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Chapter 1. Introduction and Summary: The Paleontological
Heritage of Grand Canyon National Park

By Vincent L. Santucdi

INational Park Service
Geologic Resources Division
1849fCo Street, NW
Washington, D.C. 20240

Throughout mylife | havebeenbestowedhe privilege of experiencing the worigtnowned

landscape and resources of the Grand Canyon from many perspectives and viewshedsXFigure 1
My first views were standing and taking photos from the many vantage points and overlooks along
the North and South rims. | have enjoyed many hikes into the canyon with colleagues from the
National Park Service (NPS) or with academic geologists and palegists. On a few occasions |
ventured down and then back up the trails of the canyon with my children Sarah, Bethany, Luke,
Jacob, Brianna and Abigalil, often carrying one or more in my arms on the climb against gravity. |
traversed by foot to the basktbe canyon at Phantom Ranch and gained a greater appreciation for
the geologic story preserved in the park strata. | have gazed intensely out the window of many
commercial aircraft from above this geologic wonder of Earth, contemplating the geomorphic

Aigandeur o created over "Deep Time" and the art.i

pinch myself when | recall the opportunity when my friend Justin Tweet and | were granted
permission to fly into the western portion of the Grand Canyon orall KRS plane operated by a

pilot from Lake Mead National Recreation Area. As we meandered above the Colorado River and
below the canyon rim, we celebrated when we located one of the paleontological crown jewels of the
NPS: the entrance to Rampart Cavieave studied the Grand Canyon through many scientific

articles and geologic/topographic maps, and in my contemplation and dreams, | always ask myself,

nWhat i s stil!]l out t here? What fossilized remai

Grand Canyon!

The stars were aligned in 2019 to assemble a team, with the support of the Grand Canyon National
Park leadership, to undertake a comprehensive paleontological resource inventory for the park. One
of the primary catalysts to this ambitious task was tied to the centennial celebration for Grand
Canyon National Park, in recognition of the¥@n ni ver sary of the parkos
February 26, 1919. The discussions for the paleontological resouetgadry began between the

NPS Paleontology Program and Grand Canyon National Park staff in 2018, which led to tremendous
support to move forward with a paspecific paleontological resource inventory in conjunction with

the centennial. A multidisciplinatgam of subject matter experts were assembled to mstist
development of the thematic manuscripts which make up this publication and to assist with a number
of paleontologyfocused tasks and activities related to the paleontological resources of Grand Canyon
National Park.
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In addition to this publication focused on the paleontology of Grand Canyon National Park, two other
maj or tasks were undertaken during the parkos
Canyon National Park PaleoBlitz, only the second such undwsgtagonsored by the NPS

Paleontology Program (the first was hosted at Chickasaw National Recreation Area in 2016). The
other was the hosting of the 2019 National Fossil Day Celebration at Grand Canyon National Park
(Figure 12). As part of the Grand CanydNational Park Centennial events, in September 2019 we
gathered together at Mather Point and celebrated National Fossil Day with our friends, partners and
the public. Diana Boudreau (2020) summarizes the various components and accomplishments in an
afteraction report available through IRMA at
https://irma.nps.gov/DataStore/Reference/Profile/2268299

NATIONAL
FOSSIL DAY

DISCOVERY s SCIENCE#PREHISFORICEIFE
OCTOBER 16, 2019

Figure 1-2. 2019 National Fossil Day logo featuring Pleistocene fauna from Rampart Cave in Grand
Canyon National Park (NPS).


https://irma.nps.gov/DataStore/Reference/Profile/2268299

The principal goals and objectives for the Grand Canyon National Park Centennial Paleontological
Resource Inventory were to identify the scope, significance, distribution and management issues
associated with the$sils of the park. Through this effort we compiled baseline paleontological
resource information for park managers and staff to better understand tfenaamble resources

under their stewardship, and in turn help to inform park planning and denisiang which may

relate to park fossils. This publication is written for park managers, in the language and content most
useful for considering the many aspects of management, protection, interpretation and scientific
study of National Park Service fossils.

It is also important to recognize the role of the Paleontological Resource Preservation Act of 2009
(PRPA) in defining the need for undertaking this paleontological resource inventory for Grand

Canyon National Park. Specifically, Section 6302 of PRPA (%€ 470aad) mandates for the

NPS and ot her Department of Interior bureaus th
paleontological resources using scientific principles and expertise. The Secretary shall develop
appropriate plans for inventory, monittg, and the scientific and educational use of paleontological
resources. o0 The work undertaken in conjunction
Centennial Paleontological Resource Inventory exemplifies this legal standard and scientific

principle.

The Grand Canyon National Park Centennial Paleontological Resource Inventory represents the
largest such inventory in National Park Service history. The work required the collaboration of a
team of paleontologists, NPS staff, and a number of partnergcbuimtter experts with previous
research and experience involving Grand Canyon fossils were involved in various aspects of this
inventory including drafting or peer review of the manuscripts presented in this undertaking. The
collective work isrepreserde by t hi s publication, by new fossil
museum collection, and through new interpretive media focused on Grand Canyon paleontology.
This work represents the compilation of historical and current research and fossil calection
associated with paleontology of Grand Canyon National Park. In addition, fossils documented from
outside the administrative boundaries of the park, from the greater Grand Canyon region, have also
been considered as part of this inventory.

The first techical chapte(2) in the Grand Canyon National Park Centennial Paleontological

Resource Inventory idistory of Paleontological Work at Grand Canyon National Park: Up and

Down the Long Federal and NGO Trails of Paleontology in Grand Canyon National P&, 18
2019by Earle E. Spamel. hi s chapter presents a historic over
including fieldwork and research. This rich history begins with the first discovery of a fossil in the

Grand Canyon in April 1858 in the Diamond Creek areabynbers of the Ives Expedition and

published in 1861 by John Strong Newberry (Newberry 1861). A long list of notable paleontologists
have worked in Grand Canyon and aBe summari zed



Figure 1-3. Notable paleontologists who worked in areas nhow administered as Grand Canyon National
Park, including (from left to right): Charles Doolittle Walcott (USNM photo); John C. Merriam (NPS);
Charles Gilmore (USNM); Remington Kellogg (USNM); David White (NPS); and Edwin McKee (USGS).

A chapter(3) devoted to a basic overview on tBeatigraphy of Grand Canyon National Paslas

prepared by Tim Connors and others. Givernpleontologicafocus of this publication, there was a

need to provide a consistent stratigraphic corftexthe individual chapters. This chapter was not

intended to present a comprehensive guide to the geology of Grand Canyon NatigmadrRark

address unresolved or controversial i nterpretat
onthest ati graphy was viewed as i mportant given the
and paleoenvironments represented by the various stratigraphic units.

Grand Canyon National Park preserves important and fossiliferous exposures of Precamlarian strat
Prior to the area being initially proclaimed a national monument in 1908, paleontologist Charles
Doolittle Walcott ventured into the Grand Canyon on his quest for early fossils (Figyrénlthe
chapter(4) titted Precambrian Paleontology of Grand @gon National Parlby Justin Tweet, he

reports on the oldest known fossils preserved at the park and in some cases the earliest reported
occurrences of unusual fossil forms suciChsaria circularisand vaseshaped microfossils.

The invertebrate fossil cerd from the Paleozoic strata of Grand Canyon National Park represents by
far the most abundant and diverse category of park fossils. This includes both invertebrate body
fossils and trace fossils largely preserved in marine sedimentary rocks, ana spegiters are
dedicated to each. Linda Lassiter and others have prepared a detailed summary of the invertebrate
body fossils (Chapter 5), titledélaleozoic Invertebrate Paleontology of Grand Canyon National .Park
Anne Miller and others prepared a compagakbrk reporting on the invertebrate trace fossils

(Chapter 8) which is title®aleozoic Invertebrate Ichnology of Grand Canyon National Park.

Fossil vertebrates were first reported from the Devonian Temple Butte Limestone in Grand Canyon
by Charles Walcot(1880) during the initial surveys undertaken by the U.S. Geological Survey. The
Mississippian Surprise Canyon Formation has yielded a rich fossil chondrichthyan fauna which has
recently been described, with a number of new fossil shark taxa being ndowgek{t and Elliott

2018) (Figure 15). The authors who published on the Surprise Canyon Formation sharks, JP Hodnett
and David Elliott, are also the authors for the chapter (6) in this publicationRéledzoic

Vertebrate Paleontology of Grand Canyoatidnal Park: Research History, Resources, and

Potential.
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Figurel-4.Pal eont ol ogi st Charles Doolittle Walcott explored
Paleozoic strata for traces of early life (NPS).

&

Common Name: Shark Tooth

Scientific Name: Amaradontella santuccii
Geologic Age: 325 million years (Mississippian)
Geologic Formation: Surprise Canyon Formation

INustration by Benji Paysnoe, AzZMNH

Interactive This very small shark is ancestral to all
3D model modern sharks, including Megalodon.

Amaradontella santuccii was a 17 centimeter (6.5 inch)
long shark with microscopic teeth up to 1 millimeter
(0.04 inches) in size. This tiny shark thrived in
the shallow estuaries and reefs of an ancient bay,

SHARK TOOTH feasting on small crustaceans, worms, and fish.

& Fossils are non-renewable natural resources
N protected by federal law. Please don’t take or

Grand Canyon National Park

vandalize these precious resources.
Expansion Set 1 of 3

Figure 1-5. Grand Canyon National Park Fossil Trading Card featuring the fossil shark Amaradontella
santuccii from the Mississippian Surprise Canyon Formation (NPS).



Fossil plants are summarized by Cassi Knight in her chaptBa(@pzoic Paleobotany of Grand
CanyonNational Park This chapter reviews th@own Paleozoic plant macrofossil resources in
Grand Canyon National Park, detailing previously published plant fossil occurrences from the
Surprise Canyon Formation, the Supai Group formations, and the Hermittieor(fagurel-6).

Many of the taxonomic names used by David White in his 1929 monograph on the plant fossils of
theHermit Formatiomeeded to be reviewed in light of more recent publications and taxonomic
considerations.

Figure 1-6. Civilian Conservation Corps (CCC) constructing the in situ Fossil Fern Exhibit along the South
Kaibab Trail during 1937 (NPS).

An important Late Paleorovertebrate ichnofossil record has been documented from the Hermit
Formation and Coconino Sandstone from within Grand Canyon National Park (Fgure 1
Smithsonian paleontologist Charles Gilmore made large collections of fossil vertebrate tracks from
the park during the 1920s. The fossil tracks from the park include some of the oldest occurrences of
tetrapod tracks preserved in eolian strata. Lorenzo Marchetti azgtloors review these and other

finds in their chaptef9) titled Paleozoic Vertebrate hnology of Grand Canyon National Park

The limited exposure of Mesozoic strata in Grand Canyon National Park is represented by the
Triassic Moenkopi Formation and the Shinarump Member of the Chinle Formation. Petrified Forest
National Park paleontologisfsdam Marsh and Bill Parker coordinated field inventories of the
Triassic units in the park during 2019. Marsh and others prepared a di@ptiled Mesozoic
Paleontology of Grand Canyon National Park: Trace Fossils, Stratigraphy, and Regional
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Correlations Marsh and his team documented both invertebrate and vertebrate trace fossils from the
Moenkopi Formation in the park, which are the first examples of either reported from the Mesozoic
rocks of Grand Canyon National Park.

Figure 1-7. In situ block of Coconino Sandstone with Ichniotherium sphaerodactylum trackways in Grand
Canyon National Park (NPS/CASSI KNIGHT). This find was documented in Francischini et al. (2019).

The area in and around Grand Canyon National Park contains more than 650 docuavessted c

Some of these dry caves preserve Pleistocene/Holocene paleontological resources including Ice Age
mammals and birds (Figure8). Among these fossils, rare mummified remains of Pleistocene bats

and other mammals are preserved with soft tissues anith laafew of these caves within the canyon.

One of the more notable caves in Grand Canyon is Rampart Cave, which preserved stratified
sequences of ground sloth dung, but much of the material was lost to an accidental anthropogenic fire
in the 1970s. JinMead and his team have contributed a chapter (11) Bleidtocene/Holocene

cave fossils from Grand Canyon National Pesksummarize these discoveries.



Figure 1-8. Fossil condor skull from Stevens Cave, Grand Canyon National Park (STEVE EMSLIE).

The fnal chapter of this publication is specifically dedicated to the management of Grand Canyon

Nati onal Parkds rich and diverse paleontologica
chapter(12) titted Grand Canyon National Park Paleontologicald®erces Management and

Protectionto help park managers and staff understand the range of activities and issues associated

with the management of neenewable resources. This chapter focuses not only on the management

of fossils found within the rock sti@of the park, but also presents information related to fossils in

the parkdéds museum coll ection and other outside
This chapter also presents information related to a Geospatial Database developledeaniolypi

park staff to manage fossil locality data for Grand Canyon National Park.

In addition to chaptespecific appendicesjx general appendices are included at the end of this
document: fossil taxa named from specimens found within GRCA (Appendirngs)| taxa named
from specimens possibly found within GRCA (Appendix 8)mmary tables of Paleozoic taxa
reported from GRCA (Appendix Cypntact information for outside repositories of GRCA fossils
(AppendixD); paleontological resource law and policy information (Appeidj>and a geologic
time scale (Appendik).

The study of the paleontological resources at Grand Canyon are brief, spanning slightly more than
160 years since the first fossils were colledtedh Diamond Creek during the lves Expedition in

1858. The team contributing to this publication is dedicated to the paleontology of Grand Canyon
National Park and all recognize that we have just scratched the surface in terms of the potential for
future fossil discovery. This report is intended to provide a baseline of paleontological resource
information as of the 1@anniversary of Grand Canyon National Park in 2019. We collectively
admire and benefit from the work of those paleontologists who have lsefare us and hope that
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our work will inspire and support the work by those paleontologists and park managers who will
come in the future.
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Chapter 2. History of Paleontological Work at Grand Canyon
National Park

Up and Down the Long Federal and NGO Trails of Paleontology in
Grand Canyon National Park, 1858i 2019

By EarleE. Spamet

!Academy of Natural Sciences
Research Associate
PhiladelphiaPennsylvania

Introduction

The GrandCanyon!Anywherein theworld the namerousesecognition Monumentallyimpossible
to describgor sohavesaidthousandef writerswho theneffusedtheir own descriptions)it hasbeen
alureto geologistssincel858.Fromthestart,therockswerereadfor the cluesof theirrelativeages.
It hasbeenthedrawof governmentagencieandnongovernmenbrganizationgNGO) alike. The
nationalparkis a centuryold now; the canyonsix to 70-somemillion years(dependingiponwith
whomyou argue andaboutwhich partsof the canyonyou consider)andfossilsin the canyonhave
awaitedthe hammerandscanningelectronmicroscopdor evenmorethanabillion years.So,to
avoidthetrapsof superlativesandthe gulping periodsof time, this is a fasttrot throughfithe bestofo
GrandCanyonpaleontologyrefreshedwith bits of humanhistory,with afew pause®n peculiar
detail®) a 100" birthdaypresento the nationalpark. Here,beginningwith thefirst GrandCanyon
field trip in 1858,is anaccountingof how thefirst explorersandscientistsandeducator®verthe
years havefashionedour understandingndencourageaur participationin the story of ancientlife
presentedn GrandCanyorgs strataandsecludeddepositsWith this long look backwardwe also
may gainanappreciatiorfor how paleontologistsiederaladministratorsandNGO championguilt
up thescientificandeducationaprogramghatmodernresourcananagerseceiveasalegacy.

Thereis alot of Abusiness behindthis paper,n theform of stratigraphi@ndtaxonomicsummaries,
which | providedin alengthyoverviewof GrandCanyonpaleontologySpamerl984).1t still stands
asafairly reliablehistoryof researchwith anextensivdist of referencesandsomehandyspecies
lists. Forthosesointerestedthereis alsoa correspondingeneralaudienceoverviewfrom the
perspectivef the geologistan GrandCanyon(Spamerl995; seealsoRanney2013,2014).The
presenpaper,n celebratiorof the nationalparkis centenniabnniversaryandsalutingNational
FossilDay 2019,looksatthe historyfrom the perspectivef the peopleandtheagenciesesponsible
for fossil studiesin the canyon,andsomeof the educationaprojectsthatcameaboutdueto these
studies.To thisis addeda brief rundownof researcthandedn since1984.

Somuchis availablein GrandCanyonpublicationghatdealwith paleontologythatto supplement
this paperl haveprepared Bibliographyof Paleontologyin the Grand CanyonRegionandin the
StratigraphicContinuityof Grand CanyonFormations This PDFwith morethanathousand
citationsalsocomplementshe commemorativeventsof 2019.0ccasionallyupdatedjt canbe
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downloadedrom theweb at https://ravensperch.org/bibliograpbypaleontologyof-the-grand
canyonregion/

In thisdayandage it hasbecomesoeasyto searctonlinefor reliableadditionalbasicinformatiord
suchasphotosof the manypeoplewho arementionechere, aswell asmapsandbeautifullydetailed
representationsf GrandCanyoris stratigraphiaccolumn(which eventhis yearhasbeenrevised)
thatit seemaeedlesso fill outthis paperwith numerousasidesandportraits.Insteadthe
illustrationshereshowa few placesthings,andeventsof interestthatarementioned.

And a noteof thanksto ParkServicemanagersThesearethevery kinds of work thatrely onthe
landsandresourceyou overseeevenif muchof it nevercomesto your attention.

Uphill

fiNot really on the way to anywheé&re pr ettty much descri bes tirale Gr and
blazing expeditions in the neighborhood dal go there. In those days the canyon was known only
vaguely and uni maginatively as fABig Cafono; big
name AGrand Canyono was ahd statsticianderia Blodgey[18p3hy si c a l
1901] (1857:90, 97), it was overlooked until John Wesley Powell [188P] popularized it a

decade later. The first field trip thaid goto Big Cafion was quite out of the ordinary.

