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o " ABSTRACT
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,a\ " o ot ..
. The late Albian to early Cenomaman l§ootlegger Member is the uppennost of four .' B
members making up the Blackleaf Formauon of north-centra] Montana. .In the study areas
near Great Falls and on the northwest slopes ofoMt Lebanon in the Sweetgrass l-lllls the
Beotlegger Member 'represents manne deposmonal condmonrassoctated with the initial “
‘transgressrve stage of the Greenhorn Cyclothem It conformably overhes and onlaps
terrestrral deposits of the Vaughn l\'fember toward the west, and merges with the Mowry
* Shale to the east. Itis unconformably overldin by black shales of the Upper Cretaceous

Floweree Member of the Marias River Formauon

Strata of the ﬁbotlegger Member compnse a number /Jf stacked sedrment.m'. .
sequences Each sequence is charactensed by a thick shoaling- upward sequence truncatul
~ on its upper surface by 2 planar transgresswe which is commonly overlam by a thtn ‘
transgresswe lag deposn The [thk basal poruon of each seq-ue,nce suggeSts easrward
srrandhne progradatton (regressrve condmons) while the upper surface represents the

subsequent transgre-sswn Strandline migration and ! elopment»of the Bootlegger

sequence’s were thought to have resulted from eplsodrc up" t and subsrdence of the ancestral
Sweetgrass Arch, whrch may have acsed asa forebulge Uplift was assocrated with |
accelerated Cordllleran thrusurig while. subsrdence recorded thrust qurescence and
lrthosphenc foundenng due to sedtment loadmg and elasuc hthOSphenc relaxatlon

and blogemc structures characterising the Bootlegger Mem r are mdrcattve

ofa storm dommated nearshore envu'onment Pamcularly 1nterest1rlg lS th 'occurrence of i w
sed»mbeafv ytructure called " ‘gently undulanng parallel lamination” (GU lammanon). This,

structure is charactensed by parallel lammauon whrch exhtblts a subdue ndulation



—_ N

( sr'-'cing-to-heightl ratio of 50100 -0F more), and palzleocufrem indiéators, (grain fabric,
npples etc.) indicating offshbrf: sedlment transport. GUP lamination, which is the dominant
structure charactensmg the lower shoreface, is mterpreted 10 be deposned from

upper-ﬂow regnme umdxrect;znlly-dommated combmed flow. In a seyward direction, th‘e

redideti abundance of GUP1

crosslstrauﬁcanon may suggest the wamng of umdxrecnonally-dommated a?td an ,;ncrease in

ination matched with an‘increase of hu mocky

*

oscxllatory-dommfted combmed flow as a funcnon of depth or mory IR
‘ g2

~ -

- from lhe palaeoshoreline,

e , : ’ ° ' .
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, : "~ INTRODUCTION
- : \‘ . v

~

_ The late Albran toearly Cenomanian Bootlegger Member is the. Uppermost of four

strattgraphrc members composmg the Lower Cretaceous Blackleaf Formanon of notth-central *

C- Montana (Cobban et al 1959 1976; Cannon 1966) By deftmtlon the Bootlegger Member

is completely marme and represented deposttron durmg the 1mual rransgressrve stages of the

- Greenhorn Cyclothem mto tlus area of nor:th central Montana (Vuke 1984) The Bootlegner

' Member overlies and onlaps westward wrth terresmal deposrts of the Vaughn Member whlle

| merging eastward wrth the deep basrnal Mowry Shale of east—central M\ontana The type

section of the Bootlegger Member crops out along the south face of Bootlegger Escarpment

near the city of Great Falls and represents one of several study locations in thrs area of

— north central Montana Addmona] outcrops were studied on the northwest slopes of §4t

erc.). -

a

Lebanon in the Sweetgrass Hills. : R - M\y

o Soavy b

¥

The text of this thesis .is compnsed of four papers The ordermg of the papers 1s
such that termmology used in each paper has been defined and discussed i in the previous
paper(s) (eg. the influence o_f the S‘weetgrass Arch;. gently undulatmg, parallel lamination’ -- -
, . | e : 7

Detailed analygis of the regional nature of the l;ootlegger Member in the Gr’e‘at Falls
area tndrcates the recumng development of shoahng upward deposmonal condmons during

'iBoodegger time (Arnott 1987) These recurring conditions resulted in thedevelopment of

: ftve vemcally stacked shoalmg-upward clastic sequences observed throughout the entire

Great Falls study area. In an 1deahzed case a complete sequence is made up of strata
deposrted in a shallow-offshore shelf envrronment progressrvely overlam by lower

shoreface, upper shoreface and fmally foreshore strata. In the first paper (Influence of the



Ny | - »
o r -*" ~ : ~ ,“
SWeetgrass Arch on sedunentauon of the Bootlegger Member north-centrat’, Montana) the
| discussion deals mamly with the cﬁ'tvmg mechanism behind the development of cychc
Bootlegger sedimentation. In this paper the influence of the South Arch, the southem
: element of the Sweetgrjss Arch whose crest lies close to the Great Fa.lls study area, is ) .
mferred to. be the controllmg mechamsm behind the development of the ‘ﬁve Bootlegger
Sequences ‘ . “ | ' v ‘
Detailed lithologic facies analysis of one p'ardcular Bootlegger Member outcrop. the

ljlm.Pishkun (located appro‘timatley 16 krn west of the city of Great Falls), enabled a
=accurate dellneatiOn of the depo‘sitional environments within a stonn-doruﬁinated‘ nearshore
' clastic sequence. .In tms the second paper (Sedrméntology of a Cretaceous storm- dommated
. nearshore sequence and the origin of gently undulaung parallel lammauon (GUP lammauon))
'the first half of the paper deals wrth the lithologic charactenstﬁcs and deposmo'r,tlal
mechanisms deﬁmng five distinct depositional envrronments developed in a prograding,
storm-dommated nearshore Deposmonal envrronments include: shallow-offshore shelf,
lower shoreface upper shoreface, channelhzed surf zone and foreshore Alsoincludedin ()
the second paper is a discussion concermng the p0551ble ongm of a problemanc sedlmentary

: structure ca]led ‘'gently undulatmg parallel lamination", or in an abbrevrated form GUP

. This se ntary structure, which dommates in the fine- gramed sandstones of

'the lower shoreface,.is charactensed by gently undulating parallel lamination. The
undulating nature of the lamination exhlbrts metre(s) scale spacing, but helght rarely excee'd"
1-1.5cm Several charactensncs of thlS lammauon and the beds which it forms mdrcates
deposm n from upper-flow-regime, umdtrecuonallyvdommated combmed ﬂow The

' develo ment of tlus structure along w1th its possxble hydrodynamtc relatronshnp w1th

~hu 'ky C1oss- Strauﬁcauon (HCS) (Harms et al., 1975) is discussed in detail in the latter -
part f the second paper. . | o . .,
&s discussed above the- Bootlegger Member in the Great Falls area is compnsed of

: .ﬁv vemcally stacked shoalmg-upward sequences. Slmtlarly, Bootlegger Member strata
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" this ancrent nearshore envrronment However the biogenic record tllustra s a number of

T

< 3

B

oo

_ croppmg out ln the Sweetgrass l-ltlls at Mt. Lebanon i is comprised of shoahng‘upward

sequences, but o three and the lower pomon ofa possrble fourt.h were observed At both
study areas, none theless, shoaltng-upward deposmonal charactensucs were the result of
easrward strandhne progradauon assocrated with uplift of the Sweetgrass Arch. Subsequent
subsrdence of the arch related to sediment loadmg and elasuc hthosphenc relaxauon, ‘
resulted in westward dlsplacemen; of the strandline and the termmauon of the -

shoahng upward sequence The sequenual history of strandline position dun}g each of the .
five Bootlegger sequences in the Great Falls srudy area and the resultant deposmonal |
charactensncs of these strata are dealt with in the third paper (Palaeoshoreltne and hthologrc

mapping of the Bootlegger Member, north- central Montana) " J
" The use of pt;tmary biogenic sedrmentary structures asa palaeoenvrronmmtal tool
has until re,cently gone unnonced. However, recently many studies have proven the

iimportance of these structures in réconstructing palaeoenvironmental conditions present

: before, during and after Sedimentation By combinlng both the physical and biogenic

evidence a better assessment of the,ancrent envrronmental condrtrons can be made “In the

- fourth paper (Combtrung physical and btogemc sedunentary structures ‘A case study ; .

