017) and the late Eocene 
portion of their astronomically tuned Paleogene 
GPTS relied on interpolation rather than direct 
dating of magnetic reversals. All volcanic tuff 
age quoted in the following discussion were 
obtained using the 206Pb/238U isotope system, 
and are accompanied by their total propagated 
uncertainty (including 238U decay constant and 
isotopic tracer composition uncertainties). All 
interpolated magnetic reversal ages are quoted 
with their full uncertainty (Equation S3; see 
footnote 1), the bulk of which stems from the 
uncertainty of the U-Pb-calibrated age depth 
model, while stratigraphic uncertainties account 
for less than one third of the uncertainty budget.

At TGP, the base of polarity zone TGP-1N 
is bracketed by the upper and Lower Whitney 
Ashes (30.91 ± 0.04 Ma and 31.78 ± 0.04 Ma, 
respectively), with an interpolated age of 31.28 
± 0.17 resulting in an unambiguous correlation 
to the base of C12n. The top of polarity zone 
TGP-2N is bracketed by the Lower Whitney 
Ash and the Serendipity tuff (33.41 ± 0.05 Ma) 

with an interpolated age of 33.29 ±  0.15  Ma. 
The base of zone TGP-2N is bracketed by the 
Serendipity tuff and the Upper Purplish White 
Layer  (33.94 ± 0.05 Ma) and has an interpo-
lated age of 33.69 ±  0.21  Ma. Based on the 
above, zone TGP-2N correlates to chron C13n 
in the UMB, ATPS06 and PEAT records. Zone 
TGP-3N is bracketed by the TP-2 tuff (34.48 ±  
0.05 Ma) and the TP-1 tuff (35.22 ± 0.06 Ma) 
with interpolated age of 34.83 ± 0.11 for its top, 
while its base could not be identified.

At Flagstaff Rim, polarity zone FR-1N is 
bracketed by the J (34.40 ± 0.05 Ma) J-1 (34.39 ±  
0.04 Ma) and H (34.74 ± 0.05 Ma) tuffs. The 
base of zone FR-1N has an interpolated age of 
34.64 ± 0.11 Ma, and its top could not be iden-
tified. This polarity zone has been identified in 
both previous interpretations of the FR magnetic 
polarity record (Prothero et al., 1982, 1983; Pro-
thero 1985) and has been correlated to C15n 
based on the 40Ar/39Ar data of Swisher and Pro-
thero (1990). However, when calibrated using 
the U-Pb data of Sahy et al. (2015), this zone ap-
pears to fall between the positions of C15n and 
C13n in the UMB, ATPS06, and PEAT records. 
At TGP, the corresponding interval lies between 
meter levels 15.50 and 21.25 and is of reversed 
polarity. Consequently, zone FR-1N may cor-
respond to a normal polarity sub-chron within 
C13r that is older than the C13r.1n identified in 
the ATPS06 (Pälike et al., 2006), or may reflect 
incomplete removal of a present-day normal 
polarity overprint. The latter is difficult to as-
sess, given that normal polarity ChRM for this 
data set has a similar orientation to the present 
day-field. Zone FR-2N, not reported in previous 
interpretations of the FR magnetic polarity pat-
tern, is bracketed by the H and G tuffs (34.74 ±  
0.05  Ma and 35.25 ±  0.05  Ma, respectively), 
with an interpolated age of 34.83 ± 0.11 for its 
top and 34.99 ± 0.12 for its base. These ages are 
closely aligned with the position of zone TGP-
3N in the TGP section and suggest a correlation 

