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ABSTRACT1: 
The •m d-Cretu:cous .. (-125-80 Ma) was punctuated by major platc-tcdonic 
upheavals resulting in wldesJll'ead volcanism. mounm.m-build.lng.. eustatic sea•Li:Rl 
changes. ond cUmatk $hifl$ thnt together had a profound impact on tun:strial 
biotic as.strnblages. Paleontologkal evidcnee suggests tcrr~rial «:o$)1SltmS 
underwmt a major restructuring during thJs Jnterval, yet the pace and pa11em ar~ 
poorly constrained. Q.unnt lmpedimcn~ to piecing togdhtt the: geologic and 
biological history or the •mid-Cretaceous .. Include a relative paucity of. terres.tritil 
outaop stcmmlng from this dme intav:al, coupled with a historical undmtudy of 
Cngmmwy .smna. In the Western ln~dor of North America, sedimentary str.ua 
of the Turonlan-Santoni:an $lages rt emerging us key sources or data for refining 
the liming of «osystem transf ormatk>n during the muuition from tilt late-:.Early 
r.o ady-Late Cl'etaa!Oos. ln partJcolar, lhe Mormo Hill Formation (ZunJ Basin, 
New Mexico) ls especially important for detafllng the dmlng of the rise: cl 
iconic Late Cremc:«JUS vertebrate faunas. This smdy pttsents the first syaemai:k 
geochronologk:al framework for key' strata within the Mareno Hill Fonnaiion. .Based 
on the double-dating or (U-Pb) delrital zircons, ria CA-TIMS and LA-ICP-MS. 
interpret two distinct dcposidon31 phases of the Moreno Fflll Formation (lnltiaJ 
deposition llfa:r 90.9 Ma (middle Tumnian) and subsequent deposJtlon after 88.;6 Ma. 
(early C.oniaclan)). young~ than previously postulated bo.scd on oorrtl.atJom with 
marine bios:tratigra,phy, Sedimmt and the: co-occurring youthful subset ohJrcons are 
SIOllIC~ frcm ihe southwestern Cordillenn A.n: and MogoDon Highlands, wh.ic:h fed 
into the landward portion of the GaDup Ddtn (the Moreno Hill Fonnatlon) via 
northeastaly flowing chanMl complexes. Thi$ \\--Ork greatly 5trtngthcns tink.agt:s to 
other early Late Cretaceous sU'ata acrus the Western ln~nor. 
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INTRODUCTION 
The Moreno Hill R>rmation (Zuni Basin, New Mexico} provides an impor-tant snapshot 
of Nonh America1s late-Early to early-late Cremceous Mcso:zok sediment history. 
The MOl'mo HiD Formation and the larger Zuni Ba.~in ( , I) documtnt a dymuruc period 
of tectonic upheaval, aaivt volcanism. greenhouse cllmate. and on ever--cbanging coastal 
margin In North America (K.lulJm ft, o-tlarr , , Llc\.d 1.t .:J .. ... B..·tu..:>n. 2(,1.)9; 
Ch.d~1 r,·11u "' 411, .o,-t. H,iq. ~J-l; ,-IL! r ,,, J :X,18). Spedfic:aDy. the margin 
of the Westan lnt61or Seaway undm,,:ent significant shifts in coastal morphology 
and oo~led with on-going tectonism resulted In numerous uncooformities. la.teraJ 
discontinuities.. and cryptic or tenuous stratigraphic linkages ( \fol ri, ,. J t ; fo/tnsJ,rr 
ir iJl 20U2; Haq 11 J : Aibr1gh1 t· r,:..s. 2016; Db•"- d at .. '019). A.hhougb a number cL 
studies ha"t sought ton-solve thesie compbities by obtaining dqx>$itional ages via 
radiometric age dating. the •mid-Cretaceous• S10utbwestem shoreline (New .Mexico) of 
the Western lnteriorSeaway has brgi:lygone undere,;p]ored (La, w,. BradJor,I. ~111; 
Mqrr t "' -.01..'; ilnb.-r i' I .'O,J; B,-,l,\l) 1 , l J01 '-; /ulllr,.:.-r\rm•~'IJ cl aL, 2019-. 
l.ah-'4n. 20J9; Laurin er al. 2CJ9; Pan l'ow1i:n C: Durra "• 2019; Ritt' H rJcl~,: 
rJ.1 bl~ard fo. f.q,Jr.:m, ,-JIQ). Adjacent basirlJ offer little aid as utho.stratigraphlc 
relationships become lncr~l<ingly cryptk ( •ll•rigt1: c.. Tl!u, 1016; OT.mi, ,r ,1r 2019; 
I uckc.r tr al 2020). 

Furthermore, recent 1tudlcs have sought to address the vwiablc relationship d 
volcanJdastic (primary--deposit) and volcan.ilithlc (secondary-deposit) rock used to date 
sedimentary scqucnc:cs ( P , 1gr1 ,/ (' 111. ~JI T .-J, rer ,il. "', "'u). This ts increasingly 
Important, partkuhrly when de tingling the oomplcx.itles of Maxirnum Depositional Ages 
(MD.As) and ecosystem evolution within terrestrial depo-cmters that an marine-adjacml, 
Including possible linkages to the GaUup Deb (f•n-,,, , ti ,L, 2019: C"lu , ', 'fl 0. 
I-mud,, }t ti; 1hs.. l' ,rJ .. 'Or. ( Oll(U. l,1 rrht--,"$ d- Hubbcr-d "'19; Hnriou rr ul. 201 • 
l.i,1 6-Blt,Jn ·har)',1, 2019; U11. Bl,amullilf'j'il e-Sr«k/ont. , Utt uL, 20~ l"u kcr 
• r tJl ."'O 'O). 

8-as.ed on csm.bU.shed linkages to marine biosuatigraphk re.cords tied m radiometric dates 
dm\fed &om co-occurring bcntonkes.. pre"io~ty reported oi,s for the terrestrial Moreno 
Kil Formal ion place its deposition tntirdy within the Tu.ronlan (, ~t £' m c:1 .. ' I 1,r. 

I\ tjt d- h, ti /9. '.\foL.;1; a. ,: ' ... 1'; /t.lu..,v, 1'J l' 1.1/f IS-Kid I ,tl .... 006, .?UJO; 
fow/tT lfll j). yet. based on stratigraphic position (o~ri)1Jlg tht At:arque Sandstone) the 
!owaMormo HiD Fo.rmalioo was temporally ass~ to the mJd.dle to upper Turonian 
( P . J 9-17; [delta • t al 1983a; \\ "Yi. c: .I\ 'iUl.!f I ; , lt.U' ,JI:{ Wolh c- KirHJ ,.d. 
'tOOc\ F~ l. p. 118; kD0111.1 J, 1••01Ji ' Kfrkl..nd, 0/0), Mort recently. Oun r ,1i. (NJl9J 
noted the possibility that lhe uppermost Moreno Km may be younger than Turonian. 

Temporal plac~nt of the Atarque 53nd.stone is linked to the Collignoniccms 
woollgarl biotonc coupled with the o«uiTcnce r:J the m ddle Tui:onian ammonite 
CoUignaniunu woollgari woallgari and a Mytiloida bivalve (rq,oned as either M. labiams 
or M. myriloidts){Cof,#-m HM I~ 3; t1 ,/Je K-kl rd 1 'r K•rl '11 d, Sm1tn 

l\ o!I, . .?0,15). The emplacement of stdiment intD the Aw-que archive Is documented to 
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have occurRd durtng a -iocar reg:ressional phase lmud to me tecmnJc inftuena of the 
anccstraJ Mogollon Hjghfands. predating the regiolllll Westem Interior Seaway r~ssion 
(l\ olfe', ..19.'>9; £Id r • l\, IJ.Jn,t I~; .1,,

1
~ ..i,ir, 198.Ja; f.i/1. ,.;. l\ ,. ,;,f. I 1; 
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l\'olf, K.1r ' wf JQ9& Uook d- Cobba11, llJJJ). ln estabahhlng age oonstralnts for the 
Moreno Hill Form3tion. h"ol(. Kirl" 11d f JSIQ I. Pig. l. p. 306. modified from O~a.11 \'J,n 
J 1 ray on 40 Arf" Ar dates linked m am.monite biosmligrapbic 2one Re-calJbralions 
of the$C dates (from the Ferron Sandsione. the liower Juana lope't bed, of the O--Cross 
Tongue or the Manoos Shale, and from the Marias Rivc:r Shale) place the Moreno HUI 
PormatJon ben-.-een 91.l ± 0.5 Ma (Prionocycl,~ hyatri) and 88.9 :t 0~6 Ma (Smphltes 
prc».!ntricosus) (r., ,.... 'ti;'). ln spite of this biostratigrnphic f ra~worlc. correlation 
bdwecn terrestrial and marine stqutoces Is challenging. Wnilst the Wcstffll lnlldor 
Seaway has produced one of the most robust mariM btostraligraphJc franw:works in the 
111,'0rld. (Ofmt.f4,,•1 h , 9111; G.)bl1cm ti L .l{). ), pcn-a.sivc lnoonslstencies between kq 
terrestrial sediment arcbi\•es remain a major obstacle ( 'ifi. • d al. l'N';, 19. , , brigl • d-
T,rw. "::116; DTm,, d al 'l()J 9). 

Confident age constraints for the Moreno Hill Format.Ion arc key to detailing pa a ems cl 
ventbm~ cvdution and biostralignphy ln the early-late Cretaceous ren its 
well-preserved 0oral {angio5pmn. gymnosperm) and raunal {ostekhthyan fish, squarn3.le. 
Lrionych.Jd. crocodilian, dinosaurian and mammalian) assemblages O : c L •w;-, 
2W7; , o!fc. - KirlJand. 199 ; Krrlli1d t• tt olj I; ,\fcDc c.dd \t'aJfe d- Ktrklat ,:J 
.Jf' f>i. :>tlt v; ,Tu., t"f ,JI :,009; l \>:je WofJ~ ~016; Ir n d al :-019; Nesbitrer al }019). 

