,

Accepted Manuscript = CRETACEOUS

R

New theropod display arena sites in the Cretaceous of North America: Clues to
distributions in space and time

Martin G. Lockley, Karen J. Houck, Neffra Matthews, Richard T. McCrea, Lida Xing,
Kaori Tsukui, Jahandar Ramezani, Brent Breithaupt, Ken Cart, Jason Martin, Lisa G.
Buckley, Glade Hadden

Pll: S0195-6671(17)30286-0
DOI: 10.1016/j.cretres.2017.09.009
Reference: YCRES 3698

To appear in:  Cretaceous Research

Received Date: 7 June 2017
Revised Date: 24 August 2017
Accepted Date: 12 September 2017

Please cite this article as: Lockley, M.G., Houck, K.J., Matthews, N., McCrea, R.T., Xing, L., Tsukui, K.,
Ramezani, J., Breithaupt, B., Cart, K., Martin, J., Buckley, L.G., Hadden, G., New theropod display arena
sites in the Cretaceous of North America: Clues to distributions in space and time, Cretaceous Research
(2017), doi: 10.1016/j.cretres.2017.09.009.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.cretres.2017.09.009

New theropod display arena sitesin the Cretaceous of North America: cluesto

distributionsin space and time.

Martin G. Lockley, Karen J. Houck Neffra Matthew$ Richard T. McCre& LidaXing*,
Kaori Tsuku?, Jahandar RamezahiBrent BreithaufitKen Cart’, Jason Martifi, Lisa G.
Buckley’, Glade Haddeh

! University of Colorado Denver, Campus Box 172, Der@olorado 80217-3364, USA,
Martin.Lockley@UCDenver.ediewommunicating author

2National Operations Center, USDOI-Bureau of Lanchitgement, Denver, Colorado 80225,

®Peace Region Palaeontological Research Center] B4% Tumbler Ridge, British Columbia, VOC 2W0, @da,
* School of the Earth Sciences and Resources, Chingtsity of Geosciences, Beijing 100083, China

® Earth Atmospheric & Planetary Sciences, Massachusettiutesof Technology, 77 Massachusetts Ave,
Cambridge, MA 02139

®Wyoming State Office, Bureau of Land Managemengy@nne, Wyoming, 82003, USA.

73072 Bison Ave, Grand Junction, CO, 81504, USA,

8 3245 Downey Ct., #2, Clifton, CO, 81520, USA,

°Bureau of Land Management, Uncompahgre Field 6ff2¢65 S. Townsend Ave., 81401 Montrose, Colorado,
81401,USA.

Abstract

Previously-unknown large scale scrapes attribtdecretaceous theropod dinosaurs from the
Naturita Formation (formerly the Dakota Sandstarfejestern Colorado were recently named as
Ostendichnus hilobatus and interpreted as evidence of “nest scrapealisph type of courtship behavior
previously known only in extant avians. Howevennparatively little is known of the morphology,
distribution and preservation potential of eithard®rn or ancient nest scrapes. Further studyeof t
initially described samples combined with new disates brings the total number of known in Colorado
sites to five, one with two scrape-bearing lev€lsmbined, these site preserve a total of more 168n
recognizable scrapes from all these sites. Weidésuify the firstO. bilobatus-like scrape from the
Cretaceous of Canada. Although variable, a majofithe large sample of Colorado scrapes have the
diagnostic characteristics ©f bilobatus, with two lateral troughs separated by a medianesidngd are

sufficiently distinct to allow measurement of satiéeatures such as scrape size, depth, and medipmn
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and average trough width. These provide data wihiticate that theropod nest scrapes range from ~50
to ~200 cm in length and up to ~25 cm in depthsymeably indicate dinosaurs of different sizes, and
variable time and energy spent in creation of iitligl scrapes. Scrape orientations are highly kbgia
Three of the sites occur at about the same staatige level, although they are ~3.0-~6.0 km apart,
suggesting that display arena sites may have laege, linvolving many dinosaurs and repeat actinity
sequential breeding seasons. High-precision U-Rbizianalyses by the CA-ID-TIMS method from a
volcanic ash bed above the scrape bearing levBlsathideau Creek (Colorado) yielded a weighted mean
2%ph8Y date of 97.689 + 0.037 Mad2nternal error) and indicate a Cenomanian ag®fdiilobatus
scrapes in western Colorado.

Keywords: Colorado; Dakota Sandstone; Cenomanian; thesptracks; breeding behavior
1. Introduction

Multiple examples of the newly-named large tracsiidDstendichnus bilobatus from the Cretaceous
Dakota Group of Colorado (Fig. 1), were preserascevidence for “nest scrape display” behavior amon
large theropod dinosaurs (Lockley et al., 2016&)e trace fossil consists of paired, elongate geeov
containing multiple scratch marks, made by therogadis, on fluvio-lacustrine sandstone bedding
planes. Four sites were initially reported, twambiich revealed multiple, diagnostic, mostly well-
preserved. bilobatus traces suggestive of “display arenas” or “leka.5bme cases the traces were
directly associated with diagnostic theropod trackssociated traces in which the diagnostic bitbbe
ichnospecies morphology is less well-preservedibe attributed to cfOstendichnus or labelled a®.
bilobatus—like and inferred to be due to variation in thiemrsity of the original activity of the theropod
tracemakers and /or pre-burial and /or post exhiomateathering. The fact that a majority of these
scrapes contain well-defined scratch marks indéctitat the traces were preserved with little
modification or deterioration of the details of fauwe relief soon after they were made, and thus may
provide clues to the nature of the depositionairenment at the time the scrapes were registeratisa
help us understand the settings chosen by therdpodsgst scrape display activity.

Although “nest scrape display” behavior is well famin certain extant ground nesting birds (avian
theropods), including multiple species of the geblnaradrius (Bomford, 1986) and closely related
genera (Cairns, 1982; Bergstrom, 1988; Whitfield Brade, 1991), the distribution of scrapes has not
been documented (mapped) except in the caSeigbps habroptila, the rare New Zealand parrot known
as the Kakapo (Powesland et al., 1992), for whichpes were referred to as “bowls.” Harris (1984)
described a single example of a trace reseml@irtglobatus attributed to a puffin, but did not comment
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on how widespread such traces might be. Howeueapsg behavior is common among extant birds,
which may build, or begin building, multiple “plaests” (Goethe, 1937; Darling, 1938). Thus, nest
scrape display rituals often result in constructbsuch “play” or pseudo nest building tracestas a
made by various extant birds engaged in such behaMie preservation potential of such scrapes in
different paleoenvironments with different substsais unknown but evidently moderately good in the
Dakota Sandstone (or Naturita Formati@ansu Carpenter, 2014) deposits described here. The
preservation potential of small scrapes in theifossord is discussed by Kim et al., (2016) in an
intriguing report of a set of small scrapes from @retaceous of Korea, provisionally attributethi®
theropod trackmaker dflinisauripus tracks (Lockley et al., 2008; Kim et al., 2012n¥iet al., 2016).