TABLE 1. AGE OF MAGNETIC REVERSALS BETWEEN C12N AND C16N.2N BASED ON THE WRG, UMB, ATPS06 AND PEAT RECORDS

Reversal WRG UMB ATPS06 PEAT

C12n_base 31.28 ± 0.15/0.15/0.17 31.23 ± 0.07/0.08/0.12 31.03 ± 0.05/0.06/0.06 30.98 ± 0.05/0.06/0.08
C13n_top 33.29 ± 0.12/0.13/0.15 33.10 ± 0.06/0.06/0.07 33.16 ± 0.05/0.06/0.06 33.21 ± 0.05/0.06/0.06
C13n_base 33.69 ± 0.13/0.14/0.21 33.74 ± 0.12/0.13/0.17 33.71 ± 0.05/0.06/0.06 33.73 ± 0.05/0.06/0.07
C15n_top 34.83 ± 0.09/0.10/0.11 34.91 ± 0.06/0.07/0.08 35.13 ± 0.05/0.06/0.07 35.10 ± 0.05/0.06/0.09
C15n_base 34.99 ± 0.11/0.12/0.12 35.11 ± 0.06/0.07/0.08 35.25 ± 0.05/0.06/0.11 35.34 ± 0.05/0.06/0.08
C16n.1n_top 35.37 ± 0.04/0.06/0.07 35.43 ± 0.03/0.05/0.05 35.33 ± 0.05/0.06/0.07 35.58 ± 0.05/0.06/0.08
C16n.1n_base 35.63 ± 0.06/0.07/0.11 35.50 ± 0.03/0.05/0.11 35.55 ± 0.05/0.06/0.07 35.72 ± 0.05/0.06/0.08
C16n.2n_top 35.78 ± 0.05/0.07/0.09 35.68 ± 0.06/0.07/0.15 35.64 ± 0.05/0.06/0.07 35.77 ± 0.05/0.06/0.08

Notes: Uncertainties are quoted as ± X/Y/Z where X is the U-Pb based age model uncertainty (White River group [WRG], Umbria-Marche basin [UMB]) or tuning 
uncertainty (ATPS06, Pacifi c Equatorial Age Transect [PEAT]), Y is the age uncertainty including systematic components related to U-Pb dating and astronomical tuning 
(Equations S1 and S2; see text footnote 1), and Z includes the stratigraphic uncertainty of each reversal in the respective record (Equations S3 and S4; see text footnote 
1). The stratigraphic uncertainty of the UMB record was estimated based on the work of Jovane et al., 2006, Hyland et al. (2009) and Coccioni et al. (2008). Stratigraphic 
uncertainties for the ATPS06 are based on the compilation of Westerhold et al. (2012) quantifi ed assuming a mean sediment accumulation rate of 10 m/m.y.—where 
the same reversal is recorded in multiple cores, the lowest stratigraphic uncertainty was selected. Stratigraphic uncertainties on the PEAT age model are based on 
Westerhold et al. (2014).
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Figure 7. Correlating the magnetic polarity 
pattern of the Flagstaff Rim and Toadstool 
Geologic Park (TGP) section to the geo-
magnetic polarity time scale using the U-Pb 
calibrated Umbria-Marche basin (UMB) 
record as a reference. Grey bars show cor-
relation between normal polarity zones FR-
2N, TGP-3N, and C15n in the UMB record. 
Hatched bars show the reversed polarity 
intervals equivalent to zone FR-1N in the 
TGP, UMB, ATPS06, and PEAT (Pacific 
Equatorial Age Transect) records. The com-
posite White River Group (WRG) magnetic 
polarity record is based on the location of 
C13n and C12n at TGP, and the location 
of C16n.2n, C16n.1n and C15n at Flagstaff 
Rim (FR).

to C15n when compared with the UMB record, 
although they are slightly younger than would 
be expected based on the ATPS06 and PEAT 
data set (Fig. 7). Zone FR-3N is bracketed by 
the F (35.33 ± 0.05 Ma) and B+18 tuffs (35.68 ±  
0.05 Ma) and includes the F-7.5 tuff (35.42 ±   
0.05 Ma). The interpolated age for the top and 
base of zone FR-3N are 35.37 ± 0.07 and 35.63 ±  
0.11  Ma respectively, suggesting a correlation 
with C16n.1n in the UMB, ATPS06 and PEAT 
records. The top of zone FR-4N is bracketed by 
the B+15 (35.75 ± 0.04 Ma) and B tuffs (35.81 ±  
0.09 Ma), placing its interpolated age at 35.78 ±  
0.09  Ma which indicates a correlation with 
chron C16n.2n.

Based on the above, the magnetic polarity 
pattern of the FR and TGP sections, which cov-
ers the interval between 30.9 and 35.8 Ma, cor-
relates to chrons C12n–C16n.2n of the GPTS. 
The two records overlap between 35.2 and 
34.4 Ma, which includes normal polarity zones 
correlated to C15n at both localities. Mean sedi-
ment accumulation rates for this overlapping 
interval are around 60–130  m/m.y. at FR and 
18–30 m/m.y. at TGP (Sahy et al., 2015). This, 
combined with our sampling strategy, results 
in a considerably higher resolution record of 
C15n at FR, compared to TGP, where the base 
of C15n could not be identified. As a result, our 
composite magnetic polarity record of the WRG 
(Fig. 7) is based on data from TGP between 30.9 
and 34.4  Ma and data from FR between 34.4 
and 35.8 Ma.