Whilst pr!?'t!iously idemilied as_h beds (Lonstein or paratonstdn (, Jn 1H11 20,)1)) occur 
within its ooal seams { HofJm1m, I AS), these are stra.tigraphic::alty limited lo the lower 
portion~ d the formation. To pr0¥idc broa<kr context. we focused on udlixing U-Pb 
dmita.l geoc:bronmogy on suspected. ~syndeposjtional igmous (wa.J-f-aceud) zircon 
grains &om channd sand°"onc deposits In the key members spanning the t.io~no Hi0 
Pormation. Thewel.1--doaiJMrued demtal zircon record oflhe Western Interior Is a audal 
foundation 10 assess likdy sour« tcrranc:s for these grains that art Ukcty derived from 
various volcanic inliel'$ of the ~"e$tcrly-adjaunt Cordillcran Volcanic Arc n • .,,. I 
Cu. oiso11 UA cls ::::JU_, :J9 • • D.:Ullo. J; l..J.sl..."" DtC.. llo -ds, 
.i{)J ). By assessing the zircon age spcdn via lasu Ablation-Tnductively Coupled 
Plasma-Mass Sp«uommy {LA-ICP-MS) and s:ubseql:lffltly dating th~ youngest grains via 
Chem1cal Ahraslm lsotope Dil11tion lbcrnw lonimlion Ma1s Specuomeiry (CA-TIMS), 
this study provides the needed MDAs that the Moreno Hill Formation b currently 
lacking. With these.MDAsweare be able to (l) refine 1hed.tpositional age and duration of 
sedi~ntation d the Mo~no Hill F0rm3tfon; (2) prO\'ide newly c:allbrakd linkages OO,Se'd 
on the revised temporal 6-3,nt'\\,<om. 3nd (3) determine Ukdy sou.rot tenanes !lnd 
provide a ratable reconstrw:lion for Its emplacement. Th.is rdincd temporal contu1 will: 
provide crucial co111ex1 for pa)eobiogeographic and macroevolution:u-y studies in,-olving 
terrestrial venebrate ~emblages during the mid-Oemceoos. 

BACKGROUND 
Subduction of the Farallon Pla~ under North America during the Middle Jurassic to Early 
Ceno1.oi~ re:sul~d in the Cordilleran Mag,natk Ate ( l,.AJ c r ,.f., 2t~ D.C I~·· ' 
e,, 111111. 2015). This, in rum, resuhed Jn thin-skJnned dirusu of the~ Orogeny and 
the Westc-rn fntcrior Basin. which was sub.scqucndy 0ooded by a vast cpicontinental 
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sea.way foe much of the Cretaceous (l\,wtfmatt d- C.11 +., "· '99 : . I.urU ~1 al ... 
f.k II., G r.1/um ?OJ,). S~uction angles shallov.'td during lht Late Campa.nb.n 
(Laramidc Orogeny) resulting In putitiooJng oflhe West.em Interior .Basin Jnto a mosak 
of :sub-basins prt.$crving ,,arfa.blc paleoenvironmental archives ('KJl11gmmr Gtl,h U 
I f'J ,\forJJ r al. .?00~ Tr'm, Ral'IC""'i Ul-n~ht. JOI t; f ..JH tr,ri. 019), AJluviat scdimcnu 
within lhcsie basins contain siliddastic, vokanJc,. and plutooic deuiws from lhe westerly 
Cordilleran and Sevier orogtnic pr-ocesses and from the Mogollon Hishlands to the 
south. a topographic f.eatutt uplifted during several Mcsozmc tectonic ~-mm (C..u la. 
19, ;, lo ,.Jar /'ldJ.,;Jwuff n, lM-f;&lt>deu1,. l'Mtr..V~J.uuo,1 CAt,r,_b.2008;5.Jltm, 
2000; fl ,/I r11t":-Jt'lll"TI !), 9), 

Transgressive-regressive cycles of the Wcsttm lnurlor Sea~ y, lndudlng the 
Greenhorn end Niobrara cyclothcms. then greatly effected the e~nt and character o( 
coas:&aJ habitlts ( Kn1,JJrn.. J Q• , 9 -, J q ; r, 11ut1r 1'J8 ,; I. n1 ·• h c • < ,(, J 91; 
K. 11ffm • • ui 'h. IL J99J: Rob< t\ \, Kt sdt aw11, 1995; J\11 U d- Cati, w1u, !019). 

The Moreno HllJ Fonnation is preserved in the Laramidian ZunJ Basin. located 
~'ttn the Nutria Monocllne, Zuni 31ld Defiance upJfts. Olaco and Mogollon slopes 
(Kdlt), 195"', l i; .\1cl..cllat1 198.,a; LJ,a , r . c- .ltaders.,. J :9; C. a, 1001; 
Mobuu-. • • al mi). Thi, terrestrial unit is typkally exposed. at surface near to Atarquc 
(abandoned). Fence Lalce. and ~mado. New Mexico. wah lhJckn~ ranging from 
-4.75-261 .5 m (Camp. IJ J I, J J, I~:; rdt <1t1 19 1ct, J Jh, JC, •; { "1rf•t 
Rm:b. L I J I; Haffin m J®J). The Mo~no HiD Formation, cha:racteriud by thidcly 
bedded muds and associated channel sandstones, was originally named for deposits on me 
slopes of Zuni Plateau and Santa Rita Mesa (not1h of Zuni Sah. Lake) (M.J; / '" ., 1/ 
J and rewences lh~rein). ln. secdon. the Jower Moreno Hill overlies tht shorefau 
dq,o.sits of the Atarquc Sandsto~ (Formation) and the off'-shore mudrocks of the Rio 
Salado Tongue of the lower t.fanoos Shale (fiE; l) (H 'I\'~ \for m"r c.,,.,. 1n J • ; 

tLl.dla,1 r aJ. 19 ; !oil.: tt 11L 2~,1}. The Moreno Hill i.s regionaDy overlain by 1 

temporal unconfonnlty (Cenozoic sediments and volcanics) and is down-cut by the 
Eocene Baca and Miocene Fence Lake FormatJons Oocallyvartable) (M.Ltlfa,, d ;;/., J9S.!. 
J lo; l<o,, ~I l i 1; < '1tt-.p, tll J , '98-': c ,;.mpb O c- 9m brJ. I !/St; t "'' " Arb:11 198"). 
Based on cun-ent n13pping. tht thret unll3Jlled 11lC111ber. (lower, middle. and upper) of 
the Moreno HJ! consdtute a elastic ~"edge(. 1 nder ,., 19dJ; Ro) ..d .9'6~ ,\1-.Lllu , ,: a, 
J ,,i; ( ... 1m{' ·II, l98,,,,0 989; Ct11np(1t:'I Ri>Jlhd I • ~; t l.11fan l,md1 Bic.'lt1ck, 
19 J; 1..Jmf, a ul , "• ro, C: Ark.:•lt IQ87). The first fonnal lidiostratigr.lphic 
Identification of tbc Moreno HJJl Fonnatlon was by Mel.... LI aL ( 198 J. wth smsequmt 
r~i$ions by(" mrpb, If J <., :.j). fd,. "m I nub ' Br 'H1 ' I if-U and Hohm, .. fl 9961o Yt'hich 
provided further sedimmtological oontm for the Moreno Hill lndudlng depo-centzr 
characwizalion and paleodimalic proxies (humidity le,-ek). MoSl research has f ocustd on 
regional ooodation and economic potential oflhru key <Xl'll seams.the lower Antelope, the 
medial Cm'o Pritto. and lhc upper Rabbit:. a.D. withJn the lower Moreno Hill ( \ ,dux.-11. 
J J ~.:.,, 1'M2b, J , ; kl ·IJ rn ti 1 I . r; Ca..,,pl fl J<,.-W; Ci.1rnrl:-tll 1.., R..')·lt.u J<,~; 

C l' \ 'I l "7; Hofn11Jn-l ,il-1, J.;l96). Current blostratigraphic ag,: control for the 
Atarque Sandstooe Is bas«I on lhe local occurrence of the range z.ones of Collignonic:rras 
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K ey c:::J Sada,. 
CJ f.-a~ Formation -S.tltalla 
- \ll),:,.r Porift•on Mudrodr 
- ttwctodlll MOrttlO HII FonNClor. COil 
CJ b-. Mo,.no .. , Fonn•IOft -c:.,rt,o,o,-~ m..-odl 
CJ Am,qul Si>IIISIDM Eiellou9"tl0'1l-beeldh9 
- Oma Slnml.- 1:a:J ea-..:t 
-:. ~- piCIADft ~::::,: ·--"""""" w.-.,. inoonbrn..,. @=,_.~;-, 

StaltgnpbJc mllllllll al 1he MOl'CIIO IDI f'onnadon. 'Iht tarmo am Fomatiaa "ith tht 
Ul'ldetlpl8 Awqut Sandsum, ul'ldffl)i!I ONUIV~ Ul\lu and bml Otcaceovs O~ca 
Saridsione .llor,g with dit unQlil\fotm~ ~,8 Fen~ Lake Fo,m;adon JCt'f strulgnphlc 
11mplal for ddrltAl zua>n lndudc (I) Daota. Smdstanc; (2) Iowa-Mormo Hm (Ou 2) (3) mldilc-
Mon,10 rno (On 3).a.nd (") U()l:W!r M«fflO lltll (Cox 4) Whlhl lhluUlltphlc oolUfflJ\ NScd on 
our own miaurcmmt, arid obw:n,llam tbr: aripul lypr ;A11Jon md pnndplc rdama Mdlnn stra-
rpphlc c.dUOUls i,r 1he MorMo Hill Falmtllon ~e des'811.aud by 1 ' , 1 l..i 

u DOI. 10..,i'l" S'W},I 
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K,'OOi.ri and Mamnatles nodosoida. T~ m.mmurn age Is bounded by the middle Torooian 
ammonites Cdb'gnonircms woollgarl woollgari and Mammities 11odowides and bivalve 
.M.yrilaidts myriloidts wthJn the underlying Rio Salado Tongue m' the Manoos Slalc 
(Cal.,. ~,, c- H,x,r J It~) and by the co-occum::n« of Col/Jgnonlarras woollgori "iool~ri with 
MyriloJks labitltus (l•"t.lJJ Kir !.; ; "I,. p. 304) or Mytiloitles nrytilolks (Kiri' 11 d, 
\m,r.h d- 1\.~, 2W5, p. 89) in me Awque Sandstooe. The D-Cross (Pescado) Tongue and 
G31Jup Sandstone (correlative to the lo¥i·tt' member ol the Moreno Hlll Fonnation) in 
the Pesmdo Creek. upper Nwia and Gallup areas contain the oysters Camel,mlopha lugubrls 
and C. bdlaplicata as do the lro'h-i:r Juana Lopez beds d the O--Cross tongue 11 BuD Ga~ 
radlometnc:ally dated bcrton ite beds within these zones lndlc::ate an age of -90 Ma ( 1'.'<'l[t t 

k1rlJ. J. JW<,; \ft> ''111111' tt ,,1, 1(111_1; f' & Cd•L1 "· ~OlJ. 2ti J_, .?l,JJ). Regional 
cornbtions for the Moreno HiD ha\~ atso boe:n nssessed via sequence- and lilhostratigraphlc 
linbg:s lo the north-astern Zuni Basin. with cmpla~nt c-. sediment roughly during 
the regiooal R-1 p~ of the Greenhom Cycle and during the New ~nm-spedic 
T-2-R-2 Carllle Cycle (early Niobrara Cydothe:m equivalent) (II d Mo -i..rar.; C.>hl,cm, 
lid.J; \fo£.111Ji r, I !iti3-, I~ 1 ~, I 9; h'ol .r Ji. i 'mW 1998; Kauffinot1 d ,1/., J99J: 
.Molt11aar tr Ill .. 2001; Hook. ::!>10; Hook d- Cobbat1 2011). 