Other factors pertaining to nest scrape occurieimmsude the size of populations of nest-scraping
birds and the preferred size of their territoried display arena sites. Extant birds nesting igdar
colonies often stimulate breeding among other golnembers more successfully and earlier than
individuals in small colonies (Darling, 1938). &uguestions point to the need for detailed studies
extant bird courtship and nest scrape displayriinfg preservation potential, after millions of yga
especially in the case of small scrapes made bil birds, is inevitably conjectural. However, warc
more rigorously evaluate the context of scrapes $itéerms of paleoenvironments by consideringlloca
geological evidence of preferred paleosubstratesiave generally assessing broadly defined habitats
physiographic regions. The records of scrapesrhgdarge, Cretaceous non-avian theropods (Lockley
et al., 2016a) help us understand the distributfdihe traces and associated substrate typesyaaithe
preserved in the rock record. Although we cannaure that modern avians inherited nest scrape
behavior from 100-million-year-old theropods, ratttean evolving such behavior independently, the
avian and non-avian theropod behavioral similagjtand the environments and paleoenvironments in
which the behaviors were carried out, need to Ipboexxd using the spatial and temporal data on scrap
distributions now becoming available.

Here we report on, newly-discovered display ardées.sOne is a large site preserved in relatively
close geographical proximity to the larger, westeatorado sites described by Lockley et al., (2016a
We also report on additional scrapes found at tiwbe previously known sites, including one which
contains two scrape-bearing levels. The new siteaalditional scrapes provide the opportunity tibdoe
describe the inter-site distribution of the thrasyést sites in space and time and a detailed atobthe
intra-site variation in size, depth and distribatif scrapes.

Lastly we briefly describe a compelling exampleanf.bilobatus-like scrape from the Lower

Cretaceous (Albian) Gates Formation, at the WXkisite near Grande Cache, Alberta, which is one of
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the better known dinosaur tracksites in westerra@ar{McCrea et al., 2000, 2001). It is notewortiat t
the scrape feature from this visually spectacutaris similar in general morphology, inferred

depositional environment, and age to those fronokadbo.

2 Material and Methods
2.1 Field mapping and data collection

The discovery of the new site herein named thel5@uilch west” site (CGw) increases the number
of known scrape sites in the Dakota Sandstonevéo Fiour of these sites occur in western Coloramb a
are named Duncan Road (DR), Roubideau Creek (RG@), Guilch (CG) and the aforementioned CGw.
The fifth site occurs at Dinosaur Ridge (DiRi) n€anver in eastern Colorado (Fig. 1). At the RE€ sit
scrapes occur at two stratigraphic levels (Fig.12)ckley et al. (2016a) presented photogrammeteps
of the two previously known, large, nest scrapgpldig sites: the RC site with eight reported scsapad
the CG site with ~60 scrapes. These findings agen@nted by two other sites with isolated scrapes,
(DR) near the other large sites in Western Coloautbthe other at Dinosaur Ridge (DilRi), a well-
known site in eastern Colorado.

The CGw site described here preserves at leagtc28mizabléstendichnus bilobatus and cf.
Ostendichnus scrapes in an ENE-WSW trending outcrop about 716ng and 2 m wide (Fig. 3). Thus the
three largest sites reveal multiple scrapes andragithin a triangular area with a maximum E-W ente
of about 6 km. (Fig. 3) All of the scraped surfaeee found in elongate outcrops more or less edign
with the NE- ENE trends of drainages spilling ¢ thortheast flank of the Uncompahgre uplift, shown
with same orientation in Figure 3. With the addiibscrapes reported here, the five known sites
collectively provide a sample of at least XD8endichnus scrapes (Table 1). This sample does not
include the additional scrape here reported froenAlbian of western Canada.

As outlined by Lockley et al. (2016a, supplemeirtfidrmation), the RC and CG sites were
documented with both traditional compass and tagepimg and three—dimensional photogrammetic
imaging. This method is reiterated here, althodnghrhethods used in our new photogrammetric surveys
are briefly noted. The CGw site described here al&s mapped using traditional compass and tape
mapping. Complete photogrammetric imaging was nattical due to the presence of a number of
relatively large trees that overshadowed someesthapes. Moreover, these trees and the locdtite o
sandstone bed on the crest of a ridge resultdibimt southward (SSE) displacement of the blocks by
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root wedging and subsequent soil creep. Howekierbest preserved scrapes were photographed to
obtain 3D photogrammetic images (Fig. 4), andexlatold and replica were made to reposit at the
Museum of Western Colorado (MWC) as MWC 8476 (samekley et al., 2016a, supplemental
Information for methodology). In addition stratighic sections were measured, and re-checked, at al
three sites (Fig. 2; see Lockley et al., 2016apkupental information, fig. S1 for further detaolsthe

RC and CG sites). The newly descrili&dilobatus-like scrape from Canada was recorded using a
scaled 3D photogrammetric model produced in AgiBbfatoscan (v.1.0.4) The photographs of the near
vertical track surface were taken from ground lewred the base of the surface. Measurements of the
scrape trace were made using MeshLab v1.3.3 aodghrthe use of the color depth map generated in
CloudCompare v2.6.3.beta. The methods and softuwseré are essentially identical to those outlined in
the previous study of the Colorado sites (Locklegle 2016a).

Lockley et al. (2016a) reported a single seDstendichnus bilobatus scrapes from the Dakota
Sandstone ( = Naturita Formatiaensu Carpenter, 2014) at the DiRi site in eastern Galor the onlyD.
bilobatus site currently known outside western Coloradahht study one set of DiRi scrapes was
illustrated using a 3D image (Lockley et al., 201fGa 4b). During the course of the present study,
second well-preserved set of scrapes was identfi@inosaur Ridge. Both were subjected to
photogrammetric analysis and both were replicateshéking a latex mold and fiberglass replica, given
the University of Colorado Museum of Natural Hist¢g CM) specimen numbers (UCM 200.66 and
UCM 200.67, Fig. 5). Interest in the scrapeshlésand easily-accessible at Dinosaur Ridge,adifeg
to the design of new interpretative signs and remisf the explanatory guidebook (Lockley and
Marshall, 2014, in prep). The DiRi scrapes wess &atured in a Science Channel documergammets
of the Underground released in 2017. (http://www.sciencechannel.osstibws/secrets-of-the-

underground/videos/secrets-of-the-underground-pjonteurthermore, using 3D printing techniques it

was possible to make a full sized replica of@lkilobatus type specimen for an exhibit at the Naturalis
Biodiversity Center in Leiden in the Netherlandsdihaupt et al., 2017).

At all sites recognizable scrapes were numberag @j and all lengths, widths and depths of
diagnostic, bilobed scrapes were recorded anddsdaljlwith anterior orientation when such
measurements could be determined (Table 1). lnake of cfOstendichnus scrapes occurring as oval,
sub-circular or near-circular bowls or hollows, thaximum and minimum diameters and depths were
recorded, along with the orientation of the longsxvhich usually coincide with direction of scrape
marks (Fig. 6). Individual examples of scrape aemvere recorded. Although the width of median
ridges that separate the two troughs (left and ggrapes) in bilobed scrape sets is variable ewerded
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representative ridge width near the mid-point efling axis. After subtracting, the width of thedian
ridge from the total width of the scrape, half temaining scrape width represents the mean width of
each trough (Fig. 6). Generally in well-developethpes the width of each trough is similar. Trough
width in turn approximates foot width as confirnmiadtases where individual tracks are associatelul wit
troughs (Lockley et al.,20164a, fig. 3a).