, Bootlegger Member, north-central Montana) the hyswal and biogenic evidence reported

from two adJacent study areas (the Ulm Ptshkun and the Mlssﬂe Tower secuons) are

e =

drscussed In this paper, both lines of evrdence support similar mterpreta ons concemmg '

deposmonal hiatuses whlch -are undetectable in the physrcal record \
.The final poruon of the thesis is a comprlauon of four appendices, each dealrng with
a specific subject eluded to in'the main text. The_ﬁrst appendix is a dlscussron—and-tabulatton

of data concemed with the anisotropy of ‘magnetic susceptibility This phenomenon, vwhich ,

s exhtbrted by most sednnentary rdChs, can be used 10 determine current dtrectron and

hydrodynamrc condmons dunng sediment deposrtton Unfortunately, due to'the low

magnetic content of most Bootlegger Member strata this procedure yroved to be effectwe rn



"

only a few cases.
The second appendix is a presentation of data and results from flume experimeénts
1nvest1gatmg the effect of sedxment fallout on equthbnurn bedforms, and in pamcular its

- influence dunng upper pla.xe bed conditions. Appendu 1T has been included because of the

) mterpreted unportance of wper-ﬂow regime plane bed condmons s during the generauon of

gently undulatmg parallel lammauon (GUP lammatton) In the Great Falls area, most

Bootlegger Member strata are ﬂat lymg although exceptlons do occur. These excepuons.

“eg. Belt Butte and the Sweﬁgruss Htlls are due to vertical uplift by post-deposmonal

\Temary mtruswns The third appendlx outlines the structural elements Wthh outcrop on the

northeast side of the Belt Butte. ‘The fourth appendlx isd comptlatlon of all the collected

-

Kpalaeocurrent data from the Great Falls and Mt. Lebanon study areas. *
(*v” -

-

T
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INFLUENCE OF THE SWEETGRASS ARCH ON SEDlMENTATIQN OF
‘ THE BOOTLEGGER MEMBEK NORTH-CENTRAL MONTAt

INTRODUCTION

» L_// .
< .

"piling-up" and eastward migration of the Cordilleran Fold and Thrust Belt caused ithe" “

' cratonic margin adjacent to the leading edge of this belt to subS1de (Pnce 1973: Beaumom

1981, Jordan 1981) Subsxdence resulted in the development of an asyrhmetric, elong.ne

.xg_trough mto which large amounts of clastic detritus were deposited during the Late Jurassic

and Cretaceous This trough, commonly calleq the Western Interior Saaway, reached its
maximum extent dunng the early Turonian - mlddle Santoman.and extended a dlstance of
more than 4800 km from gorth to south and 1600 km from. east to west (Kauffman 1977) '
Regression- rransgressxon couplets have long been recogmsed in the Cretaceous of
“North Amenca . The typlca] coarsemng to ﬁmng upward sequences making up these
couplets have been commonly attnbuted to eustatic ﬂuctuauons Wthh control sedimentation.
N umerous suaugraphlc studies in both Canada and the United Stateg pave mustrated the
common repetmve coarsening- to fining- upward sequences observed thr0ughout this basnnnn
‘ both space and ume (Kauffman, 1977 Vail er al 1Q77 Weimer, 1984; Merewether and
Cobban 1986). VaJI et al. (1977) showed that some of thesc sedlmeruary cycles occurred
worldW1de (supercycles) reflecting global eustatic change Slmxlar sequences although ot it
much smaller scale, have also been reponed and related to more localized intrabasinal events
‘(Vail,et al., _1977;-Weimer, 1984; Kauffman, 1985; Cant and Hein, 1986).
This papef illustrates the effect of Cordilleran tectonism on the uplift/subside nce

w

6 .
Ly
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history of the ancestral Sweetgrass Arch, and the effcct of these movements during |
deposmon of the upper Albtan lower-Cenomanian Bootlegger Member of the Blackleaf
Formation near the crty of Great Falls, Montana (Fig. 1) Within a period of approxrmatel)
2 my, episodic uplift and subsrdence of the arch resulted in the development of five

regressrve/transgressrve couplets maktng up the Bootlegger Member

]
. ‘ . .

GEOLO&F THE BOOTLEGGER MEMBER

- " ’ '. ) . r ’ .
The‘Bootlegger Member is the uppermost of four stratigraphic members that make

up the late Lower Cretaceous to early Upper ¢retaceous Blackleaf Formation in north-central

Montana (Fig. 2) (Cobban et al., , 1976§ Cannon, 1966; Stelck and Ar_mstrOng, 1981).

The Bootlegger Member lies st ically above terrestrial deposits of the Vaughn

Member (regressive stage of the 7¥a-Skull Creek Cyclothem (Kauffman etal., 1977))
and beneath decp basinal shales th t make up the Floweree Member of the Marias River
shales (transgressive stage of the Greenhorn (;yclothem (Hattm 1964) )

L The Bootlegger Member represents the initial transéression of th;reenl{om Se'a

associated with the Greenhorn Cyclothems-into the Falls area. It pinches out to the

west as it onlaps terrestrial deposlts of the Vaughn Member and rges to the east with the |
deep basmal Mowry. shales of eastern Montana and the Black Hills (Cobban 1951 Cobban
“etal., 1959?1976) The occurrence of the ammonite Neogastroplztes americanus (Reeside

and Cobban :1960) dates the Bootlegger Member at approxrmately 96 Ma (Folmsbee etal.,

L

1963) An areally extensive bentonite known as the ‘Clay Spur Bentonite, croppmgvout at the
top of the Mowry Member in southeastern Montana (Rubey, 1929 1@30), has been dated at

94 Ma (Folinsbee er al., 1963). Therefore, the Bootlegger Member represen_ts _
. v ' } mT



approxnmately 2 (=1 mtlhon years of geologic time (approxxmately 96 to0 94 Ma) In the

Great Falls area the Bootlegger Member is composed of five stacked sequences. )

Stratigraphically-upward each sequence is characterised by a steady increase in the sand/shale’
" ratio and is abruptly truncated on its upper surface (Fig. 3).

The' foﬁoMng is a generalization of the five Bootlegger sequences, a more complete
report of these strata is in prepéranon (A}nott, $ prepara‘tion). The base of each sequence is
identified by'the cropping-out of silty benioniﬁc shales with siltstone interbeds, interpreted
be deposited ;n a shallow offshore shelf environment. SuatigraphieaN«upward interbeds ¥
become coarser-grained thicker and more abundant. Shallow offsh;re-shelf deposits are
Overlain by fine-grained sandstones deposxted in a lower shoreface environment. Commumn‘
upward through the sequence, 1f such strata are present lower shoreface deposits are

-Overlain by upper shoreface deposits which at two localities are overlain by foreshore )
deposits. The coarsening-upward portion of eaeh of the five Bootlegger sequences illustrates
shoaling-upward depositional conditions associated wim.Progradation of the local strandline.

A‘brupdy'truncau'ng each coarsening-upward _se"que‘;ce isa typicnlly pla;ar '
transgressive surface usually eapped with a thin, co;r‘se grained lag deposit Each lag
deposn is composed of sediment reworked from the underlying shoahng-upward sequence
- and was left behind during the marine transgressnorr Sequences wherelag deposus are

- composed of pebble-51zed chert clasts suggest the u-ansgresswe reworkmg and concentratin‘g
of p0551ble beach or fluvial coarse- gramed sediments, The lag deposxt cropping-out at the
tOp of Sequence 5, in addition to being granule sand sizeis- also charactensed by an
anomaloys-abundance of fish scales and fish bones. "l.“hxs‘.fossx_lhferons honzon has been
‘termed the "Base of the Fish Scales'; by oetroleurn geologists in Canéda and represents a

< synch:onous marker extending from at least northeastern Bﬁtish Columbia to southern

Alberta, 3 distance of over 800 km (Stelck and Armstrong, '19815. Its similar association

with Neogastroplites americanus in the Great Falls area would indicate the extension of this

/



synchronous marker into at least north-central ‘Montana. a distance of an additional 300 km
“In the western Great Falls study areu strata of ;he Base of thé Fish Scales crop-out

‘above Sequence 4:’\therel3y contrasting its occurrence above Sequence 5 in the eastern Great
Falls stud.y @Wf Sequence 5 strata i the western Great Falls study area
mdlcates the development of a markedly condensed stratigraphic section, which is probablv
the consequence of erosive bevelhng and sediment reworking which occurred during Base of
' the Fish Scales time. Sediment reworking led to the conceritration of fish remains and
ultimately to the development of the Base of the Fish Scales marker. A

Development of the th'ick shoaling-u;;Ward portion of each Bootlegger sequence
‘indicated eastv;/ard shoreiine progradation during eustatic still-stand or fall, although
progra'detion-t:an also occur dhring eustatic rise if Sedixnent input exceeds sea level rise.
Progradation was then terminated by arise in rela‘ﬁve sea level assbciated with regional
s;bsxdence and/or eustauc rise, and resulted in the rapxd wesaw;d dlsplacement of the local
strandline. Transgression during relative sea level rise caused deposition of the coarse lag
deposits which cap four of the five shoaling;upward sequences.-