METHOOS 
AD Moreno Hill samples wuc collcClcd from the eastern slopes of Santa Rita Mesa at 
C.ox Ranch, located noJth of ~mado {Sall Lake Cool field). wcs:t-cmual New Mu.ico 
(Bt.M Permit NMl7-02S). Three key slnligraphk 1,oncs wue sdcded based on 
sttatigraphJc position or prolimity co known fo il horizons ( • 2). Spedfi_cally, built 
samplies were coll~d from me contact with the underlying Atarqu_e tbasal Moreno HJJJ 
(Cox 2), along with the middJc (Cox 3) and uppennost {Cox 4) bedded sandstone: 
siram of the Moreno Hlll formation. A fourth mp~ was collected near Zuni S_alc Lake 
from the undcriying Dakota Sandstone and is aJso presented herein (whilst C,r, "''°r 
f~J J, notc:s that •Naturita Sandstone" is a more apt n;une for this unit on the Colorado 
P1ai:eau we prder •Dakota Saruiscooe• m racillta~ refuena co previow research). 
AD samples collected were frtoi and unwcalhcm.i; at I~ O.S-l.O m of the exterior 
swf3':e: of the rock. was removed &om the outcrop face before coDeaing due to sur6cial 
weathering. lwo pllon-iiud b3g5 of sandstnne v.-ere collected at ea.ch .site (Dakota 
Sandstone. Cox 2, ), and 4) and proces~d accordingty to the tcchnlqll¢S set forth by the 
Ceru:ral Analytical Facility at Stellenbosch Univtrsity including crushing. milling, paonhlg. 
Franb: magnetic separation. and d~nsity liquid separation. Thereafttt'. analysis of the 
recovered :tin:.-on grains was undet1aktn via siandard methods ol Botse State Un'i~sity's 
lsotope Geology Laboratory (Boise, Idaho, USA) as noted in several olhcr srudJes (B d. 
,~1 b; r 1c. isl• v, t i.il 016; Mmnor, r ii' "tWl; T"' '~ r It •! '.\, 'O). 

LA-ICP-MS methods 
Zircon grains were aJ\Maled aL 900 °C for <,o h in a muffle furnace. and randomly selected 
grains we-re mounted in epoxy and poilshcd until their centers w'" exposed (Fit,. 3). 
Cathodoh.uninescen« (Ct) images were obtained with a JEOL JSM-300 scanning cfcctran 
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Fe t(' 3 C.hodoa-unl6e.teenct 1,-ps ol 2.lroDnt. Gnlns 11electcd Cot LA JOIMS 8r CA TIMS at 
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microscope and Ga.tan MiniCL Zircons wa-c analyzed by Laser Ablalion-lnducdvely 
Coupled Plasma-Mass Specb'ometry (LA-fCP-MS) using a ThermoEectron X-Series TT 
qua.drupdc ICPMS and N~ Wllve Restarch UP-213 d:Y AG UV (213 nm) laser ablatJoo 
,ysiem. ln-hou$e analytical protocols. $4andard materials, and data ttduction software 
were used (or acquisition and calibration ofU-Pb dates and o sui~ of high field strength 
c~mcnts (HFSE) and rare earth c~mcnts (.REE). Zircons w~tt ablattd v.ilh a laser spcx 
or 25 µm wide using tluenc~ and pulse rates of S r,cml and S Hi. respectively, during 
a 4.S..s analysis (15-s gas blank. 30-s abialion) that excavated a plL ... Js µm deep. Ablated 
matttial was curled by a l.l lJmin Ke gas stream to the nebuliza-Oow of the plasma. 
Quadrupole dwdl limes "-WC 5 ms for SI and Zr. 200 ms ror ~11 and ~ 7Pb. SO ms 
for 1<1i>Pb, 40 ms for :iotH& 2°'Pb, 10'Pbi, 1»11t, and 2 U and LO ms for all otha- KFS£ 
and REE. tocal S'¥o0eep duration is 9.50 ms. Background count rates for each analytc were 
obtained priOT to each spot analysis and subtracted &om the raw count rate for each 
analytt. For concentration c:alculai.Joos, backgroond-sub1raaed couni rates for each 
analyte were intcrnaDy normaliud to ~Si and cali>rated with respect to NIST SRM-610 
and -6) 2 glasses as the pd.nwy standards . .AbLuions pi1s thal appear to have Intersected 
glass or mineral lndusi.ons were ldmd:fied based oo n and P signal excursions, and 
associated .sweeps were discarded U-Pb dates from these anal.ysc:s a~ considered valid if 
the U-Pb rados appear m haft been unaffected by lhe indusions. Signals al mass 2CM were 
norm.any lndlstinguisha.blc &om uro following subtraction of merQ.lry backgrounds 
measured during the gas blank (<l.000 cps X12Jig}. and thus dates are reported without 
common Pb correction. Rare analyses mat appear contaminated by common Pb were 
rtjecb,d based on mass 204 greater than ba.sdine. Temperature W3S calculated from the 
TJ..in-tiKon thermometer(\\ ,mo . \\'a c.· I 10m s. _ ~-Beauase there arc no 
constraints on the activity or TIOa, an a,•ttagc value In austaJ r«ks of 0.8 was used. 

Dam were ooll«tcd '" thrct experiments In Juty 2020. fo:r U-Pb and 1°'Pbhb dates. 
Instrumental 6-adionarion of the badcground-subtraacd ratJm was correaed and ewes 
were c:.allbrakd with respect to interspersed measurements of urcon standards and 
rmrence matertak. TM primary standard Plc!ovicc zjrcon (S m 1 r l. 2ti ) was used to 
monJtor rime-dependent insuummtal fractlDnation based oo t"''O analysts for every 
10 annl)'$CS d unknown zircons. 

.RadiogenJc Isotope ratio and age error propagation for all analyses include uncerm.lnty 
contri>utions from counting stati-.tics and background subtraction. The standard 
calibration uncertainty for U/Pb is th< local standarddevbtion of the polynornia[ fit to the 
fracdmalioo factor d Plc&OYice vs time and for ~'Ptw2•Pb Is the smndard error <!I 
the nwan or tht fractionation factor of Pldiovicc. These uncertainties art 0.6-1.096 (2.s) 
for 206Pb1u•u and 0.2-0.49' (ls) for 30'Pb1106Pb. Age inte.rpremnons are based on 
1°'Pb/Jl>opb dates for analyses with .2<11Pb/ll){,pb and 1 Pb/'u,-u dates >1.000 Ma. 
Otherwise. Interpretations art based on ~,1Hu daJes. Analyses with ~/llltJ 
dates >J,000 Ma and >l09Ei pmitiw discordance or >5% negalive discordance are not 
c011Sidcred. Error$ on the dates art given at 2 igma. 
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CA-TIMS IJ..Pb geochronology methods 
U-Pb dates were obtained by the Chanical Abraslan Isotope Diludon Thermal lonJzatlon 
Mass Spcclrcmetry (CA-TIMS) method Crom analyses composed of single zircon grains 
{T 1)k 1). modified afltr V..ith1 •11 t).oo-,J. Zin::on WU mnove:d fi:om the:: epoxy 
mounts for dating based on CL imagts and LA-lCP-MS dates. ln ~-o samples. grains that 
yielded the Jive youngest LA-ICP-MS dares from an lnJtial round were analyud In a 
second round. Dates &om bolh rounds agr«d in most cases. Gnlins ~~re selected for 
CA-TIMS from thJs population. For a third sample. the grams were too small to pa-mil a 
second round of analysis. 

Zircon was put into 3 ml. Teflon PFA beakers and fooded into 300 ml Teflon PFA 
microcapsu1es. Flftetn miaoaps\jcs were plaad in a largc-apadty Parr W:SSd and the 
zin:on partially dissolved in l 20 ml of 29 M HF fer l 2 h al 190 °C. Zircon was rdumcd to 
3 ml Teflon PFA beakm, Hf was ttmoved. and zircon was immersed in 35 M .HN0.1, 
ultrasonically cleaned for an hour, and Ound on a hotplate at 80 °C for an hour. 
The HN0J was removed and iiroon was rinsed twice in ultropure H,P tit-fore being 
raoaded Into the 300 ml Teflon PF A mlaoc:apsules {rin2d and ftm::ed In 6 M Hd during 
sonication and washing of the zircon) and <iplbd with the EARTHTCME mind 
1"U- 2lSu.m 2Pb-20sPb uacu solution (El'2535). Zifton was dissolved In Pan vessels in 
J20 ml of 29 M HF with a nee of 35 M HNO, at. 220 °C for 48 h, dried to ftuorides, and 
re-dissolved in 6 M HO at 180 °C overnight. U and Pb v,-«e separated &om the tiroon 
matril: using an HO-b:12d onlon..exchange chromatographJc procedure (w~i 19- ), 
eluted rogethcr and dried with 2 µl of O.OS N HJP'O.. 

Pb and U were loaded on a single outgused Re tilamml In 5 µJof asiUca-gd/phosphoric: 
acid mixture (Gt ,.~k.nl '!"' Ua , t9)o1. and U and Pb lsolDpic measurements made 
on G CV fsoprobe-T mu.ltic:oUcct« thermal ion,~Lion m.us spectrQmdtt equipped 

an ion,ounting Daty detector. Pb Jsotopcs were measured by peak-Jumping all 
Isotopes on the Daly ~«tor for 160 cydes and corrected for mass fractJonation wing the 
known llllpt,1WPb ratio of the ETl.535 tracer sotution. Transitory isobaric interferences 
due to hlgb-malecuhr-waght organlcs., pamrulady on 1°'Pb and 207Pb. disappeared 
~ilhin llpprox.im.ateJy 30 cydes, while ioni?lltion dfidency averaged 104 cps/pg of each Pb 
Isotope. Uncarity (to l.4 x Hf cps) ond the assodakd deadtimc:: correction of the:: Daly 
detector ~-ere dewmiMd by analysis of NBS982. Uranium was analyzed as U0! ions 
In static Faraday mode on I Ou ohm resistors for 300 cydes, and oorrected for isobaric 
interference of D'tJ"0' 60 on u 5 U160"'0 with an 11'0/ 160 of 0.00206. Jonlzatloo 
effidency averaged 20 mV/ng ofeach U isotope. U mass fractionation was corrected using 
Lhc known .wu,mu ratio of the ET253S tra~r $01utlon. 

U-Pb dates and unafL1inties ~,,-e calaiated using rhe algoruhms of s.Jt, ·t::. Sd10" ti 
( ()(,"'), calibration cl ET25l5 tracer solutbn (Cr Ion l, u' l(J/~) or»5l.J,lOSPb = 100.233, 
u;;,n'U = 0.99506, lOSpb,f::DIPb = 8474. and lCUpwZ!Jlb = 0.99924, U dtcay constlnts 
recommende,d by laJT. ·r tJl , J 71J. and 1"'UJ1lSU of 137.818 (Hit ·r a, 1012). 
The lO!iptv"'u ratios and dates W'Crc corrected foT lnilial "°Th disequilibrium using 
Onvu : 0.2 ± 0.J {2 sigma) and the algorithms of L 011 Lx ~nDrtl c.,-C.. •rltlh 1f}(PJ. 

cmiera.t at (2021J, PeerJ, D0110.nms-e410949 ______ _,tO"l9 



.. .. 
fj 

T U/Pb c,vnMS 1a,1op1c dlla et,/U. MJJAII \11 ddrd.11 :rJrcons. 