There is no previous methodological precedent feasuaring the orientation of scrapes. The method
used here involves obtaining the azimuth (betwéemd 186) of the long axis of scrapes from
photogrammetric images and maps of the three nitain (RC, CG, CGw: Fig. 3). This method applies
equally well to bilobed and oval scrapes, espactalbse where scratch marks run parallel to thg lon
axis of the whole scrape, which is typical in mmsses. A few scrapes such as those from the lgdr
at RC (Fig. 7) are incomplete and out of conte&t, notin situ, and so do not obviously fit either the
bilobed or oval shape categories. Given thantaiéons on rose diagrams (Fig.7) are recordedin 1
sectors, taking measurements from photogrammmatiges of sites RC and CG, with a grid overlay on
the computer screen, produces results at leastraéstent and accurate as measurements taken
individually with compass or from hand drawn maips; from sites CGw and DiRi. As discussed below,
the CGw site contains blocks that are slightly Bised by root wedging and soil creep, though not
rotated. The long axes of scrapes do not inditet@nterior orientation in most cases. This iflypa
because the claws of the foot in motion can leastalty tapered scratch marks on anterior entry@md
posterior exit. To date only 10 scrape sets hageiged unequivocal anterior orientations (showbaid
in Table 1). For this reason both the azimuthadaions between®&and 186 and the reciprocal
orientations between 18and 360 are plotted on rose diagrams (Fig. 8) so as nassome directionality
in cases where it is not known. To prevent duglicathe total of measured orientations (N), where
anterior is not known, each azimuth is plotted s hetween 1and 186) as is the reciprocal 2 N +
180 (in the 181-360sector). Separate plots are presented for eadteahain sites as well as for the
combined sample. In addition to the orientatiatad Table 1), a few additional orientation datanfzo
were obtained from the maps for scrapes that digietd other reliable measurements. Lastly it dtiou
be noted that we repariodal not mean scrape orientations (Table 2). Thig&ahse the large number
of “bimodal” measurements (e.g?’, dr 18F) would produce misleading averages (e.g., meat’th

no meaningful values related to actual (modal)raeitons.

2.2 Methods of U-Pb geochronology



Zircons were isolated from a ca. 0.5 kg volcantt sample from Roubideau Creek using
standard crushing, as well as magnetic and desejigration techniques. Individual zircon grainsever
hand selected and analyzed following the procediessribed in Ramezani et al. (2011). The selected
grains were pre-treated by a chemical abrasionadatiodified after Mattinson (2005) involving thelima
annealing at 900 °C for 60 hours and leaching imceatrated HF at 210 °C for 12 hours in order to
mitigate the effects of radiation-induced Pb lasgiicon. The EARTHTIME ET535 mixed"Pb#**U-

2% tracer (Condon et al., 2015 and McLean et all52@vas used in the analyses and isotopic
measurements were made either on the VG Sectar ISétopx X62 multi-collector mass spectrometers
equipped with Daly photomultiplier ion-counting s at the Massachusetts Institute of Technology
(MIT). Reduction of mass spectrometric data, as agtalculation of dates and propagation of
uncertainties were done using the Tripoli and URux software and associated algorithms (Bowring
et al., 2011; McLean et al., 2011).

Complete U-Pb data are given in Table 3 and thdteeand date distribution plot discussed
below. All uncertainties are reported atl2vel and correspond to the analytical (intereatprs only,
except for the weighted mean date in Section 3. &&ithe total uncertainty (incorporating thoseratér
calibration as well as U decay constants of Jadteal., 1971) is reported in brackets. The agbetuff
sample is derived from the weighted mé%Rb/*®U date of the analyzed zircons and is consideréu to
the best approximation for the depositional agthefscrape-bearing beds which lie ~10 m and ~14 m

below the ash bed.

3 Results
3.1 Scrape size, distribution and orientation

As shown in Tables 1 and 2 a total of 58 scrapegiged reliable measurements from a total
sample of 98 scrapes from four sites including DiRibles 1 and 2. The single set of triple scrapekm
from the DR site have a maximum length of 140 amad, @ombined width of all three scrapes 98cm
(Lockley et al., 20164, fig. 4a). However, theseasugements were not included in the present asalysi
due to the unusual triple configuration and thelsszanple size (N=1). Likewise the scrapes foand
two blocks from a level above the main RC siteilustrated (Fig. 7) but not included in the anaydue
to incompleteness and lack of adequate contexthighatheir morphologies could be categorized. bt fa

the traces on the larger of the two surfaces (Fag resemble only slightly elongated tridactyl kscand
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are not obviously a single or multiple scrape $é¢tvertheless, adding the two (N=2) illustrated st
traces (Fig. 7) to the DR scrape report resultstiotal of 101 scrapes. Of the 58 scrapes (57.48&b) t
were measured, 37 (63.4%) were bilobed, and thairelar more or less bowl shaped. A small number
of scrapes from the CG site overlap, but none filterRC and CGw site do, although several are Idcate
close to one another. The scrape set from Graote;&lberta adds an additional report of scrapes t

the total recorded from the Colorado sites, b igwlated report is not included here in our tatiohs.

Only two well-defined scrapes have been identifie®iRi on a locally undulating surface with
many irregularities and small (5-10 cm wide) logoessions. The scrapes are similar in width, betien
much longer (180 cm) than the other (95 cm). Buattapes have similar median ridge widths (20-21 cm)
but the longer scrapes are deeper and appear taircartridactyl track in the middle of the righdes
trough (arrow in Figure 5A). The considerabledaliféince in scrape length (L180/ L95 = 189%) compared
with the differential width (W83/W80 = 103%), i.¢he aspect ratio, reflects the fact that scragae
made by anterior-posterior motion of the foot, flat#o the long axis of the troughs (Fig. 6) witho
significant transverse side-to-side movement. Asaerable number of bowl shaped depressions occur
on this surface, but even though they resemblevéliewl-shaped” features from the western Colorado
sites, or even the Kakapo bowls described by Pandstt al. (1992) they lack scratch marks, and so
cannot be interpreted as scrapes with certainty.

The 8 measured scrapes from the RC site ar@parsample of 11 scrapes, of which a few are
poorly preserved. Scrapes from this site havedtugebt mean size among the three western Colorado
samples with multiple scrapes (Table 2). They ayeral20 cm long, ~86 cm wide and 10.6 cm deep
(N=8) even though scrapes 1, 2, 7 and 10 arevelatshort (mean L~91, W76 and D5 cm respectively)
as compared with scrapes 4, 5, 6 and 9 (mean LMW596, and D~18 cm). This suggests a bimodal
distribution which is consistent with the identifton of a large track about 30 cm wide in theohgle
Ostendichnus bilobatus scrape (RC 5) and a smaller theropod track ~18icha in scrape 7 (Lockley et
al., 2016a). However, despite this length dififiticd between the two groups (L153/L91 = 168%) the
width differential is less pronounced (L96/W76 em26%). Scrape 8 consists of an arcuate set of

scrapes on the periphery of a large oval bowl, (zama Fig. 3 with Lockley et al., 20164, fig 3a).