- The Bootlegger Member in the Great Falls study area is made up of five A
regressive/rr‘én{sgressi‘ve couplets, Each couplet ir.1dicated the temporal variation of local sea
level .a'nd its influence on the position of tfiEioeab;qandline. However, since the Bootlegger
Member was déposited in approximately 2 (_{ i) nm/lioﬁ .yeérs, one must appeal to an agent |
which would have resulted in very rapid and recurring“change in relative sea level position.
In close proximity to the Great Falls study area ie the palaeostructure the Sv'vee-tgrass Arch.
Since throughout Bootlegger Member time the local strandline was within or at least near io
the study-area, even small vertical \rnerments of the Sweetgrass Arch wduld heVe had a )

profound effect on the rise or fall of relanve sea levél, strandline pgattion and u]t1mately the

depositional sedlmentary sequence
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THE SWEETGRASS ARCH

The Sweetgrass Arch of nbfthwestéfn,Montana represents a
north-northwest-trending antiformal structure which loses its identity beneath the Alberta
Plains (Stebinger, 1916; Colli!er,‘ 1929; Romaine, 1929). However, several studies have
indicated that'the northeast-trending Bow Island Ax:ch of southern. Alberta (Fig. 4) may
represent its northem extension (Dowlmg, 1917; Michener, 1934; Tovell, 1958: Herbalg
1974). Peterson ( 1966) notes that in Lhe northwestern United States the Sweetgrass Archis -
only one of several positive relief features fonﬁmg a linear band running northwestward
from the Transcontinental Arch. These features include the Chadron- Cambndge High. The
Black HlllS Centrhl Montana Uplift and finally the Swéetgrass Arch, A\

In north-ceng'@.l Montana the Sweetgrass Arch is made up of two antiformal
str‘ucfures;(l) the South Arch, and, ',(2) the Kevin-Sunburst DBme which are separated \,
along the Marias River Saddle (comcxdent with. the Pendroy Fault Zone)(Fig. 4). Wllh a
complex and long-lived history of uplift the Sweetgrass Arch has had a dramatic influence on
local and regional sedimentary patterns dating back to the iate Cambrian or possibly late |
Precambrian (Peterson, 1966; Lorenz, 1982)."

' Thrust.loading"during Cordilleran moumain-building resulted in downwarping of the
eastward cratomc margin and the developmem of an elongate, asymmetric trough. Recently.
vanous authors (Beaumont 1981; Jordan, 1981; Lorenz, 1982) have attempted to mode! the ’
.effects of thmst plate loading on a lithosphere exhibiting dxfferent mechanical flexure
behaviours. The major‘differEnce between each model lies in the hietory of events after the
~1nduced flexure. The choice of different flexural behaviours is(an attempt by these authors 10

best account for the sedimentagy history in the foreland basin. In all the models, however,

| subsidence of the lithosphere caused uplift of the erebulge which was always located a



specrﬁed drstance to the east Lorenz (1982) and: Elhot ( 1977 in Jordan, 1981) have B
ﬁ

respectrvely suggested that. the Sweetgrass and Moxa arches represent flexune related -
forebulges although inthe case of the Sweetgrass Arch the locatron of the forebulge and its

mterpreted statian y posrtxon through mountam butldtng nme may reﬂect contmued

.‘:»,

. explortatron of S i rsnng crustal feature (Lorenz, 1982) »
Durmg Bootlegger Member trrne late Alblan to early Cenomaman the area -
. stretchmg from Idaho to southem Alberta was charactensed by wrdespread 1gneous mtrusron '
ltthologtes of the Vaughn Member, abundant Bootlegger Member bentomtes contemporarv
:V aatrvrty of the Crowsnest volcamcs and rntrusron of the Coast Plutom" and Idaho Bathohth -
complexes If as suggested by Kauffman ( 1977 1985) and Hamson ( 1985) that penods of _'
: actrve Cordtlleran volcamsm correlated closely wrth eprsodes of accelerated thrust faultmg, B
: then there would have been a concomrtant mcrease in the number of lrthospherrc ﬂexure -
: -‘ eptsodes and assocrated forebulge uphfts Accelerated thrusung would have also Ied to
1ntense Cordrlleran erosron Wrth the transport and dehvery of large volumes of clastrc
sedrment mto the eastward lymg sedrmentary basm Even wrth the short lag time expected
between thrustmg and sedlment mﬂux into the basm. the effect of forebulge uphft and
: mcneased sedrment supply is. mterpreted to have caused the verucal aggradat:on and eastward

o

progradanon of the local shorehne

. s X g . S
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~/DISCUSSION .

: The Bootlegger—Member in: the Great Falls, Montana area consrsts of ﬁve regressrve

and ﬁve mtervenmg transgressrve sequences Although it should be noted that the '
. \ - ‘, ‘ .

\
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| ‘Vaughn/Bootlegger contact represenung the uuual transgressron (y/ e Greenhom Sea mto p
the drea, represents a sixth transgressrve surface but is not consrdered part of the ﬂve v
aforementroned sequences Each regressrve deposrt is charactensed by a thrck (10-35 m)

" shoahng upward sequence Wthh 1ndxcated eastward 'prggradatton of the local shoreline.
Shale rich hthologles at the base of each regresswe deposu crop-out sharply above the ' _
coarse grained transgresswe lag of the underlyrng Bootlegger sequen&e @”he uppermost

» \samd rich hthologles of each sequence are in{urn sharply overlam by its own trapsgressxve

St

lag: Transgressxve lag deposrts are typrcally tlun (<1.5m thxck), sharply based and

o anomalously t:oarse gramed compared to the. underlymg regressrve portlon of the couplet

Lag deposrts of sequences 1 3 and 5 are charactensed by black chert granule and/or pebble :
' deposrts Abundant fish bones and scales are also assox. ated w1th the Sequence 5 Y
transgresswe lag In certam localmes Sequence 1 lag deposrts are more feldspathlc ahd
possess a hlgher magneuc suscepublhty, commonly an order of magmtude hrgher the he
- underlymg regressrve sediments. Collecuvely these transgressrve lag deposrt characterrsuu
3 ‘suggest erosion and rewor‘kmg of the top of the underlymg regressrve poruon of each
| seguence durmg the subsequent marine transgressron Contmued transgressrom Ied 10 the
- deposmon of the shale-nch base of the overlymg sequence N ,' “ e ‘j R
The repetmve regresswe/u’ansgresswe sequences makmg up the Bootlegger Member
©are thought to reflect recurrent uphft and subsidence of the Sweetgrass Arch (Arnott 1987)
As noted above the proxlrmty of the arch 0 the study area and the posmon of the local _ "
strandhne elther close to or within the study area throughout Bootlegger Member t1me would
.enable even 'nall verucal movements of the arch to have a dramatxc effect on the nature of
. local sedrmentauon Uphft of the Sweetgrass Arch was;most likely related to penods of |
| Cordllleran thrust faultmg and consequent llthosphenc flexure Each eprsode of uplrft and
assocrated drop of relanve sea level 1s suggested by the eastward drsplacement of’ the

| strandlme and development of each of the five shoalmg upward Bootlegger sequences



Regressive ‘depositional c'ondiu‘ons were also augmented because of the large influx of clastic ‘
sedrment from the recent Cordllleran thrust eptsode Dunng thrusting qurescence on the

\ ;
’other hand the arch subsided under the influence of sediment loadtng and elastrc lrthosphenc
relaxanon Subsidenceé resulted in a rise in relauve sea level the development of local

" ‘transgressrve condmons and the rapld westward mrgratron of the strandhne Transgressron ‘

. ledto. the deposmon of a thm, coarse- gramed transgressrve lag, the composmon of whrch

, depended on the extent of- strandhne progradatron during the regressrve pomon of the ‘

regressrve/transgressrve couplet

 PROBLEMS WITH THE MOBEL
) _ T . .
‘The most glaring problem with the use of the Sweetgrass Arch as a\mechanism for

VA

“the development of the Bootlegger sequences is that of time. Since the, Bootlegger Member o

was deposrted in approxrmately 2 (~=+ 1) my, thlS model mvokes five eprsodes of SweetgraSs .