JohnStrongNewberry[1822 1892]was thefirst geologistto arrive, on mule, backin 1858.He had
cometo theregionaboarda 50-foot sternwheesteamboatnadeof iron andwood,commissionedby
theU.S.Army in Philadelphialt waslittle morethanabucketanda boiler. The missionwasto
explorethe ColoradoRiver from the seaupstreamn orderto determinetheriveré navigablereach
andthusthe possibilitiesof communicatingvith theinterior Westfrom the sea.(Therealsowasabit
of secrefpolitical intrigue, too, only morerecentlyunderstoodthatindicatesthatthis wasa
reconnaissande thefaceof a potentialcivil war with Utahds Mormons;butthais awhole separate
story havingnothingto do with science.)

Threesteamerslreadyon thelower ColoradoRiver weredeemedoo expensiveo hire. Explorer
(Figure 2-1), built in a hurry duringthe summerof 1857andtestedoy a spinonthe DelawareRiver
betweerPennsylvaniandNew Jerseywasseemsmoreeconomicakvenwith shippingcosts.it
wassentin eightpiecedfirst to New York, thenby shipto thetwo-yearold railroadacrosshe
Isthmusof Panamaand,aftertwo morevoyagesiy steamerandschoonein the Pacific,unloaded
andwrestledtogetherat Robinsoids Landing,animprovisedshipyardon the mudflatsof the
ColoradoRiver deltain Mexico. There,duringDecemberit wasdecidecthatthethreeton boiler
couldmakegroundingson sandbars dangerousffair for thelow-sided,decklesdoat,sotwo heavy
timberswereboltedlengthwisebeneattthe hull. Unfortunately thatincreasedhevesseds draft, a
seriousconcernon suchashallowriver. Theslotin thetransomthroughwhich theenginés drive
rod passedo the paddlewheelwastoo deepandwould haveallowedwaterinto the boatunderway
onthe Colorado,ariver notasplacidasthetidewaterDelaware The enginewasraisedandaniron
patchwasfitted overthelower partof theslot.
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Figure 2-1. The steamboat Explorer on the lower Colorado River; the first field trip en route to Grand
Canyon (lves 1861: frontispiece).

TheexpeditioncommanderyeteranwesternexplorerLt. JoseplC. lves[1829 1868],engagedhere
at Robinsoiis LandingsteamercaptainDavid C. Robinson 1833 1874]to pilot thecraftonthe
river. With Robinsonatthetiller perchedatopExplorerés smallaft cabin(the boatdid notevenhave
awheel),AndrewCarroll[ca. 1830 ?], theengineemwho hadaccompaniethe boatfrom
Philadelphiaanda skeletoncrew, Explorerbeatits way 150 milesto Fort Yuma, constantly
challengedy thedeceptivewiggly channelf the deltaandshifting river bottoms At Fort Yuma
onthe Californiasideof the ColoradoandGila River confluencetherestof the smallcrew,who had
traveledthroughthe desertfrom SanDiego,cameaboardlves(1861)formal reportprovidesa
detailedrecordof all of thesehappeningsaswell asa fascinatingtravelogueof theremainderof the
expedition.

Explorers crewwasanunlikely bunch:CaptainRobinsonandengineerCarroll; Lt. lvesand
soldiers;Newberryasthe missiorés physician,geologistandgenerahaturalist;Friedrichvon
Egloffstein[1824i 1885],a Germanbaronwho servedascartographeandillustratorandwho wasa
veteranof westernexplorationselsewhergandBalduinMéllhausen1825 1905],a burly German
draftsmanillustrator,andnaturalisés field assistantanothemwesternexplorationveteranwho had
alreadyvisitedthelower ColoradoRiver. The expeditionwascheerfullywavedon its way by the
fortés soldiersandsmirkingtownspeopleExplorerpromptly ranagroundwithin sightof thefort.
Onemightbeforgivenif it bringsto mind the campy1960JackLemmonfilm, TheWackiestShipin
the Army.

Still theydid maketheir way upstreanto find the headof navigation.Theyreached suitablepoint
in Black Canyon notfar downstreanfrom whereHooverDamwashbuilt eightdecadesated by
violently crashingnto arock, castinglves, NewberryandMoéllhausenfrom the cabintop, notto
overlookfithe fireman,who waspitchingalog into thefire [and] wenthalf-way in with itd (Ives
1861, Pt.1: 82). Threedayslater,aftera brief surveyfartherupstreamn a skiff andExplorer
patchedtheyglidedbackdownto meetup with along army packtrainof mules.lvesdividedhis
commandsenttheboatbackto Yumaandsetout overlandto the eastenrouteto Fort Defiancewith
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soldiers Native Americans a hundredodd mules,Mexicanpackersthe Germansgur faithful
Newberry,andadog,iGrizzly.0

Thedirectionof travelwasdifferent,amidstthis ageof explorerswho blazedwagonroadsand
railroadrouteswestward However theregiontheyenteredvasnot wholly unknownto Ivesand
Mollhausen They hadalreadytraveledthe generaroutenearthe 35" parallela few yearsearlier
whentheywereattachedo awestboundexpeditionled by Lt. Amiel Whipple[1817i 1863].
Laboringup from the BasinandRangeto the ColoradoPlateauthe now landwardexpedition
approachedhe GrandCanyor® andthus,finally, thefirst geologistarrived.Somewherén the
vicinity, Newberry(or perhapsvidllhausen Newberrys field assistantpatheredossilsthat
establishec ACarboniferous age(Permiantoday)for therim rocks(Figure 2-2). TheHualapai
peopletheyhadmetmight havebeenamusedy menwho hammereanrocks.A smallpartyrode
downto DiamondCreelGs confluencewith the ColoradoRiver, thefirst non-Indigenougeopleto
reachthebottomof the canyon.

While Mdllhausen sketched, Newberry made geological observations and drew up an accurate
stratigraphic column from the rim to the Colorado River. In his measured section (Newberry 1861
55; and see hifigure 12, page4?2), he notedEuomphalus, Spirifer&c.o, fimperfect corals) ficorals
(Chaetete®0 (a genus now known as a sponge), @gréen shales with mud furrows, resembling

casts of worm hole§ Even though the fossils of the rim rocks were helpful in establishing the

relative age of those strata, Newbdrgmoaned in his written reporta@e55), iiln the absence of

[index] fossils it is impossible to determine the precise geological age of any of the strata composing
the é section below the | i mesoWhereall was sa@id f or ms
done, though, Newberry drew up a detailed collection list for the whole expedition, itemizing nearly
a thousand specimens of rocks, including fossils galore. Newberry also made his one most astute
observation for the ages, that even the dry side canyere created by running water rather than by
cataclysm.

The Ives party pressed on to Cataract Creek, its lower end now known as Havasu Creek, where the
mules could barely be turned around when the way became too sketchy for animals. The teams were
sent kack twenty miles to the last known water while some men went ahead on foot. The weighty
Egloffstein managed to wreck a precarious Havasupai ladder, stranding himself. He wandered off to
the Havasupai village of Supai, the fiffbreignen to go there sire Spanish padre Francisco Garcés
[1738 1781] arrived in July 1776. (Egloffstein was rescued when the soldiers lowered gun slings to
hoist him up.)

Thus was the first brief, but productive, field trip to the Grand Canyon. Regrouped, Ives continued
eastwardsending most of the party off toward Fort Defiance (Méllhausen had traveled the route
with Whipple) while he, Egloffstein, and a few men made a side trip to visit the Hopi. After the
expedition disbanded, Ives returned to Yuma, where heEsglidrersix months after its maiden

(and only government) voyage. It served anonymous local companies for a while, broke loose in a
flood, and drifted away toward the sea.
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Figure 2-2. Grand Canyon paleontology begins here, April 1858 (Newberry 1861: Paleontology Plate 2).
All are from the undifferentiated Permian Kaibab Limestonei Toroweap Formation. Figures 1i 8.
Productus ivesi, a new species; Figures 9 and 10. P. occidentalis, a new species; from fMiddle
Carboniferous limestone, banks of the Colorado, near mouth of Diamond river6[Peach Springs Canyon
between Peach Springs and the confluence of Diamond Creek]; Figures 111 13. Streptorhynchus
pyramidalis, a new species, from fCarboniferous limestone over red cross-stratified sandstone at Camp
70, on high mesa west of Little Coloradoo[western part of the Coconino Plateau not far east from
Diamond Creek]. These localities today are a part of the Hualapai Indian Reservation.
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Downhill

A decaddater,anothergovernmensponsoreeéxpeditionarrivedin thecanyor® thistime from the
north, by river from WyomingandUtah.In August1869,Civil War veteranMaj. JohnWesley
Powell,now acivilian andwith eightcrewmembersaboardhreeboats passednto GrandCanyon
havingchartedthe GreenandColoradoRiversto the mouthof theLittle ColoradoRiver. Theyhad
supportfrom the Smithsoniarinstitutionandsomemilitary favorsin theform of supplies Although
theyhadpassedequentialljdownthroughall of the ColoradoPlateads stratatherehadrit been
muchtime for collecting.Fromthis point onwardwasPowelfs iGreatUnknowno Theywere
effectively off themapnow, with only Egloffsteirts generalizeghysiographianap(in lves1861) as
aninformer,amapgoodfor thelower ColoradoRiver regionbut quiteinaccuratelyportrayingthe
GrandCanyonregion.

Powell,thoughgeologicallytrained,reportedittle onfossilsin his expositionson the strata;and
anywayby this time hewasmoreconcenedwith wheretheriver wasleadinghim, andgettinghis
crewthroughon rapidly diminishingrations.He led asecondrip in 1871 1872,pausingfor awinter
layoverin Kanab,Utah,but he cutthatjourneyshortin the middle of GrandCanyonwhenhe
suddenlydecidedat KanabCreekthattheyhadachievedheir objectives Thereaftertheemphasis
wason mappingtheregionon the plateausPowellts (1875,1895)renditionsof his river exploits
remainclassictalesof GrandCanyonandColoradoRiver running.The plateausurveysunderhis
directionproducedn 1882whatis probablythe greatestandmostreadable}cientificbookon
GrandCanyonphysiographyandgeologicalhistory, Tertiary History of the Grand CafionDistrict,
with its magnificentdoublefolio Atlas by ClarenceEdwardDutton[1841i 1912].

Laying a Foundation

Thefirst expeditiongo andthroughthe GrandCanyonwereenoughto establishthatthis wasan
interestingplace,worthy of furtherstudy.By 1881,Powellhadbecomehesecondlirectorof the
newly organizedJ.S. GeologicalSurvey,andhis ongoingsurveysof the ColoradoPlatealcountryat
lastbroughtarefinedgeologisés eyeto thewhole GrandCanyon.Powell,in thefield, directedthe
constructiorof atrail into thenortheastericornerof the canyor® todaythisis thetortuous,
unmaintainedNankoweaprlrail. He assignedhe up-andcominggeologist,CharlesDoolittle Walcott
[1850' 1927](who would himselfsucceed®owellasUSGSdirector),to spendhewinter of 1882
1883in thedepthsof thecanyon wherewith a collector,a cook,anda packeraccompanyindpim, he
studiedfor thefirst time the structuralandstratigraphiaelationshipsf the Proterozoiandlower
Paleozoiadocksthere®d aremarkablyinstructivestudyto this day.Powellhadrecognizedhe basics
of theserelationshipsluringhis river expeditionsput now wasthetime to do somerealfield work.

Walcottsawquitealot thatpiquedhisinterestin fiPrecambriadfossils.He sawthe stromatolitesn
thesestratawhich he calledfian obscureStromatopordike groupof formsd andficoncretionary
limestones He alsoreportedpteropodseferredto Hyolithes atrilobite fragment,a Lingula-like
brachiopodandabrachiopodelatedto Acrothele This led Walcottto assumewith a Cambriarbias,
thatperhapsomplexbiologicalformshadevolvedearlierthanpreviouslyknown.His research
includedongoingobservationsgvenif it waspublishedn a paperon awholly differentgeographic
(andgeologic)area.For example seeWalcotis (1884 432)footnotein a paperon the Paleozoimf
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Texas:iSincethe paperon the Pre Carboniferoustrataof the GrandCafonwaspublishedWalcott
1883], afragmentof atrilobite, probablyof the genusPtychoparia hasbeendetectedn a bit of shale
from the Chuargroupo Alas, all of thesereportsof bodyfossilshavesubsequentlpeenreinterpreted
aspseudofossilghefifool& goldo of paleontology.

Yetin theprocessWalcottalsofoundaremarkableNeoproterozoidossil,amegascopi@algahe
namedn 1899Chuariacircularis, which hebelievedto be a primitive brachiopodEventhough
Chuariahassincebeenfoundaroundtheworld, soproblematicthis organismhasbeenthatit has
beenvariouslyassignedo otherphylain the majorkingdoms(it evenoncewasconsideredo bea
trilobite egg)andasa pseudofossilNow Chuaria definitely afossil, is thoughtto berepresentedt
differentlife stagesalsoby TawuiaandLongfengshanian abizarresortof way its form- and
function-basedaxonomiesctlike thoseof ichnofossils!Studiesn Chinaandindia havebeen
particularlyrobust;but the well-known, well-studiedenigmapersistsit all begann the Grand
Canyon:Walcotts original, smallshalechipsarein the U.S. NationalMuseum(the Smithsonian
Museumof NaturalHistory).

Walcottwashardlya GrandCanyonnovice.A coupleof yearsearlier,theyoungmanhadhadhis
first handat geologizingin the westwhenheworkedalongKanabCreek,thelargetributaryto the
Coloradocomingdownto GrandCanyonfrom Utah, gettinghis andour bearingson the canyoris
entirePaleozoicsequencéWalcott 1880, 1883).Fossilswerenot lacking. Thesecollectionsand
otherscontributeddecadesaterto Walcotis very detailedseriesof publicationson brachiopodsand
trilobites, producedduring his 20-yearpositionasthe Secretarydirector)of the Smithsonian
Institution (seethe paleontologybibliographyonline). The usefulnes®f the canyoris fossil record
wasproven.Now geologistshada properfirst analysisof the principalformationsof the canyon.

On the Map

Geologistmeedmaps By thelate 1800s rudimentaryl:250,000scalemapswereavailablefor the
GrandCanyonregion,productsof Powells surveysIn summerl902,the USGSs FrancoisMatthes
[1874i 1948]andcrewbegana heartstoppingmissior® usingplanetablesandalidadedo createl5-
minutequadranglesf the easterrportionof GrandCanyonwith contourintervalsof 80ft (24 m) a
projectcompletedhefollowing summer.Theytraveledinto the canyonaswell, andblazedatrail for
their horsesup throughBright Angel Creekto the North Rim. Theresultingquadsstill aremasterful
examplef scientificart, butatthetime they providedgeologistswvith importanttoolsfor detailing
moreof the GrandCanyoris lithology in thefield.

While in the early 20" centurysomegeologistsverebeginningto scrutinizethe physiographic
history of the canyon otherswereheadingnto the chasmon foot andhoof.

Paleontologyagaintook the backseat servingonly to assistn identifying relativeageswith no
purposefullycomprehensiveollectionsbeingmade.Firston thegroundnow wereFrederickLeslie
Ransomg1868 1935],whoin 1908publisheda studyof the Neoproterozoisedimentaryocksand
in 1916producedcorrelationsof Paleozoicstratain Arizona;Levi FatzingemNoble[1882 1965],
whosel909doctoraldissertatiorfrom Yale wasbasedon his studiesin the centralGrandCanyon
wherePaleozoi@andNeoproterozoicocksarewell exposedwith publicationson this areain 1910,
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1914,and1922;NelsonHoratio Darton[1865 1948],who publishedn 1910areconnaissanoef
northernArizonaandin 1925produceda very comprehensiveésuméof Arizonageology;and
CharlesSchucher{1858 1942],who publishedon the GrandCanyonCambrianandfiCarboniferous
(whichincludedPermianstrata)in 1918.This laid the groundworkfor studiesthat,finally, beganto
look seriouslyat thefossil faunaandflora.

Making Tracks

Paleontological studies in the Grand Canyon have in &t bigorous. Valuable collections of
acritarchs, invertebrates, vertebrates, plants, and cryptic remains have been taken from
Neoproterozoic to Permian strata and Pleistoddocene deposits. Some of these collections
contributed to the development adw concepts in stratigraphy that since have become a part of
basic geological principles. However, the findings of Grand Canyon paleontology began modestly,
sometimes peculiarly.

A variety of tracefossilshadbeenknownfor years.Thefirst wereNewberrys observation®f green
shalefiworm hole® thatnow arewell recognizedandbeautifully exposedn muchof the Cambrian
Muav Limestone(In 1892Joseph-rancislameg1857 1897]suggestethatthesecastsshouldbe
namedScolithusarizonicus but without a descriptiortheyfall into the taxonomicwastebasketf
nominanuda unfoundechames.)Walcott,too, widely recognizedheseabundanfifucoidsp which
heattributedto annelidworm trails andtrilobite burrows.It is theichnofaunaof the caryon thatfirst
broughtGrandCanyonpaleontologyto thefore, both professionallyandpopularly.While we can
dismissananonymoud 884reportfrom two minerswho foundfootprints5.5 m (8 ft) apartmade
by ahumansome4.0 m (3 ft) tall, who thuswasshownto havebeenfifairly boundingalongg it
nonethelesdemonstratethe thingsthatcancapturethe public interest.This reportwasinteresting
enoughto havebeenpickedup in Francetoo, so public attentionwasthere.lté&s a shamehatthe
minersneverfulfilled their promiseto returnto removethefootprintsto fiexhibitthemto public
gazeo

RichardSwannLull [1867 1957]hadfirst written aboutfiNatures hieroglyphic® in 1904,including
passingmentionof atrackwayin the GrandCanyon.In 1918he producedhefirst dedicatedstudyof
vertebratdracksfrom the canyon describingwo newichnospeciefrom the Pennsylvaniain
PermianSupaiGroupandfour newichnospeciesndthe now well-knownichnogenud.aoporus
from the PermianCoconinoSandstone/Nhatmadethe Coconinofossilsall themoreremarkable,
Lull noted,ashadSchuchertvho collectedthem,wasthattheyall werepreservedn theforesetsof
fossil sanddunes alwaysadvancingupslope This apparentlypeculiartrait would in lateryears
becomehe subjectof muchstudy.