The CG site reveals at least 58 identifiable s@apaevhich 33 yielded reliable measurements
(Tables 1, 2). Some recognizable scrapes catldermeasured accurately because they were
overlapped by other scrapes rendering their ogtlar® shapes obscure. Some of the largest andsiieepe
scrapes (e.g., CG8, CG9, CG22 and CG25) are ihaiveld bowls (cf. Powesland et al., 1992), with

large clear scrape marks (Lockley et al., 2016p,2&). Conversely, the CG site also reveals safrtiee
8



smallest and shallowest scrapes (e.g., CG5, CGBP@Ad CG46) which are recognizably bilobed with
individual troughs suggesting foot widths of ab2Qtcm. In some cases these small scrapes are @s wid
or wider, than long. As noted by Lockley et aR016a) two scrapes, here designated as CG31 anfl,CG4
have shallow sand aprons behind them indicatingtiemtation of the theropods when scraping and

ejecting or spraying sand posteriorly,

The CGw site was not discovered or documented fwithie description of scrapes from the
other sites (Lockley, et al., 2016a). This sitecdds at least 28 identifiable scrapes of whichigflgd
reliable measurements (Tables 1 and 2). Someméable scrapes were not measured because they
were overlapped by other scrapes rendering théines and shapes difficult to measure accuratily.
general, the mean size of the scrapes is lessttthe other sites (Table 2): i.e., 84% as long&0% as
wide as the mean value for all sites (Table 2)sThight be due in part to the location of the sitea
ridge that has been exposed to weathering for lothge the more-recently exhumed sites at CG, RC an
DiRi. However, it is noticeable that the mean peraidth and mean width estimated for individual
troughs is noticeably less than for the other shsan trough width which is a general indicatidricmt
width is only 20.3 cm compared with 31.0-34.3 fog bther three sites. The best preserved setapesr
CGw2 shows a clearly defined tridactyl scrape \ithidth of 21 cm and the middle toe trace the Ishge
This scrape was molded and replicated as MuselWestern Colorado specimen (MWC 8476).

The long axis orientations of all clearly bilob&delongately oval scrapes were measured. In
most cases scratch marks also aligned with thedarg of scrapes. The combined results for alketiof
the large western Colorado sites (N=79) indicadkght preference for a NE-SW trend (Fig. 8). The
orientations of 11 scrapes from the RC site shtMN&-SSW trend, but this is the smallest sample. The
orientations for the CG site, with the largest sknfpl =45) show a ENE-WSW trend, and the CGw site
(N= 23) shows a NNW-SSE trend. Only two scraperddtions were measured at DiRi s0d 276.

No preferred orientation can be inferred from saamall sample. Possible interpretations of tha dat
from the Western Slope sites are discussed below.

Length width and depth data from the CGw sitesl®)=ndicate its scrapes are markedly shorter
than those (N=38) recorded from the other siteg. @i. However the mean depth of the scrapes fham t
CGw site is about average for all sites and latigen the mean for the CG site. The implicationthisf
data are discussed below.



In addition to scrapes found on the surfaces desdiere, there are a few recognizable tracks
(Fig. 10) associated with each of three sites (BG, and CGw). With the exception of a possible
ankylosaur manus track from the CGw site, all theks are theropodan. RC5 and RC7 are
unequivocally associated with scrapes 5 and 7 otisply, and represent theropods of significantly
different sizes. The larger one has been labeBedeaesauripus (Lockley et al., 2016a). Both indicate
relatively robust theropods with low angles of digation between digits Il and IV. In contrast the
theropod track recorded from the CG site (Fig. )05 slender, more widely divaricated digits and
resembles a largdagnoavipes. Likewise the track from CGw, recorded near CGlgb resembles
Magnoavipes, but is much smaller. Neither is sufficiently wetkeserved to apply this ichnogenus name
with absolute certainty. The tridactyl track CGaf@pears to be a single scrape that could be ietegbr
as a single track, with low divarication, that vedsngated by scraping motion. As discussed betosy,

variance of sizes and shapes allows for variedpnggations of possible scrape makers.

A scrape trace remarkably similar@stendichnus bilobatus was occurs in the Lower Cretaceous
(Albian) Gates Formation, at the W2 track site r@ende Cache, Alberta, Canada (Fig 11). This billob
trace is visible in previously published imageshi$ track site (McCrea 2000 — fig. 4a; McCrealgt a
fig. 20.8). The size and shape of the traces isistant with the dimensions of the larger Colorado
scrapes. The overall morphology and the similasftyneasured dimensions support the identification o
the W2 scrape trace &stendichnus bilobatus. This is the first recognized example of this iotaxon
outside of Dakota Sandstone (= Naturita Formagensu Carpenter, 2014) of Colorado, which is early
Cenomanian in age as constrained by the U-Pb di#the ash bed reported herein. Thus, the Albian ag
of the Canadian scrapes is broadly contemporaneivti©stendichnus sites from western Colorado. The

diminutive Korean scrapes (Kim et al., 2016) weotlabelled a®stendichnus.

3.2 Sedimentological context of the scrape sites.

Lockley et al. (2016, Supplementary Information.fi& 1) described the lithology of the scrape
at the main RC site as a 0.5 m unit of matrikyrigranular, medium to coarse, sandstone compriking
upper part of a channel fill deposit approximataty thick and 6m wide, and overlain by 15 cm of coal
The CG scrape-bearing unit was described as amg@thne surface at the top of a thinly beddedy ver
fine sandstone unit interpreted as a crevasse splsiynilar overbank deposit, overlain by papery,

organic rich mudstone. It was also noted that whiezeb-10 cm thick upper layer of sandstone had bee
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removed, small inliers with small scale symmetifiple marks with a WSW-ENE ripple crest trend were
exposed. The scrape-bearing sandstone at CG waghthto be stratigraphically higher than the serap
bearing sandstone at RC. This tentative conclusiagain implied in the correlation shown here (Rg
The discovery of the new CGw site has allowed usdasure a third section (Fig. 2) and walk out an
approximate correlation with the scrape-bearingstsdhe Club Gulch (CG) site, which confirmed that
the scrape bearing bed at CGw is in fact stratlycatly a little higher than at the other siteswéwer,
based on the tentative correlations suggested fvaesonclusions are pertinent: 1) there is comsiole
lateral variation in beds over short distance®s$ than 3 km, and 2) all four scrape bearing $evel
including the upper level at RC are interpretetigavithin a ~4 meter stratigraphic interval, witha
geographic region of about 6.0 km in lateral extent

Placing these sections in a broader context, regjtiirat we recognize the Dakota Sandstone as a
transgressive deposit that records the initial isiom of the Western Interior Seaway into the arfea
western Colorado during the Cenomanian, as datiiatgece (below) confirms. The Dakota Sandstone is
about 20 m thick and consists of a conglomeratietdnterval, a heterolithic middle interval, and a
sand-rich upper interval. These intervals arerfmegted as braided river deposits, swampy coaktal p
deposits, and marine shoreline deposits, respéctiveckley et al., 1992, 2006, 2010, 2014; 20164,

2).