Arch upllft and subsrdence Consequently, ltthosphenc ﬂexure and assocxated arch uplift
' followed by hthosphenc relaxation and arch subsrdence must have occurred on a short time

scale. Therefore would it have been possrble for the hthosphere to mechamcally react ina .

srmrlar fashlon five ttmes and for all thrs to have occurred in the span of approxrmately |
2(~+ 1)my? However the strict use of a sediment supply mechamsm related to events in
~the source area, the Cordrllera, whrch vaned through trmewould seem mcompanble For
sucha mechamsm 1s also constramed by time, and in addition the consrstent nature of the
’Bootlegger sequences would seem to suggest a recurring mechamsm whrch throughout
' Bootlegger Member time was not radrcally dtfferent The explanatron of the Bootlevger K
sequences as being. the result of a localized sedrmentary phenomenum such as channel |

-

‘avulsron or delta lobe swrtchmg would also appear tnapprOpnate Evrdence for thlS includes

Y
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the cropping-out of Bootlegger sequences similar to‘tlwse in the breat Falls area located 200
" km to.the north in the Sweetgrass Hills"(»Amo ' and Hein;‘in‘preparation). Anwotherﬂ possible
causitive agent for the development of the Bootlegger sequences could b related to
* Milankovitch Cycles (Heckel, 1986; Fisher é: al., l985).‘ However, the non-rhy'thm_ic
nature of time-equiyalent strata of the Vaughn Member in the Sun River Canyon area to the -

‘A : west'(Mudge

, the Bootlegger stratal sequences near Great Falls and the’ Mowry
shales to the east (Reeside and Cobban, 1960) suggest that the observed style of Bootlegger
cychcrry is inconsistent with a time varymg mechamsm related to Mrlankovrtch cychcrty

Evidence supporung the thvolvement of the Sweetgrass Arch lres\m the Bootlegger

. Member sedrmentary record 1tse1f In the western part of the Great Falls study area, near to

the crest of the Sweetgrass Arch Boorlegger sequences are ryprcally mcomplete and often

_ show conglomerauc transgressrve lags overlymg?%hale -rich lrthologres }-lowever in the |
eastern Great Falls study area, further from the arch crest, transgressrve lags invariably
overlre the sand-rich upper poruon of amore complete shoaling- upward sedrmentary

| sequence The typrcal laclg of sand- nch strata in the westem study area suggests two
possrbtlmes, and both could be related to Sweetgrass Arch uphft Frrstly, sand- rich sraty
were never deposrted or only very. thmly due to the rapid eastward dnsplacement of the local A

. shorelme in response to a relatwe sealevel drop caused by arch uphft Eastward

- ;drsplacement of the stranslhne was termmated once a new: equrlrbnum posmon was .

' ’:estabhshed a balance. between sedrrnent input and relative sea level dr0p From this pomt m_

" time until the next transgressmn progradanon under still-stand condmons resulted in the

development of the more tomplete shoalmg upward reg@rve sequences observed in the B

<

eastern Great Falls: study area. A sec0nd possibility may be that sand;sich. strata in the upper ,
dy area were removed .

portian of the shoalmg upward sequences observed i in the western

o by terresmal erosion during . strandlme progradancm and/df r marine grosion dunng

transgressron Uphft of the arch could have Caused a relanve sea level drop, easrward

e .

4 o N
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dtsplacement of the local shoreltne and elevation of local Stream gradtents The latter would
have served tor increase terrestrtal erosxon and the supply of sediment to the shorelme
However the complete removal of all the sand- nch strata as suggested by the second
posstbtltty would seem inappropriate, and therefore a condmonof non-deposmon as
suggested by the first possrbthty would appear to be a more plaUStble explanation. .

From the above dtscuss1on lt is postulated that the development of the Bootkgge/
'sequences was pnmanly a resu]t of the episodic upltft and sbbsrdence of the Sweetgrass CE
Arch and its ultimate control over relative sea level. Other sedtmentary influences tncludtng
sediment mﬂux tnto the basin and the mﬂuence of local sedlmentary features may have been
of g‘reat tmportance durtng developme:t of the Bootlegger seql:ences but were however
subordinate to the tnfluence of the arch ) -

Several other features related to the. Bootlegger Member must be taken into account

s

F 1rstly, the Bootlegger Member was deposited dunng a global sea level rise a.nd onalocal .
T scale Bootlegger Member suata 1nd1cated refressive deposmonal eptsodes Also, thts pertod .
of the latetLower Cretaceous to: early Upper Cretaceous was chartactensed by intense

~-volcanic and intrusive actrvrty If the link between these latter events and Cprdtlleran )
thrustmg eptsodes 1§ mdeed correct, then thts would have also been a time of abundant
ltthosphertc flexure eptsodes and consequent forebulge uplift. Therefore tf as suggested .
earlier that the Sweetgrass Arch had acted asa forebulge then it would have been a very

A
. active feature dunng this period of the Cretaceous

CONCLUSIONS -

The: upper Albian to lower Cenomaman Bootlegger Member in the Great Falls area

s charactensed by five vemcally stacked regressrve/transgressrve couplets or Bootlegger
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~ sequences. Strangrapmcally upwa:d strata making up the regresswe portion of each couplet "

16

1nd1cated shoaling- upward depositional charactensucs Each regresswe sequence is sharpl\
_ overlain by athm more coarsely grained transgressive lag deposit. . . (

The C}’CllC nature of Bootlegger deposxuon is thought to be related to the episodic .-
actlwty of the Sweetgrass Arch (South Arch) who‘;e crest lies close to the Great Falls stud\
area. During penodlc Cordilleran thrusting events upltft of the arch, Wh]Ch at this ume may
have acted as a forebulge resulted in the drop of relative sea level rapid eastward -

' dlsplacemem of the local shorehne Estabhshment of anew equlhbt‘lum strandlme posmon
‘some dlstanoe to the east allowed for still-stand progradanon and development of the thlck
shoaling- upward sequences typically- observed in the eastern Great Falls study area.

, Subsequent reduced Cordﬂleran thrust actmty caused the arch to subside i in response to-

— A

sediment loading aelasue llthosphenc relaxation. Subsidense caused a relative sea level

‘Tise, a consequent transgression and the development of the observed transgresswe lag

depositi(.\/ - : . ' B

i
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FIGURE -1 L\qcation map of the area near Great Falls in north-central Montana
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FI(J URE 11-2: Correl,auml chart of Upper and Lower Cretaceous strata in northwestern
Umted States and south-central Alberta (modrﬁed after Stelck and

Armstrong, 1981)



oy

NORTHWEST -
~ WYOMING

« SWEETGRASS

 LETHBRIDGE,
ARCH, MONTANA | ,

ALBERTA

'UPPER CRETACEOUS |

~ NIOBRARA

KEVIN MBR.

| PERDIG MBR. |

15t white specs

UPPER
~OLORADO

GREENHORN

BELLE FOURCHE

“"CONE MBR.

. FLOWEREE
~ MBR.

. 254 white syeés

LOWER CRETACEOUS

. MOWRY . .|

BOOTLEGGER
MBR. -

SHELL CREEK - |

VAUGHN
.~ MBR.

. ‘NEWCASTLE

SKULL CREEK ° |

" 'FALLRIVER

-BLACKLEAF FORMATION |MARIAS RIVER SHALES

- TAFT HILL
MBR.

SANDS.

JOLI FOU
EQUIV.

BLACKLEAF MBR. OF COLORADO SHALE |

| FLOOD MBR. |

;CthQRLY; € 8

KOOTENAI

. 'BLAIRMORE |

¥

s

“fish seales |

NI specsy

S
R .o N
'BOWISLAND |

‘| BASAL SS. .'

26



-

FIGURE I}-3: Genéralized section ‘of the i?»ootlégger Sequences east and wgiSt of ‘Gréat.
| _ Falls: | |
Easterrrarea represénts sectio'ns" néa: Belt;
’ Wester'n'a;ea representé sectiohs near Gordon and on Taft Hill
s A the symbol " means the préseﬁc?é;f Epndant fish scales and fish |
>
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'FIGURE 11-4: Location map of the constxtuent elements malcmg up the Sweetgrass Arch

in north-central Montana and southern portlon of the Bow Island Arch of

southern Alberta.



Sweetgrass Hills

MONTANA




SEDIMENTOLOGY OF A CRETACEOUS STORM DOMINATED
NEARSHORE SEQUENCE AND ORIGIN OF GUP LAMINATION

. INFRODUCTION

2
. ; I

v

- During late Jurassic and Cre‘teceous time the Western 'Inte’n:'or Basin of North
Amencg“was an elongate trough bounded on the west by the nsmg Western Cordlllera and

on the east by the North Amencan craton. Ltthosphenc flexure assocxated thh the eastward

mlgranon of the Cordﬂleran Fold and Thrust Belt (Price, 1973' Begumont, 1'981' Jordan o

&, °
1981) resulted i in the development of this asymmetnc trough. At 1ts maxtmum development

duripg the early Turonian - middle Santoman the Westem Interior Seaway of North Amenca E
extended over 4800 km from north to south and 1600 km from east to west (Kauffman..,

1977); During Cordilleran mountain building large amounts of clastic detritus were shed

.from the western ‘mountai'ns and deposited in the adjacent sedimentary basin to the east.