By this time, althoughthe GrandCanyonwaswidely knownandwasa populartouristdestination,
for avarietyof political reasonst still hadnot beendesignatec nationalpark.(Sincel893portions
of the canyonhadbeena nationalforestpreservg1893], nationalgamepreservg1906], andnational
monumen{1908].) Finally, with CongressnakingGrandCanyona nationalparkin February1919,
evenmorepublic attentionwasdrawnto it. In responsethe NationalParkService itself only three
yearsold, wasfacedwith theincreasingpressuresf fiwhatto do with it.0 This entailedpromoting
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thescenic historic,andeducationalaluesthelandscapéolds,in additionto manaing and
entertainingvisitorsfrom aroundthe world.

As might be expectedtheseprogramscamewith the concernsf cost,promotion,andmaintenance.
Fortunatelythe SantaFe Railway hadfor morethantwo decadeslreadybeenseli-servingly
advertisingthe GrandCanyon.Beforegovernmenbversightof authorizedconcessionairefsilly took
root, therailroadindependentlyompleteda line to therim in 1901,andby 1905hadbuilt EI Tovar
Hotel andthe adjacentHopi Housethatdrewvisitorsto buy Americanindiancraftsby the basketful.
(In 1899therail line hadbeenbuilt from Williams, Arizona, to a site namedAnita, to servicecopper
minesestablishedhere.This stationwasjust 19 rail miles shortof GrandCanyon[Richmond1998,
2017].)While the SantaFe hadthusalsomadeit possiblefor scientistof varioussorts(suchas
botanistandentomologistsjo visit the canyonin pursuitof gatheringsn their fields, theyhadno
vestednterestin fiscience per se Thatfell to the ParkService andit would haveto entailwhatwe
todaycall floutsidefundingd andfioutreachd

Digging In

TheindustrialistandphilanthropistAndrew Carnegig1835 1919]usedhis billions of dollars(in
todays figures)for educationabndscientific projectsafter heretiredfrom his businesventuresn
1901.This includedthe foundingof the Carnegidnstitutionof Washingtonjn 1902.Today,asthe
Carnegidnstitutionfor Scienceit is aleaderin scientificdiscovery,in widely diversefields. From
1920to 1938, paleontologisandeducatodohnCampbellMerriam[1869 1945]servedaspresident
of theinstitution(in 1919he hadalsobeenpresidenbf the GeologicalSocietyof America),and
CharlesD. Walcott(alsoa GSA president1901)hadservedasaninstitutiontrusteel 902 1928even
while hedirectedthe GeologicalSurvey(to 1907)andthe Smithsoniarinstitution (1907 1927).Not
surprisingly theyencouragegrogramsof studyin the earthsciencest thefledgling nationalpark.

Onrecommendatiorthe NationalParkServiceaskedthe Smithsoniads vertebratgpaleontologist
Charleswhitney Gilmore [1874 1945]to visit Schucheus trackwaysitein the CoconinoSandstone
alongHermit Trail. The purposewasto preparea public educationaéxhibit. At thetime, Hermit
Trail hadbeenimprovedby the SantaFe sothattouristscouldreachHermit Camp,therailwayts
touristcampthatdeflectedvisitorsfrom usingthe Bright Angel Trail thatby dint of dozensof
spuriousimining claimsd wasstill largely (andillegally) flowned by RalphHenry Cameror{1863
1953],U.S. Senatoifrom Arizona[1921 1927. Gilmorewentonto spendthe nextseveralfield
season# the canyon studyingandcollectingfrom the PermianandPennsylvaniastrataalong
severalrails. In the processhedescribechumerousiewspeciesaandgeneraof vertebrateand
invertebratdracks(Gilmore 1926, 1927,1928)andreportedhefirst trackwayfoundon thenorth
sideof thecanyon(GilmoreandSturdevanti928).

More thanrelegatedo stodgyscientificreports,Gilmoreds work wasnotedin popularliterature;after
all, footprintsaresomethinghatall canrelateto, evenmoresothattheywerevery old andwerein
the Grand Canyon The prodigiouslyproductiveMerriam, too, promotedhis work in hisown
educationapublications.
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Knowing thatthe CoconinoSandstonérackswereseento faceupslopeon thefossil dunesGilmore
(1926 4) suggestedheyrepresented@anold trail leadingto water,or possiblyrecordinga great
migrationof animallife.0 Thesewereadditionalconceptswith which anengagegublic could easily
identify. As time wenton, interestin this peculiartrait did not wane.During the 1930sand40s,
experiment®n modernsanddunesandin thelaboratory sometimesisingliving animals,showed
thattheanswemwasmorea simpleprocesof mechanicsessentiallyanda bit simplistically),
upslopetrackwaysrequiredsureplantingof feet,while downslopéravelincurredmoresliding and
trackswerereadilyerased.

Education Flowers

Many kinds of botanicalfossilsarefoundin the GrandCanyon.Someof theseearlyfinds werebased
on physicalforms,which provedreally to be sedimentaryeaturesandthusnotfossilsat all; for
exampleanewseaweedike specieRivularitespermiensisvasdescribedy David White [1862
1935]in 1929,from the PermianHermit Shale althoughvariousspecief this genushavebeen
reassessealsmicrobial sedimentaryeaturesThe highersystematiglants,foundin abundance
particularlyin the Hermit Shale areobviouslyfossils;afterall, if it lookslike afernit probablyis a
fern (Figure2-3). WhiteGs magnificentLl929monographpublishedby the Carnegidnstitution)
remainsa primary guideto GrandCanyonfossil plants.(Suitably,WhiteGs gravein the Grand
CanyonCemeteryis markedby a plaquein which aremoldedthreeof his newspeciesthefigures
arereproducedrom his Hermit Shalemonograph.5omeof WhiteGs paleobotanicaiaxa,suchas
Supaia evenhavesignificanceasbiomarkerdor the early Permianhavingbeenfoundin otherstrata
aroundtheworld. Regretfully,paleobotanicalvork on the vasculamplantsof the GrandCanyonhas
beensparsesinceWhiteés work there.

All of this field workd ichnofossils and plants in particudadid not come cheaply. It was the
Carnegie Institution that had underwritten the costs. There were the purely scientific objectives, of
courg, but the findings could be turned into educational projects. By the late 1920s the newly
founded Grand Canyon Natural History Association (today the Grand Canyon Conservancy) was
producing a monthly newslettéMature Noteswhich frequently presentediéf write-ups of the

latest paleontological finds from the canyon. Glen Sturdevant [1829], the only rangér

naturalist at Grand Canyon, almost singéndedly wrote the articles and news notes. After his
untimely death in the Colorado River, a geolsgiydent who had been working under Mergam
programs in the canyon during recent summers, Efigddied Dinwiddie McKee [19061984],

stayed on as the next rangeaituralist. As we shall see, McKee exploded into the earth sciences in
the canyon and arourkde world.
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Figure 2-3. David White (left) and John C. Merriam at a fossil fern quarry in Grand Canyon (note the slab
leaning against White® right leg) (NPS).

Through the 1930s, the Carnegie Institution supported research and jfudiedtions about many

of the Grand Canydhn strata; sedimentological, stratigraphic, and paleontological studies alike. The
institutionds Year Boolseries dutifully recorded each y&support and results from its underwritten
programs. In 1928, the Yapai Observation Station was dedicated as a place where visitors could
observe and learn about the geology of the canyon in a museum setting, staffed by Park Service
rangers, with an observation area overlooking the canyon and displays of rocks andrids33g,

David Whites work was recognized by the development of a trailside exhibit in the Hermit Shale at
Cedar Ridge on the South Kaibab Trail, a locale which still displays a surface withFigure2-4).

This small glassedver exhibit, built bythe Civilian Conservation Corps, wasdedicated in 2008
during a CCC symposium at Grand Canyon; and it is now undergoing further restoration by Grand
Canyon interpretive and VoluntedrsParks staff.
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Figure 2-4. Trailside exhibit of fossil ferns, constructed by the Civilian Conservation Corps in the Permian
Hermit Shale at Cedar Ridge on South Kaibab Trail, as seen ca. 1940s? (NPS).

E. D. McKeewasinstrumentaln thedevelopmenbf Yavapai,staffingit himselffrom time to time
duringthelate 1920sand1930s(Figure2-5); thatis, whenhewasri doingothernaturalistdutiesin
thepark or ononeof hisfar-ranginggeologyfield trips. Overtheyears,geologicalinterpretatiorat
Yavapaibecameatherstatic. Theusualwearandtearon the hardwareandchangingpublic
perspectivesn educationapresentationsgventuallycalledfor aremodelingof Yavapaiby 1980.1t
wasamoresleeld somesaidfidumbeddowndd exhibitnow partly commandeeredsatouristgift
shop.McKee,long sincehavinghadleft the canyonandby now a seniorgeologistin the USGS,was
dismayedoverthis conversionFortunatelyjn theearly2000s,Y avapaiwascompletelyrefitted
again,this time bringing backdetailedandinformativemodernexhibitson GrandCanyongeology,
restoringthe building to meetits original missionandbrighteningits original architecturelt was
rededicatedn 2007asthe YavapaiGeologyMuseum.
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Figure 2-5. Ranger-Naturalist Edwin D. McKee at work in Yavapai Observation Station, ca. 1930 (NPS).

McKeewould havebeenevenmoreecstaticoverthe mostrecentadditionto the parkés educational
offeringsin geologyandpaleontologyln 1994,geologistkarl Karlstromfrom the University of
New Mexico, andothers proposedheconstructiorof afiTrail of Timeo alongthe alreadyexisting
pavedRim Trail. After manyconcepttudiesandarrangementwith the park,a4.6-km (3-mi) trail
waslaid with markersandrock sampledrom everystratigraphidormationand membeiin the
canyon.lt canbeenteredat severapointsandbeinformativein eitherdirection.Thetrail is
accessibléo wheelchairandpeoplewith strollersandis conveniento shuttlebusstopsandparking
areasBestof all, trail usersareencouragedo fipleasetouctp therock specimens.

Thetrail is inlaid with smallbronzemarkers,1 m (3 ft) apart,eachfigiantstep representingne
million yearsin the history of the earthfrom fiTodayo by the Yavapaimuseumwestwardo the origin
of theearthat MaricopaPoint,4,560Ma (with onemore,lone markermilesfartherto thewestat
PimaPointthatdenoteghe comparabldidistance to the origin of theuniverse 13,750Ma). The
Trail of Time rock samplesncludefossilswhereappropriatgFigure2-6). Theyareinterpretedby
striking informationalsignsat the appropriatdiage® alongthetrail. Most of therocksandslabs far
largerthangeologistdusualfihandspecimeng werecollectedalongthe ColoradoRiver andtaken

23



outof thecanyonby raft. In afew casesvherestrataarenot exposedilongtheriver, therockswere
flown out strungtogethedike anecklacebeneatra heavylift helicopter.

Figure 2-6. Fossil footprints in a slab of Coconino Sandstone, displayed on the Trail of Time. This slab
was retrieved from a flagstone quarry near Ash Fork, Arizona (NPS).

As might be expectedthe projectwasvery complex,involving dozenof peopleandcalling for
substantiafundingfor conceptpreparationplanningandon-sitetesting,logisticsof makingrock
collections preparatiorof specimensgesigningandmanufacturingsignageandgroundmarkersand
installation,notto mentionadministrativeassistancandpermittingthroughthe park. Therecently
publishedguideto thetrail by Karl KarlstromandLauraCrossey2019)hasanengagingexhaustive
textandis richly illustrated.Thoughwritten for theinteresteccasuabudiencetheguidewill beseen
by professionalasinformativeto themaswell. With it, eventhosewho cannotvisit the canyoncan
experiencandlearnfrom the Trail of Time.

The McKeeian Period

In 1927,Edwin D. McKee hadbeenin theU.S.Naval Academy but hewasinfluencedby his former
Boy Scoutleaderat Boy ScoutTroop 1 in WashingtonD.C., to takeadvantagef a summer
internshipat the GrandCanyonwith JohnC. Merriam. Therehewasthefield assistanto David
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White andC. W. Gilmore. (Incidentally,his formertroopleaderwasnoneotherthanGrand
Canyorts planetablecartographerf-rancoisMatthes.)He enrolledin the geologyprogramat Cornell
Universityandspentsubsequerdummersat GrandCanyon.Thetragedyof Glen Sturdevards
drowningin the ColoradomovedMcKeeinto a permanentpositionasthe parkds ranger naturalist.
He neverlookedback.

McKee privately publishedAncientLandscapesf the Grand CanyonRegionin 1931,which of
courseprominentlyfeaturedthefossil life foundin the area.This bookletwentthrough30 variously
revisedprintingsuntil 1985.His first geologicalattentionsveregivento thelarge scalecross
beddingof the PermiandesertCoconinoSandstoneso prominentlydisplayedn the canyon.The
Carnegidnstitution publishedhis first majorwork in 1933, TheCoconinoSandstoné Its History
andOrigin, thatincludedtheichnofaunaof invertebratesndvertebrates.

The canyoris otherstratabeckonedMcKee hadbecomea masterof minutiae,looking at sediments
andfossilsfrom oneendof the canyonto the other.He becamehefirst geologistto systematically
tracekey bedsfrom oneareato anotherwhich waspossibleby measuringtratigraphicsectionsat
differentplacesin thecanyon His first monograptwasyet anotherCarnegigoublication,The
EnvironmentindHistory of the Toroweapand Kaibab Formationsof NorthernArizonaand
SoutherrUtah (1938),onthe Permianunitsthatform therim of the canyon.

Field work hadbeengoingapacean the canyoris otherPaleozoicstratatoo, which would produce
importantmonographsn comingyears Firstup werethe Cambrianformationsof the Tonto Group,
analyzedn anotherCarnegiepublicationin 1945(delayedpartly by thewar) with paleontologist
CharlesElmerRessef1889 1943]: CambrianHistory of the Grand Canyon Regidhwasthis
monographhatfor thefirst time clearlydemonstratethe on- andoff-lap sequencingf advancing
andretreatingseason alandscapemadepossibleby tracingkey beds.This varying, periodically
reversingactionof the sea,andthe changingsedimentologyndfossil assemblagesroducedy this
activity, hassincebecomethe stuff of elementarygeologicaleducationdiagramsprintedin the book
havebeenwidely reprintedin textbookstoo.

McKeeleft the GrandCanyonin 1938ratherthanbe movedto bearangerelsewheren the park
systemHe first wentto the Museumof NorthernArizona,thenonto the University of Arizona
wherehe eventuallypbecamegeologydepartmenthair,andlateronto the U.S. GeologicalSurveyas
aresearclygeologistin sedimentologyDuring this time, in additionto publishingthe occasional
paper heproducedwo moremajormonographseffectivelyroundingout the Paleozoicsequencéor
GrandCanyon.Firstwasthe 1969volumewith RaymondCharlesGutschick{1913 2002], History of
theRedwallLimestoneof NorthernArizona followed in 1982by McKees The SupaiGroup of
GrandCanyon

The RedwallandSupaiyieldedto McKeels quintessentiainethodof observatiorandreporting.The
correspondingnonographsfollowing on thetwo-authorCambrianmonograplof 1945,are
composemf separatelyauthoredchapterdy authoritiesn their fields, with observation®n
lithologies,paleo@vironmentsandfossil systematicsln paleontologythe Redwallmonographas
separatehapterdor crinoids(J. C. Brower),bryozoangHelenDuncan) blastoidgDonaldB.
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MacurdaJr.), corals(William J. Sando)andforaminifera(Betty Skipp),with McKee andGutschick
reservingchapteron the Redwallfaunasin generalprachiopodsandiimiscellaneou$ossil groups:
algaeandstromatolitesholothurianstrilobites, ostracodesandfish.o

McKee® Supaimonograplof 1982wasevenmorecomprehensivehoughfocusingmoreon
lithologic analysesincluding suchesotericsubjectsasfinsolubleresiduepatterns (WalterH. Peirce
etal.) andfistableisotopeanalyseé (McKee). Still, fossilsweredocumentedh the chapterson
fiBiostratigraphyof the WatahomigiFormatiord (MackenzieGordon,Jr.) andfiDistributionof Age
andFlorad (McKee).Therealsowasa chapteiby GeorgeH. Billingsley andMcKeeon iiPre Supai
Buried Valleysd thatannouncedossildatedChesteriaragedepositof paleochannels thetop of
theRedwallLimestone.Thesentermittentlyexposedsalleysweredescribedn 1985asanew
formation,the SurpriseCanyonFormation by Billingsley andStanleyS. Beus.(McKeehadearlier
namedthe PermianToroweapFormation membersf thethreeformationsin the CambrianTonto
Group,memberf the MississippiarRedwallLimestone anddividedthe Permiaf Pennsylvanian
SupaiFormationinto four formations elevatingthe Supaito grouprank.) The SurpriseCanyon
Formationwasaffordedits own monographBillingsley andBeus1999) thatfollowed the McKee
designof separatelauthoredchapterswhich includedfiMegafossilPaleontologg (Beus)and
fiConodontBiostratigraphy (HarrietMartin andJame<E. Barrick).