Though one scrape site occurs at the contact kettie conglomeratic interval and the
heterolithic interval, the other three sites oarithin the heterolithic interval. This could beérpreted
to mean that the swampy coastal plain of the Wesdteerior Seaway was the preferred location for
theropods to perform mating displays during theebireg season, and that the coastal plain was their
breeding ground. However, it could also be intetgnt to mean that the low-energy conditions altweg t
coastal plain were more conducive to the presemaif scrape marks than the higher-energy condition

of the braidplain or the marine shoreline.

The lower site in the RC section occurs at theofog lens-shaped conglomerate bed interpreted
to be a braided stream channel deposit. The gijgeat RC occurs on the top of 0.2 m of massive fi
sandstone in a sequence of interbedded coal depositsubaerial splay deposits. The massive samlst

gives few clues to its exact mode of deposition.

The site at CGw occurs on the top of a one-meiek-thormally graded bed of conglomeratic
sandstone interpreted to be the result of a splatywas deposited in a shallow lake. East of GavC
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site, similar deposits have symmetrical wave rip@lad vertical root traces on their upper surfaces,

implying that the lakes were ephemeral, and theitdke bed deposits became emergent at times.

The site at CG occurs on the top of 0.3 m of thbddded sandstone, interpreted as the result of a
splay that was deposited in an ephemeral lake aas wpples a few cm below the scraped surfaceyimpl
Horizontal root traces on the scrape surface stipipigrinterpretation by indicating a high wateblea

All of the scrape marks occur on the tops of samisbeds that were either deposited subaerially
or became emergent. It seems that soft, moistesgseof sand were preferred for theropod display
arenas. Two of the four scrape surfaces (CG @ndrlRC) were covered by low-energy deposits like
shale or coal. The CGw site is overlain by clageW that is likely weathered shale. The low-eyerg
deposits probably aided in preserving the trackindwburial. The easily erodable nature of thdeshad
coal relative to the sandstone likely aided indlseovery of the scrape marks, by facilitating the
exhumation of the more resistant sandstone surfesctse softer material was eroded away.

The Ostendichnustrace from W2 site within the Gates Formation im&@#a was registered on an
iron and organic rich, relatively fine-grained saiuthe that is dominated by ankylosalet{apodosaurus
borealis) trackways, with only one large theropod trackwagssiblylrenesauripus isp.), and one small
theropod trackway (cfrenichnites gracilis). The W2 scrape trace has no tracks leading op avay
from it and it is likely that this trace was madeher by a track-maker that had traversed an owegly
bedding plane and excavated down to this tracl,levgerhaps the scrape was registered on thiacgur
at a time when the sand was too firm to leave deepgnizable tracks. The substrate and vertebrate
ichnofauna are somewhat intermediate between freserved within the fine-grained and high-organic
content sediments, which are characteristic offtieapodosaurus ichnofacies, as found in most of the
other sites in this area, and those of the coargieay] and low organic content substrates which are
dominated by tracks made by bipeds. Siheteapodosaurus tracks from Colorado are often very deep
and associated with fine grained substrates, @surada, it is possible to infer that they frequente

subenvironments with wetter substrates than thoefenped by theropods.

3.3. U-Pb age constraints on scrape sites

The sampled ash bed at RC is 20 cm-thick, visibtessed in the outcrop and has a pale yellow

weathering color that is distinct from the surroimgdDakota sandstones and siltstones. Sharp ligimlo
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boundaries, lack of bedding and the massive nafiutlee deposit suggest that the bed was formedby a
ash fall.. A total of 8 single zircon grains werab/zed from the RC ash bed by the U-Pb CA-ID-TIMS
method following the procedures described in Z2ven of the analyses define a statistically cattere
cluster with a weighted medfPb/*®%U date of 97.689 + 0.037 [0.12] Ma and a mean sgoaweighted
deviates (MSWD) of 1.5 (Table 3, Fig. 12). This &eid-Cenomanian according to the latest
compilation of the geologic time scale (GTS2016g@gal., 2016) and the Cenomanian-Turonian age
calibration of Eldrett et al. (2015).

The dated volcanic ash lies stratigraphically 1dmd 10 m above the lower and upper scrape-
bearing horizons at RC, respectively. Althoughribes U-Pb date does not directly constrain the srap
because of stratigraphic distance, it providesaldminimum) approximation for the depositional age
of the scrape-bearing horizons. The new mid-Cendamaage reported here for the Dakota Formation
strata at RC is consistent with the recent U-PbIBAHMS zircon geochronology from Dakota
Formation in eastern Utah (Barclay et al., 2018j greserves an important angiosperm plant fossil

record.

4, Discussion

The results of the present study have severaidatns, pertaining to the size frequency and
morphology of scrapes, their abundance and distoitbin space and time, and their relationship to
sedimentary facies. The occurrence of a diagn@stisilobatus-like scrape in the Albian of Canada (Fig.
11) in a similar coastal plain setting and in agstton with theropod tracks is particularly intigg
from a paleogeographical point of view becauseitiicantly broadens the known distribution of slee
scrape traces in space and time. One of the quegtaised by the original discovery was when sugt
scrape display behavior originated. The Gates Fiomaf western Canada is considered (middle)
Albian in age based on ammonoid fossils collectethfits basal marine sandstones (Stott, 1968),
although lateral changes in thickness and facieggmts robust age constraints on the terrestniapsc
bearing strata. A general Albian to Cenomaniancagebe assigned to the known North American
scrapes at this time. According to Kennedy et2414) the Gates Formation is Albian in age, between
100 and 113 Ma, which potentially makes the Camagi@apes up to 15 million years older than those
from Colorado. Given that the Albian-Cenomanianrmary defines the Early and Late Cretaceous

boundary, technically the age of the Canadian ssrépEarly Cretaceous and the Colorado scrapes are
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Late Cretaceous. According to Kang and Paik (20th®) estimated age of the Haman Formation from

which the small Korean scrapes were reported (&lim., 2016) is Albian or Cenomanian.

The age and definition of the Albian-Cenomaniagetaoundary, which is the boundary between
the Lower and Upper Cretaceous, have been muchsdisd Scott et al. (2009), and discussion andglatin
have been refined in the recent decades. At pre8an**Ar geochronology from the basal Cenomanian
ammonite zones in Japan (Obradovich et al., 200@)bmned with cyclostratigraphy and other
biostratigraphic constraints from the GSSP sedtiwouthern France (Gale, 1995) are used to eXtigpo
an age of 100.5 + 0.4 Ma for the Albian-Cenomatiianndary (Ogg and Hinnov, 2012). [Compare with
previous estimates of 99.6 - 97.3 Ma (Scott e28l09)]. Barclay et al. (2015) reported three
Cenomanian U-Pb CA-ID-TIMS dates from air-fall dgdrizons from the Dakota Formation at
Westwater, Utah a locality only 92 km northwestha RC site, which may represent a similar
stratigraphic level to the RC site. The Westwaitergave weighted meaffPb/*®U dates that ranged
from 97.949 + 0.037 Ma to 97.601 + 0.049 Ma, thangest of which is fairly comparable to the date
reported here from RC (97.689 + 0.037Ma). Thigdatcording to Ogg et al., (2016) is middle
Cenomanian.