Supenmposed on this was the temporaJ vanabthty of both intra- and extrabasmal sea level |
and its effect on the deposmonal patterns ahd enwronments developed within the basm _The
_most common sedxmentary pattem are thej typical fimng upward and coarsemng upward
s?quences respectively associated thh t:ransgresswns and regressmns

This paper deals w1th the development of a progradmg, storm dommated shorehne

assocxated with the 1n1txa1 transgresswe phase of the basin- w1de Greenhorn Cyclothem ;‘H .

* (Hattin, 1964) This shorelme comppsed of shalldw- offshore shelf, shoreface and

_beachface strata, is exposed at the Ulm szhkun approxlmately 16 km west of the cxty ot

Grear’ Falls Montana (Fig..1). @etaﬂs of the -trace fossxl assemblages will not be dlSCUSSed

—i

. but wxll be the subJect of subsequent papers by Amon Pembenon and Mattison (in -

preparation). Of pamcdlar mterest in this study is the presence of a problemanc sedtmentar\ _

“structure. whleh exhibits gendy undulating parallel lamlnauon. Tlns paper .w111 describe and

—
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considei'the origin of this structure and /its relationship to other sedimentary structures
characterising this ancient storm-dorninated shore'line The abundant 'occurrence of

| gently undulatmg parallel lamlnauon in Bootlegger Member strata, though never reported
‘elsewhere, only serves to ﬂlustrate our lmuted knowledge of both modern and ancient
stonnfdomlnated, nearshore sedimentary environments. ‘ ‘ \

(o

'LOCAL GEOLOGY
The Bootlegger Member is the uppermost of four members making up the ldte
‘Lower Cretaceous Blackleaf. Fonnanon in north central Montana (Flg D. It overhes ,
terrestrial deposns of the Vaughn Member, and in tum is overlain by deep- m.mnt‘?ol ck shales
of the early Upper Cretaceous Marras*Rwer shales (Cobban et al 1959 1976; Cannon,
1966) (Fté\z\)/'r‘he Bootlegger Member, of latest Albian to earliest Cenomaman age
(Neogastroplztes amertcanus zone of Ree51de and Cobban, 1960), represent% the’ mtml
transqresswe stage of the Greenhorn Cyclothem tnto north—central Montana (Kdu‘ffman
et al 1977; Vuke, 1984) Representatwes of the ammonite genera Neogastroplztec and
Epengonoceras in the Bootlegger Member mdlcate that the Greenhom Sea had by this time
linked’ the southern and northern arms of the Western Interior Seaway (C. R Stelck
Acomm 1987) West of Great Falls, Bootlegger Member strata onlap the terrestnal an!;h
Member whtle merging eastward thh the deep marine Mowry shales of east-central
Montana and the Black Hills (Cobban er al., 1959 1976; Stelck and Armstrong, 1981 ) ’
~In the Great Falls area the Bootlegger Member has been tnformally subdmded into’
five sed1mentary sequences (Amott and Hein, m review.), each made up of a thick regressive '
umt overlain by a thin" transgresswe umt The tegresswe portton records eastward mi gratmn
~of: the loca] strandhne whereas the transgresswe unit indicates its subsequent westward |

migration. The repetitive regressive:transgressive sequences within the Bootlegger Member
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| are thought to reﬂect episodic uplift and subsequent subsxdence of the South Arch a segm'ent ,

. of the Sweetgrass Arch whose axis is close ‘10 the cxty of Great Falls (Amott 1987; Amott

and Hein, in revrew). Periods of uplift probably coincided with episodes of accelerated

| Cordilleran thrusting inasmuch as the arch had acted asa forebulge associated with .

lithospheric flexure during Bo&t‘legger time. On the other hand, subsidence likely recorded

thrustmg quiescence and lithospheric foundering due to sediment loading and elasti¢ flexure

relaxation (Arnott 1987, Amnott and I-lem in revrew ).

The Ulm Pishkun (Pishkun being the Indian word for buffalo jump), is exposed on
the 's0uth face ‘of a large mesa called Taft Hill, 16 km west _of Great Falls-(Fig. 1.). ThlS
outcrop stretches uninterrupted for ap'pro.'ximately‘ 2 km from east to west and is typically
atfut 10 metres high. Thesentire outcroi) dips very gently (about 10 - 2°) to the w:est
probably a result of its location on the western lirnb of the South Arch Bed by -bed analysis

?
of 14 vemcal transects measured alonga distance of 1250 metres perrmtted SUblelSlOl’l of

- the outcrop into five, disunct hthologic units. The following is a descnptxon and s
Ainterpretation of the lithologic components making up each of these units. Each unit is

&~

~ named after the dommant constituent hthofacres

LITHOLOGIC UNITS OF THE ULM PISHKUN

T

. " Unit I: Interbedded Grey-Black Shale And Siltstone

~ This recesswely weathered umt is composed of 1nterbedded grey- black
non- calcareous bentonitic shale and sﬂtstone It crops out at the base and at the top of the
Ulm Pishkun. The lower contact of Umt 1 strata at the base of the Ulm Pishkun with the

“underlying terresmal deposxts of the Vaughn Member is exposed in only one location. Here,
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the dark shales of the Bootlegger Member-iharply“overlie the regionally'extensive

carbonaceous/red-specks horizon which occurs at the top of the Vaughn Member (Cobban

et al 1959 1976) The upper contacx of lowermost Unu 1 strata \Dnh the more resxsmm

sandstones of Umt 2 is rarely exposed However, when exposed it forrns a cliff- llke

‘ overhang which on a small scale is bloturbated -and load-casted (Flg 3A). The uppermost

package of Unit | strata lies sharply on the upper Surface of the Ulm Pishkun outcrop, but -

because ofits hrgh shale content is rarely exposed. ’ ' "
Umt 1 1s domyted by very crumbly weathenng grey- black bentonitic shales wuh

. abundant srltstone mterbeds «(Fig. 3B). Interbeds are typically < 2 5 cm thick and pinch and

wswell along strike. Basal bed contacts are sharp and load~casted becoming boudmaged in

cases of extreme loading. Where bioturbation and soft-sediment deformation have not

~ obliterated primary sedlmentary structures, npple cross-stratification is commonly preserved.
, . X :
7~

]

Interbretation' ' S 1 &
The fme -grained nature, characteristic sedrmemary structures and assoe\rauon with

overlying Unit 2 strata (discussed below) is 1merpreted to mdxcate a shallow- offshore shelf

" environment for Unit 1. The interbedded nature plus the sharp, loaded contacts of siltstone

beds reflects their eplsod1c emplacement inio an otherwrse mud dommated environment. The

occurrence of sxltstone beds in th1s envrronment has been atmbuted to the transpon and

devlon of shoreward denved sedlments from bottom cuffents associated with storm

w1nd -forcing and coastal  set-up (Hobday and Reading, 1972; Hamblin and Walker 1979:

Krexsa 1981; Morton 1981; Dott and Bourgeoxs 1982; Swift et al., 1983 Walker. 1984

| Hein et al,, 1986) Hummocky Cross- stranflcauon (HCS) has commonly been observed in

ancient shallow- offshore shelf envuonments (Harms et al.., 1975 Dott and Bourgeoxs

. 1982; Hamblin and Walker 1979; Leckle and Walker 1982; Walker et al., 1983; Duke, -

1985). Its paucxty in Unit 1 at the Ulm PlShkun may be a consequence of llmned exposure.

r"

P
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since HCS is abundant in equivalent strata east of Great Falls. The more shaley nature and
occurrence of very thin siltstone interbeds in Unit 1 cropping out on the top of the Ulm

Plshkun may reflect a more distal envuonment than exemplified by the lowermost exposure.