Placingall of this GrandCanyonwork in broademperspectiveMcKeefocusedon studyingmodern
sedimentasanalogf paleesedimentsyork thattook him first to the ColoradoRiver deltain
Mexico. There,hiswife, Barbarasatisfactorilyexplainedo quizzicalYaquiIndiansin whoseboat
theywereguidedthroughthe channelghathe figetspaidd to fill bagswith mud.His field travelstook
him aroundtheworld, includingto SaudiArabiawhereBedouintribesmerappearediout of
nowher@® to watchthe astonishingactof trickling a tankertruck of waterinto desertsanddunes(so
thatthedunescouldbe cut opento allow studyof their internalstructure) Thetribesmeneft after
havinghadtheir waterbagdilled. At theUSGSin Denver,McKeehada laboratorywherehe
conductedlume-sedimenexperimentsyhich he continuedevenin retirementHe usedremote
sensingechnologyandSkylabobservationgn his studiesof world sandseasaswell. Not long
beforehedied, McKeehadbeenon SouthAmericas Rio Orinoco,surveyingits sediment@san
analogto the Supaé WatahomigiFormation All this,andmuchmore,wasaremarkableseriesof
achievementfor amanwith only a bacheloés degreeHe andhis wife areburiedin the Grand
CanyonCemeterynearDavid White. The headstonea watersculptedpieceof CambrianTapeats
Sandstonewascollectedby USGSgeologistGeorgeBillingsley nearPumpkinSpringin western
GrandCanyon.

Super Fossils, Pseudo Fossils

TheProterozoicsequencef sedimentaryocksbeneaththe GreatUnconformitythatseparatethem
from the Paleozoicstrat® the UnkarandChuarGroups,comprisingthe GrandCanyon
Supergroup werestudiedby geologistsasfar backasWalcottin the early 1880s with renewed
interestin the early 20" century.A flurry of additionalinterestcameaboutin the late 1930sasa
resultof the Carnegidnstitutionds batteryof field studiesin the canyon But first, somemuseum
drawercleaning.
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Foryearsthe presumediPrecambriadfossilsthatWalcotthadgatheredn the 1880shadbeen
acceptedvithout questionby laterworkers.In the 1930sand40stheir biogenicoriginswere
guestionedandall but Chuariawererelegatedo the bin of pseudofossilsEvenso,the Carnegie
sponsoreexplorationsyieldedmore.In 1934,ClarenceEdgarVan Gundy[1908 1985]examined
someof the Supergroustrataexposedn easternmosBrandCanyon.n 1934hedescribeda new
formationthathe calledthe NankoweapGroup,stratigraphicallyatopthe Unkar Group.(For years
theNankoweag-ormationwasa loner,lying unconformablybetweerthe UnkarandChuarGroups,
but morerecentlyit hasbeenreassigne@sthe basalunit of the Chuar.)He alsoreportedfinding a
jellyfish (Van Gundy1937), which may havemisledanothergeologiston Carnegiesponsored
canyonwork, NormanEthanAllen Hinds[1893 1961],to declarethe entireSupergroupo be lower
Paleozoidn age.Hindshadbeenworking throughouthe 1930son fiAlgonkiand andother
fiPrecambriaarelationshipsn the AmericanWest. (It shouldbe pointedoutthatCarnegievasnot
thesole,thoughcontinuouslygenerousbenefactoovertheyears.Forexamplejn 1933the Marsh
Fundof the NationalAcademyof Sciencegprovidedfundsto Edwin McKeefor work onthe
Paleozoicstrata;Gregoryetal. 1933.)

Thejellyfish wassensationahewsfor its implicationson thetiming of theappearancef
multicellularlife. In 1941,Ray SmithBassle1878 1961]namedvan Gundyds jellyfish Brooksella
canyonensisAlthoughthetitle of his papereadfia supposegellyfishd heassignedt, ironically, to a
genusthathadbeennamedby C. D. Walcott(hedid, though,acknowledgehatthe GrandCanyon
specimercouldbeinorganic).ln 1960,PrestorErcelleCloud,Jr.[1912 1991],havingexaminedhe
fiproblematicum B. canyonensigook Bassletto taskfor publishingaretoucheghotograprandsaid
thatthe specimens on anunder,ratherthanupper,surfaceof a slab;thusit fiseemso bethereverse
imprint of a subradiafracturesystemof unknownorigin in anunderlyingshale bits of which are
preservedn thefracture® (Cloud196044).

Van Gundyas jellyfish holdsto alife of its own. Overtheyearsit wasreinterpreted if it was
organic,thatisd asa starlikeburrowof afilter-feedingbenthicworm (atracefossil), andin 1969
wasaccordinglyredescribedby Martin Fritz Glaessnef1906 1989]asAsterosomacanyonensis
which did nothingmorethanremovethe fossil from amongthe medusoidaxa.It alsowasthoughtto
be somethingpossiblyakin to the novellate Proterozoiddiacararfaunaof Australia.By the 1980s,
it wassuggestedo be acomplexmetazoarracefossil, afterwhich interestin this fossilwaned,
althoughmorerecentlya studyof phylogenetiaffinities andtaphonomyof the genusBrooksella
(thoughfrom the Cambrianof GeorgiaandAlabama)by Ciampaglioetal. (2006)ftentativelyd
sustainedhe GrandCanyonjellyfish asGlaessnds trace Asterosomacanyonensidt still hasnot
diedthe deathof pseudofossils.

Proterozoigellyfish in the GrandCanyonhavehadother,evenolder, representativesn 1959
RaymondManfredAlf [1905 1999]reportedfipossiblefossild from the BassLimestone(basalunit
of the Unkar Groupandthe oldestof GrandCanyor@s sedimentarjormations) which hedescribed
asjellyfish impressionsThesesoonweresweptinto the pseudofossibin by Cloud (196Q 43,
footnote)who interpretedhemasfgasblistersor theirimpressions
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Pseudojellyfisrandotherwondersnotwithstandingin the ChuarGroupthereis a dazzlingarrayof
fossils,which evenWalcotis notoriouslykeeneyecould neverhaveseernbecausecanningelectron
microscopyis neededo studythem.In 1977,BonnieBloeserwhile working on her Masteis thesis
atUCLA, publishedwith threeco-authorsa paperon microfossilsthatshehadfoundin the Chuar
Groupon NankoweaButte. Thesemillimeter-sized,vaseshapedprganicwalled objectsof unclear
origin occurworldwide, but whatshehadfoundwasa newgenuswhich shenamedMelanocyrillium
in 1985 Theknownfivaseshapednicrofossil® at GrandCanyonnow includeat least16 speciesand
appeato bethefossilsof amoebagPorteretal. 2003; Moraisetal. 2019). Many otherkinds of
microfossilswereobservedaswell, including spheroidsandcarbonaceouilaments;andthe Grand
CanyonSupergroupyieldstracesof variousalgatlike remainsn manystrata.Wereit not sodifficult
to gainphysicalaccesgo thesestrata probablymanymorestudieswould be possible Nonetheless,
aswe shallsee thatdoesnot meanthatnothinghasbeendone.

Fire

Theyoungesbf Grand Canyorés paleomenagerieandpaleoherbarid Pleistocendéaunasand
florad werecompletelyunknownuntil well into the 20" century.In summer1936,NationalPark
ServiceemployeéWillis Evanswasin far westernGrandCanyonwhereHooverDamés Lake Mead
wasrapidly drowningout thelastof the ColoradoRiverés rapids.There hediscoveredRampart
Cave finding insidewhatwascalleda sloth stable(Anonymousl936). Soonthe discoverywas
widely reportedevenin popularpublicliterature,including Life magazingdAnonymousl937).

Willis hadfounda lair usedby now-extinctgiantgroundsloths;specifically,the Shastagroundsioth,
Nothrotheriopsshastensi¢Sinclair). Theyhadleft their bonesn there,but by far the greatestrove
wastheabundancef fossildung(Figure2-7), in layersupto 2 m (6ft) deep.Thediscoverywas
fortuitous,becausatthattime therewasplenty of young,able,andnearlyfreelabornearby:the
Civilian ConservatiorCorps.Youngmenwerepressednto servicemakingexcavationsn thecave,
gatheringoonegevenpiecesof fur), andretrievingbarrelsfull of dungthatpreservedhe plant
materialthatoncegrewin thewesternGrandCanyor® the stuff of paleoecologistsdreams.

Losing no time on the opportunity, the National Park Service thought that Rampart Cave would make
an ideal public exhibit. Later they reported (Anonymous 1988ans for showing the cave to the

public have not been completed, but it is hoped that amigxiisitu can be made. Tentative plans
include running a trench through the cave and lining the walls of the trench with glass so that bones
or any possible human artifacts may be se@thile humans seem never to have inhabited the cave,

the amount of seful material there was enough to ride the same Carnegie education wagon that was
making the rounds in the eastern part of the canyon, and Carnegie underwrote some of the research.
The exhibit never came to be, even though the possibility of tourismhesaes After Hoover Dam

was built, tourist concessions evolved in Lake Mead National Recreation Area, which included long
boat rides that stopped at Rampart Cave and%a&m (2 mi) up into the western part of Grand

Canyon. However, the gradual siltingahthe lower end of the canyon, as fined riven slowed and
dropped its sediment load in the head of the lake, ended the tours.
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Figure 2-7. Castrocopros martini Hunt and Lucas, the dung of Nothrotheriops shastensis (Sinclair), in
Rampart Cave, September 1938 (NPS).

Eventhoughno public exhibitionevercameto RampariCave,studiesof its contentgprovedquite
valuableto paleontologistandpaleoenvironmentalisté\rchaeologisMark RaymondHarrington
[1882 1971]paida visit soonafterthediscovery,commentingn part(1936 226 227),fl haveoften
thoughtthe critter musthavebeenpretty smellyfor his aromato lasttenthousand/earsb Soon
afterward,in 1938JeromeDouglasdaudermilk[1893 1956]andPhilip AlexanderMunz [1892
1974]publishedhefirst scientificstudiesof the flora from RampartCaveandthe nearbyMuav
Cave,andin 1942RobertWarrenWilson [1909 2006] publishedthefirst comprehensivé&hough
fipreliminaryo) faunalstudyitemizing 11 vertebratespeciesincludingthe groundslothandthe
mountaingoatOreamnosarringtoni Stock(Figure2-8). Both publicationswereCarnegie
productionsin 1946GordonCortis Baldwin[1908 1983]briefly updatedhefindingsbasedna
1942surveyhe haddoneunderArthur RemingtonKellogg [1892 1969].1n 1960,Loye Holmes
Miller [1874 1970]reporteda variety of fossil birdsfrom RampartCave,includingthe California
Condor,althoughthe highly fragmentedconditionof the materialwaslikely dueto fitramplingby the
ponderougroundslothso In 1961,PaulSchultzMartin [1928 2010]andcolleaguegproducedhe
first paleoecologicasurveyof the cave,extendingstudiesto includepollenanalyse®f thedung.
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Figure 2-8. Skull of the extinct mountain goat, Oreamnos harringtoni Stock, from a Grand Canyon cave
(NPS).

Unfortunately the cavewasnot far abovea very convenientake surfaceandfrom timeto time it
attractedvisitorsevenafterit hadbeengated.In 1977,apparentlyby accidenttherich, dry dungin
thecavewasseton fire, probablyfrom a homemadetorchusedfor illumination. It wasalmost
impossibleto put out despitevaliantefforts at suffocationanddumpingtonsof water,destroyingthe
betterpartof the caves contentsjt smolderedor ayear(Anonymousl977,1978;U.S. National
ParkServicel977). The ParkServicehassinceput strongersafeguards placeto keepunauthorized
visitorsout of thecave.(Dueto yearsof droughtin the AmericanWest,thelevel of Lake Meadhas
fallen dramatically.Today,the ColoradoRiver hasreestablishedself in thelake-bottomsediments
coveringits original channelwheresteepbanksandheavyvegetatiormakeevenstoppinghere
difficult. Thelakeitself is presentlreachedsome32 km or20 mi fartherdownstream.)

About that Ice Age

Despitethe destructiorof the valuableRampariCaveremains GrandCanyonis nonethelesfull of
cavesMany werethelairs of animals perhapsnostnotablythe persistenpackratNeotomaTo
these ponemayaddmanymoresecludedshelteredock areasn which packratmiddenshavebeen
foundin abundancePaleoenvironmentalataarelockedup in thesemiddensfrom which
investigatordaveteasedut a story of changingclimatesin the GrandCanyonsincethetime of the
lastglaciationin North America.The dateableandidentifiabletwigs, leavesandpollenpackedaway
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andinduratedby urine,showthe comingandgoingof deseriandwoodlandenvironmentst various
elevationsastheadvancingandrecedingglaciersinfluencedthe worldés atmospheréVhencooler,
wetterconditionsarrive,sodo moreplantsandanimals.Thingsareon thewarmer,dry sidenow.

Thefirst systemati@pproacho analzing late Pleistocenenvironmentasrevealedn Grand
Canyoris packratmiddenswasa 1974studypublishedby Arthur M. Phillips, Il andThomasR. Van
Devenderapreambleo Phillipsd1977doctoraldissertatioron the GrandCanyonPleistoceneT his
wasexpandediponby Van DevenderlandJim|. Mead(1976);andVan Devendel(1977)identified
four stageof plantcommunitydominancen thewesternpartof the canyonbetweer24,000and
8,500yearsago.Meads 1981fTheLast30,000Yearsof FaunalHistory Within the GrandCanyor
wasa foundationabpartof work on his 1983doctoraldissertatioron the extinctHarringtorés
mountaingoat(Oreamnosarringtoni) in GrandCanyon.The datafrom nine cavesand50 packrat
middensdisplayeda gradualearly Holocenechangdrom woodlandto deserfaunalandfloral
communitiesa changecompleted,500yearsago.KennethLee ColeandSamanthd&. Arundel
(2006)pinpointedthe YoungerDryasin GrandCanyon,ananomalougold periodin the midstof the
warmup following thelastmajorglaciation.Most early datawerefrom westernGrandCanyonsites,
but KennethLee Coles 1981doctoraldissertatiortook careof the eastermpartof the canyon.Cole
andMead(1981)describedhe animalfractionsof 53 packratmiddensn easterrGrandCanyon.
Many regionalstudiescorroborateandsuggestefinementdo thefindingsmadein GrandCanyon,;
too manyto practicallydiscusshere.

fiToyso Lead to Fossils

Stantoi@s Cavein the Marble Canyonsectionof GrandCanyonNationalParkis well-knownto river
runnersHistorically, it is animportantsite thatrelatesto RobertBrewsterStantords [1846 1922]
flashrin-the.pan1889 1890projectto surveya railroadroutethroughthe canyonsrom Coloradoto
California.Scientifically,it is evenmoreimportant,becausét containsnot only abundantossils,but
evidenceof humanuseaswell. Split-twig figurines,fashionedrom a singletwig (like willow) split
downthemiddle,with its two frondstwistedandwrappedo createananimaleffigy, somewith stick
spearsn thebody, werefirst discoveredn 1933by earlyriver runnerswho thoughttheywere
aboriginalindian®toys. Theyaremuchmorethanthat; consideringhatmanyof themhadbeen
secretedeneatirock cairnsandcontainfossil dungpellets,we might seethemasa sortof hunting
charm.Theyhavebeendatedherein the canyonto betweer2,000and4,000years.

RobertClark Euler[1924 2002],archaeologisandethnologistat GrandCanyonNationalPark,
editedin 1978whatstill standsasthecomprehensiveummaryof studiesat Stantords Cave.The
volumecontainsseparatelyauthoredchaptersthoseof which pertainto paleontologicastudiesare
onungulateremaing(C. R. Harrington),zooarchaeologicalnalysisof smallvertebrategJohnW.
OlsenandStanleyd. Olsen),fish remaingRobertRushMiller andGeraldR. Smith),macroscopic
plantmaterials(RichardH. Hevly), andbird bones AmadeoM. ReaandLyndonL. Hargrave)with
apaleoecologicathapteraboutthe caveby Eleanord. Robbins,PaulMartin, andAustin Long, and
achapteronthe cavefiduringandafterthelastice Aged by PaulMartin.
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Unlike thedisasteiat RampartCave,Stantoids Cavehasbeenwell preserveandprotectedA fibat
gated attheentranceprohibitsunauthorizechumanaccesswhile allowing the batcolonythatlivesin
the caveeasyexit andentrance.

Fossils Go To School

Onemightnoticein this overviewthatfederalinvolvementwasa mainstayof geologicalresearchn
thelate 1800sandearly 1900s At first, geologistaverea partof nationallydirectedsurveysn the
field. Someindependentesearchertook thefield in the 1910swhenthe canya wasstill very much
anunreadbook.Oncethe NationalParkServicehadbeenorganizedn 1916,andGrandCanyonwas
finally madeanationalparkin 1919,the ParkServicetook thereinsfor awhile by encouraginghe
involvementof the (Washingtorbased)Carnegidnstitutionto getresearchermsto the canyonandto
developoutreachprogramghroughmuseunmandtrailsideexhibits.Almost by bruteforce,the Grand
Canyoris geologyandpaleontologywasbeingnaileddown.

Wartimecame with areductionin field work, andin the postwar periodresearchera/erestriking
outontheirown. Thedeeppocketsof the Carnegieverenotasopento themashadbeenduringthe
endof theRoaringTwentiesandinto the Depressionasperspectivesn the natureof field work and
whereit wasconductedshifted.More researchera/ereaffiliated with academignstitutionsthat
sometime®fferedtheir own funding sourcedor thesekinds of activities,andfor publication.Others,
thoughtheywereworking for federalagenciedike the USGS,werein the sameboat.Occasional
researclwasstill goingonin the canyon butthe ParkServicewasout of the pictureexceptin the
administrativecontextof managingesourcesndissuingpermits(oncethatbecamea more
rigorouslyappliedprocedure).