Sample IA- bdlapnlc lmtope bUm lmCaplc Dales 
JCPMS ...,... =ti :tt '1ffT ~Jn' :i:t s nu mDI" PbPb. • Pbc '1ffT " mlT. .I; 1 

11 10 u -pt,• (H> u Q>t( u 
ttf: 

Mol 
(aJ lllbd (1,J (c) (c) (cJ (c) (ch (t) (1') (I) (1') (f) (1') (f) (g) U) (JI (fl (I) (f) 

MH1..Q.ix 1 
1cl 141 0.971 0.272J 9U5'!io ,K.5 OJ7 2J92 0.311 OD-OHS QJOJ OD9CZ1 Q.J21 0.014260 Q.053 Q..W to~ 7.18 !11.25 0.28 9!.275 OD-18 
&2 I.S o.su 0.2190 ~AS~ Sd 010 U79 0161 0.()40® G..l26 0.otJ9ll G.l+I 0Dl•l9i! 0.0.S 0496 96,6) s." 91.14 0.11 9o.A5$ OL)«) 

MMM-O>x3 
&I 261 0.431 0.3606 9951'1, 6L7 0.14 3719 0.140 01MIOOI Q.191 0.101-1711 G.ll0 0.OISl.91 Q.0St Q.JU 98.25 4.69 W.a6 0.:ID 9U95 0.051 
&2 26) 1 .. m ... 010 )$66 OA?I OD41HS (Ul9 O.ot+IS1 G.148 0tl141U 0.04? 0"8, !>US S.•S 91.(~S (1..Z2 9USA 0-04} 

MHU-Cai:4 

,l .u O.S03 O.I~ ~'""' 26.6 0.10 1618 O.l61 0-048~ 1.001 0"97621 •-~ 0.014142 O.ISl 0."6i 1006' .U.7t 94.S8 () 96 ~JU 0111 
111 17 D.5-62 0JIGI -.is"' 16.2 0.IJ cna 0.111> G.047993 Q.755 O.o9l5BS Q.7 O.Ol.184' Q.O&t 0.525 97.11 ., .. D.911 0.611 .6-11 0.07-1 
tlb 17 0.627 0ll7&7 It-'"' 2.7 on m 0.201 0.048354 160 0.o9l0t4 l,,ffl OD I l80II o.J.?I& D.465 US.S5 62.)1 9Utl 1.)tl .1'01 Oltl& 

No 
(•) 1-L 12, nc.. •e bbdl for anat,- mmpmnl d tingle tlmln v111n11 hat WCR snnawl md chcmkllly 1brad,d (u , 11 <'II, ). ti 1 1nr:I Ill b 11tt 6'gm,tna &am iM ArM Vllln. 
(b) hlcxkl 1'h/lJ nao alallmd &am nd 'Ale DPb'l06Pb ndo al l01Plv'USU dat. 
(c) Pll"w Pix: lff,ndlapnkllld common P~l'llpectlftly. 1111111 ~• law\lb ID ~nkandbbnli.fb. 
(d) Mnlu~ rtbO~ Q ,pknnd fr11Ch<WAUOnonl)' f-ncbtl(l&bonCCJrT«I.IClrl "'-'"'•~«IOrO.lr•nal,...b\,a,cdonltM'LIUffi""1tOrJOJl'b'~Pb 11'1 lhrt,J\RnmMc. m-u» In.GU 
t0lublln 
(d Corttaaf ':Ir fr•cs iorullOP •nd oplkr U)tnft'r«l 1' In ,tn;.oo t. to p19C'lllunl bbtl wi1h co,,.,oo.idon of l!ll6i'blll04flb • IK.04 t- l).6 I 'k l07l1t,/~Pb • JS.SO 0.~; 
lOo!Pb • J?i;fJ + 0-6* ll ~l J0611b/U~V end Jffllb/;J061b nilw oor.n.dNI kif tnltl.l ti.~dll\,maru !Q lJCn1rillW 9(Q.l0 _. O.OS lt i.lgnw) 
(f) Emn AR 1 llgm,t,. iiroc-:•«I ruins .i rlJuru al Sdt t 6 0 I H ( a aid ( , a 11"1 ii., - fl I 
(g) Calmlalanl buldanl lftaJ"CGIIUIIHOf I ttl. (lli7JJ. l06Pb'1JaUmd 207Phi'DiPbchi1ucsfflUd rlnibll dlllqwllntumln DJTb/lllUll.ling& D(lblUJofQlD .tQ.05(1 dpnal. 
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resulting in an Increase in the 206PbtlliU dates of-0.09 Ma. All common Pb in analyses 
was attributed to laboratory blank and subtracted based on the measuJ·td laboratory Pb 
Isotopic composUion and assodared unartlinty. U blanks are estimated at 0.013 pg. 

A wtigJ,1ed mean ~bl"'u date is calculated (rom tqulvaleo1 dat.11$ {probabiJily fit> 
O.OS) using lsoplot. 3.0 ( u , ,& JOO 3), The en:or is ghren as n.lyli. ¥,,.here t i$ the lnlernal 
err« based on analyti~ uncertainties only, induding counting statistics. subtraction 
or tracer $Olution, and blank and initial common Pb subtraction, y lndudts tht tracer 
cBlibration u.nart-aincy propagated in quadrature. and z Inch.ides the u•u decay 
constant Ullartaloty propagated in quadrature. lruemal error should be considered when 
com~ring our d.atc with JOSpwll'u dates from other laboratol"ies that used the iW'11e 

tracer solution« a tracer sd.utJoo that was cross-calibrated using e.ARntTlME 
gravimetric standards. En-<,r bu:luding lht uncertainty in the tracer calibration should be 
consider«t when comparing our date with those derived from other geochl'OllOlogical 
methods using the U-Pb decay scheme (e.&, laser ablation ICPMS). Error including 
unccctainlies in the tracer c.tHbration and ~U decay constant (J"n ·v .·1 1l , J) should 
be considered when comparing our date with those derived &om other decay schemes 
(e.g., •0Ari19A.r, l11Re-*170s). Errors are at 2 sigma. 

RESULTS 
CA-TlMS 
Results 6-om c.A-TCMS dating arc used to establish MDAs for the Moreno Hill Fonnallon 
( I i'bl~ ). Two grains from the lower J\,loRno HJJ Formation (Cm: 2) yt~d CA-TIMS 
d.ates of 91.215 ± 0.048 and 90.855 ± 0.040 Ma. lndJcating lhat deposition o(('Urrc<I after 
90.9 Ma. Two grain.~ from the middle Moreno Hill Formation (Cox 3) yield dales of 
99.09S :t 0.051 and 91.454 ,! 0.0-43 Ma. These dat£s are dda-than lhe MDA &om the 
underlying sample, and thus the grains att not dose ln age to sediment.l.tion. For the upper 
Moreno Hill Formation (Cox 4) two grains ~-ere analyzed by CA-TIMS. One yields a date 
of 94.338 :t 0.142 Ma that is older than the MD.A &cm lhe underlying lower Marmo 
HIJJ Formation • .ind thus the grain i, not dose in • to scdime-ntatlon. The other w~ 
broun Into two fragments that were analp.e.d separately ond yield equJvnlcot dines of 
88,648 :t 0.074 and 88.40 I ± 0.286 Ma, with a 1'-cightcd mean of 88.632 ± 0.072/0.084/ 
0, 127 Ma (MSWD: 2.8. probability of fit= 0.09) fT ,Je I), This is taken as the MDA. 
ind.kilting deposition was aft« 88.6 Ma. Based on the assumption lhat the MDAs from the 
lower and uppe-r Moreno Hill Formation att dose in age to dt-position, the f ormalion is 
lnterpttted as btlng deposilt'd b«ween the Late Twonlan and earliest Coruacian. 

LA-ICP-MS 
The four samples (Dakota Sandstone and to .... -cr, middle, and upper Moreno Hill 
Formation) contained a broad spedrum of dctrital iiroon. IndividwJ grains range from 
w,U-faccted tuhedral. ID somewhat rounded or minody aadc.ed. to fracwred. r~d. Of 

fragmented. All of die grains ( ve for a minor few} have osclllamry and s«tor :zoning 
Indicative of'lgneous growth (Fib 3). Many grains have disdnd cores.. Zircons in the 
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Dakota. Sandstone are mo~ commonly round, indicaUve of ttansport. compared with the 
"'"tit-faceted zircon that Is common in the lower to middle Moreno Hill. Based on the 
recrru work of C ouff's \f1.1 ""'httu d- Hu ord (.?Ol9J. Hi:rnt>Jr tt 1.1I [2tllCJJ, and & ndg.. 
Roln rt~"" T, "(.~.).,). our 'ltudy also ran an additJoruil filler based on Tu /er ti JI ,OJ.l, 
'OltJ. (J OJ, which omits analyses with a greater than S9b (at le, analytical unctrtainty) 
discordance b~d on lhe 207Pbl1»0 and 1o&pb1mu ratJos. The 59' fil~r is more rigorous 
than T ... 1. '•T d a. (2QJJ, ."'OJ bl, which uoliud 10-J 596. based on the recent results by 
tu. ~. P-,btrb" J 1r (1{111JJ. for l.A-ICPMS.based MDAs. we udized the following 
five analyses for sample sets ranging from 30 to 100 grains:: YDZ (n: 6) (Youngest Oetriml 
Zircon); YClq (n = 6) (Youngest Ousttr of grains with ov~rlawlng 2(1 un«rtainty); 
Weighted Average (n = 6); and Tt.dfl.irc (n :: 6); with me new add.iion of YSP (n > 6) 
{Youngest Statlstical Population) CI .,f nt, '103; Omit, Untl. w, e Huh ,n,, lOIO; 
H m,,u ,•t L,J, £ IY), R.csuhs UTe described hadn 11nd depicted In .. g -l 

Dakota sandstone 
1n agreenvn, with PiJ.t 1191~J. tv ... ft· (1989) and more ~cently Carp. • , 1 (_ 11 and 
b~cd on regional characterization of tht trough-bedded alluvial sandscone. this sample 
was recover«I from the lmerally enmslve lo'llt'ef •Dakota alluvial unit.• or •main body of 
the DaJcota Sandstone'" (Mc.tt!Jm, tl ,.! , 198 1,). We do not. hov.•f:\"tt. ttrognltt the 
•a11f Dwellers Sandstone .. ncanendature for this unit ( h (,/(., 1989). The Dakota. 
Sandstone has lhe widest spectrum of dates and grain morphologies. Of me 97 grains 
ablated (86 included). 31 arc Precambrian, four arc Paleo7.0ic:. and Sl grains are Mesoioic. 
These young.est date signaQlfes 11.re YDZ at 96.13 -t 1.6/-2.0 Ma. Weighted Average at 
965 :t 1.6 Ma. YC2.o at965 :t 25 Ma (MSWD = l.2). TuftZlrc date a, 963 +3.21 1.8 .Ma, 
and YSP 95.2 ± 0 Ma (MSWD = 0.96) ( 11, 4j T bit" 2). The mean of the youngest date 
slgnarures is 96.1 Ma (Table 2: l ,~ SI) . .Based on this date w~ su.spea that dlls lowa-
•Dakota. sandstone• is equivalent to the basal Naturita Sandstone in Southern Utah 
(Bunl,vl L, 'OIS; L ,t,'11> t L, •019. T11 '-:,-l i1I ii]<;), 

Lower Moreno Hill Formation 
Of the 101 grains abl.a~d (88 included), 60 are Pttcambrian, Paleozoic grains are absent. 
and 28 ue Me.soi:oic. The youngest dale slW1atu~ arc YDZ al 9J.16 +2.5/-l l Ma. 
Weighted Average at 9 l.4 + 2.9 Ma, YC2o at 90.2 :t 2.S Ma, TuftZirc date at 91.7 +3.0/ 
-2.4Ma. YSPat90.2::t l.2Ma(MSWD= U9}(F,g 4;T He ),Themcanofthcyoungest 
datt signatures Is 90.9 Ma (T l 2; T .;1,1c-'ii). 