-~

Unit 2: Gently Undulating Parallel Laminated Sandstone

Unit 2 is dominated by beds possessing a peculiar-t)’/})eof stratification which I call
genlly undulaung parallel lamination" (GUP lammatron) (Fig. 4A). Acetate peels prepared
from GUP lammated beds revealed that sand grains were typically spherical and
consequently could not provide an mdrcanon of preferred axial orientation. In additon
magnetic suscepnblhty of these su-ata is typically low (<10° -5 §1 umts) and equ1pment
available to the author could not relrably determme a dlrectional anisotropy of magnetic
suscepnblhty (AM\S) in most cases. However examples of staustrcally reliable AMS
onentanon indicated a gentle (< 100) dip of the grains' AB planes toward the west,
, indicating eastward sediment transport

Unit 2 crops out'abruptly above Unit 1 and grades westward and upward i into
.cro’ss-bedded strata of Unit 3. Unit 2 is dominated by fine- gramed sandstone beds
exhlbmng a thick (0.05 10 0.5 m) basal portion of GUP lammanon overlain by a thin 1- 3 cm
cap of three-dimensional current ripples or less commonly climbing- npple cross- stranﬁcanon
(Fig. 4B). Rxpples usually indicate south- southeast -flowing palaeocurrents. . Basal \eontacts
are always sharp, wavy (metre-scale) and replete with bioturbation casts. Scoured contacts
are common, and the soles of many beds exhlblt flutes, grooves prod marks and rare gutter '
casts. Shale occurs as rip-up clasts typxcally conﬁrﬁed to the lower portion of the bed orasa ,
< l cm veneer capping the bed. Other hthologles making up Umt 2 typrcally occur as 20-50

cm (thk packages of mterbedded sandstone and shale. Sandstones are usually l 5 cm thick

a
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and are commomy massive with an undulating basal and upper comact or are current ripple
Cross- -stratified (Fig. 4C).

' ’I‘he dominant lithology of Unit 2 is gently undulating parallel lamlucﬁén (Gup
, lammanon) Spacmg of the undulation ranges from decnmetres to several métres even alouu
‘a single lamma Heights of the undulations rarely exceed 3.0 cm. and i in most instances

range between 1- 1.5 cm. Consequently. the spacing-to-height ratio exhxbned by GUP
-,

lammatﬂandstones is typically in the-order of 50 -100 or more. Laminae are laterally,

conti.nuous, although rare low-angle trunczcl)tjon surfaces (< 5%) between laminae and
c‘ommon basal truncations a‘rkeo_bsefved (Fié. 4D). Exposed bedding plane surfaces

" invariably show parting lineation. 3 | ’
Rare examples of hummocky cross-strétiﬂed (HCS) sandstone oceur near the basal
- contact with Unit 1 (Fig. »4E) Hummocky crOss-§trutiﬁcation resemules GUP lamination |
. but the form- sets of the HES beds are charactensed by hummocks and swales exhxbmng
several\o a few tens of centimétres of relief. The: typlcal low spacmg -to-height values
charactensmg HCS deposits (~ 10) differentiates them from the consrstemly higher values
observ‘éd in- beds with GUP laminatfon. .

Commonly inthe upper portion of Unit 2 are deep sceurs 1néised into the lt0ps'of '
many GUP laminated beds (Fig. 8C). Scours are usually tens of centimerres deep and their
surfaces are typlcally ripple-covered. |
, Intex‘pretation: -

Beds containing GUP lamination are interpseted to have been dé’pdsited by
unidirectidnally-dominated c_ombine& flow. A complete dis.cussion of this structure and its
possib%’e- ori;in is given later in the paper. VBottom currents were capabte of developing
upper-ﬂow—regime, plane bed conditions iu the fine sand whichded to the generation of GUP

g

lamination. ’ .
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Thin, massive sandstones with undulating upper and lower contacts are interpreted
as symmetric wave ripples. Komar et“'al. (1972) reported that the influence of large surface =
waves can be detected at depzr(;s)of over 125 metres, a depth which is far in excess of that
- suggested for Unit 2. Ripples s&thing onshore palaeocurrent directions are also probably
- -related to surface gravity waves (Fig. 6B). However, these waves imparted a preferred
“direction of sediment transport at the seabed, a condition dé'veloped beneath shoaling surface
gravity waves. C urreni-ripp"led sandstones exhibiting offshore palaeocurrent directions are
probably deposited from stonn-generated bottom currents ~although these currents are
markedly les( competent than those depositing beds contammg GUP lammanon (Flg 6B)
The deep scours in the upper portion of Unit 2 may represent siorm np channels . <
' These channels were active during high energy events and funnelled sediment offshore.
QWi.th' the abatement of storm conditions the exposed scoured surfaces were then reworked )
’ andrippled by fairweather waves. \
The dominance of beds exhibiting GUP lamination and the occurrence of
inLerbedded symmetrical/unidirectional rippled sandstoné and shale are taken to indicate a

_ lower shoreface deposmonal environment for beds makmg up Unit 2. The lower shoreface

is then abruptly overlain by lithologies of Unit 3 (Fig. 4F). —_-

Unit 3: Medium-Scale Cross-Stratified Sandéntone

Uni{ 3 consists of fine-grained sandstone exhibiting trough and'&vcommoﬁly
planar tabular cross-suaﬁﬁgaﬁon ‘(Figj. 5A). Shale rip-up clasts are common. Basal contacts
are zﬂwg_)_/s séoured and bioturbated. Laminae of maﬁy trough cross-stratified beds dip at

angles typically < 20°, suggesting that only the toeset re:mnam of an originally large-scale

bedform has been preserved. The occurrence of back-ﬂqw ripples aloﬁg some of these

o=
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low-angle laminae attests to the one-time existence of a relatively high bedform which
enabled flow separation and the development of strong reverse-flow eddies. Palaeoflow

directions of both planar tabular cross-sets and trough axes invariably indicate sediment

trafsport toward the northwest (Fig. 6B).

Interbedded with the medium-scale cross-stratified sandstones are beds with GUP
lamination. These beds are much less common than in Unit 2, and are capped on their upper
surface by ripples shéwing northwest palaeocurrent directions. Rare, thin (1-2 cm) interbeds

- ‘ r

of rippled sandstone/shale are also observed.

a

Interpretation:

| Beds of Unit 3 are assigned to an upp y : ace depositional environment. This
portion of the shoreface is characterised by wave bnildup prior to breaking. Wave buildup .
and the development of a steadily increasing asymmetry is caused by shoaling water depth
and the impingement of wave orbitals on the sea bed.” At the besj wave shoaling results in
the unidirectional transport of sediment in the direction of wave propagauon (Clifton et al..
1971: Komar, 1976\; Swift er al., 1983) and commonly the development of large-scale,
nensverse-te-ﬂow bedforms (Clifton et al., 1971). The abundant medium-scale
cross-stratified sa,ndltones charactensmg Umt 3 are thought 10 have formed in this way. The
general northwest trend of the Cross- strauflcanon suggests typlcally northwest- -moving
shoaling rwaves,‘whrch ultimately reflects the pervasive northwesterly trend of fair-weather
winds. .

Interbeds of GUP laminated sandstones suggest the periodic emplacement of these
beds during storm events. The reestablishment o‘f fair-weather processes resulted in the
development of large-scale, transverse-to-flow bedforms above the GUP laminated beds.
Interbedded_rippled sandstone/shale suggest periods of very su-bdued wave energy in this

otherwise active depositional environment. The common occurrence of shale rip-up clasts in

w,
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' mterbeds (< 1cm) and more commonly "

the cross bedded sandstones may tndtcate erosion and 1ncorp,oratron of these locallv

deposned shales.
IR
SRR . Unit4: Heterogenous'Bedforrn Unit ’;9. :

" Beds malong up ‘Unit 4 lie sharply above the goss bedded sandstones of Umt3 and -

. Inturn are sharply overlain by strata of Unit 5 (dlSCUSSCd below) The basal contact of Umt S

‘ &
4 1denuﬁed by the marked decrease in the abundance of cross strauﬁed sandstones

although matched with an increase in GUP’ lammated beds. Typ1cally Unit 4 is made up of

approa ‘mately 30 : 70 of these two hthofames ' : ctlvely Shale occurs rarely as thm

p- up clast occurnng along the toeset pornon of

. cross- bedded sandstones or along la ‘ nae 1n GUP lammated sandstone beds

Cross strauﬁed%andstones typlcall‘ { drcate northwest sedlment transport although
southeastward palaeoﬂow dtrecoon _ have been recorded (Flg 6B) Reactwauon surfaces
ar@commonly observed in cross stranﬁed sandstones 4 |
Interpretatron . | . -
Most of sedtmentary charactenStws of Umt 4 strata 1nd1cate a deposmonal _
envuonment charactensed by relauvely hlgh energy However the occurrence of thm shale:

interbeds 1nd1cate perlods of suspensron deposrtlon The posmon of Umt 4 above the S

' _ mterpreted upper shoreface and beneath the foreshore (dtscussed in Umt 5) would sucgest-“ _ .