5.2. Comparison with Astronomically 
Tuned Records of the Late Eocene– 
Early Oligocene

Magnetic reversals take place over a few thou-
sand years (Clement, 2004) and  consequently, 
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they can be regarded as instantaneous within 
the resolution afforded by astronomical tun-
ing and 206Pb/238U dating in the EOT interval. 
It then follows that the same reversal recorded 
at different localities and dated using different 
methods should appear as synchronous if the 
dating results and the age models built upon 
them are accurate, and all uncertainties are ad-
equately quantified. Age control for the mag-
netic reversals recorded in the WRG and UMB 
successions is based on the 206Pb/238U dating of 
zircons from volcanic tuffs (Sahy et al., 2015, 
2017). Systematic bias between age data from 
these two records can be ruled out as the dat-
ing is based on the same isotope system, and 
was carried out in the same laboratory, using 
the same isotopic tracer, measured on the same 
instrument, within the same three-year time 
frame, and interpreted by the same analyst us-
ing the same statistical approach. Nonetheless, 
some discrepancies in excess of our calculated 
95% confidence intervals are evident between 
these two records when considering age model 
uncertainties alone (Fig. 8; Tables 1, 2). How-
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Figure  8. Comparison between the revised magnetostratigraphy of the White River Group (WRG) calibrated using the 
206Pb/238U zircon dates of Sahy et al. (2015), the astronomically tuned ATPS06 and Pacific Equatorial Age Transect (PEAT) re-
cords, and the 206Pb/238U calibrated magnetostratigraphy of the Umbria-Marche basin (UMB). Age uncertainties were propa-
gated based on Equations S5 and S6 (dark gray uncertainty envelope). To illustrate the impact of stratigraphic uncertainties, 
light gray uncertainty envelopes were plotted assuming stratigraphic uncertainties were zero. Stratigraphic uncertainties 
were quantified based on this study for the WRG record, the magnetostratigraphy of Jovane et al. (2006) and Hyland et al. 
(2009) for the UMB record, and the magnetostratigraphy of Sites 1218, 1219, and 1220 of ODP Leg 199 as summarized by 
Westerhold et al. (2012) for the ATPS06, and table 1 of Westerhold et al. (2014) for the PEAT. The age difference between 
the previously published magnetostratigraphy of the WRG (Prothero et al. 1983; Prothero and Swisher 1992) and the UMB, 
ATPS06, and PEAT records is plotted in the background for comparison.

ever, additional uncertainties arise from the res-
olution of the respective magnetostratigraphic 
records, which determines how precisely the 
stratigraphic position of a magnetic reversal can 
be identified. In the WRG record, these strati-
graphic uncertainties vary between ±0.45 and 
4.50 m, which translates to ±5–75 k.y. (Sahy et 
al., 2015). For the UMB record, the stratigraphic 

uncertainty varies between 8 and 82 k.y. (Sahy 
et al., 2017). The propagation of analytical, sys-
tematic and stratigraphic uncertainties relevant 
to each reversal is discussed in the Supplemen-
tary Material, Section S2 (see footnote 1). All 
uncertainty components are summarized in 
Table  S5 (see footnote 1). Once stratigraphic 
uncertainties are considered, magnetic reversals 

TABLE 2. AGE OFFSET BETWEEN THE WRG AND THE ATPS06, PEAT, AND UMB RECORDS
Reversal ATPS06 vs. WRG PEAT vs. WRG UMB vs. WRG
C12n_base –0.24 ± 0.15/0.18 –0.30 ± 0.16/0.19 –0.05 ± 0.16/0.22
C13n_top –0.14 ± 0.13/0.16 –0.08 ± 0.14/0.16 –0.19 ± 0.13/0.18
C13n_base 0.02 ± 0.14/0.23 0.04 ± 0.15/0.23 0.05 ± 0.18/0.30
C15n_top 0.30 ± 0.10/0.14 0.28 ± 0.11/0.16 0.09 ± 0.10/0.12
C15n_base 0.27 ± 0.12/0.19 0.35 ± 0.13/0.15 0.12 ± 0.12/0.14
C16n.1n_top –0.04 ± 0.07/0.10 0.21 ± 0.08/0.11 0.06 ± 0.05/0.06
C16n.1n_base –0.08 ± 0.08/0.14 0.09 ± 0.09/0.15 –0.13 ± 0.07/0.16
C16n.2n_top –0.17 ± 0.07/0.10 –0.03 ± 0.09/0.11 –0.13 ± 0.08/0.16
Notes: Positive/negative numbers indicate the age calculated based on the White River Group (WRG) record 