Middle Moreno HIii Formation 
Of the 99 grains oblated (94 loclu.ded). 57 are Precambrian; Paleoz<Jic grains are absent. 
and 37 &rains a~ Moozoic. The youngest grai.n ,ignatures are YDZ at 89.S +3.4/-2.4 Ma,, 
Weighted Average at 902 ± J.7 Ma, YC2o at 89.1 ± 2.2 Ma, TuftZirc date at 89.4 i l.S/ 
- l.8 Ma. YSP al 88.67 ic 1.1 Ma (.MSWD = J.38) (Hg. 1; l b~ ~). The mean of the 
youngest date signalutts is 89.J Ma (T 1bl 2; T hie SI). 
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r Co_mpllUCD af dJffcrml J.A-ICPM MO.A mctd& Campui:wa cl'6ve (S) dJ61:rmt mclria ULilmd within thiutudy to lnlapn:l lhi:: 
Malmttm l:>tP"'llloftal A (MDA~) for etch delritll mple (modified Crom r,. J r ., , I i'i). C .. Mmd 1 t- •'•.:' 1 J 1,:i11, 
torn J , a.J. t-~ • , l ,: ~-"O). YDZ. Wd.1#>1ed Menge and '1'offZln: Mrc nm via JsoploL 4JS (J.w:f t, 2001), YClo \la Age Plck 
PtoJrarn (2010) G Gd11-els l Stf'(ffllbet" 2009. Atlrona l..as.eithroc, Cerur, 111d YSP Yta fl • .. 11 f}I 

Ana!ydi l>cabl r.--cr ~tfd6 lipper 
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Upper Moreno Hill Formation 
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7S 
O.cJ 
89 l :t 2.S (2.no} 
19.1 % 2.2 (2..Stf.) 
lJ,. 

011 
89.36 
+1.49/-119 
87ft, 

8U7 
tel 1 (l,S2) 

IJ8 

89.3 Ma 

9-5 °" 
0 
S.J 
00 
90.5 :t lJ (3.6") 

90.5 ± lJ (3.•n•) 
l.l'11 
u 
89.01 
•l.691-1..81 
87.6"' 

cl'6 
88 82. 
:tlJ (2.1) 

o.w 
0.418 
89.6 M.a 

Of tht 14 grains ablaled { L6 induded). three grains are Precambrian. or'le is Paleot.oic, and 
12 are Mesozoic. The youngest due s.ignatures are YDZ at 893 +J.4/-2.4 Ma. Weighted 
Ave-rage at 90.S ± 4.9 Ma. YOQ at 90.5 ± 3.3 Ma, Tu.ft'Zirc date al 89.0 +1.7/-l.8 Ma. 
and YSP at 88.82 ± J. 7 Ma (MSWD = 0.94) O·tg. ~; 1 able 2). The mean of the }"tlWlgest date 
signatures is 89.6 Ma (l.ablt l; I .:hie Sl). 

Detrital populations: precambrian & phanerozoic•pateozoic 
This study builds upon wdJ-doa.unented ttclOnlc reconstructiom and source temmes 
( 1g :>) ( h' '.h 199:i'; L, &:.IIJ.Orl (.,,;h Jj.. 10t ,. 2008. -" 1; 2009L~ J) t~ll,. 1(. ; 
1 11·t')n v fi.•,.dJtml 'YH I; J,., ',wd,1 l\-C.-U G,h,,l\, '>OH), which allow for rdlable 
linkages. The Dakota Sand.sto~ sample displays a dJv«se assemblage of grain ages and 
popubUoos. in contrast. zircons from lhe Moreno Hill Ponnatlon are either Precambrian 
n > 1.0 Ga or Mesowic (n < 251 Mn). All samples contain individual grains or minor 
populations th.at are >20 Ga and ue linly reworked oooli.nental fragments ((JLJ , ' ,, 11' 

J "9~; l ind,. •'4 ~16; T·, l.,•r .t i.1I '(Pt'). Large popuJalions o( grains bctwe-en 1.9 and 
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1.5 Ga were identified in all samples. As a result of multi-phased sedimentary recycling, 
thtsc dctrital ?.Jrcoru can be mc-a-nlngfully as:sodated with. ( I) tht Trans-Hudson and 
Wopnay orogenie-s (2.0- L.5 Ga); (2) the YavapaJ/Maz1u2al terrancs. and; (3) the Gttnville 
temuic (1.7-l.0 Ga)( .. hr, la 11l '9'J ; l rn ~J,mar-, ff• ;.1',~ I Tur,·k, 1 IJ,,.n; h'la•m ·un 
"- rl,"-c,111, ~'),Due IO tht disiancc of the: Sevier (v.'e:'it) and Maria (south-southwe$t) 
Pold and Thrust &hs, gm.ins between 1J and 1.2 Ga arc li.kdy from uplifted basement 
{Yava,paVMazattal). Therefore this study is In ngiume:nt with rcgion3J S1Udics th:u tht most 
Uktly sowu tmane for the above-nxntioned gm.Ins is the Mogollon HJgblands (Barth 
., ilL 20<J:1; Dhl UISOtl er t.:J,rt!., ... ~. Trl L \m tr d .J/otd. ... 011~ w' Jl-i. 
nt £'1,;s Cdinls. WI i,; ,.-,,n rt ·l .OJ~). Our study abo r«og,,iud the possibility~ 
though less likely, that source terranes include but are not limJted to (J) Anwctica: 
(2) Australia; U) Africa. or even yet to~ identified pn'lCo-R.od.lnian ttmincs (G :mt v 
"'t ,1rf, 19\8; l,a ',wiJ.1, flt.-CtDn ,.' C Jud,, "01 l; fr .de,t a1 . ,IF,). Of the four 
samples included In this study, only the Dakota Sands-tone contaJns a popula.tion of 
Paleozoic grains (n = 4,). This imy reAecl a bias in sampling or m()(C likely that sources 
such as lhc Arnarillo-WkhJta to Appalachian Orogeny as noted by L "' , V -u.! s 
& Cidirc..s (2tll J did n01: conujbote much into thJs area. 1n any even\ dates &om 
this period In North America's tectonic history arc dis.tinctly absolt within lh~ Moreno 
HJll Formation (I It; ~). 

Detrital populalions: phanerozoic•mesozoic 
\ft/'c describe lhc: Mesoiolc detritaJ z.lrc:on populations from the Dakota Sandstone and lhe 
ovedying MorfflO Hill Poimarion separately. for both. we describe the youngest 
populations in accordance with L.,.:OlJe, (2:JUlr. Phases A (160-L40 Ma); B (140-L0S Ma) 
and C ( L0S-80 Ma) (f'·t 6) (f'tGlli Cmn am _'t, 15'). ln the Dakota Sandstone, lhc 
majority of d.aus are Triassic (n = 24) andJurassic(n = 20) \\'ith the rtmainingfew (n = 9) 
being Crc:1.accous. Spcc:ific Triasslc:-Jurassic sediment sou.u temmcs. which rcty on 
"''tit-understood soul hem Cordilleran orogenk systems that "-'fft active bet~n 260 w,d 
145 .Ma include the (1) East ~:dco Arc; (2} Mojave Desert. and; (3) Wallowa/Olds Feny 
tcmmes; aJong with early phases. of the (4) Wt:stem Coast Ptutonic Complc:x; (5) Sierra 
Nevada BathaUth; and (6) Omin«a Belt (C,tJ u.\ t,• Sit'" r:. J~; (j j,r,o t. ill, -lk~ 
t. \tm I • . 1'Jl.!; foJ i: .s - t'u:Jt11 _, J.J; L schmg , ,d .. :?Dr; Qi11; t1 ,_ 'I 101 }. 

AD of tht:sc grain populations can also be linked IO hcaviy-reworkcd mubl~ntralional 
recycling of sedimentary blankeu lying east m the Sevier HJghlands and north of the 
Mogol1on Highlands. polentlully induding proximal units underlying the sub-Daltotl 
Sandstoneanguhr unconfonnity(h'()[IL', I ~); \foi, 11nr d 11' 1t .?-. n,. .i lr '- C11 Jin ls 
200 t, _009a. 20<~ . w 10, le -k 6- Rol1mJ4.m. 2003~ Di>Q/lo,. 200J: ... ikoM°Ski, 
Dd:CH. ' (" lrrcl, Ji 13; G l,r l Pt 1hJ, "01.,). 