Only afew federalgeologistsverestudyingthe GrandCanyon,andit fell mostlyto theuniversities
andmuseumdo undertakeghatwork. Oncethe Baby Boomgeneratiorreachecdollegeage,there
wasno lack for people though;andin somemeasurevith the concomitanfiageof
environmentalisng interestin the fantasticGrandCanyonblossomedanew.Still, thiswasatime
whencomputerglidnd do thethingstheydo today,andfipostersessiong at academiconferences
lookedlike tapedtogetherscienceprojectson easelsNow, in justthe pastcoupleof decades,
laboratorymethodologiespublishingandprinting techniquesandthetopicsof appliedstudieshave
sodramaticallymaturedthatour forebearsn sciencesurelywould be asappreciativelydumbfounded
asaresomeof usoldergeologists.

| takethe opportunityhereto updatemy 1984systematioverviewwith afew notesthatdocument
thekindsof researcttonductedn the canyonsincethen.Thesearea mix of systematictaxonomic,
andpaleoecologicabublications selectednly asarepresentativeetratherthana completelist.
(Seetheonline bibliographyfor amorecompletdist.) Fromanadministrativeviewpoint, it
importantto realizethattheseinvestigationglemonstratéhe valueanduseof resource®verseerby
federalagenciesandthe needof theseagencieso gatherin dataaboutelementsf thoseresources
thathaveoverthe pastcenturygoneinto collectionsbeyondtheir purview. The fibullet pointo-type
notesthatfollow aregroupedaxonomicallyandchronologically,andtheyfurtherdemonstrat¢éhe
shift to academisourcesaaswell astheimplementatiorof newtechnologies.
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Proterozoic Microbial matstructuresn the ChuarGrouphavebeenexaminedoy Bottjer and
Hagadorn2007)andBohacsetal. (2007).A Mastefs thesison Microfossilsfrom the
NeoproterozoicChuar Group,Grand Canyon Arizona: Taxonomypaleoecologicalnalysisand
implicationsfor life during the onsetof Neoproterozoiglaciation (Nagy 2008). A studyof
systematic®f organicwalled microfossilsof the ChuarGroup,includingnewtaxa(Porterand
Riedman2016). Algaein Cryogeneamceansarediscussedby Brocksetal. (2017).Perspectivesn
Ediacarametazoarecosystemsicludecomparisonso the ChuarGroup(Bowyeretal. 2017).

Paleozoic An importantfield conferenceon Cambrianstratigraphyandpaleontologyin northern
ArizonaandsoutherrNevadaHollingsworthetal. 2011). Brachiopodof the RedwallLimestone
(Carteretal. 2014). Chondrichthyarassemblagesf the SurpriseCanyonandWatahomigi
FormationgdHodnettandElliott 2018).

Ichnofossils A newtracefossil, Angulichnusalternipes describedrom the Bright Angel Shaleof
GrandCanyon(Elliott andMartin 1987). CoconinoSandstonénvertebratdarackwaysBraddy1995).
Permiantetrapodracksfrom GrandCanyon(HuntandSantuccil998). Bicavichnitesmartini, new
ichnogenusandichnospeciesjescribedrom the Bright Angel Shale(Laneetal. 2003). Discoveryof
thefoldestvertebratarackwayin GrandCanyor (Chelichnu®) (Rowland2019, a paperpresented
in asymposiunconvenedn honorof GrandCanyonNationalParkis 2019centennial EarthDay
2019,andthe 150thanniversaryf JohnWesleyPowells 1869pioneeringColoradoRiver
expedition).lchniotheriumin the CoconinoSandstonef GrandCanyon(Francischinietal. 2019).

Cavefossils Age anddiet of fossil Californiacondorsn GrandCanyon(Emslie1987). Mammalian
biogeographyHarris 1990; studysitesincludeseveralGrandCanyoncaves) Parasitesn slothdung
from RampartCave(Schmidtetal. 1992). A Mastes thesison Late PleistocenéAves,Chiroptera,
Perissodactylaand Artiodactylafrom RampartCave,Grand Canyon Arizona(Carpente2003). An
overviewof latePleistocené&randCanyoncavefaunasMeadetal. 2003). A latePleistocendat
mummy (apparentlyfrom aneasterrGrandCanyoncave)(MikesicandChamber2004). An
overviewof 50,000yearsof vegetatiorandclimatehistory onthe ColoradoPlateaun Utahand
Arizona(Coatsetal. 2008). Molecularidentificationof the extinctmountaingoat,Oreamnos
harringtoni (Camposetal. 2010). A stableisotopeanalysisof subfossilbatguanoservingasalong
termenvironmentabrchive,basedn materialfrom Bat Cavein westernGrandCanyon(Wursteret
al. 2010). Paleoenvironmertf the extinctshrulbox Euceratheriuntollinumon the ColoradoPlateau
(Kropf etal. 2007, which includesreferenceso fieasterrGrandCanyoncave® thatareidentified
only by archaeologicasite numbers)Larsenetal. (2018)madea DNA studyof i27,000yearold
papillomavirusnfectionandlong-term codivergencevith rodent® basedn packratmidden
collectionsmadeon PostonButte, GrandCanyon,in 1979.HuntandLucas(2018)describeca new
ichnogenusndichnospeciesf Shastagroundslothdung,Castrocoprosnartini, basedon latrinite
specimengrom RampariCave.Delsucetal. (2019)includedRampartCavedatain DNA sequencing
of fossil sloths,revealinganevolutionaryhistoryandbiogeographyf theseanimals.

If we briefly stepacrosgheboundaryfrom ParkServiceto Bureauof Land Management
jurisdiction,we canincludea coupleof interestingines of researclon the dietandhealthof
aboriginalpeopleliving in AntelopeCaveon the UinkaretPlateauo the northof GrandCanyon A
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tick foundin ahumancoprolitewasidentified by Johnsoretal. (2008)asanadultor nymphof
DermacentorandersoniStiles),probablyhavingpassedhrougha digestivetract; andthereis a case
studyby Reinhardetal. (2012)on determiningthe pathoecologicalelationshipbetweerancientdiet
andmoderndiabetedasedn analyse®f humancoprolitesfrom the cave.Many studieshavealso
beenmadeof humanmadeartifactsandof faunalremainshere;seeparticularlythe comprehensive
overviewby Janetsketal. (2013).

AdministrativeneedsIn recentyears therehavebeenvariousimportantmanagemenrojectsfrom
theNationalParkService embracingGrandCanyon,ncluding: Vertebraterackwaysn National
ParkServiceunits(Santuccietal. 1998, 2006).Paleontologicatesourcesssociateavith Park
ServicecavesSantuccetal. 2001). Paleontologyasatool for conservatiofChure2002). An
inventoryof packratmiddensin ParkServicelands(Tweetetal. 2012). A Mastefs thesison Late
PleistoceneandHoloceneBisonof Grand Canyonand ColoradoPlateau:Implicationsfrom theuse
of paleobiologyfor natural resourcemanagemenpolicy (Martin 2014), followed by the publication
by Martin etal. (2017).Applicationof newtechnologiesn resourcenventoryandmonitoring
(SantuccendWood 2015). Concomitantirchaeologicahndpaleontologicalvork in GrandCanyon
cavegConservatiorLegacy2016). An inventoryof trilobitesfrom ParkServicelands(Norr etal.
2016). A registerof namebearingfossil specimenandtaxafrom NationalParkServiceareag Tweet
etal. 2016). A historyof preservingossilsin the nationalparks(Santucc2017), whichincludes
GrandCanyonNationalParkandGrandCanyoti ParashaniationalMonument.

As thesehighlightsof thelastthreedecadeshow,paleontologythe scienceof thelong-dead,is very
muchalive at GrandCanyon.lt is importantto realizethatit wasquite convenienthatmostof the
earlyfossil collectionsfrom the canyonwentto the Smithsoniarinstitution, but asthe 20" century
progressednorecollectionsbegano arrivein universitiesandindependenmuseumslt hasbecome
all themoreurgentfor federalresourcenanagerso keepup with theeverincreasingwidely
dispersedcollectionsthataremadeon federallands. The meansareathand throughthediligent
work of individuals,of course put alsothroughthe useof suchdocumentaryecordsasdigital
databases.

A Final Paleo Note (of a sort)

Thelastwe hadheardof JoseplC. lvesdsteamboat=xplorer, it wasunmannedadrift in aflood,
headingfor the Gulf of California. A surveypartyonthe ColoradoRiver deltaduringthewinter of
1929 30discovered partially buriediron boathull, which wasinvestigatednorecloselyduringthe
following July (Sykes1937:90i 92). Thewreckwasfoundin SonoraMexico, about48 straightline
km (30 mi) from Yumaandfar from anactiveriver channelclearlyagroundor alongtime.
Althoughit wasnothingbut a skeletonof ribs andsomeiron hull panels(Sykes1937:Figure 10), its
dimensionsverecloseto thosedescribedy Ives(1861).All thewoodenpartsof theboatwerelong
gone,aswasits boiler, thoughwhenthathadbeensalvageds unknown.Whatmadeits identification
possiblewasthattherewereboltswherethetwo massivdengthwisetimbershadbeenaffixed when
Explorerwasreassembledh Decembed 857,which weremeantto stiffen the unnervinglyflexible
hull. More importantly,aniron patchon a surviving portionof thetransom(Sykes1937:Figure 11),
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madewhenthe enginewasraisedandthe drive-armopeningreconfiguredeffectively confirmedthe
identity of Explorer.

JustwhenExplorerwaslostis uncertainthoughlikely beforel865accordingto Sykes.Apparently,
theboatwentout of controlduringa flood comingfrom the mouthof the Gila River at Yumaand
wassecuredo the ColoradobankfartherdownstreamLaterit brokefreeanddisappearedlhe
constantlyshifting channelsf the Coloradodelta,especiallyduring floods, eventuallystrandedt in
asinceabandonedlough,whereit wasrediscoveredour decadesater. Therds beenno reportsince
193® anunceremoniousndto thevessekhatsetin motionthefirst geologyfield trip to the Grand
Canyon Perhapssomedayit will beafragmentaryichnofossilof the Anthropocene.
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Chapter 3. Stratigraphy of Grand Canyon National Park
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Introduction

The story that Grand Canyon tells is a spectacle of approximately two billion years of earth history
(approximately ordnalf of the age of the earth) in its rock record, with an equally extensive
paleontological component. There is no othacplon Earth where the pages of Eardtory can be

read so easily by the observer to reveal such a long, rich, geologic history of events that are recorded
in the layers. Dr. John Strong Newberry said it best in thelgiiccentury:fithe most splendid

exposure of stratified rocks that there is in the wo(Bleus 2003).

Grand Canyon rocks can be simplified into three main packages: Vishnu Basement rocks, Grand
Canyon Supergroup rocks, and layered Paleozoic rocks. These are each separated by major
unconfamities and indicate formation under differing geologic conditions and during different time
intervals (Mathis 2006). Colorado Plateau uplift and redenmtncutting in the&eanyon and volcanic
activity are also responsible for younger geologic materiaigeds

Grand Canyon National Park (GRCA) hosts extensive exposures of many Precambrian and
Phanerozoic units ranging in age from Proterozoic to Triassic (Fglré&able 31 and 32). These

units consist of igneous and metamorphic rocks and numerousesdiynlithologies (siltstones,
sandstones, conglomerates, limestones, and dolostones), many of which are extremely fossiliferous.
Paleozoic sedimentary rocks are responsible for approximately 900 m (3,000 ft) of the stairstep
topography and viewshed inetlisrand Canyon. Mesozoic sedimentary rocks likely once covered the
Paleozoic section, but these rocks are now only seen in rare isolated outcrops in GRCA (Billingsley
et al. 2019).

This summary presents a focused overview of the stratigraphy of GRCA esdatadelve into the
broader and complex geologic topics and themes associated with theandgieologic historpf
the Grand Canyoitself. It is a brief overview focused on the stratigraphic framework for Grand
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Canyon to provide a context for thetriand diverse paleontological resources presented in this
report and establishes consistency for the other chapters.
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Figure 3-1. Grand Canyon stratigraphy and structural relations (Billingsley et al. 2019: Figure 2).
Recently, the Sixtymile Formation was proposed to be Cambrian (not Proterozoic) (Karlstrom et al. 2018,
2020) and the Nankoweap was moved into the Chuar Group (Dehler et al. 2017). Mesozoic rocks
younger than the Chinle Formation are not found within the boundaries of GRCA, but are present in the
immediate vicinity.
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Table 3-1. Grand Canyon area stratigraphy (after Billingsley et al. 2019: Table 2, with updates). Lower
case denotes informal names. Mesozoic rocks younger than the Chinle Formation are not found within
the boundaries of GRCA, so are omitted, but are present in the immediate vicinity.

Era

Period/Subperiod

Formation

Member

Mesozoic (Mz)

Triassic (Tr)

Chinle Formation

Shinarump Member

Triassic (Tr)

Moenkopi Formation

Holbrook Member

Triassic (Tr)

Moenkopi Formation

Moqui Member

Triassic (Tr)

Moenkopi Formation

Wupatki Member

Paleozoic (Pz)

Permian (P) Kaibab Formation Harrisburg Member
Permian (P) Kaibab Formation Fossil Mountain Member
Permian (P) Toroweap Formation Woods Ranch Member
Permian (P) Toroweap Formation Brady Canyon Member
Permian (P) Toroweap Formation Seligman Member
Permian (P) Coconino Sandstone T

Permian (P) Hermit Formation T

Permian (P) Esplanade Sandstone )

Permian (P) Pakoon Limestone T

Pennsylvanian (IP)

Wescogame Formation

Pennsylvanian (IP)

Manakacha Formation

Pennsylvanian (IP)

Watahomigi Formation

Mississippian (M)

Surprise Canyon Formation

Mississippian (M)

Redwall Limestone

Horseshoe Mesa Member

Mississippian (M)

Redwall Limestone

Mooney Falls Member

Mississippian (M)

Redwall Limestone

Thunder Springs Member

Mississippian (M)

Redwall Limestone

Whitmore Wash Member

Devonian (D)

Temple Butte Formation

Cambr i an ( |Frenchman Mountain Dolostone )
Cambri an ( |MuavLimestone Havasu Member
Cambr i an ( |MuavLimestone Gateway Canyon Member
Cambr i an ( |MuavLimestone Kanab Canyon Member
Cambri an ( |MuavLimestone Peach Springs Canyon Member
Cambr i an ( |MuavLimestone Rampart Cave Member
Cambr i an ( |[Bright Angel Shale Flour Sack Member
Cambr i an ( |Bright Angel Shale red-brown member
Cambr i an ( |TapeatsSandstone i

an ([ Sixtymile Formation 1

Neoproterozoic (Z)

Cambr i
i

Kwagunt Formation

Walcott Member

Kwagunt Formation

Awatubi Member

Kwagunt Formation

Carbon Butte Member

Galeros Formation

Carbon Canyon Member

Galeros Formation

Jupiter Member

Galeros Formation

Tanner Member

Nankoweap Formation

Cardenas Basalt
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Table 3-1 (continued). Grand Canyon area stratigraphy (after Billingsley et al. 2019: Table 2, with
updates). Lower case denotes informal names. Mesozoic rocks younger than the Chinle Formation are
not found within the boundaries of GRCA, so are omitted, but are present in the immediate vicinity.

Era Period/Subperiod Formation Member
i Dox Formation Ochoa Point Member
T Dox Formation Comanche Point Member
T Dox Formation Solomon Temple Member
Mesoproterozoic (Y) T Dox Formation Escalante Creek Member

T Shinumo Sandstone )

) Hakatai Shale i

T Bass Formation Hotauta Conglomerate Member

) Zoroaster Granite )

Paleoproterozoic (X) - -
T Vishnu Schist )

Table 3-2. Overview of GRCA stratigraphy and paleontology. See the various chapters for more
paleontological information.

Formation Age Paleontological Resources

Almost entirely late Pleistocenei Holocene fossils, predominantly
from dry cave and crevice deposits; horsetails, ferns, gnetales,
conifers, and angiosperms (macrobotanical), driftwood, pollen,
nematodes and their eggs (in dung), bivalves, aquatic and
terrestrial gastropods, ostracodes, arthropods (ticks, scorpions,
millipedes, beetles, flies, hemipterans, cicadas, hymenopterans,
lepidopterans, antlions, grasshoppers), osteichthyans, frogs,

Upp_er Cenozoic Pleistocenei salamanders, turtles, lizards, snakes, birds (accipitriforms,

sediments Holocene - ) . !
anseriforms, apodiforms, cathartiforms, charadriiforms,
columbiforms, falconiforms, galliforms, gruiforms, passeriforms,
pelecaniforms, piciforms, podocipediforms, strigiforms),
mammals (sloths, shrews, rodents, rabbits, bats, carnivorans,
proboscidean, horses, artiodactyls), dung (lizard, mammal), bird
regurgitation pellets, packrat middens, ringtail middens, and bird
eggshell and nests

Chinle Formation Late Triassic Petrified wood

Moenkopi Formation Eﬁg:'sizmddle Invertebrate trace fossils and vertebrate tracks (Rotodactylus)

Dasycladacean algae, sponges, rugose corals, conulariids,
bryozoans, brachiopods, bivalves, nautiloids, gastropods,
scaphopods, trilobites, crinoids, echinoids, chondrichthyans
Kaibab Formation early Permian (ctenacanthiforms, hybodontiforms, euselachians,
petalodontiforms, and holocephalans), platysomid
actinopterygians, indeterminate actinopterygian teeth and scales,
and invertebrate burrows and trails

Bryozoans, brachiopods, bivalves, nautiloids, gastropods,

Toroweap Formation | early Permian scaphopods, ostracodes, crinoids, echinoids, and stromatolites

Invertebrate burrows, trails, and tracks, anamniote tracks (cf.
Amphisauropus and Ichniotherium), reptile tracks (cf. Dromopus,
Erpetopus, and Varanopus), synapsid tracks (cf.
Tambachichnium), and undetermined tetrapod tracks

Coconino Sandstone | early Permian
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Table 3-2 (continued). Overview of GRCA stratigraphy and paleontology. See the various chapters for
more paleontological information.