is younger/older than the record to which the comparison is made. Uncertainties are reported as ± A/B where 
A encompasses the relevant U-Pb age model, tuning uncertainties and systematic uncertainties, and B is the 
total uncertainty including a stratigraphic component (Equations S5 and S6; see footnote 1). PEAT—Pacifi c 
Equatorial Age Transect; UMB—Umbria-Marche basin.
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from the WRG and the UMB appear to be syn-
chronous except for the top of C13n, where the 
offset is 193 ± 184 k.y. This is an argument in 
favor of the accuracy of the U-Pb dates under-
pinning the WRG and UMB records. The inter-
pretation of 206Pb/238U data from each volcanic 
tuff is based upon a weighted mean age of sta-
tistically equivalent analyses. These weighted 
means could include grains whose age was in-
fluenced by geological processes such as subtle 
Pb-loss (younger age) or prolonged crystalli-
zation (older age) at a level that is masked by 
the 2σ uncertainties of the respective analyses. 
However, agreement between magnetic reversal 
ages calculated from the WRG and UMB would 
suggest that neither U-Pb-calibrated age model 
contains significant errors. Conversely, if signif-
icant errors were present in the two age models, 
then this would require zircon data from tuffs 
sourced from unrelated volcanic provinces to be 
affected by the same amount of geological bias 
toward younger/older ages (within uncertainty), 
which seems unlikely.

In addition to stratigraphic uncertainties, sys-
tematic uncertainties related to the calibration of 
isotopic tracers used in U-Pb dating (~0.03%), 
the value of the 238U decay constant (~0.11%) 
and the numerical insolation models that under-
pin astronomical tuning (~0.1%) must also be 
taken into account when comparing magnetic 
reversal ages obtained using U-Pb dating and 
astronomical tuning.

When comparing the WRG composite to 
ATPS06 and PEAT records, small discrep-
ancies become evident for all reversal in the 
C12n–C16n.2n range, except for the boundar-
ies of C13n, even after all sources of uncertainty 
are taken into account (Fig. 8). For some chron 
boundaries, the U-Pb calibrated age is older 
than that derived from astronomically tuned 
age models, while the reverse is true for other 
chrons. This is similar to data from the Miocene 
La Vedova and Monte dei Corvi sections in Italy 
that showed no systematic offset between in-
dependent astronomical tuning (Hüsing et al., 
2009, 2010) and 206Pb/238U dating of volcanic 
tuffs (Wotzlaw et al., 2014). The base of C12n 
and both boundaries of C15n are examples 
where there is agreement between the astro-
nomically tuned ATPS06 and PEAT models, 
and between the WRG and UMB records, but 
the offset between nominal ages derived using 
different dating methods is up to 300 k.y. Agree-
ment with astronomically tuned age models is 
reached for two out of the three oldest reversals 
recorded in the WRG, with discrepancies at the 
top of C16n.2n relative to the ATPS06, and top 
of C16n.1n relative to the PEAT. The implica-
tion is that although the ATPS06 and PEAT 
astrochronologies appear to diverge below the 

base of C15n (Fig.  1), a comparison with our 
U-Pb calibrated chron boundaries cannot be 
used to pinpoint either model as more accurate. 
Furthermore, if the magnetic polarity patterns 
underpinning the ATPS06 and PEAT records 
are assumed to be free of errors, then discrep-
ancies between the two age models must arise 
from the tuning process itself, in which case 
the age uncertainties quoted from these records 
are significantly underestimated. This, along 
with magnetic reversal ages calculated from the 
UMB and WRG records suggests that in spite of 
the application of dating methods whose theo-
retical precision approaches 0.1%, the age of 
most late Eocene–Oligocene magnetic reversals 
cannot, at present, be constrained to better than 
± 100–150 k.y. (0.3–0.5%).