Other than the oomble Pttcambrian slgnablJ'es, all fow samples contain disond La~ 
Jurassic - Cretaceous multJ•gtaln populations with me majority within phases A 
{I 60-140Ma)and B(J40-L0S Ma) and the most youthfu populations(ullingwilhin Phase 
C (J0S-80 Ma) (U:C..lh C, ,1J, m • ..?0J5). All samp]es assessed In this study contain 
mutti-grain poptiations within Phase C. which we llnlc to the westerly lying Cordillcran 

cmtera.t at (2021J, PeerJ, 00110.nms-erj. 10949 ___ : ___ _j1ijr39 



Pee~--------------------

I J 

f I Dc1rllal dn:Da pro-. Commned pouiblc crwul prcwCMDca and age.distribution 
c~ i)f ill INlyud deull:al ill'ClOns ftom tht O,koo Sl-ndunt tl\d 1he lhrec Mol'fflo Hill F-onmtlon 
dmpla. •ol1h Amcrxm dapb.ya 1lbly crm~ pnM"mnas for at.ch major and mbior dd.aul 
a,lla>o au papilallon n:workaiwlihut du: CanlJllam nman: mn:land bnln q'llan.Suca:uh.111: mma 
•• popu,wloos (dh:pb ed 1n the ..,~ distrl)Qllol\ air.e on the rlg)H • .-nd Ile dllplafed "'1dl cdor 
camsparu!I~ lo the: fClca cnatll 'pl"D\'i:lua}. towfrd and ada_pta) from,, 1t1n (.. ,, ' (2009.i) 
and L. • ,.. I n. ' J J'; and tt*fflOel 1hmlA. pia~n,. bued Oft C • 
,_..,,, , -..2019/05). flpn: also modlfu:d tiam • i • .a~ ..JUO,. Pr~ dimity pots vii lsopot 4.15 
(Lud»1t, J). J • JO.i71U; a. 10 5 

Arc; mort sped.ncally, the somhem portion of the Sierra Nevada &tholilh. the northern 
portion of the Pffllns:ular Ranges Batholilh. and mloor ,'Olcani.sm near lheMarla Fold and 
Thrust Belt (D Gil, "It ).J; T>i. km 011 '\ JS. & shy R, iby :\...cJT '112; llild,.br •.• w' ' 
lt lulc, 201 J; Z..U.taslrn, 101.~ S: arc r al .. :.?DJ.5; l't'"IJa tr al 2DJ ; LJ~ r.: .. 2C'J9: 
n -rn,._ 1 '- ,r,-1 , ' J }O/Q), Shorter-lived and more-loc:aU~td volcanic events within 
Phases Band C that could have been contributors induck the (1) Black Rode ArcTcnane 
(114-lOlMa): (2) Sitrra Cttst tagmatJc Event (9'8-86 Ma); (.l)Santa RoSil Range and the 
Bloody Run Hills (l l0-$5 Ma); and (4) Soldier and Cathedral peak plutons (F"i ti) 
(D1cki iSOII Gtlin:ls. .YJai LlMifOtl H..i . • er Crthuh. 2(1t0-. Hunr Lt l. 2011; LJ..' ~. 
Dte.tllcs d- Gdrrcls. :ZOH; Cao 1.•1 al., .201 Fig. JS, p. 316, cydcs l, 2 ond early Phase 3; 
v,, 1r, ,., a:, . o;i.; RroM . Hr. •I ( !th • JOI • P.:t IILI ,., al, .inr~ Tu. ,,..,. ,., al, .llJ, O), 

Wlthin the sowb\\--cs~m portion of lhe Arc. po Jble Phase C contributors of the rnon 
youthful ?Jrc:on populations indudc the sou1heastcm ionc of the Siem, Nevada Batholith 
(le:s.s U~ty Qntnl Sicmi <vada Batholith) and the northcastcm zont of th~ Peninsular 
Ranges Batholith (Ft 6) (H1i b ,ul \ h t, .!(,JJ; tAC...I d- <, uh m .ub; 
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You.difw. ddrlbl :dram pl'OfflWIIZ. 1-~Lc 11CU«a for the mml youthfw dddlal :mma 
popubidons re-CC>Yct~ \Cilhln thb qudy, Sampes &11 \Cilhtn ph• B .nd C, liddl the mtut ~urhful 
papulllions ID P1IR C. lnDmlllon of vutow inllcn m:u\olmd &am ffl e-Gd1ub (~): 
(, • I, ( .. I I:._.,, NI, ff• ' 'uJi 111 r '41L (_-01 J 1

; L • L ellt-1 6' Gdirrh 
('YJI , , • 1 ·~ • . ?().~.I , ·' (101,;]; lJ(;t' tr , • , H rt~ Stu,;:1 (101&'/: 
and n:ft:rtnc:a th-In. A9= pla::emc:nc bucd on Cc n ti uL (ZJJ J. v20J 9/0S). X-S analytlJ aAcr Bll/WiJII 
• • r 009bJ. 1'1!1 .,. , 1t .,,,11pcttj.l~f. fi 6 

l~,,. t, \\", •l -OH). Crebeeous grain popubtioiu could yet linked to the Mogollon 
Highlands where Pi' J 71 note-d sedimenmry rocks (with Jntcrbedded voknnks) 
Indicated by fossil content 10 •Benton-aged• near ~r Creek, Arizona. 

Lastly, in Ugbl of reant literarure documcntmg highly variable grain sorting 1111d 
emplacement bist.orles,oihermuch less-probable butpottndal ources Jndude( l) Owhyee 
Mountains; (2) Athnta Lobe of the rchho Batholith; and (3) Eastem C.oacit Plutonic 
Compla {P, n.sn, WJ ,or M'l}t IM--1~ 5lm.s ,111 ,ll r L. 9' ; C: hm,a, a .:01~ 
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fr1di.t, F,mman 6- 18, 1010; Hay & Floegel, 1012: !.ukD~•s ,, DtCtlles 6- Gchrels, 10JJ~ 
Fmzt~l 2017; S,mr:r ;:t til., ~OI i; ffr41wn, 1-l,ut 6' Sturk. 20, • Qm nn tl al., 2018). 

K-5 analysis 
The Kdmogorov-Sm.imov ~st (K-S test) was applied lo dctermi~ the Wcelihood that 
the a,ge profiles cL sampled ilrcons obt\lncd from the Dakota. Sandstone and from the 
lower. middle and uppa-memMs rl the Moreno Hill are smtistically slmllar (pus) or 
dissimilar (fail). In this srudy. we utll~d a Cumulative Distribution Amctlon (CDP) via 
date and its 001TeSp011di ng uncertainty with a 9S % oo nfide na intt:ntaJ. in that p--values > O.OS 
pass and < 0.05 fail !he test ( •~ -) (Lltck.rl.>011 c-L Jin...., bar tr l -~ 
T1,krr«' l )),6. ~'\J). 

When comparing aD four samples ba.s.ed on a CDF acrOS$ aD rtported dates spanning 
Pttaunblian-Proter-020ic-Mesazolc-Crem.ceous we note no statistical similarity bdween 
the undtrlying Dakota Sandstone and the overlying Moreno Hlll (p-value = 0.00). 
furthennore, with the same parameters. the lower and middle Mormo Hill samples have 
gellfflc similarity (p-value -= 0222), yet neither showed similarity with the upper 
Moreno Hill sample (p-vaJues: 0,003 and 0.00 l). The lade of ~tic $lmllarity bdween 
Moreno Hill samples reJlea.s (l) the limited number rl recovered zircon grains from the 
upper Moreno Hill; (l) stJtistitaJ dfects of the 596 cutoff; a"d; (3) the vt:ry youthful 
mutti-gndn popubtion between 89 and 88 Ma that b not pn::scnt in the lo1ttr lO middle 
M«eno Hill. Thls pa1tern is somNhat different when the K-S ~tis applied only to 
Mesozoic popub.tions. For instance. the Dakota and the rruddlc Moreno HIil have genetic 
sJmilarUy {p•value .:. 0.790). yei. the Dakota fails to be signifimndy diff ettnt from all 
other comparisons.. When we compare only _Mo~no Hill samples. me lo~~ and middle 
samples present gc:ndic simibrity (p•valuc = 0.220). and no similarity lO the upper Moreno 
Hill <p,-value =-0.003/0.001) {Fig. 7). Such subtle variana!S in confidena are po~J\tially 
linked to \,ariabty geographically lnOucmccd drainage systtms and/or IO temporally 
dissimilar volcanic inUcr-i within 1he wesh:riy lying arc rather than lO a sJngle, enduring 
source U· •= Diaz 1/...J sr.J e-1olsot1 2t.:J 1 and references therein). 

The above described multi--faccted source temU\c narntin is &irly complex; therefore. 
we sought co conJirm iMSe observations by unlizing the methods described by Ca ooJ. 
1111 ..a-..-orrh DI um t101 l;, which links cumulative proportion curves with 
tectonic sources (Fi ... '). When res~ts for dates betwmt O and 35 Ga art ploned on 
cmnulaii:\-e proportion curves, all four samples vartabiy plot b~en zones A (coovageru), 
B (collisional). and C (cxtcrisional) oonfinning the complex ddrita_l sowcc trmmc hislOry 
{C,tMI ,,, ,/, Huh , worrl, G Dhmrm 101 '>), By and large. all youthful populations (n < 100 
Ma) from all four samples indicate a coo,rergeru margin (~Jy lying arc); ya. 'ftm 
genetic $lmlbrity between youthful samples lndlc:at~ that these arc likdy derived from 
dJff~ffl'll vok:anic inliers (Dakota and the mJddle Moreno ffillp-wlue= 0.790 and me lo~-er 
and upp« Moreno Hi1 p-value = 0--211, wab all other amparlsons faiing the 0.05 
significance threshold). It should be noted that with the 5" filter, orly l 6 grains were 
app-oved for the upper Moreno liill. and should M ueat!d a.1 a proxy only. However, when 
aU the qmpfts are pl"C$tllted on a dctrkal zircon llgC probability plot. in-~iveof thdinal 
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B) All Grain 
Aoes Dakota lMotenoHitl m. Moreno HiD u. Moreoo Hill 

Dakota 0.000 0.000 0.003 
lMorenoHiO 0.000 0220 0.003 

~Moreno Hill 0.000 0.220 0.001 
u. MOtffiO Hill 0.003 0.()()3 0.001 

Mewzoic 

C) Grains OiW>ta l Moreno Hill m. Moreno Hill u. Moreno HIJJ 
Oakotc1 0.004 0.790 0.002 

I. Moreno Hill 0.004 0,019 0111 
m.Morenotiill O.7g() 0.019 0.006 
u. Moreno Hill 0.002 0.211 0.006 

0) 
Moreno Hill 

Only I. Moreno Hill m. Moreno ffdl u. Moreno Hill 
l. Mon~no Hill 0.220 0.003 

lrn, Moreno Hill 0.220 0.001 
u. Moreno Hill 0.003 0.001 

:" . re Coatl.ftfflW J&.1111 lta, aa.mu.lat~e p,oplll'llOG curva. (A) Plor lhe gffle~ tidd fo, 
Conr~f, Golllilonal, Ind E.Iten loftal Jla.dnj bued M aftd modi&'d &om t . I ,.. 'h cf, 
Lit. 'fflC 1..:011; }- J. p. 877 . (B-D) Plots dilpay petic between ampu: lim!!ll.nt)' Ill 
nO(ed wherep-,;-aJueure >-0.0-S • shOlom p-tphlcally .,.,._ Jr..S a.na • 11Ur B. , • ,I I OOQp). 

lf. 10,'nli/, C1J 109,t 7 
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grain count,. an samples present a Poreland Basin spearum ( in a,greemau wilb Uh'tX1J. 
Hi1 ,,.,1, <. nl1,,·;rie, .~o, 2, Figs.. lC an,el 10. p. 876). 