The scrapes at Dinosaur Ridge in eastern Colonadoamsidered largely similar in age to those
from Western Colorado, i.e., probably Cenomaniad,aso younger than those from Canada. They
occur in what has been referred to as Sequencéhg @fakota Group in this area (Weimer, 1989;
Lockley et al., 2016b) which yielded dates in thage of 100-97 Ma according to Holbrook et al.
(2006). This sequence has an estimated age r&icgel00.9 Ma to 97.2 Ma based on biostratigraphic
and sequence stratigraphic projections, as wejtashic correlations involving bentonite beds with
“Ar/*Ar dates (Scott et al., 2009). These Cenomanitesdessociated with the onset of the T6
transgression contrast with the Albian U-Pb dafeldd.6 Ma and 103.7 Ma obtained by the MIT lab
from the from the lower part of the Dakota Groupatosaur Ridge referred to as the Plainview
Sandstone, and associated with Sequence 2 aii® tinensgression. Lockley and Marshall, (2014 and i
prep). These underlying Sequence 2 units revéfakelnt invertebrate and vertebrate ichnofaunasm fro
those found in the track-rich, Sequence 3 depasél known as aggrading, early transgressive syste
tract, discussed in many ichnological papers (Legldt al., 1992, 2006; 2010, 2016a,b, and refeenc
therein). According the stratigraphy of Weimer &mahd (1972) the dated volcanic ashes in Sequence 2

at Dinosaur Ridge lie 60-70 meters below track kieds of Sequence 3.
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The best-preserved bilobed scrapes from DiRi artthrgle of the larger Western Slope sites are
similar in morphology and easily assignedDsiedichnus bilobatus. The maximum lengths of scrapes
from the RC, CG and DiRi sites (180-210 cm) arey\&@milar, and the depths and dimensions of the
median ridges and troughs are also comparable€3dband 2). The scrape length (~240 cm) and width
(~107.0 cm) and depth (9-12 cm) of the Canadiaapecis consistent with the largest Colorado scrapes
although the width of the median ridge (~38 cnyrisater.

The maximum length of scrapes (110 cm) and meagtravidth (20.3 cm) recorded from the
CGw site are significantly less than those fromdtieer sites. This suggests that the scrape makéve
at this site were smaller animals, and /or possédg active. This conclusion is tentatively supgubby
the occurrence of a single shallow tridackfbgnoavipes-like track from the CGw site with a length and
width of 21 cm and 19 cm, respectively (Figs. @ &). However, there is no evidence that thisktrac
maker was also the scrape maker. As noted abtiileugh some of the scrape makers at the RC site
were large (foot width ~30-35 cm measured in R@risl inferred from mean trough width: Table 2)
smaller scrape makers were also active at the RCas proven by at least one unequivocal sma#iekt
(width 18 cm) associated with scrape RC7 (Locklegle 20164, fig. 3c).

These size frequency data have intriguing implaceti Based on recognizable tracks we can infer
that both large and small theropods were actitkeaRC site, and based on trough widths the same
inference is possible for the CG site, from whidheropod track (width 39 cm) was also reported by
Lockley et al., (20164, fig 2a: Fig. 10C). Scrapew?2 (Fig. 4A,B) is essentially an elongate thepo
track 21 cm wide. Thus, the CGw site provides nequivocal evidence of theropod scrape makers with
feet wider than 21 cm. Possible interpretationthefopod track makers of different sizes are bhovis:

1) they represented different species, 2) theyesspnt different sized sexual dimorphic individualghe
same species or 3) they represent different simigliduals of the same sex: i.e., juvenile vailadge

cohorts.

All of the larger sites indicate that bilobed saai. bilobatus) are more common than non-
bilobed and mostly oval bowls. This indicates d@aiardegree of uniformity of activity among scrape
makers: i.e., not much lateral or rotational movethwce a nest scrape display activity was initidte
an individual. This could indicate a directionattis by the scrape maker, making it reluctant tmgh
position in most cases. The reasons for this angctural, but most likely reflect certain repeated

stereotyped motions, or body orientations and Vifcais during courtship rituals, perhaps in orer

15



keep other ?conspecific individual dinosaurs (noatévals) in view. The less diagnostic bowl shapes
traces appear to indicate more variability in fomttion leading to mixing or blending of scrapes mag
both left and right feet. The possibility of ovening of scrapes (over-scraping) cannot be raledbut
seems unlikely given that there are no reportsiofi behaviors from extant avian theropods. Whegeeth
is slight overlap of adjacent scrapes, as in céserg large oval scrapes, CG8-CG11lwhich are up 1o
meters long and characterized by similarly goodemeation, (Lockley et al., 20164, fig. 2 a), it is
possible they were all made by the same energgticidual moving short distances in a short penbd
time (rather than being made by different individuia the same area during a short time periodl.
noted below, bowls and bilobed traces that lac&semarks likely indicate longer periods of expesur
prior to burial, but those with clear scrape makd sand aprons indicate excellent preservation
conditions.

One of the puzzles of all the Colorado sites idalok of well-preserved tracks on the originally
horizontal, non-scraped surfaces between the ocoumsps scrapes. (The Canadian site, Fig. 11, ptbees
exception to this pattern). At all three of theglerwestern Colorado sites the few faintly recogiplie
tracks are all shallow and inconspicuous, whileva dleeper ones are integrated within the scrajges: i
deliberate scrape or digging traces that were wetprinted (over-scraped) or obscured by repeated
scrape activity. However, with one exception atlagnizable tracks are attributable to theropods. (Fi
10). The sedimentological implications of this alvation are that the sand was firm and not easily
compacted. We infer that such substrates wereddyaver others with different consistencies, for

display scrape activity.

The inference that all three large western Cdlosites (RC, CG, CGw) occur at approximately
the same stratigraphic level, also has intrigumglications. Given that the exposed surfaces ahade
sites likely represent only a small part of theapersurfaces that could potentially be exposed by
excavation, it is natural to infer that the scrapedaces were more extensive. However, the
impracticality of such excavation renders the paiobt. While it is possible that the individualksit
preserve pieces of a single, extensive, isochrodisypéay arena, comparable to a single surface
megatracksite (Lockley and Hunt, 1995), the irtlingl beds preserving the scrapes vary laterally in
composition and texture, and pinch out over regdgighort distances. This puts the single-surface
interpretation in doubt and instead suggests nieltipore localized arenas with similar substrate

conditions. Additionally, the occurrence of twoagoe horizons at the RC site suggests that dispémaa
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were established in the same area in sequentisbisgar his would constitute display arena sitelifide

analogous to nest site fidelity (Horner 1984), wahie well known among avian and non-avian dinosaurs

As reviewed by Lockley et al., (2016a) the evalnéry relationship between birds (avian
theropods) and non-avian theropods is well estadatisBased on these phylogenetic relations there is
also an extensive literature speculating on thailikod that non avian theropods engaged in Qe i
courtship display behaviors using visual aids tikests, colorful feathers and energetic movemétusé
et al., 2011). However, until the discovery of steapes described from Colorado, there was abgplute
no physical evidence for courtship display by neiaa theropods, and no claims that scrapes repexsen
what ornithologists call “nest scrape display” aligplay arenas or leks (Lockley et al., 2016ammBal
literature on avian courtship behavior, indicatest sociality is an impetus to successful breedimdy
fertility: i.e., larger colonies encourage breedirpavior among its individual members (Darling38P
This may account for, or at least correlate witle, flocking instinct and the development of lekkawma

fruitful breeding strategy.