5.3. Late Eocene–Early Oligocene Seafloor 
Spreading Rates

The assumption of smoothly varying seafloor 
spreading rates has been fundamental to the de-
velopment of the radio-isotopically calibrated 
GPTS (e.g., Cande and Kent, 1992, 1995; Berg-
gren et al., 1985; Ogg and Smith, 2004; Van-
denberghe et al., 2012). The same assumption 
has been widely used to test the validity of as-
tronomically calibrated magnetic reversal ages 
(e.g., Wilson, 1993; Krijgsman et al., 1999; 
Beddow et al., 2018). A similar test can be used 
to evaluate the radio-isotopic or astronomical 
dating of the WRG, UMB, ATPS06 and PEAT 
records by calculating apparent spreading rates 
based on the South Atlantic anomaly profile of 
Cande and Kent (1992) (Fig. 9). The caveat is 
that for chrons shorter than a few 100 k.y., even 
small errors in the age of chron boundaries can 
lead to large jumps in apparent seafloor spread-
ing rates. As an example, the ATPS06 exhibits 
an increase in apparent spreading rates during 
chron C15, the duration of which is estimated 
around 200 k.y., compared to ~500 k.y. in the 
WRG, UMB and PEAT records. There is also 
a large offset in the duration of chron C13 be-
tween the WRG (~1.54  m.y.) and the UMB 
(1.81  m.y.), ATPS06 (1.97  m.y.), and PEAT 
(1.89 m.y.) (Fig. 9). At a first glance, this would 
suggest the presence of a spurious 405 k.y. cycle 
in the ATPS06 and PEAT records. However, this 
is unlikely, as such an error in the tuning is not 
consistent with our comparisons between U-Pb 
calibrated and astronomically tuned ages for 
the boundaries of chron C16n.1n and C16n.1r 
(Fig.  8). Instead, the source of this offset is 
more likely to be either errors in the location 
of chron boundaries, or changes in sedimenta-
tion rate that were not adequately accounted for 
in either the U-Pb calibrated or astronomically 
tuned records.

For the WRG, spreading rates calculated for 
chrons C12r, C13, C15, and part of C16 (i.e., 
C16n.1n and C16n.1r) are statistically equiva-
lent. For the ATPS06 and PEAT records, scatter 
in apparent seafloor spreading rates is at least in 
part due to the comparatively higher precision 
of the astronomically tuned age models, and the 
higher stratigraphic resolution of the underpin-
ning magnetostratigraphic records, which leads 
to more precise calculated spreading rates (de-
tails on the propagation of spreading rate un-
certainties are discussed in the Supplementary 
Material, Section S2). Although the interval 
covered here is admittedly relatively short, this 
does nonetheless raise the question whether the 
uncertainties of the astronomically tuned age 
models are underestimated.

6. CONCLUSIONS

The precision of state-of-the-art dating 
methods such as 206Pb/238U zircon geochronol-
ogy and astronomical tuning approaches 0.1% 
(30–40 k.y.) in the Paleogene. However, when 
these methods are applied to potentially com-
plex stratigraphic records and proxy data, addi-
tional sources of error and uncertainty come into 
play. We explored these using the calibration of 
the late Eocene–early Oligocene portion of the 
GPTS as a case study. First, we revised the mag-
netostratigraphy of the FR and TGP sections 
of the WRG, which are among the most thor-
oughly dated terrestrial records of the EOT, with 
published interpolated age models based on the 
206Pb/238U isotope system. This led to adjust-
ments in the positions of boundaries between 
chrons C13r and C16n.2n, and resulted in inter-
polated magnetic reversal ages that are in agree-
ment with those derived from the 206Pb/238U-
dated Rupelian and Chattian GSSP sections in 
the UMB. Some discrepancies persist between 
206Pb/238U dated records of the EOT, and the as-
tronomically tuned ATPS06 and PEAT records, 
in spite of our attempts to account for system-
atic uncertainties inherent to both dating meth-
ods and stratigraphic uncertainties related to the 
position of magnetic reversals at each locality. 
These discrepancies may arise from errors in 
dating and/or age model development, or the 
identification of magnetic reversals in any of the 
four records considered in this study. However, 
agreement between the U-Pb-dated WRG and 
UMB records and the presence of discrepancies 
between the ATPS06 and PEAT data sets would 
suggest that the uncertainties associated with 
the astronomically tuned records of the EOT 
have been underestimated. The implication is 
that, at present, even applying state-of-the-art 
dating techniques, it does not appear to be pos-
sible to quantify the age of magnetic reversals in 
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the late Eocene–early Oligocene to better than 
~±100–150 k.y.
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tronomically tuned age uncertainty, and the uncertainty on the width of 
individual chrons in the Cande and Kent (1992) profile, propagated using 
Equations S7–S9 (see footnote 1). For each age model, the durations of 
individual chrons are listed for comparison.
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