DISCUSSION 
This study sought to (l) mine rhe deposk.lon.al age and dun.ti.on of sedimentatioo of 
the Mo"no HiD Formation; (l) provide newly calibrated linkages based on thC' r~cd 
temporal frameworlc; and (3) de21Dline likely source terranes. Our reswts demonstnu: 
that cmplacanmt of sediment into the Moimo Hill depo-cauu was diilchronom, 
o«urring in ~-<o distinct phast.S. The first phase ex sedimentation occurred after 90.9 Ma 
and terminated bda,e 88.6 Ma. (Law,_r to middle Moreno Hil), spaM1ng the late Turooian 
to very early Coniacfan (, t.. ll). The second p~e d $edJ~ntati011 occurrtd shor11y 
thereafter-8&6 Ma {upper Moraio Hill), very early Coniaclan (r1r lS) (Cvh - t' .1 ~U: 
v2020/03). 11lJs t'\li'D•pha.scd deposition is reflected in the results of I.he K-S test. \\-itb 
onlythe lower and mJddle Mo"no Hill havingge:ncticsimilarity. Thecd'ore. a comparison 
of stradgraphJc position and the r~uhing MDAs "'-ouJd sttonjy indk:ate chat tbett was no 
synchronicity ~-een sedimmwion and lhe emplacement of deuital 'Zircons In the 
middle Moreno Hill, rather that only lht low tr and ~r Moreno Hill could porentiaUy be 
nearer to syndeposltianal (Ru 1h•', • L 2019; J 1,1 .. J.&.,.-i.' L 2ll.?O). In Ught of the 
seemingly strong temporal rebtionshlp bdv.-een the lowtr and mJddk monbel$ of lhe 
Moreno Hill. the CUJTcrtt In Conn al subdivision (I the formation into its thrt:c: members will 
be "assc~ed in a forthcoming manuscript. 

This study notes lhat oos~ on lhe depositional nature of detrital :rircon (C,·l,rd • o, I), 
sedimentation into the Moreno Hil cot.id haw been entlrel)' \twithin the very early 
C.OnJadan: however, key pieces of mdencc seemingly corroborate staggered pulses of 
ddrittl-rich sedimc:ntatlon Into the Moreno Hill dcpo-ccntcr. The first phase of 
sedimtntation is l't""eD-documented to have co-ocamed with ano.nc pa)eosob and dJstinct 
coal horiz.ons within a distal alluvial plain {F'i~ -1) ( \t1 r ''n, ·• u/ htr oQ; I .m.l r c. ul, 
J .1s.-.. fa,·k, J 92; H,,Jfm11r 19',,,o; s .. «llt'\' cl"' :0£1'9). On the other hand. I.he upper 
Mareno Hill is distincdy dJJftttnt. preserving paleosols generally indicatJw of smaerial 
conditions and arldifkatlon with co-occur-ring 0uvial dtanntl bdts (Ro"# J, 1% '; 
C. r1,pb .. 1,, lfJll-.J; lJoffm .. IJ'96). While the complete Uiholog1cal revtew of the tdoreno 
Hill is ihe Coais of a forthcoming manuscript. we wish m highlight the above-mcntlooed 
dlfftttnc-es bet.ween the lowff and upper Mo~no Hill art $Uppor1ed by our own 
observations. The lower Mo~no Hill is charactzriud by thickly interbedded dark fissile t.o 
blocky plant hash-rich mudrocb with a~ociated coaJ Sltams, finely laminattd siltstorn:s. 
fint to medium-grained Laterally discontinuou.~ sandstones. and fine to coarsety-graJned 
sublitharenitic to subarkosk la~cally continuous multi-story planar and dls-tinc-tly 
1.J'ough<ross~ded ledge-forming sand¢ones more prcvalcnl toward$ the upper parts <L 
the member. whereas, rhe upper Moreno tlil is dwaaaizat by Ughu:r-colored more 
fissile mmrodcs, sihstones and lesser-occmrlng very findy to medium-grained subarkosic 
lenticular troogh-cross-bedcled 5andstones (.;'cuup! .J J 'i-'i Co,/ i... .\rA.u 1-..: ;') (details 
Lo be updated in forthcaming manusaipt). Beyond local sedimentologkal dJfferences, 
r~nal linkages can be utilized to corroboratt this study's intcrprcilation of di3chronou.s 
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\!f Syndepos.ltk>nal 

1 ScdJmamtio.11 md nm>A iapaL Plat dJspu) 111:'mpanl rdallomhlp between czyaa]bDUan 
·~•nd thtdeb.~ dep(llidooil P'll Due., tht JimJwlay olw lower .d rnldclt McwfflO Hill, Iha 
1tud.y 6ndl rvidenat: 6:n a &Dpat. longa-lind puhc f1l .udlmmt input. 'nzrmlcr, a &a:Dnd phac w11b 
m1u1: 1·aulh(ul zm::Dm. and ;a nrkd mccm lliltory lbw lndblcs • patcwal new ol thr 
MottftO HW F,orm,aoon lnlO lo"ltf Uppd man hen only. K ..s after _, r I I I I ]fl 

J 1 IU t l7/pra}I094 fi 8 

sedimtnta11on. Based on ~gbnal bJostmtigraphi: linkages of C. wool/gwl woollgarl and 
either M. iabiatus (1\""''• t K1rlr.l11r1,l (I 9R. p. 304J or M. mytiloida (/(jTfll,m I r,r'h 6-
~\ 0 11 (~5, p. 89,), the underlying diachronoos Atarqu.e Sandstone was mq,laO!d 
during the latest ear~•-Turonlan to ea:rly-mJddJe Turonian ( ... 93.4 and ~92.5 Ma) 
(Ka.1JJ,,w11 et J!. , 99_~ r0Jr~r1 • r ul., YI06). Biostratigtaphkally controlled radiometric 
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Rcc:umlnldJGD oftbc Mormo Jfl.l dc:po-cr.akr. (A) £mplacmien1 ol the allu,ill D.d.ota 
SandQl'lw: 11kt 96 M• Jut· 1 lhe MOWT}"-Cir.n~ Sawq wkh ~I'll naASpM«t na !WrtlwAetly 
dnJnlni 81ntlh)ltam.(8J Empla:anmt ol.edimr:nt tn I.hr IOMrmd 111.id&MormoHlll F.ormallan, 
with )'OW'llul deuml zkCfflls from the C.O,dll~l'1.n A kCOl'npanlecl by dlmtf!C and h orbl ~o:,n 
populadOI\J (ll)m tht Mogollon Hlplaft(U. a.Ion with .s1uro.undln,1 (re,'Ol'lted) sedlmcntal)' blM~ 
IOU!hl!IUI ol the Se,i.a H'8)1Jmck md mrth ol lhc Mo,:illcm Highbncb ldo the Cdup Delta. (C) 
Empbicffl'fftl of iediJne\t ltuo w upper MOftM HIii depo.cieNer whh amBu SOUl'U ttri.tie•«) dlt 
1.mdcrl1•mg un~ )d. wilh lbi:i c:u&w.anl mlgrllllng fon:bulge IL ill lea likely thc Snta' and. ll:I caa-nlly 
•dJ.lcenl udlnlcnwy blank~ lO bt a pt4lll'llnffll fil!Qrtie (now 11,it)\"' tht nonlHffl'ldl~ fortdce!p) 
Gtoph)'-k:11/paleogcog,aphtc map, lft! baud on uynrhcst, al squfCd., "~ B'f 8L:lty (101 •}. P , ' 
1- 11 ), -. • J c \ nl (1019. Mia!! 6' Mit1'W (2019, Tutla a (2'01J and 
rd~nc.- thtrelt\ Full"'1u 001. lll.nl"/ptet)-1094 
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40ArJ1fJAr (sanJd!ne) dates co1Teladve-wkh the lower Moreno Hill Formation an available 
from other diachronous units induding the FcrrQn ndstonty Utah. and from the Juana 
Lopa Member of the Mancos Shale in San Jmn County, New Mako ( Ol -zo~ ch J :J; 
C1>"van tr ,,d ~06). Both datc:s have been re--alibrakd to current standard,- dating the 
b(ntonitc btdswilhin the P. hya1ri and P. mocombi Zoll(:$ to 91.l ± 05 Ma and 90.8 Ma :t 
OJ. rcspeaively(f-n1 l, -'11""). A bentonite D"Om within me S. pm•t11trlcosw Ammonite 
Zone {Lower Con hdan), Mari.ts RJver Shale In Montana. was dated and recalibrated to 
88.9 ± 0.6 _Ma. lhw communing the age of Remlngosrrea elt-gam-within the Mubtm 
T~ of the Mancos hale (wbJch overlies tM upper memba--conm.uve OUco Coal 
Member of the Crt"VaSse Canyon Fonnation) to wty Coniadan ( 1r '"'"-'uch 19-
\f 'tt ,, al .Yll-": ,lu k . .. v1 1>; fo 2017). 

Out MDA for the lower Moreno Hill ooTrOborates this pfa«ment (within :tl Ma) with the 
Initial sedimentation into Moreno Hill &:pK1tntcr occurring after 90.9 Ma (in a~nt 
wih \'oljt ( 19391. c a lo~ vi 1I99JJ. - n t al.. JJJ>•, o!fe - Kirlda r1 fl~ I, 
C-,ff,,rn tJ .ii t I\ J, ,\f,1'-i.,ure1 ,,l (200.?).MiT n tJ 11l ( Ill.')). FurthCffllOre, the 
empncemeru of sediment into the ~per Moreno ffj)J depo-anter is sUghdyyounger 
than the original cstimales by "o!t K11&uf J 9%) cl the upper Turonbn.. This study 
lnterp~ that sedbnentationoccu1Tedafter 88.6 Ma. the very early Coniadan (0 1lk'fl I ul 
21JJJ:v202003), in a~mnent with the :SUppOsilion of (.fan r 1 (20191. Accordingly, 
based on our MDA. the basal upper Mom10 HiO could yet be linked to the S. pmrc,,rriccmu 
(89.8 Ma) or S, ventrleMu_s (88-.8 Ma) Ammonitt Zones (l='d, ... v i(,r!J rrJ J ~. 0 If 

llrn. ov 2DJ ... 1~ r .XI 1, TherdOR. the sedimentation proc.esses of the upper Moreno 
HiD may have had more dlrect Hnlcage:s wilh the GaJlup Sandsto~ and Cttwsse Canyon 
Pormadoo lhan premus!y thougbc ( Jd. • tVI cs 1

• J •; Mtiltn. 1 er rJL . .:~.?). 
In liit1t of the abo~ interpretations and if it as.sumc-d the most recent revision« lhc 

Gallup Delta by Im Bh.J u, h,1ry11 1 :'01~• and r • BJ,,i ta1 -11,,,ya c.: Sh1 /uni, O, 9J is 
accurate, the Moreno Hill dq>o,enter was Uuly a sedimentary conduJt for th~ Gallup 
Delta. Seminal work by l 111 BJwttc..lw-r> \tc,.. 'J -.rd f ,01.,, indicates that initial 
sedimentation in the Gall~ System occl.UJ'ed near ±89.6 Ma for the Lower Gallup and 
lerminated by ±88.4 Ma for !he Upper Gallup {L n flt rrruJ ,-Jtt to.:'iford. ,;,JJ9, 
Fig. 20), and geographically is placed at or just north Lo no:ttheast t:A the Moreno Hill 
depo-center (1., ri. bhatt.uhllry 5t,xkfard .:t-lY, F Ir .. A and 1B). Therefore, based oo 
this study's initial findings. wt interpret the lower Mor-eno Hill would have formed the 
proxim81 portions of the delta plain ¥oith co-occurring channd complexes. vast back 
swamps. and accumulations of water-sawrated floodplain fines ( g 9). By appro_mnately 
88.6 Ma (but no older) the &:Ian progradcd further north by northeast I - Rh.~ t1t1, fo··)iJ t. 