5. Conclusions.

1) Previous reports of the large nest scape dispiapg®stendichnus bilobatus at four sitesn
the Cretaceous of Colorado, are here increases teports, five from the Dakota Group of
Colorado and one from the Gates Formation of Carfadaventh report of similar but very
much smaller scrapes from the Haman Formation of&onay represent nest scrape
behavior but this small Korean trace has not bakelled a®©stendichnus.

2) All the reports are from the Albian and/or Cenonaaniand all the North American reports
indicate large theropods inhabiting coastal plapasits. The Korean scrapes are very small
and associated with fluvio-lacustine deposits.

3) The newO. bilobatus-like traces increase the total sample from leas #0 to more than
100, providing a useful sample for characterizimg tiypical morphology and size range.

4) The three largest Dakota Group sites account f& 66the sample and are all associated
with a thin package of sandstone units depositéldiman area with a lateral extent of about
6.0 km. Thus, the substrates or local paleogebgrammy have provided a preferred display
arena setting for theropod dinosaurs.
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5) Multiple scrape levels at the same site suggesfsai arena site fidelity.

6) A weighted mearf®Pb/*%U date of 97.689 + 0.037 from an ash bed 10 m aboeeof the
Dakota scrape sites indicates a Cenomanian agsistemt with other dates of correlative
deposits from the region.

7) While the Dakota Group, already famous for its ataunte of vertebrate and invertebrate
traces, remains the focal point for studyOohilobatus and display arena sites, along with the
beds in which this ichnotaxon appears abundanteharrences of similar traces in Canada
and Korea suggest that nest scrape display traeeswidely distributed and suggestive of a
widespread theropodan mating or courtship behavior.
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List of Figures

Fig. 1. Locality map showing main areas of outcrog anain scrape sites in the Dakota Sandstone in
Colorado and adjacent regions. The localities dtibGGulch (CG), Club Gulch west (CGw), Duncan
Road (DR), Dinosaur Ridge (DiRi) and Roubideau €1g¥C) are referred to with these abbreviations in

the text and subsequent figure captions.

Fig. 2. Stratigraphy of three sections of Dakota Stma#s in western Colorado with scrape traces.
Stratigraphy of RC and CG sites modified after Legket al. (2016a), with CGw site based on presen
study. Note that the latter locality reveals therBluCanyon-Dakota Sandstone contact. * marks ¢he a

horizon from the Roubideau Creek section from whiehU-Pb date was obtained.

Fig. 3. Maps of the RC, CG, and CGw sites showinglie&ance between sites (top left). The individual
scrape designations (RC1-RC11; CG1-CG58 and CGwWZBpBare shown with mid line orientations. A
theropod track symbol is used to show locationnaf tracks from the RC site and one each from the CG

and CGw sites: see Fig. 10. A single ankylosautusdrack was recorded near CGw21.

Fig. 4. A: tracing of scrapes CGw2, CGw3 and CGwishwitferred anterior orientation. B: 3D
photogrammetic image of scrapes CGw2 and part akE®ote tridactyl configuration of the left side

of scrape CGw2 (MWC 8476). C: 3D photogrammeticgenaf scrapes CGw3.

Fig. 5. Scrapes from Dinosaur Ridge. A: 3D photogratmrimage of larger scrape originally illustrated
by Lockley et al. (20164, fig.4b) with wider vielNote depth scale on color spectrum image (leftlnaa
color (center) and contoured image (right). Blaglow points to tridactyl feature in left side trdudB:

3D photogrammetic image of smaller, newly-foundaper with depth scale color spectrum image (left),
natural color (center) and contoured image (righifyerglass replicas of scrapes are preserved &8 UC
200.66 and 200.67

Fig. 6. Measurements obtained from scrapes. Seéotedétails

Fig. 7. Tracings of scrapes found on two blocks A andeBresenting the same surface 4.5 meters above

main scrape surface at RC site.
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Fig. 8. Scrape orientations from the RC, CG and C@s&sswith combined orientations for all three sites
(lower right).Key shows that where anterior orientation of scragen@wn, a full bar length is plotted in

red. Where only long axis is known a half bar léngtplotted in each direction.

Fig. 9. Scatter diagrams for scrape length-width)(kefid length-depth (right). DiRi = Dinosaur Ridge
RC = Roubideau Creek, CGw = Club Gulch west, CGub@Gulch. C refers to Canadian scrape. See
text for details

Fig. 10. Theropod tracks from three western Colorsites (RC, CG and CGw). A: df.enesauripus
found in scrape RC5, B: unnamed theropod tradciape RC7, C: large slender-tdddgnoavipes like
track found near CG 1, D. tridactyl “track-like ape CGw2, E: smaller slender-tokthgnoavipes like

track found near CGw7. See text for details

Fig. 11. A and B.Ostenichnus bilobatus-like traces from the Albian age Gates FormatiothatW? site,
Grand Cache, Alberta. Note the location of thediiacrelation to the larger surface (C) which albows
recognizable dinosaur trackways described by Mc@tes., 2000, 2001). The trace also seems to be

associated with a topographically elevated pontibte surface.

Fig. 12. Date distribution plot of U-Pb zircon analy§esn an ash bed at the Roubideau Creek (RC) site
in Colorado. Each bar represents a single zircaiysis and bar height is proportional to fi®b/%U

date uncertainty internal). Analysis not included in weighted meay® calculation is shown in grey.
Horizontal line and its grey envelope signify tledcalated weighted mean age and #drizternal

uncertainty, respectively.

25



Tablel. Length (L), width (W), depth (D) and morphologitaracteristics of bilobed (B) or non-
bilobed (nb) scrapes, with median ridge width (ne¥timated mean trough width (tw) and orientation
(or). All measurements in cms. DiRi: Dinosaur RigBC: Roubideau Creek, CG: Club Gulch, CCwW:

Club Gulch West. Orientation azimuths shown irddabicate inferred anterior orientation of scrapes

Table 2. Mean valueshold) for size, depth and other parameters pertairiragtape data given in Table
1. Total numbers of measured and un-measured scfapebold) for each site are given in text, aad c
be compared with the number of scrapes yieldingasmaore measurements. Not all scrapes yielded all
measurable parameters: see Table 1 for detail#h iBdicates the totals of bilobed (B) versus non-
bilobed (nb) scrapes recorded from each site, hiitbed traces dominating in all cases. Individual
scrape orientations for measured scrapes are givEsble 1, with modal sector values summarizeé.he

All measurementsig bold) in cm.

TABLE 3. U-Pb data for analyzed zircons from the RoubideselCash bed, Colorado
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Tablel. Length (L), width (W), depth (D) and morphologic characteristics of bilobed (B) or non-
bilobed (nb) scrapes, with median ridge width (mr), estimated mean trough width (tw) and orientation

(or). All measurementsin cms. DiRi: Dinosaur Ridge, RC: Roubideau Creek, CG: Club Gulch, CCwW:

Club Gulch West. Orientation azimuths shown in bold indicate inferred anterior orientation of scrapes.