"

\

RN

b

deposruon within the surf zone R - R ?L : :
| The surf zone isa physxcal%5 active part of. the nearshore At 1ts seaward edge the . | i ;‘?{
surf zone is charactensed by wave breaktng, and from Lh1s pomt landward by waves of - 4
r ,' translauon Development of planar lammated sandstone by upper flow regtme currents is . B | _
_ S T _ ' 7
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.
!

| common m\tlus environment (Chfton et aI 1971) Medtum scale transverse- to ﬂow
bedforms are also common and are the result of longshore currents generated wrthm the surt' |
--zone (Chfton etal., 1971). However the occurrence of mterbedded shale, shale rip- up’
_clasts and the common occurrence of Cross-stratified sandstones' exhrbmng offshore :
palaeocurrent dtrecuons present a problem for a.strict surf~zone mterpretatron Therefore
¢ Unit4is 1nterpreted to have been deposited wrbthm the surf zone but deposmon occurred
| w1thm a feature (rip channel "') channellm:d into the surf-zone environment. Thrs channel
feature enabled development of a micro- depositional envrronment which at certam times was |
) capable of suspensmn deposrtlon Consbquently. the abundant shale np up clasts observed
in Unit 4 sandstone beds were probably locally denved Onshore mrgratmg, medium-scale
) . bedforms may be related to the landward- mrgratmg wave bore, although those showmg
offshore palaeocurrents mdrcate transport by offshore -flowing current,s w1th1n this channel
Deposmon of GUP lammated beds, dtscussed m detail below was probably the result of

offshdre currents wh;ch 'ere capable of upper-flow- regrme plane -bed condmons

{

. . - Co . L &
i ) o L ‘ 3

| MIt_ﬁ Thin Slabby Sand.stone

ds. tend to be mhéslvebut parallel lammatron can sometimes be observed Cross beddmw o
" s rare. bmt 5 can be subdrvrded rnto two distinct packages In the lower package beds are -
ryptcally massrve 1 l(lgcrn thrck laterally pmch éhd swell and exhrbtt wavy basal contacts

el T

/Thm beds ;’3 cm) are characten@éd by IOWer and upper beddmg surfaces whrch undulate

;se, Thrcker beds (4- 10 cm) are capped wrth a wavy bed- top, although it undulates on
/ ‘amuch shorter wavelength than that charactensmg the wavy basal contact ORI - y

"The upper package of Umt Sis charactensed by thin slab- hke strata Wthh make up
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numerous - 10 cm thick setr,s Each set dlpS gently (5° 10°) typtcally toward the east and.is
separated from adjacent and SUbJaCCﬁ[ sets by a low angle truncation surface (Fig. SB).

Westward dlppmg sets are also commonly observed Less common medium- sca]e

B xcross bedded sandstones are also observed.

=,

lnterpretanon
Unit 5 is 1nterpreted as a foreshore deposmonal env1ronment Ranty of

€ross- stratlﬁed bedforms in this unit suggests elther the mamtenance of high energy
condltlons or erosxon of the bedforms during storms The lower pOl’thl’l of Unit'Sis
interpreted as the lower part of the foreshore environmeat. The common occurrence of wave

k npples (thin.1-3 ¢m beds) suggests penods of subdued wave energy Thxcker (4-10 cm) |
beds were probably deposxted under upper ﬂow regtme conditions dunng penods of more

mtense wave energy Abatement of these condmons caused wave npphng of the bed- tops
The upper portion of Umt 5 thh 1ts shallow d1pp1ng sets is mterpreted as the’ |

© swash-backwash poruon of the foreshore Here constant hlgh energy condmons produced ‘
the charactensuc eastward (sqgward) dipping swash lammanon observedin both modern and | _
anc1ent foreshore setttngs The less common westward (landward) dippirfg lammauon may
represent sand deposition on the backshore beach berrn. ngh -angle Cross- stranf1ed

. sandstones are. probably landward mngraung ridges assocxated w1th | ridgg- -and- run%l systems

torrned durmg low-energy penods

‘:.& . . » oo ’ . - !‘ i ‘.‘ ;. ) o o~ a‘l
PALAEOENVIRONMENTAL SUMMARY OF’THE ULM PISHKUN
w ~ L a ) (;u . W

' i
Expo\sure along “Eh & Ptshkun 15 behe\aed to represent the development and

e,
\ eastward progradauon of a storm- dommated shor’elme assocrated with the mmal
A () . °

- - . ) . . -

y : ' - “' o . S 4‘ ..: -
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\ transgresswe stage of the Greenhom Cyclothem into the Great Falls area (th 6A.6B).
Strangraphxcally -upward the deposmonal environments included: the: shallovu -offshore shelt.
lower shoreface. upper shoreface, chanelhzed sur* rone and foreshore. vadence supporting
a storm-dominated interpretation includes the common altemanng or mterbeddmg of
lower- ﬂow-reglme and upper-flow-regime sedtmentary strucrures observed in almost all the
depositional environments. Fluctuattng hydrodynamxc conditrons in thts ancient nearshore

. environment were probably the result of a]tematmg storm and and less'severe (~fa1r weather)

. atmosphenc condmons Trace fossﬁ c‘h‘_ jaq&ev T "_gg};ppport a storm-dominated i mterpretauon

«(SG Pemberton pers. comm. 1987), r .”":-_s)ubject of a later paper.

The abrupt deposmon of lower shoreface strata (Unit 2) above shallow offshore :
shelf deposits (Umt 1) mdxcates raptd shoreface progradatton McCrory and Walker ( 1986)

suggested that rapld shorelme progradauon and, the ‘abrupt transmon from shallow- offshore
. r

shelf to lower shoreface deposrts isa charactertsuc feature of ancient stonn dominated .
. ,,1, s,
- shopeface sequences. Comparable abruptness of thrs contact observed at the Ulm Ptshlun

wever thought to be related t0 activity of the ancestral Sweetgrass Arch In the Great
g ls s‘tudy area the Bootlegger Member is comprised of ﬁve reglonally extensxve
oalmg upward sequences, the Ulm Ptshkun secuon represennng pan of the sccond ‘
, quence Raptd shorehne progradanon and the development of the ﬁve shoahng -upward
- sequences is poss1bly related to upltft of the South Arch, the s0uthem element of the
,' ancestral Sweetgrass Arch whose crest hes near the Great Falls study study area ( Amott
k1987)(F1g. . Durmg the Cordtlleran orogeny the Sweetgrass Arch may have acted as a
' forebulge assocxated with flexural subsxdence of the ltthosphere beneath the nsmg and
eastward mtgranng Cordtlleran Fold and Thrust Belt (Lorenz 1982 Arnott 1987 Arnott
~and. Hem in, rev1ew) Forebulge upllft during Cordtlleran thrust episodes caused the rapid
‘~ eastward mlgrauon of the strandline and development of shoaling- upward deposmonal '

conditions. As a result, the abrupt transrtton fro_m shallow-offshore shelf to lower shoreface
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T observed at the Ulm Prshkun is thought to reflect uplift of ‘the: Sweetgrass Arch and is not,
as suggested by McCrory and Walker (1986) tobea deposmq;tal ‘condition related to the

—_—

hydrodynamtc nature ofa storm d%mmated shoreface. Dunng pertods of Cordtlleran thrust
quiescence, however, the arch subsided under the effect of sediment loadrng and elasuc _ '
hthosphenc relaxatton ThlS resulted in the westward dtsplacement of the strandlme by the
ensumg manng transgression. Reworkmg of an indeterminate amount of the regresswe ‘
sequence dunng transgression resulted in the development of a planar u-ansgresswe surface
over which shallow -offshore shelf deposxts observed at the top of the Ulm Pishkun y were
| eventually deposited. | 1 | |

: Palaeocurrent information suggests that the shoreline exposed at the Ulm Pishkun
was onented north northwest/south southeast an orientation which- roughly parallels the
axtal trend of the South Arch Prevathng falrweather wmds probably blew from the
southeast. ‘This would have grven nse 10 nortlfwest travelhng surface gravrty waves which .
in turn accounted for the abundance of northwest palaeocurrents observed in upper shoreface
strata. However storm events were most ltkel)&’assomated W1th winds from the '
feast northeast Winds from this dtrectton would enable maxrmum coastal set-up and the

' generanon of hl°h velocnty offshore ﬂowmg Uottom currents. ’_ &

DEVELOPMENT OF GENTLY UNDULATING PARALLEL LAMINATION
(GUP LAMINATION)

On stomt dommated shorehnes 1ntense onshore storms result i in the development of -
&‘,
a coastal set up. wnth a concomttant offshore bottom current. On modern connnental shelves

these currents are known to have attamed velocmes of 1.6 m/s or more (Murray 1970

-

" Forristall er al., 1977\ However on ancrent contmental shelves to what extent did suclh

~
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* bottom currents control the transport and deposit’ion. of sedimerit seen in the geologic record >
Sedimentary models concemed wrth the offshore transport and deposmon of

sedrments on. storm- domtnated connnental shelves are from two basic schools of thought. *

The frrst is the Swift model based pnmanly on observ.anon in the moder‘n oceans, This

model relates sedrment transport and deposmon to an incremental pr0cess dnven by strong

o O‘f(fshore ﬂowmg bottom currents generated dunng atmosphenc storm events (SW’tft and :

Rice, 1984). Bottom currents flow offshore and are mﬂuenced by the Coriolis force, which

v

3

m the northem hemrsphere causes a nght -handed deviation of the flow. Witha gradual
balancmg of forces the bettom current is eventually forced to assume a nearly .