Formation

Age

Paleontological Resources

Hermit Formation

early Permian

Hor set ail s, ifiseed fernso, gin
plants, eurypterids, insects, invertebrate burrows, trails, and
tracks, anamniote tracks (Amphisauropus, Batrachichnus, and
Ichniotherium), reptile tracks (Dromopus, Erpetopus, and
Hyloidichnus), synapsid tracks (Dimetropus), undetermined
tetrapod tracks, and possible microbial features

Esplanade
Sandstone (in west
transitions to Pakoon
Limestone)

early Permian

Conifers (Walchia), undetermined plants, bioclasts of marine
invertebrates (corals, bryozoans, pelmatozoans, and
brachiopods or bivalves), invertebrate burrows and trails, and
foraminifers

Wescogame
Formation

Late Pennsylvanian

Undetermined plants, bioclasts of invertebrate fossils
(bryozoans, pelmatozoans, and brachiopods or bivalves),
holocephalan chondrichthyans, invertebrate burrows, trails, and
tracks, anamniote tracks (cf. Amphisauropus, Batrachichnus,
and cf. Limnopus), of reptiles (Varanopus), undetermined
tetrapod tracks, foraminifers, and microbial features

Manakacha
Formation

Middle
Pennsylvanian

Undetermined ferns and other plants, bioclasts of invertebrate
fossils (bryozoans, ostracodes, pelmatozoans, and brachiopods
or bivalves), microbial trace fossils (stromatolites), invertebrate
burrows, trails, and tracks, undetermined tetrapod tracks,

forami ni fers, and fAal gal 0 Gniarela) 4

Watahomigi
Formation

Earlyi Middle
Pennsylvanian

Equisetopsids (Calamites) , i s e e Neurbpeerish soniferg$
(Cordaites and Walchia), Taeniopteris, undetermined plants,
corals including tabulates, conulariids, bryozoans, brachiopods,
bivalves, gastropods, trilobites, crinoids, echinoids, conodonts,
chondrichthyans (holocephalan and indeterminate dermal
denticles), undetermined fish teeth, microbial trace fossils
(stromatolites), invertebrate burrows and trails, foraminifers, and
falgaeo

Surprise Canyon
Formation

Late Mississippian

Calamites, Lepidodendron, Lepidostrobophyllum, undetermined
wood and other plant fossils, rugose and tabulate corals,
bryozoans, brachiopods, bivalves, gastropods, trilobites,
ostracodes, asteroids, blastoids, crinoids, echinoids, conodonts,
chondrichthyans (thrinacodontids, xenacanthiforms,
symmoridforms, ctenacanthiforms, hybodontiforms,
euselachians, indeterminate elasmobranchs, paraselachians,
orodontiforms, eugenodontiforms, petalodontiforms, and
holocephalans), indeterminate actinopterygians, indeterminate
tetrapods, mi cr obi al gtarl@cd afmi ;nxaitli 9
stromatolites), invertebrate burrows and trails, foraminifers, and
fal gaeo

Rugose and tabulate corals, bryozoans, brachiopods, nautiloids,

Redwall Limestone Earlyi Middle gastropods, trilobites, blastoids, crinoids, holocephalan
Mississippian chondrichthyans, undetermined fish teeth, invertebrate burrows
and trail s, foraminifers, fiial
Temple Butte Middle Late Rugose corals, brachlopqu, g_astropod_s, con_odopts,
. . placoderms, sarcopterygians, indeterminate fish, invertebrate
Formation Devonian . - .
burrows and trails, and trace fossils or stromatoporoid sponges
Frenchman Mountain | middlei late Invertebrate burrows and trails
Dolostone Cambrian
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Table 3-2 (continued). Overview of GRCA stratigraphy and paleontology. See the various chapters for
more paleontological information.

Formation

Age

Paleontological Resources

Muav Limestone

middle Cambrian

Sponges, brachiopods, hyoliths, helcionelloids, trilobites,
eocrinoids, enigmatic invertebrates (Chancelloria, Scenella),
invertebrate burrows and trails, and Girvanella-like structures
(oncolites)

Bright Angel Shale

middle Cambrian

Cryptogam spores, brachiopods, hyoliths, trilobites, bradoriids,
eocrinoids, enigmatic invertebrates (Chancelloria, Tontoia),
microbial wrinkle structures, invertebrate burrows and trails,
leiospheres, filament mats resembling Nematothallus, non-
marine cryptospores, terrestrial algal cell clusters, enigmatic
fossils (Margaretia), and possibly sponges

Tapeats Sandstone

earlyi middle
Cambrian

Brachiopods, trilobites, and invertebrate burrows and trails

Sixtymile Formation

early Cambrian

Potential undetermined fragment

Kwagunt Formation

middle
Neoproterozoic (late
Tonian)

Stromatolites and other microbial features, acritarchs and
colonial organic-walled microfossils, microbial filaments, vase-
shaped microfossils, various unspecified microfossils, fuampire
tracesoon microfossils, chemical evidence for possible sponges,
and possible meiofaunal traces

Galeros Formation

middle
Neoproterozoic (late
Tonian)

Stromatolites and other microbial features, acritarchs and
colonial organic-walled microfossils, microbial filaments, various
unspecified microfossils, a n dramfpire traceso

Nankoweap
Formation

middle
Neoproterozoic (late
Tonian)

None to date, unless Brooksella canyonensis is organic

Cardenas Basalt

late Mesoproterozoic

None to date; fossils are unlikely but not impossible

Dox Formation

late Mesoproterozoic

Stromatolites; also dubiofossils

Shinumo Quartzite

late Mesoproterozoic

None confirmed; also dubiofossils

Hakatai Shale

late Mesoproterozoic

Stromatolites and other microbial features in the Bassi Hakatai
transition zone; also dubiofossils

Bass Formation

middlei late
Mesoproterozoic

Stromatolites and other microbial structures, possible
microfossils, and possible microbial filaments; also dubiofossils

Paleoproterozoici
Mesoproterozoic
basement

late
Paleoproterozoici
early
Mesoproterozoic

Unfossiliferous igneous and high-grade metamorphic rocks

Precambrian Stratigraphy of Grand Canyon
The Precambrian rocks of GRCA consist of igneowestamorphic, and sedimentary rocks.

Precambrian sedimentary and igneous rocks are generally only exposed in the eastern and central
Grand Canyon regions along the canyon depths, while Proterozoic crystalline rocks are only exposed
along the Colorado Rivend tributaries in eastern and western Grand Canyon (Billingsley et al.

2019).

The base of the Precambrian section is composed of various igneous and metamorphic bodies of
Paleoproterozoic age, overlaid by a series of primarily sedimentary unit8vVishau Basement
rock (consisting of generically the Elves Chasm Gneiss, and granites and schists) will not be
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treated here as they do not contain paleontological resource8Gidred Canyon Supergroup rooks

are divided into the Mesoproterozoic Unkar Grgopnsisting of the Bass Formation, Hakatai Shale,
Shinumo Sandstone, Dox Formation, and Cardenas Basalt), and the Neoproterozoic Chuar Group
(Nankoweap Formation, Galeros Formation, and Kwagunt Formation). These sedimentary rocks are
discussed in furtheratail in the Precambrian paleontology chapter; capsule descriptions are included
here.

Grand Canyon Supergroup: Unkar Group
The Unkar Group consists of the Mesoproterozoic Bass Formation, Hakatai Shale, Shinumo
Sandstone, Dox Formation, and Cardenas Basalt (Figt2esd3-3).

EXPLANATION

Mesoproterozoic rocks
Unkar Group
Ys—Shinumo Sandstone
Yh—Hakatai Shale
Yc—Cardenas Basalt

Yb—Bass Formation

Yo—Hotauta Conglomerate Member

Figure 3-2. Mesoproterozoic rocks of the Unkar Group (Grand Canyon Supergroup) in eastern Grand
Canyon. Yo=Hotauta Conglomerate Member; Yb=Bass Formation; Yc=Cardenas Basalt; Yh=Hakatai
Shale; Ys=Shinumo Sandstone (Billingsley et al. 2019: Figure 3).
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EXPLANATION

| Paleozoic rocks
Tonto Group
€ba—Bright Angel Shale
€t—Tapeats Sandstone
S | Neoproterozoic Rocks
YZn—Nankoweap Formation
Mesoproterozoic Rocks
Yc—Cardenas Basalt
Dox Formation
Ydo—0choa Point Member
Ydc—Comanche Point Member

Yds—Solomon Temple Member

Figure 3-3. Mesoproterozoic rocks in contact with lower Tonto Group (Tapeats Sandstone and Bright
Angel Shale) in eastern Grand Canyon (Billingsley et al. 2019: Figure 4).

Unkar Group: Bass Formation (Mesoproterozoic)

The Bass Formation is primarily composed of dolomitiéh some interbedded sandstone, mudstone,
and pebble conglomerate, aboutt6@00 m (20Qto 330 ft) thick. The basal part of the formation is a
cobble conglomerate known as the Hotauta Member. The Bass Formation is interpreted as mostly
shallow to resicted marine, with increasing clastic input over time. It grades into the overlying
Hakatai Shale. The base of the formation dates to approximately 1254 Ma (million years ago)
(Timmons et al. 2005, 2012). This formation is significant for preservingldestcevidence of life

in GRCA.

Unkar Group: Hakatai Shale (Mesoproterozoic)

The Hakatai Shale is a clastic unit consisting of primarily siltstone angfaieed sandstone, with
lithologies ranging from mudstone to conglomerate, varying fromd 300 m(450to 980 ft) thick.

The upper contact with the Shinumo Sandstone is unconformable. It is interpreted as a shallow water
unit from marginal marine, tidal flat and deltaic settings, deposited at least in part after 1187 Ma
(Timmons et al. 2005, 2012).

Unkar Group: Shinumo Sandstone (Mesoproterozoic)

The Shinumo Sandstone is a mostly quartzitic sandstone interpreted asadng shoreface unit.

It is approximately 35%0 410 m (1,16Q0 1,350 ft) thick and has a gradational contact with the
overlying Dox Formation (Timmons et al. 2005, 2012). It may be as old as ca. 1170 Ma (Timmons et
al. 2012) or as young as 1140 Ma (Mulder et al. 2017).
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Unkar Group: Dox Formation (Mesoproterozoic)

The Dox Formation is predominantly composed of red sandstone. tiefiprieted as initially a fluvial

to deltaic unit, becoming more marine over time (Timmons et al. 2012; Mulder et al. 2017). It has
been divided into four members, in ascending order: the Escalante Creek, Solomon Temple,
Comanche Point, and Ochoa Point Memsh with a combined thickness of approximately 920 m

(3,020 ft) (Elston 1989a). Deposition occurred between approximately 1140 and 1104 Ma (Timmons
et al. 2012; Mulder et al. 2017).

Unkar Group: Cardenas Basalt (Mesoproterozoic)

The Cardenas Basalt is anfossiliferous basalt unit formed by eruptions that began near the end of
Dox Formation deposition, as shown by interfingering Dox beds and Cardenas lava flows. It is about
300 m (980 ft) thick and dates to approximately 1104 Ma. Its upper contact iNattkoweap

Formation is unconformable (Timmons et al. 2005, 2012).

Grand Canyon Supergroup: Chuar Group
The Chuar Group consists of the Neoproterozoic Nankoweap, Galeros and Kwagunt Formations,
each with their own members.

Chuar Group: Nankoweap Formatif¥eoproterozoic)

The Nankoweap Formation can be divided into a lower red unit of heroatitented sandstone and
mudstone, and an upper white unit of siltstone and sandstone (Timmons et al. 2012). These two
informal members have an unconformable contawd, the overall thickness of the formation varies
greatly from 113 to more than 250 m (Id0more thar820 ft) (Elston 1989a). This unit was recently
found to be much younger than previously inferred by dating detrital zircons, at less than
approximately782 Ma, and has been added to the Chuar Group (Dehler et al. 2017).

Chuar Group: Galeros Formation (Neoproterozoic)

The Galeros Formation is a dominantly clastic unit, mostly mudstones with some sandstone and
dolomite beds. It is divided into four membedrsascending order the Tanner, Jupiter, Carbon

Canyon, and Duppa Members. Like the similar overlying Kwagunt Formation, it is interpreted as
representing primarily wavend tidalinfluenced marine deposition and supratidal. The upper

contact with the Kwgunt Formation is gradational, and the two together are about 1,600 m (5,250 ft)
thick (Dehler et al. 2001, 2012). It dates from after 782 Ma to approximately 751 + 7.6 Ma (Rooney
et al. 2018).

Chuar Group: Kwagunt Formation (Neoproterozoic)

The Kwagunt Fomation is lithologically similar to the Galeros Formation and is also divided into
several members (in ascending order the Carbon Butte, Awatubi, and Walcott Members). It was also
primarily deposited in shallow subtidal to intertidal settings, with m@guent episodes of subaerial
exposure than the Galeros Formation (Dehler et al. 2001, 2012). Deposition occurred after
approximately 751 Ma to about 729 + 0.9 Ma (Rooney et al. 2018).
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Paleozoic Stratigraphy of Grand Canyon

Outcrops of 17 distinct Paleozdiormations have been reported in GRCA, ranging in age from the
Cambrian to the Triassic. These rocks vary greatly in depositional environments ranging from open
marine to eolian terrestrial. As discussed in following chapters, they also preserve artapad

fossils, from Cambrian invertebrate burrows and trails, to Devonian fish, to Mississippian crinoids, to
Pennsylvanian vertebrate tracks, to Permian plants and insects. GRCA boasts one of the most
complete Paleozoic records in the National Parke®ysparticularly from the Late Devonian

through the end of the Permian.

Tonto Group (loweri middle Cambrian)

The Tonto Group (Figure®3 and3-4) consists of th&ixtymile FormationTapeats Sandstone,
Bright Angel Shaldéor Formation) Muav Limestongor Formation) andFrenchman Mountain
Dolostone (Karlstrom et al. 202@jistorically it included only the Tapeats, Bright Angel, and Muav
Formationslt is misleading to consider thethreeunitsassimpleflayer cakeé beds The formations
are defined by lithology ancebausealeposition occurred over many smsdiale marine regressions
and transgressions during the overall marine transgres$isedithologiesintertongue extensively,
making mapping complicated (Beus and iBdkley 1989; Huntoon 1989).

Tonto GroupSixtymile Formationlower Cambrian)

The Sixtymile Formatiomvas thought to be Precambrian in age until recently, when dating of detrital
zircons established it as Cambrian in age (Karlstrom et al. 2018anltyisound in a few areas of
eastern GRCA and is composed of-redwhite sandstone and siltstone with chert and
interformational breccia (Elston 1979). What had previously been described as the lowest part of the
formation has been transferred to theemigwagunt Formation (Timmons et al. 2001). The

Sixtymile Formation was deposited in lacustrine, fluvial, and shallow marine settingsin fault
controlled basins. Detrital zircons indicate it was deposited between 520 and 509 Ma, making it
contemporaneous ipart with rocks of the lower Tonto Group in the western Grand Canyon and
Lake Mead regions (Karlstrom et al. 2018). There is an angular unconformity between the Sixtymile
Formation and the overlying Tapeats (Tonto Group) (A. Mathis, pers. comm., De@hBgr
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EXPLANATION
Paleozoic rocks
Redwall Limestone
Mrm—Mooney Falls Member

Mrt—Thunder Springs Member

Dtb—Temple Butte Formation

Tonto Group

€u—Undifferentiated dolomites

€m—Muav Limestone

Figure3-4.Upper Tonto Group (Cm=Muav Limestone; Cu=o0oundiffe

Frenchman Mountain Dolostone), Temple Butte Formation (Dtb), and Redwall Limestone (Mrw=Whitmore
Wash Member; Mrt=Thunder Springs Member; Mrm=Mooney Falls Member) in eastern Grand Canyon
(Billingsley et al. 2019: Figure 5).

Tonto Group: Tapeats Sandstofeveri middle Cambrian)

The Tapeats Sandstone is a meditmtoarsegrained cliff -forming conglomeratic sandstone (Beus
and Billingsley 1989)At GRCA, this unit is deposited on what had been the hilly terrain of
weathered Precambrian rocks (the Grand Canyon Supergroup in eastern GRCA, the older Vishnu
Basemenin western GRCA) (Middleton and Elliott 2003)he unconformity withall underlying
Precambrianacks is known as the Great Unconformityre base of the Tapeats Sandstone is locally
conglomeraticwith mudstone and fine sandstone becaptommon toward the top, where the
Tapeats Sandstone forms a transition zone with the overlying Bright Angel(SBlddéeton and

Elliott 2003). Three members may be apparent in the western part chnlyen, with a shale
(mudstoneyich member sandwiched between sandstone members (Elston 1989d).