l1Ak/o. d. /9, F&g. 20, p. 571, ~quence 5, 4, 3), which Js refleaed in the-Moreno Hi.ll 
sedimtntatlon. The once delta plaln shJf1ed to a distal Boodplain w11h the cononued 
development of the tluvfaJ complex and adjacent floodplain fines pres,erv-ed in slightly 
more arid climatic coodJtions { R J\ bctl J 9(12; u. ,p IL l ; Hopm . 9 . lhis smdy). 
In a broader oontc::ct, with lhc newly interprded MDAs Cor lhe Moreno fflll, emplac.cmmt 
of sediment into the depo-cmter would have butiated during the latest ph~c d the 
Greenhorn cootinulng through the Frontier-Perron regttssion (MQllcos Sca"9"3.f) 
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(Kuuvmilrt J98a, BL1kev 20J -I; Lo • r '1.1, 201 , fig. 4, p. 14. Mi.Jl' 6-Cm nca .... 1f>J9': 
and rdc:rences therein), The revision of Hlhostratlgraphic. sequen« strotigraphic. and 
bJosuatlgmphic tJes art the fOOJS of a forthcoming manuscript and is be)'Olld the scope of 
this particular <.tudy. How-ever, the,o;e findln~ thus far are In agreement with the n:gional 
framework!$) (Fig 9} by R -#,mi t f(in .. hb.i· rr (,9'1".l, Fig. JO. p.13 and Fig. 13, p. 29 
P,J1a r llL I 20Ja) and L Bl, rad11J •11 6' Sr:1 /onl (l019J. 

Tht oldtQ detrital 1.in::ons in the Moreno Hill Formation a~ Prec.ambrlan and ue 
Interpreted as being &om the upllited and eroding Yawpal and Mazatzal blocks in the 
adjacent Mogollon Highhnds. All Moreno Hill Fomiatloo samples are void of Paleo7.0lc 
muJti-gr:wn popubtions. Triassic to middk Jurassic recycled grains and populations arc 
interpreted as being &om the Appalachian and Amarillo-WichJti. ~lifu (300-200 Ma) 
wilh younger grain.-. being from wes~dy lying terranes within the early phases of the 
Cordillcran Arc and hcavfly-~orked m.Jti-gcnc:ndiorusl recycling of sedimentary 
blank-& (aeolianltes) lying east of the Sevier Hlghlands and north of me Mogollon 
Highland5 { rl:{' 111s ~,, Crlui, }( J. l( 09.i, 2t(Nb; I .111 'D , PoJ x k Rolnruon 003; 
wull..">. 1; l.&ukull k, L\oCt ts G.J1n-/~ .?OJJ; ( h ~Is 6- Pc. .. 1 . . WI J). Late 
Jurassic-•m1.d-Oetac«>us• zircon populations can~ linbd to Igneous rerranes in w 
southwc$lern por'lion of the CordiDmm An::, $p«ilimlty the ~ttm roncs Lhc Sierra 
Nevada and Ptninsular Ranges Batholiths (L. w, I L (.,lie; (,:.. < Ir r:li, ... OJJ; 
Tu, ' ~r Ir al lf lo). Bas.tel on regional paleo-drainagc reconstructions rrom $OUlh~-e$l to 
northeast. we ~on elude that the most youthful (near-syndcpositional) populations are 
rnosc likely dcrimi from lhe southeasttm 1.0ne of the S,erra Nevada BalhoUlh and the 
northc~tem ?.One of the Pc:nlnsu]u Ranges Batholilh (Ro#, rl Ki.N. bbcmm J X. 
H l,,ftb, nl er \'I~ 1, ·,, NJ I; ) ·ml tl • f ti, ~015; Pech t al. 201 i-; Lm Bha..,atl1t1 -a 6-

t,dtvd. 'l(JJ 9), J( the Moreno HlU Is compared Lo the Dakota Sandstone. our study 
confidently identlfio a bng-tcrm shift in prob-able soura' terra.ncs and is linked to an 
e\\:>lYing catch.men, system. SpeclficaJly, the Impacts of the east\li'ilM migmtion of the 
rord>uJgc to the north (f' ,n,.. J ,U .. j n .-cl , m-1; l\"Jutt' F rl• rig c 1 rrlmr .. "00.:; 
~Iii.,, Coo" ,n, 10U6: ) otih,. er I\ ~d. lOJS; fl ti/<..· Car , · t!'G11U 1019) may have 
emndcd further south m southwest man prevlousty recognized, thus aeating 11 

topographic high, which diverted drainoge lnto the north (foredeq,) or northea'il 
(backbulge) {1 •. 9.5 and 9C). We. interpret uw as the forebulge migr-ated eas:tv.vd, h 
slowly cut off westaly lying sources, lnduding the Sevier Highlands and notthem Sierra 
Nevada &lhollth (fi,:, 1). Volc::anidastk to '!-'Olcanilithic:-f'lch sediment that blanketed the 
MogoJlon Highlands during uuption phases woold have been eroded and mixed \\ith 
other Mogollon Highland sedl~nts and tn\n~p>rted northeast to the Moreno Hill 
depo-center and me Gallop Delta. Temporally, the teaon.lc driver fOf' sediment and 
resulting influence on dmlnage (south,-,.-esl co northeast) can be confidendy linked to me 
9~86 Ma devdopmcnt of the Maria Fold and Thrust &It (Sp, ,( rr qey,wk1 I~ 
fl.ti.: Pf u-JI L. r J 9l. ,...,,rJ, t:1 .J. -~ ; n, -¥\J9: ~~•.ut d wL 201.S). 

The M()l"!no ffill Fonnation prt$crves a globally unique. terrestrial vertebrate fauna I.hat 
has been used alongside other kty formations k.g.. the Cedu Mountain Formation 
(C/1:' 1.1,11 l'Ni,J\, kJ.to4f.rill 19li'i.Z.,HmPt.~ f '01 k) 101 :Zatmoc.ra/ ... '019),and 
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lhe dovuty Fomuwon (Zann~ 6- .\fJ ,·iJ; •. 2tlt J: liJ -it r al ~JJ 1)) to detangle the 
pact or ecological restructuring in western North America during th,t mid-Cretaceous 
("lt.>11.• t.f "'. 20Ji). 

Sptdfically, the Moreno HII Assemblage (senc;u Nwh I tl aL, 20 9), whieh CU1TentJy 
dffives solely from tht lo~"CT Moreno HDI Formation ( ,•'«..Jfe... '(t..rkl,m f J QB), has been 
used lo pinpoint first and last appearance dates for a variety of key ram Jncluding 
therb.inosaurotds, hadrosauroid.s, and ccratopslans (l\. '.}• 1-.,rkf n J. , 'hb'; Kin I.m,i (. 
t\ clfi., 2001; ,\Jd.Jo11Jd, l\ ,'fi c-~" ki,ma 20I~ <. u i.r :J ~IJ). and fills in biodh--ersii.y 

data ~isc only supplemented temporally by lhe more poorly caleD)riud Straight 
Cliffs Formallon regionally ( T 'fu, R Jh-rt ,1 llmg/r. 1:01 ; HbngJ1r ,. Tt'lH • .llJl6). 
Ab.bough I olf, • Nt JJ,111,f ( t 998, suggest a middle-upper Twonlan age for the lower 
Moreno Hill Formation based on ammonile blostratigraphy ( \f,.,1, 1111.ir ~, 1ol., '091). reant 
paleontological Qudies have used an urly middle Turonim age (-92 Ma) in 1axon 
desalptlons (Nub-'•r ·r I . .20J ). Our MDA of 90.9 Ma from the Moreno Hill Assemblage 
compares well with the temporal f rameworit or,,, •if<-"' Kin.la~ d IY,., J and sigests 
that mmn ages mould be rmned to be appradrnar:ely l million yea.rs younger than 
previollSly rccognJud. whettas. the limited fos.11ils recovered from die upper Moreno HJJJ 
arc Coniadan. 

CONCLUStON 
ThJs study presrms a newly caJjbmted chronosuaUgraphlc frame~"Odc for the Moreno Kill 
Form.a1ion txpo5ed wilhin the Zuni Basin, New MexJoo. By coupling CA-TIMS and 
LA-1CP-MS data, ·we identify that emplacancnt of the most reliable youthful zircon 
populations preserved within die Moreno Hill depo-centcr occwred in t'\\'O dJst.inct phases. 
The first pulse of dcposidon occurred after 90.9 Ma (low~r Mortno Hill), and the second 
pulst of sediment emplacement occWTed ~r 88.6 Ma. Based an lhc prindpJt m 
ddrital iircan, the crnpbcemcnt of the Moreno HiD Is diachronous, Turoniaru'Coniacian. 
Based on 1.A-(<J>-MS data this study was able to dc1anglc a complex his:lory or ddritaJ 
Input and contidmdy idendfy lllcay volcanic source temmes. 'f.owhful populations are 
lntttpn:tcd to de-rive from the westerly Cordilc:ran Arc (Phaa- C), and more likcty 
Peninsular Ranges Bamolith and the sou.them.most to a.nrral Siena Nevada Balholilh 
( F' 9). ~orud volcanic dtuirus and co-oc.currlng dmital stdimalt 6-om the Maria 
Fold and Thrust Bet and the Mogolbn Higtiland~ were enriched with CordlHeran Arc 
detritus a.nd uansported via fluvlal comp)aes 10 the developing Gallq, Delta (l 10- 9). 
The Moreno Hilt is-interpreted 10 be the prcnimaJ ddla plain and distal Ouvfal system to 
theGallupDdta(H .. , k,•t r,cldm.!), i..lt,.T.nL .Rhc.JrJ lz,1-.,..J lOJ9.l, 1J1<1ttu.l1T\Ui.. 

(./1Xkjo, ,t 20J 9). Our fuurc lnvcstlgations Into the Moreno Hill formation will seek co 
couple lhis newiy calibrated temporal framtWork with that cL hisiorlcaDy significant 
Utb.Olstratignphic and biostrarJgra.phic records. 'WhJch are now somewh.ai Juxiapost'd with 
our current results. Future v.-odc will also seek to provide a comprehensive r~• of 
the Moreno HiD sedimentary system lndud.ing a stratlg,aphk revi9ion ofits current 
sulxliviskn fin.ally, diest efforts pr~ a novel lemporal ti'am~'t>rk for the Moreno Hill 
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assemblag-e that will allow rmMd comparisons with auly•Lale Cretaceous te1tesa-ial 
ecois:ystems or the Westtm fntcl« B~n. 
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