Scrape L w D B/nb mr tw or Scrape L w D B/nb mr tw or
no. no.

DiRi 1 180 83 21 B 21 31 270 CG29 100 70 14 nb - - 103
DiRi 2 95 80 10 B 20 30 0 CG 30 85 85 7 nb - - 81
RC1 105 105 6 nb - - 45 CG31 70 70 7 B 15 275 212
RC3 90 44 8 nb - - 80 CG32 140 100 - nb - - 164
RC4 150 95 20 B 12 415 55 CG33 100 80 6 nb - - 127
RC5 150 105 15 B 20 425 195 CG34 55 55 7 B - - 150
RC6 190 110 19 B 17 465 240 CG40 40 55 5 B 10 225 97
RC7 77 63 4 B chec 18 CG41 110 72 7 nb - - 210
RC9 120 90 - B chec 37 CG43 110 70 8 B 15 275 98
RC 10 75 75 2 B - - 20 CG 46 50 60 5 B 25 17.5 52
CG1 - 60 7 nb - - 130 CG48 80 65 4 B 20 225 23
CG2 125 90 9 nb - - 130 CG49 120 65 6 B - - 55
CG3 170 110 10 nb - - 120 CG50 50 40 2 B - - 64
CG4 70 80 7 B 20 30 110 CGw 2 62 56 6 B 10 23 215
CG5 50 60 3 B 15 225 105 CGw3 76 72 8 B - - 190
CG6 50 60 3 B 15 225 157 CGw 4 88 - - nb - - 130
CG8 170 125 21 nb - - 70 CGw 5 90 65 17 B - - 152
CG9 210 90 13 nb - - 83 CGw 13 | 105 40 10 nb - - 168
CG10 110 60 - nb - - 120 CGw 15 | 60 - 10 nb - - 165
CGl11 140 90 12 nb - - 112 CGw 16 | 80 45 13 nb - - 2
CG13 90 75 12 B 18 285 90 CGw19 | 115 55 9 nb - - 0
CG15 110 65 10 B 12 265 45 CGw?21 | 45 45 10 B - - 110
CG16 100 70 5 B 15 275 37 CGw22 | 70 70 9 B 20 25 50
CG17 120 85 9 nb - - 1 CGw23 | 110 50 14 B - - 55
CG19 80 60 12 B - - 53 CGw25 | 105 35 6 B - - 168
CG20 50 50 7 B 12 19 148 CGw26 | 90 70 - B - - 90
CG21 80 50 7 B 7 215 73 CGw?27 | 88 40 10 B 25 7.5 167
CG22 170 85 25 nb - - 48 CGw28 | 105 70 15 B - - 153
CG25 175 100 20 nb - - 65

CG28 80 50 7 B 12 19 44




Table 2. Mean values (bold) for size, depth and other parameters pertaining to scrape data given in Table
1. Total numbers of measured and un-measured scrapes (not bold) for each site are given in text, and can
be compared with the number of scrapes yielding one or more measurements. Not all scrapes yielded all
measurable parameters: see Table 1 for details. B/nb indicates the totals of bilobed (B) versus non-
bilobed (nb) scrapes recorded from each site, with bilobed traces dominating in all cases. Individua
scrape orientations for measured scrapes are givenin Table 1, with modal sector values summarized here.
All measurements (in bold) in cm.

Site mean | mean | mean | B/nb | mean | mean Modal Tota no. Total
length | width | depth ridge | trough orient. scrapes scrapes per
width | width measured sample

DiRi 1375 | 815 155 2/0 20.5 31.0 - 2 2

RC 1196 | 85.9 10.6 6/2 16.3 34.3 16-30° & 8 10
196-210°

CG 101.9 | 75.8 89 |18/14| 152 30.3 61-75° & 33 58
241-255°

CGw 85.3 | 5838 105 | 10/5 | 183 20.3 | 151-165°& 15 28
330-346°

Grand | 101.3 73 10.7 | 36/21| 16.3 27.8 46-60° & 58 (total) 98
226-240°

means
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TABLE 3. U-Pb data for analyzed zircons from the Roubideau Creek ash bed, Colorado.

Composition Ratios Dates (Ma)

Sample Pbct Pb** Th  26ppS 2%8pp#  206ppit err  2Pb't err  2Ppft  err  2%pb err 2Pb  27Pph corr.
Fractions’ (pg) Pb. U  2Pb  2°Pb  2U  (26% U (26% “Pb (26% U (26) U  2®Pb coef.
Weighted mean date: 97.689 + 0.037/0.059/0.12 Ma (MSWD = 1.5)

z1 0.2 63.3 0.6 3660.3 0.201 0.01526 (.06) 0.1012 (.37) 0.0481 (.35) 97.665 0.054 97.93 104.5 0.38
z3 0.3 13.0 04 792.8 0.158 0.01526 (.14) 0.1017 (1.62 0.0483 (1.58 97.66 0.14 984 116 0.32
z4 05 166 0.6 962.1 0.216 0.01527 (.12) 0.1015 (1.41 0.0482 (1.37 97.72 0.11 98.2 111 0.37
z5 0.5 258 0.5 1538.7 0.172 0.01528 (.08) 0.1014 (.84) 0.0481 (.81) 97.754 0.080 98.11 107 0.34
z6 0.2 80 06 4813 0.193 0.01530 (.24) 0.1005 (2.99 0.0476 (2.89 97.90 0.24 97.3 83 0.43
z7 0.3 179 0.7 1020.1 0.239 0.01525 (.12) 0.1005 (1.36 0.0478 (1.32 97.61 0.12 97.3 89 041
z8 0.7 7.7 0.6 4629 0.204 0.01525 (.28) 0.1016 (3.35 0.0483 (3.24 97.61 0.27 98.3 115 0.44
z9 0.3 11.2 04 688.6 0.155 0.01550 (.16) 0.1019 (1.99 0.0477 (1.94 99.15 0.16 985 83 0.37

Notes:

T All analyses are single zircon grains and pre-treated by the thermal annealing and acid leaching (CA-TIMS) technique. Data used in age calculations are
in bold.

I Ph, is total common Ph in analysis. Pb* is radiogenic Pb concentration.

§ Measured ratio corrected for spike and fractionation only.

# Radiogenic Pb ratio.

T Corrected for fractionation, spike, blank, and initial Th/U disequilibrium in magma. Mass fractionation corrections of 0.18%/amu + 0.02%/amu (atomic
mass unit) and 0.25%/amu + 0.02%/amu were applied to single-collector Daly analyses on X62 and Sector 54 instruments, respectively. All common Pb
is assumed to be blank. Total procedural blank was less than 0.1pg for U. Blank isotopic composition: 2°Ph/2%*Ph = 18.15 + 0.48, 27Pb/?*Pb =15.30 +
0.30, 2%8Pp/2%4ph = 37.11 + 0.88.

Corr. coef. = correlation coefficient. Age calculations are based on the decay constants of Jaffey et al. (1971).
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AGE
(Ma)

99.0

98.0

97.0

Roubideau Creek Ash

97.689 + 0.037 Ma
(MSWD =1.5,n=7 of 8)

Bar heights are 20