Historically, the Tapeats Sandstone and the rest of the Tonto Groupamsrdered to span much of

the Cambrian and were interpreted as a classic example of a gradual marine transgression in which
the nearshore sands of the Tapeats Sandstone were replaced by successively deeper marine deposits
of the Bright Angel Shale and Mu Limestone (McKee and Resser 1945). More recent study

indicates that the marine transgression responsible for the Tonto Group took place over a much
shorter time frame (Karlstrom et al. 2018). West of GRCA, the upper Tapeats Sandstone includes
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rocks depsited approximately 508 to 504 Ma, while in eastern GRCA, the Tapeats Sandstone has a
maximum depositional age of 505.4 + 8.0 Ma (Karlstrom et al. 2018).

The Tapeats Sandstone is typically interpreted as representing shallow marine sand deposition under
significant tidal influence, with more terrestrial environments toward the base (Hereford 1977;
Middleton 1989; Middleton and Elliott 2003)lowever, the formation may have been more

continental overall, perhaps a fluvial braidplain (Baldwin et al. 20004 .thickness of the formation

varies from very thin or absent where deposited over prominent paleotopographic highs, to 90 m

(300 ft), 12to 15 m (40to 50 ft) of which arepart of atransition zone (Beus and Billingsley 1989).

Tonto Group: Bright Angel St (Middle Cambrian)

The Bright Angel Shale is a mixed formation mostly composed of émaldstone}o fine-grained
sandstone (Middleton and Elliott 2003he rocksare sometimedivided intonumerousnembers
(McKee 1945Spamer 1984; Beus alillingsley 1989).It appears to have been deposited between
approximately 505 to 501 Ma in Grand Canyon (Karlstrom et al. 2G18&s a complex gradational
and intertonguing relationship with the overlyikigiav Limestone (Middleton 1989).0 simplify

maters, Elston (1989d) has suggested transferring the lower portion of the Muav Limestone to the
Bright Angel Shale. The Bright Angel Shale is abbdif to 150m (350to 500ft) thick (Billingsley

2000.

The Bright Angel Shale igenerallyinterpreted as shallowmarineshelf unit (Middleton and Elliott
2003).The various members correspond to minor transgressions and regressions (Elston 1989d; Beus
and Billingsley 1989)When interpreted as more continental, the rocks are instead seen as
representing estaaand tidal flat settings (Baldwin et al. 200d)luenced by storm events (Elliott

and Martin 1987)The lack of acritarchs in the mudstondgse dominant lithology of the formation,

may be evidence faninimal marine influence in those k&(Baldwin etal. 2004).

Tonto Group: Muav Limestone (middle Cambrian)

The Muav Limestone is composed of limestone, dolomite, thin émaidstonepnd siltstone, and
conglomerate (Spamer 1984; Middleton and Elliott 2003), and forms cliffs at GRCA (Middleton and
Elliott 2003).Like the Bright Angel Shale, it can be divided into multiple memf@&psamer 1984;
Middleton 1989; Middleton and Elliott 2003]rilobites of the Muav Limestone can be attributed to
the same part of the Cambrian as the Bright Angel Shale of e &RELA (Karlstrom et al. 2018), so

it is likely not substantially youngelt is between 45 and 245 m (150 and 800 ft) thick (Spamer
1984).1ts uppercontactis an unconformity witltheunnamed dolomite unit (Beus and Billingsley
1989).

The Muav Limestoneés interpreted as representing subtidal to supratidal offshore deposits

(Middleton and Elliott 2003)The various members correspond to minor transgressions and
regressions (Elston 1989d; Beus and Billingsley 19B8¢re are also some tidal flat deposits,
particularly in the western part of GRCA (Wanless 1973; Baldwin et al. 2004).
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Tonto GroupfFrenchman Mountain Dolostoriiddlel 2upper Cambrian)

Above the Muav Limestone at GRCAisilani t hi st ori cally known as the
dol omi t e s 0d totheoFrenchnsas Mogintaen Dolostone by Karlstrom et al. (2020). It
consists ofvhite to gray dolomite unit with thin layers of sh&eudstonepetween beds, especially

in the lower part of the unit. Its exact age isemain, due to the paucity of fass The thickness

varies from 60 to 140 m (200 to 450 ft) (Beus and Billingsley 1988} unit is found irwestern

GRCA (Middleton 1989) It is alsosometimes called th@&SupraMuawo or fiGrand Wash Dolomite

in the literaturgMiddleton 1989), although the latter name is precluded from formal usage because
fiGrand Washis already in use for a different unit in the area (Elston 1989d). This unit is interpreted
as shallow subtidal to possibly intertidal in depositional settifigdleton and Elliott 2003),

depositedn aregressing sea (Spamer 1984).

Temple Butte Formation (Middlei Upper Devonian)

The Temple Butte Formatidifrigure3-4) is a dolomitgdolostone)and sandstone unit, becoming
mostly dolomitic in western GRCA (Beu989).In eastern GRCA, it idiscontinuousfilling
channels cut into the underlying Cambrian rotkisecomes a thicker and continuous layer in the
western part of the park, with dolomite over the channel fill (Spamer 198#)e descriptions have
combiredpart of the unnamed Cambrian dolomite with the formation (Beus 2008apdont
fossils have been used to date the Temple Butte Formatibalate Middle and early Late
Devonian (Beus 1980yhere present, it is up 85 m (450 ft) thickn westernGRCA (Beus and
Billingsley 1989).Both the loweicontactwith Cambrian rocks and the uppemtactwith the
Redwall Limestone are unconformities (Spamer 1984).

Most of the Temple Butte Formation is interpretedegsesentinghallow, subtidal, open marine
settings in western Grand Canyoalthough some of the dolomite may be supratidal and the channel
fill could correspond to tidachannels in eastern Grand CanyBeus 2003a)A transgression

occurred during the deposition of this unit, moving west to (&eis 1989).

Redwall Limestone (Loweri Middle Mississippian)

The Redwall Limeston@rigures3-4 and3-5) is made up mostly of limestone, with some dolomite,
chert, and mudstone (Beasal.1989).The most detailed description of the unit is McKee and
Gutschick (1969a), which includes data from a number of GRCA localities cliff-forming unit is
actually gray, but in the canyon it has bstined rean the surface by iron oxides washed from the
overlying Supai Group (McKee and Gutschick 19693tereare four members, all present at

GRCA from oldest to youngest, they are the Whitmore Wash, Thunder Springs, Mooney Falls, and
Horseshoe Messlembers (McKee 1963J.he Whitmore Wash Member is mostly limestone and
dolomite, thickening from 15 m (50 fit) eastern GRCA to 36 m (120 ft) in western GR@Aich

dates to the Early Mississippiafhe Thunder Springs Member is a distinctively banded unit, due to
alternating carbonate and chert bdtls 30 m (100 ft) thick in eastern GRCA, increasing to 43 m
(140 ft) in western GRCAIt is slightly younger than the Whitmore Wash Mem@dre Mooney

Falls Member is a massive cliibtrming limestoneandspangrom 76 m (250 ft) thick in eastern

GRCA to 104 m (340 ft) thick in western GRClAdates to the earlyliddle MississippianFinally,

the Horseshoe Mesa Member, composed of limestone ledges, is thinnest, ranging from 0 to 30 m (0
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to 100 ft) thick.It is absent where the overlying chanfiting Surprise Canyon Formation is
presentlt is slightly youngerhan the Mooney Falls Member (Beus and Billingsley 1988dhin
the formation, there is a depositional hiatus between the Thunder Springs and Mooney Falls
Members that becomes progressively greater from west tdBeast {989 Shortly after its
depositim, the upper part of the Redwhlmestoneeroded to form a karst tain (McKee and
Gutschick 1969dand erodes into overhangs and caves today (McKee and Gutschick 1969b).

e—
EXPLANATION

Paleozoic rocks

Supai Group

Pe—Esplanade Sandstone
Pwe—Wescogame Formation
[Pm—Manakacha Formation

[Pwa—Watahomigi Formation

Ms—Surprise Canyon Formation

Mr—Redwall Limestone

Figure 3-5. Redwall Limestone (Mr), Surprise Canyon Formation (Ms), and overlying Supai Group
(Pwa=Watahomigi Formation; Pm=Manakacha Formation; Pwe=Wescogame Formation; Pe=Esplanade
Sandstone) (Billingsley et al. 2019: Figure 6).

The Redwall Limestone records two marine transgresgigression cycleg.he older and larger

cycle is rgresented by the transgressional Whitmore Wash Member and the regressional Thunder
Springs Member, and the second cycle is represented by the transgressional Mooney Falls Member
and the regressional Horseshoe Mesa Mentbeug 1989 The marine body transgssed from west

to east, forming a shallow sea (Beus 200Sk)\eral types of limestone and other rocks are found
throughout the members and correspond to different environments on the shelf (McKee and
Gutschick 1969c)Distinct fossil assemblages are falfrom these different settingsor example,
featureless limestone appears to represent lime mud deposits that were not conducive to life, with the
only numerous fossils being massive colonial co@éitic limestone (limestone composed of small
sphercal particles) is probably from warm shallow water with moderate energy, and has a faunal
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assemblage of foraminifera, corals, ostracodes, and sea cucumbers, with algal structures (McKee and
Gutschick 1969d).

Fossil preservation in the Redwall Limestonguge variable, depending on the matorganisms,

and environment-ossils found in chert are often the best, though usually preserved as molds
(McKee and Gutschick 1969djossils in GRCA& Whitmore Wash Member were often destroyed
when limestonevas atered todolomite (Beus 2003b), a common phenomenon in southeastern
GRCA (McKee and Gutschick 1969€)pssils are common in the Thunder Springs and Mooney
Falls members (Beus and Billingsley 198B)e limestone beds of the Thunder Springs Member are
crinoid-rich, while the chert bedmeformedby silicified bryozoanimestones and mudston@eus

and Billingsley 1989)The best fossils are found in the chHestis(Beus 2003b)Bryozoans dominate
the Thunder Springs Member fossil assemblages in eastern GRCA, while crinoids dominate central
GRCA, and a mixed bryozoabrachiopoegastropoecrinoid fauna is present in western GRCA.
Fossils of the Mooney Falls Member are only veserved in a few scated zoneOtherwise,
specimens are fragmentary (McKee and Gutschick 1968e3ils are rare again in the Horseshoe
Mesa Member (Beus and Billingsley 1989); however, when prdderdeshoe Mesa Member fossils
are weltpreserved (Beus 2003b).

Surprise Canyon Formation (Upper Mississippian)

The Surprise Canyon Formati¢figure3-5) is a discontinuous unit found filling pale@lleys and
other karst features eroded in the upper Redvirgléstone The Surprise Canyon Formation also
occurs incavesin the Redwall Limestor@ Mooney Falls and Horseshoe Mé$ambers

(Billingsley and Beus 1985t is found only inthe Grand Canyon regioRormally named in 1985,

its outcrops were first thought to be part of the Redwall Limestone or the Watahomngitieor
(Billingsley and Beus 1985After it was recognized asdistinctunit, but beforat was formally
describedit was known as the pi®upai buried valleys or canyons (Billingsley and McKee 1982;
Spamer 1984)The lower portion is composed fidivial conglomerate and sandstone with some
mudstone and siltstone (Beus 2003)e coarsesnaterial is found near the base, grading up into
sandstone (Beus and Billingsley 198Bhe middle portion is a clifforming marinelimestone.

Finally, the upper paitcludesmarine slopdgorming siltstone, sandstone, and silty to sandy
limestone (Beus 2003bYlost of the limestone of the upper unit is at the top, so there is a sitstone
sandstone slope above the middle d@nitiff leading to a cliff higher in the per unit (Billingsley

and McKee 1982)The valleys filled by the Surprise Canyon Formation amaashas 120 m (400

ft) deep It was deposited a few million years after the Redwall Limestone, and dates to the end of the
Mississippian (Beus 2003b)he upgr contactis an unconformity with the Watahomigi Formation
(Beus 1989).

The Surprise Canyon Formation forms a dendritic drainage system that can be traced through GRCA
(Billingsley and Beus 1999Flow moved from east to west (Beus 2003l)e threeparts of the

formation formed under different conditioris.general, the lower sandstone/conglomerate portion is
interpreted as fluvial, the middle limestone portion is interpretenaame and the upper silty

portion is interpreted asstuary The eastrndepositional aremay have been fluvial during its entire
deposition (Beus 2003bAn alternate paleoenvironmental interpretation for the entire formation is as

59



a more widespread shallow s&ais interpretationwould be more consistent with the distriion of
some of the marine fossils, but is not favored (Beus 2003b).

Supai Group

The SupaiGroup (Figure3-5) was recognized for many yearsthe Supai Brmation in the Grand
Canyon.t was designated as a group aves divided into four formations irfZ5.In ascending
order,these are the Watahomigi Formation, Manakacha Formation, Wescogame Formation, and
Esplanade Sandstone (McKee 1978)e coeval Pakoon Limestone intertongues with the Esplanade
Sandstone in western GRCA (Blakey and Knepp 1988 Supai Group as a whole is thought of as
a broad coastal plain, over which the sea advanced from the west and retreated severaktimes.
four formations represent different stages of several transgresgingssive cycles, with the
depositional settingseillating between continental (particularly eolian) and shallow marine
environments (Blakey 2003).

Supai Group: Watahomigi Formation (Lowdfiddle Pennsylvanian)

The Watahomigi FormatioffFigure3-5) is composed of mudstone, siltstone, limestone, and
dolostone.The lower and uppergotionsare slopgorming red beds, and the middle ikdge
forming carbonate (Blakey 2003)hese parts can be recognizebughouthe Grand Canyon
(Beus and Billingsley 1989 arbonates dominate western GRCA and mudsiongnates the
eastern outcrops in the park, with very little of the middle unit present (McKee 1832(24to 91

m (80to 300 ft) thick at GRCA, becoming thicker from east to west (Beus and Billingsley 1989).
The formation mostly dates to the EarlynRsylvanianAn erosional horizon represented by a
conglomerate marks both the base of the upper section and theMiddle Pennsylvanian
boundary (McKee 1982blt was deposited after a short hiatus followingdeeosition of the
Surprise Canyon Formah (Beus 1989)The uppercontactwith the Manakacha Formation may be
another unconformity (Blakey and Knepp 1989), or conformable (Blakey 2003).

The Watahomigi Formation is interpreted as a shoreline unit, deposited in shallow marine to coastal
plain setings (Blakey and Knepp 1989).is part of a marine transgression (McKee 1982hbg

upper portion had more marine influertban the lower portio(Blakey 2003)During theEarly
Pennsylvanian, a sea was present west of the modernQatibeado River, which expanded to the

east during the early middle Pennsylvanian (McKee 19&2s5ils in the Watahomigi Formation

suggest low energy conditions (McKee 1982d), but possibly too energetic or with too much sand and
silt for extensive coralrgwth (Gordon 1982).

Supai Group: Manakacha Formation (Middle Pennsylvanian)

The Manakacha Formatidfigure3-5) is primarily a mix of sandstone and limestone, with some
mudstone, conglomerate, and diitme(Blakey and Knepp 1989k is usually exposeds a lower

cliff and upper slope, with a conglomeratic zone between thelnlke other Supai Group
formations, there isot a basal conglomerate (Beus and Billingsley 1988ybonates are prominent
in western GRCA, grading to sandstone and mudstooenimal GRCA, and then mudstone and
sandstone in eastern GRCPhe top of the unit is a widelgcognized channeled surfabat marks

an unconformityfMcKee 1982b)lts thickness is relatively consistent throughout the park, ranging
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from 61to 84 m (2000 275 ft) thick (Beus and Billingsley 1989 he Manakacha Formation dates
to the early Middle Pennsylvanian

The Manakacha Formation was initially interpreted as a dominantly marine formation (McKee
1982c), representing marine shelf to open marine enwieois, with mudstone limited to restricted
marineenvironment&nd the dominant sandstone and limestone deposited under high energy
(Blakey and Knepp 1989More recently, it has been interpreted as dominantly edfialan
deposition began encroachingrm the north into the area that had been submerged by the marine
transgression of the Watahomigi Formation (Blakey 2003).

Supai Group: Wescogame Formation (Upper Pennsylvanian)

The Wescogame FormatigRigure3-5) is a mixed unit, with limestones prominemextreme

western GRCA, sandstones dominant in central GRCA, and mudstones increasing in prominence in
eastern GRCAIt is exposed as a lower cliff and upper slope (Blakey 2008)the most complex of

the Supai Group formations, with rapidly shiftiragk types (Blakey and Knepp 198%he

thickness is between 30 and 69 m (100 and 225 ft) at GRCA (Beus and BillingsleyB&83he

upper and lowecontactare unconformities (Blakey 2003Jhe Wescogame Formation dates to the

end of the Late Pennsywmian.

The Wescogame Formation is interpretepr@slominatelyeolian, representing one or more large
dune fields (Blakey 2003Fluvial, coastal plain, shoreline, shelf, and open marine settings are also
likely represented in its various rock types (Baked Knepp 1989).

Supai Group: Esplanade Sandstone (lower Permian)

The Esplanade Sandstofregures3-5 and3-6) is a quartzrich sandstone, with basal and upper
slopeforming beds of finer sediments (McKee 1982tyvas depositeduring the early Permia
(McKee 1982d)The lower portion of the Esplanade Sandstone intertongues with the Pakoon
Limestone in western GRCA (Blakey and Knepp 1988 combined Esplanade Sandsione
Pakoon Limestonthickensfrom east to west, going from 91 m (300 ft) thick in eastern GRCA to
more than 137 m (450 ft) in the western part of the park (Billingsley 198&)lowercontactwith

the Wescogame Formation and the upggmertactwith the Hermit Formation are unconforbie. The
base of the unit in eastern and central GRCA is a conglomerate that fills paleochannels in the
Wescogame FormatidiBeus and Billingsley 1989).

The depositional environment of this formation has been interpretedliiple ways. The marine
interpretation sees the Esplanade Sandstone as mosthehéyy marine sandstone with more
terrestrial beds at the top and bottom (McKee 1982c; Blakey and Knepp TB83ore current
interpretation is that it is an eolian unit (Beus and Billingsley 198%e®12003).0r part of a large
coastal plain (Blakey 2003)he base was probably less eolian than the rest of the unit (Blakey
2003).Marine influence increased to the west, as evidenced by the change into the Pakoon
Limestone (McKee 1982ckomegypsumis also present (Blakey 2003).
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EXPLANATION
Paleozoic rocks
Kaibab Formation
Pkh—Harrisburg Member
Pki—Fossil Mountain Member
Toroweap Formation
Ptw—Woods Ranch Member
Ptb—Brady Canyon Member
Pts—Seligman Member
Pc—Coconino Sandstone

Ph—Hermit Formation

Supai Group

Pe—Esplanade Sandstone

Figure 3-6. Uppermost Supai Group (Pe=Esplanade Sandstone), Hermit Formation (Ph), Coconino
Sandstone (Pc), Toroweap Formation (Seligman Member=Pts; Brady Canyon Member=Ptb; Woods
Ranch Member=Ptw), and Kaibab Formation (Fossil Mountain Member=Pkf; Harrisburg Member=Pkh)
(Billingsley et al. 2019: Figure 7).

Pakoon Limestone (lower Permian)

The Pakoon Limestone is a heterogeneous unit including dolomite, limestone, sandstone, mudstone,
and gypsum (Blakey and Knefip89. It is mostly dolomite and limestone the Grand Canyon
region(Blakey 2003)lt intertongues with the lower Esplanade Sandstone in western GRCA (Blakey
and Knepp 1989), and dates to the earliest Permian (Blakey db@3Pakoon Limestone is

interpreted as aehar water, shallow marine unit (Blakey 2008)s not mapped separately from the
Esplanade Sandstone within GRCA (Billingsley and Wellmeyer 2004; Billingsley et al. 2006a).

Hermit Formation (lower Permian)

TheHermit FormationFigure3-6; formerlyknownas HermitShale) is a mixed red bed unit
composed oferyfine grainedsandstone, siltstone, andnor mudstoneAt GRCA, it is known as a
reddishbrown, slopeforming unit (Blakey 2003)its common alternate name is a misnorasit
includes very little true shal@he thickness varies greatly from 49 m (160 ft) in eastern GRCA to
244 m (800 ft) in western GRCA (Beus and Billingsley 19&9)ates to the late early Permian
(Blakey 2003) Although there is munconformity between the Hermit Formation and the underlying
Esplanade Sandstomgth deep channel cutthere was probably little time between the two (White
1927).The uppercontact with the Coconino Sandstone, is atisconformalte, but is sharp (Beus
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and Billingsley 1989)The Hermit Formation is interpreted abraad coastal plaiandfluvial, but
wasalso deposited as loess and scattered eolian dunes (Blakey and MiddletoT B8 XHmate
was probably serarid, with long hd, dry seasons (White 1929

Coconino Sandstone (lower Permian)

The Coconino SandstoffEigure3-6) is a finegrainedeoliansandstone, changing from white and
tan to brown or red in western GRCA (Beus and Billingsley 1988Bjs unit is bracketed by othe
unitsdatedto the lateearly Permian (Blakey and Knepp 198B)omeast to westhe unitthickens
rapidly in eastern GRCA to ZIm (700 ft) and then thins to practically nothing in western GRGA.
base forms a sharp unconformity with the Hermit FaionaBeus and Billingsley 1989 he upper
contactwith the Toroweap Formation intertorgg(Blakey and Knepp 1989The Coconino
Sandstone is interpreted as an eolian unit formed asggHunt et al. 2005)Sand was deposited by
wind action (Blakey an&nepp 1989)

Toroweap Formation (lower Permian)

The Toroweap Formation (FiguBe6) has been studied extensively and offers striking lateral and
vertical changes in lithofacies over a relatively small area. Members with carbonate and evaporite
lithologies are more easily discerned in western outcrops and these distinctions become absent in the
eastern phase that is mostly crbeslded sandstone (Turner 2003).

In the westtican be divided into three members in the GRCA;aneascending ordeghese are the
Seligman, Brady Canyon, and Woods Raktdmbers Theelatively thinSeligman Membeappears

to intertongue and be conformable with the underlying Coconino Sandstone and is no thicker than 15
m (45 ft) at GRCA (Turner 2003). Above the SelignMember is the overlyin@rady Canyon

Member, a cliffforming carbonateinit composed of limestorend mixed doloston@ western

GRCA.The Brady Canyon Membés thickest in western GRCAip t093 m (280 ft)thick. The

Brady Canyon Member thins uniformly the east to its depositional edge near Marble Canyon and
grades into the overlying Woods Ranch Member, mostly macdepefitive evaporites, limestone,

and sandstond he Woods Ranch Member forms distinctive slopes and attains a maximum thickness
of abou 60 m (180 ft) (Turner 2003T.he Woods Ranch Member is interpreted as a shallow

evaporitic marine shelfthe climate during deposition of the Toroweap Formation is thought to have
been semarid to arid (TurneR003. At GRCA, gypsum and/or contorted siitones of the Woods

Ranch Member always underlie the Kaibab Formation. (Hopkins and Thompson 2003).

Most fossils in the Toroweap Formation are from the Brady Canyon Membefpgsils in the
Woods Ranch Member limited to an unusBehizoduded near ta top of the membdMcKee
1938;Rawson and Turner 1974).

Kaibab Formation (loweri middle Permian)

The Kaibab FormatiofFigure3-6) is a complex sedimentary package of numerous lithologies. At
GRCA, itforms the canyon rimand is 9o 120 m (30Qo 400 fi) thick (Hopkins and Thompson

2003) Early workers divided the Kaibab Formation into the Gamma, Beta, and Mphebers

(McKee 1938), which have since been subsumed into the Fossil Mountain and overlying Harrisburg
membersThe Fossil Mountain Member isdlequivalent of the Gamma and Bbtambers, and the
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Harrisburg Member is the equivalent of the Alpha Member (Blakey and Knepp T3&9}.is a
major feature of th€ossil Mountain Member at GRCANd it is quite voluminous and varied in
character and weagrs to form distinct recesses along cliff faces. It is mostly attributed to the
original distribution and abundance of siliceous sponges and spicules. In the west, the Fossil
Mountain Member is more carbonateh (fossiliferous limestone) but becomes meailiciclastic
eastward (sandstone, sandy carbonate, and dolomite) (Hopkins and Thompson 2003). It thickens
westward and ranges from #%205 m (2500 300 ft) thick, to approximately 60 m (200 ft) at the
type section at Fossil Mountain along the south The Harrisburg Memberonstitutes the
uppermost cliffs and ledges at GRCA asé mixed unit includingypsum, dolostones, sandstone,
redbeds, chert, and minor limestombicknesses range from #90 m (80to 300 ft) at GRCA, and
numerous subunire discernable in its overall extent (Hopkins and Thompson 2003).

The Kaibab Formatiois evidence of an ancient seaway covering the GRCA area in the Permian. A
complex depositional history is evidenced by the mixing of carbonates and siliciclastics with
numerous variations of subtidal to shaltlavarine settings. The Fossil Mountain Member documents
a west to east shift of fossiliferous opmarine limestones to restrict@darine sandy dolostones and
the Harrisburg records retreat of the Kaibab Sea (Hspkmad Thompson 2003)

Mesozoic Stratigraphy of Grand Canyon

Limited exposures of Mesozoic formations are found at Cedar Mountain near Desert View in GRCA,
including the LowerMiddle Triassic Moenkopi Formation and the Upper Triassic Chinle Formation.
These units were evaluated for paleontological resources dhar&Pl9 GRCA PaleoBlitz and are
discussed ilChapterl0 of this volumeAdditionally, the Lower Jurassic Wingate Sandstone,

Moenave Formation, Kayenta Formation (and Springdale Sandstone Member), and Navajo
Sandstone are known in the surrounding Grand @aregion (Billingsley et al. 2019) but naiithin

GRCA.

Moenkopi Formation (Loweri Middle Triassic)

The Moenkopi FormatiofFigure3-7) is a continental retded unitftoundacross the American
Southwest (McKee 1954; Stewart et al. 1&#Bat includes margal marine depositional facies in

its western exposures (Nevada and Utah) and regressive freshwater fluvial and lacustrine facies in its
eastern exposures (Arizona and New Mexico). The onigpletesection of Moenkopi Formation
exposed within GRCA occuet Cedar Mountaijradjacent to the far eastern boundary near Desert
View. This 2 km(1.2 mi)wide feature is largely covered by loose talus and juniper, trbaes

includes the WupatkMoqui, and Holbrook Membey all of which are also exposed along the
nearbyLittle Colorado River Valley from Cameron to Holbrook, Arizona. Nqlilé22) determined
that the Moekopi Formation at Cedar Mountain is nearly 150490 ft) thick. The Wupatki

Member at Cedar Mountain is characterized by low mounds of figgimated sandstone, the

Moqui Member is a slopormer with interbedded evaporite/channel complexes, and the Holbrook
Member includes the clifforming Aupper massive sandstané&ossils have been reported from the
Moenkopi Formation at GRCMMarsh et al. thiseport),andsimilar sections nearby are known for
producing actinopterygian fish, mastodonsauroid, trematosaurian, and brachyopid temnospondyl
amphibians, tanystropheid reptiles, and pseudosuchian archosaurs (Welle9694Resbitt 2000
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20053 2005b).Terrestrial vertebrate (Lucas 2010; Martz and Parker 2@&fjological
biochronology (McKee 1954; Klein and Lucas 2010; Henderek et al. 28Ad)-Pb detrital zircon
geochronology (Dickinson and Gehrels 2009) suggest that at least the uppermdghpart o
Moenkopi Formation is Middle Triassic in age.

EXPLANATION
Mesozoic rocks
Chinle Formation
Tg cs— Shinarump Member
Moenkopi Formation
Temh —Holbrook Member

Tzmm —Moqui Member

Temw — Wupatki Member

Figure 3-7. Mesozoic rocks in eastern GRCA at Cedar Mountain (NPS/DIANA BOUDREAU).

Chinle Formation (Upper Triassic)

The only exposure of the Chinle Formatigingure3-7) within easterrGRCA caps the Moenkopi
Formation section at Cedar Mountain and is represented by the Shinarump Member (formerly the
fiShinarump ConglomeraieNoble 1922; Repenning et al. 1969; Stewart et al. B T2is

approximately 8 nf26 ft) thick here and is charrized by wellcemented channel conglomerates

with mud ripup clasts and pieces of (or entire) petrified conifer trees. No vertebrate fossils are
known from the Chinle Formation (Shinarump Member) at GRalAterrestrial vertebrate
biochronology and WPbdetrital zircon geochronology of overlying and/or equivalent units constrain
the entire Chinle Formation to the Late Triassic (Lucas 2010; Atchley et al. 2013; Riggs et al. 2016;
Martz and Parker 201Kent et al. 201p

Conclusions

The Grand Canyon serv@s a geologic and paleontologic windote ithe past. The padontairs

colorful, aweinspiring rocks and traces of life that showcase spectacular stratigraphy and tell a vast
story of almostwo billion years of earth history and organism evolution, imglit one of the

geologic wonders on Earth. The Vishnu Basement rocks, Grand Canyon Supergroup rocks, and
Layered Paleozoic rocks combine to present a story like no place on Earth. These old rocks contrast
nicely with the geologicalljiyoungd age of the anyon. Magmatism, volcanism, metamorphism,
deposition, and erosion are all visible on a grand scale at Grand Canyon, leaving their evidence for
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the viewer to decipher this planetds rich geol o
eons.
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Chapter 4. Precambrian Paleontology of Grand Canyon
National Park

By JustinTweet

INational Park Service
9149 79th Street S.
Cottage Grove, Minesoteb5016

Introduction

ThePrecambriampaleontologyf GrandCanyonNationalPark(GRCA) is fundamentallyunlike the
paleontologyof any otherportion of the parkés substantiaktratigraphiaccolumn.Thereareno shells,
teeth,bonesfootprints,leavesor similar largefossils. The only fossilsvisible to the nakedeyeare
layeredstructuredeft by microbialmatsandthevery largestof a diverseassemblagef microfossils.
Thetoolsof choicearenot shovelsandpicks, but chemicaltreatmentandpowerfulmicroscopes.
Very few visitorswould be ableto spota Precambriariossil. Notwithstandinghe humble,
inconspicuousatureof thesefossils,they offer importantglimpsesat two stagesn the development
of life, approximatelyl,250to 1,100million yearsago(Ma) and780to 730Ma, long beforethe
appearancef familiar multicellularorganismswith hardparts.The Precambriarfiossilsof GRCA
aretheoldestfossilsof the parkandincludetype specimengor 18 taxa(Appendix4-B), suchasthe
organicwalled microfossilChuariacircularis andspecief Melanocyrillium thefirst described
vaseshapednicrofossil,aswell asthe notablepseudofossi{resemblinga fossil butinorganicin
origin) Brooksellacanyonensidirst describedasa possiblgellyfish. Theyalsohavea placein the
history of Precambriampaleontologyfrom CharlesWalcotis early explorationgo the present.

History of Research

An excellentsummaryof the early Precambriampaleontologyof GRCA canbefoundin Spamer
(1984).Although Powell (1876)andWhite (1876)briefly mentionedpotentialfossilsin the Grand
CanyonSupergrougatthattime definedasa group),the studyof Precambriarfiossilsat GRCA was
pioneeredy CharlesDoolittle Walcottin the 1880sand1890s.The studyof Precambriarfiossilsin
generalWwasjust beginning,andWalcottmadeseveraimisidentificationsamonghis morelasting
discoveriegseealsofiNotablePseudofossiland Dubiofossils below). For example his erroneous
identificatiors of severafifossilg led him to initially regardthe ChuarGroupasCambriann age
(Walcott 1883).0f his initial assemblagegnly the fistromatoporoids(stromatolitespndsomeof the
fibrachiopods (Chuaria) provedto belegitimatefossils, andheretreaten severabf the
identificationslater (Walcott 1899).Walcott (1899)includesstratigraphiadescriptionsf the Grand
CanyonSupergroumndthedescriptionof Chuariacircularis (Figure4-1). Dawson(1897)alsogave
thenameCryptozooroccidentaleo anexampleof Walcotis fistromatoporoidsduring this time
frame.

After the 1890s,Walcotts attentionturnedto othertopics,includingthe overlying Cambrianstrataat
GRCA, andlittle researcton Precambriarfossilsat GRCA wasconducteduntil the 1920s.Toward
theendof the1920s,David White briefly mentionedsomefossilsandpotentialfossilsfrom the
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Precambriamocksof GRCA alongsidehis researclon later Paleozoiglantfossilsfrom the canyon
(White 1927,1928a,1928b,1929).Becausef Whiteds paleobotanicalocus,the Precambriariossils
andpseudofossilke describedvereprimarily stromatolitesgdueto their fialgab origin, and
fifucoids, a now-obsoleteaermfor whatwerethenthoughtto be seaweeddiFucoid® asawholeare
now knownto includevariousinvertebrateourrowsandburrowlike sedimentaryeaturessuchas
mud cracks,andthe Precambriarfifucoidd appeato beinorganicfeatures.

Figure 4-1. Chuaria circularis depicted in Walcott (1899: Plate 27:12). C. circularis specimens are up to 5

mm (0.2 in)across, making them the | argest of. GRCAG6s Precambri a

Betweenthe 1920sand1970s mostof thework on GRCA Precambriampaleontologyfocusedon
objects nowgenerally regarded gseudofossilsThe mostsignificantof theseis thelong-
controversiaBrooksellacanyonensigrom the Nankoweag-ormation which wasfirst interpretedas
apotentialjellyfish (Van Gundy1937,1951;Basslerl941).A runningdialogon theinterpretatiorof
variousenigmaticfeaturedook placein theliterature(e.g.,Seilacherl956;Alf 1959;Cloud 1968;
Glaessnel 969;Nitecki 1971). Towardthe endof the 1960s,Fordetal. (1969)publishednitial
work towarda completestratigraphiae-evaluationof the ChuarGroup,andDownie (1969)
publisheda brief discussiorof microfossilsfrom theserocks,anareaof researchhatwould become
increasinglysignificant.

Beginningwith thelate 1960spublications paleontologicaork in the Precambriarmf GRCA has
focusedon the microfossilsof the KwaguntandGalerosformationsof the ChuarGroup.Many
advancesinddiscoveriesverepublishedduringthe 1970s,ncluding: theformal division of the
ChuarGroup(FordandBreed1973a);theredescriptiorof Chuariacircularis (FordandBreed
1973b,1977);thefirst reportof GRCA filamentousfossils(Schopfetal. 1973);andtheinitial
descriptionof vaseshapednicrofossils(Bloeseretal. 1977).Sincethe 1970s,Precambriamesearch
at GRCA hasdocumentedossilsincludingacritarchsandotherorganicwalled microfossils(Vidal
andFord1985;Nagyetal. 2009;PorterandRiedmarn2016),filaments(HorodyskiandBloeser
1983),vaseshapednicrofossils(Bloeserl985 PorterandKnoll 2000;Porteretal. 2003),and
apparenpuncturetracegPorter2016a).Chemicalbiomarkershavealsobeenstudied(Summonset
al. 1988;Brocksetal. 2016).In recentyearstherehavealsobeenre-assessmentsf the Nankoweap
Formation(Dehleretal. 2017)andSixtymile Formation(Karlstrometal. 2018),finding bothto be
youngerthanoriginally thought.In the caseof the Sixtymile Formation,it is now knownto be
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