' parallel to-isobath orientation. The i increment. 'novement of sedlment indicated by the Swift
model requites the eptsodtc remobilization and redeposmon of sediment further offshore or”
along an 1sobath until ftnally reachmg its final deposmonal area. The second model, based
mostly on observations from the rock record, is the Walker shelf turbtdtty current model ot
(Hamblm and Walker 1979 Walker 1984) This ' model suggests a single- event episode
.wrth the seaward rransportand deposmon of sediment from a turbulent suspension. Because

[ -

of its inertia this current unlike the that' in the Swift model is capable of flowing for great

1 * J .
.dtstances at-a high angle to the isobaths. These two conunental shelf sedrment transport

‘models would appear to represent end- member conditions, and dtffer intwo fundamental
respects (l) the Walker model relates transport and final sedunent deposition to a

single- event - process, compared wrth the multi- -event history of the Swift model and (”)
transport of sedtment in the Sw1ft model is eventually parallel to the 1sobaths but is pnmanl)
| normal 10 the isobaths in the Walker model Evtdence from the Ulm Pishkun study area’,
pamcularly stmctur‘es assocrated with gently undulanng parallel lamtnanon would seem o
suggest that sediment deposmon (and possxbly sedlment transport) in thlS ancrent nearshore

»‘-"’sedtmentary environment was predommantly from smgle -event currents, and that these

Currents showed characterisitics beirfg intermediate’ thh respect to the two _end -members.
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Gently undulaung parallel lammanon (GUP lammauon) is a very common hthofames
ut the Ulm Ptshkun study area, pamcularly in the lower shoreface ThlS sedxmentary '
structure is charactensed by a very subdued undulatton in what otherwise appears to be
upper-ﬂow regime, plane bed lammatlon Several lines of evxdence suggest the devf’fopment

of GUP lammanon under upper- flow regrme umdtrecttonally dominated flow. These

include: . _
e (D common occurrence ot’ ﬂutes, grooves, prod marks and rare gutter casts;
&) directional ﬁ‘lling of basal scours; ' |
(3) abundance of parting lineation on exposed beddmg planes
(49 development of parallel to- flow grain fabric; | .

____./ﬁurftmal cap of ripples typically showing southeast palaegﬂow directions; ¥ .
. (6) occurrenée of ripple; washed-out dune or high-angle dune bedforms bene&v

"or B d1v151ons ora conglomerate indicates thetr eroswe development
“-ﬂow reg-tme couditions. Slmtlarly, their development ogthe soles of GUP.,

'l.amin'ate beds is thought to suggest equivalent hydrodynamic conditins' ‘The

ast trend of flute marks and the west- northwest / east- southeast orientation of

Qroove strutures mdlcates their development by east- southeast ﬂowmg unidirectional

currents. The paucity-of gutter casts (th 8A) ‘may only be a:tD artifact of the |

two- dlmensmnal nature of the outcrop and-the consequent diffi culty of observmg the thrrd ’

dimension of these long linear structures

< Another basal feature suggestlng umdtrecnonal flow 1s the occurrence of basal

s?ours showing drrectlonal sedtment fill (th 8B). In the fill ofwhese scours the lowermost



- laminae ter;mmate at hrgh angles agamst the downstream side of the scour. with subsequent
laminae gradually decreasmg indip unnl they reassume horizontal GUP lammauon across lhr. .
ﬁ‘lﬁd\scour Invariably, scours and their sediment fills indicate i mcrsron and subsequent
sediment deposmon from unidirectionat flows which' moved ina general easterly dtrecnon |
since the outcrop only allows a two-gensronal viewsf: the Scour fill.

One ‘of the most smk:mg features of GUP lamination is the abundance

lineation on exposed beddmg planes This sedlmentary structure has been attnbuted to
turbulent bursting near the wall of a turbulent umdlrectlonal flow dunng upper plane be
conditions (Allen, 1984a 1984b). The existence of pamng lineatiort on bedding su
"GUP lammated sandstones would suggest 51mtlar hydrodynamrc conditions. Also
assocxated wnh upper-plane bed conditions is the developmem of a preferred parallel-to- ﬂ(m
grain fabric (Allen, 1964; Arnott and Hand, 1987). Gram fabnc analysis of GUF lammanon_
~was accomplished using the a.nislotropy of magneti‘c'susceptibility (AMS). Grain orientan'on
» invariably 1nd1cated low angles (< 100) of unbncatlon and east- southeast or southeast
sedlment uansport Recently, Amott and l-land (1987) have, shown that under
upper-plane bed conditions the angle of grarp,lgtb;lcauon is related to the yolumetric rate of -
| sedlment fallout Consequently, the l‘ow 1mbncat10n angles oberved in GUP lammauon
k may suggest traction. deposmon from unlduecuonal currents charactensed by a slow rate of
sediment fallout. Therefore the thick basal GUP laminated portion of a GUP lamlnated bed
deposited durmg a single sedrmentauon event may have accumulated overa relanvely long
period of time, possrbly many hours or days °
The initial i unpressron one has of a bed contammg GUP.lamination is of a Bouma
BC turbldrte, although the: Bouma B-like division would account for 80-90% of the bed.
o Bouma- sequenc&turbrdrtes are known to be deposrted from unidirectional turbulent

. ._suspensions and, that their characteristic vemcal successxon of dnv:srons is sug&!ed to

reflect wamng flow condmons__-(Mlddleton and Hampton, 1976 Blatt et al., 1980). A sr-mrlar.. |
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séenario is believed to account for deposition of GUP laminated beds. Fine sand probably
eroded from the beachface was tr‘ansported seawardand irﬁu’allydeposited under .

upper -flow-regime plane bed condmons developed under a umduectronally dominated
current. Although with time this current waned and upper-plane-bed was replaced b) current
| | npple development In the lower shoreface bed- top ripples overlying GUP lamination ,

. commonly 1nd1cate southeast palaeoflow dtrectrons suggestmg development dunng the
‘wamng stages of the offshore -flowing, umduectronal current. However, bed- -top npples
gapprng GUP lamination in the upper shoreface and the surf zone channel commonly show
northwest palagocurrent directiong} suggesting post-deposmonalreworlong by fairweather
currents. ‘ ) ‘ ' k | '

In the aforegoing discussion of GUP lamination a number of points should be
reemphasised.. Firstly, many aspect's of GU> lamination indicate transport and'deposition of
sediment under upper-plane-bed conditions. These conditions were developed under a
urhdtrectronally dommated current which flowed offshore. Secondly, the great thickness of
GUP lamination in each GUP lammated bed indicates the prolonged maintenance of
. upper-plane- bed~condmons at the sea bed In addition the low unbncatron angles of
parallel to-flow sand grains in GUP laminated sandstones mdrcate predominantly sediment
tallout with tractron by currents which flowed for a relatrvely long penod of time. Thirdly.
basal scour features plus some GUP lammatton grain imbrication data indicate east- southeast
palaeoﬂows On the other hand; bed- -t0p current ripples of lower shoreface strata mvanablx
- show southeast palaeocurrents Therefore there is a slight but consistent right-handed
deviation of palaeocurrent dlrecuons between the base and top of many beds. Thls deviation
may reflect the more notlceable influence of the Coriolis force duyring the waning stages of
the offshore- ﬂowmg umdtrectlonally dominated curTent ‘ _ .
| Occasronally ripples, washed-out dunes and less commonly toeset remnants of

high-angle dune bedforms are observed to be erosively overlain by GUP lamination.
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Unfortunately due to the nature of the Ulm Pishkun outcrop an accurate determination of the
palaeocurrent dtrectron of the npple and dune bedforms could not be ascertained other than
that they are oriented rn a general offshore direction. Therefore, the occurrenbe of GUP
" lamination above the"rippl: or dune bedforms may be taken to suggest a waxing (increasing)
of umdrrecnonal ﬂow and caused‘a transformation from lower-ﬂow -regime to
upper- flow -regime corrdmons At the Ulm Prshkun during atmosphenc Storm events most
if not all of the deposmonal e'nvrronments would have been effected by surface gravity |
waves. If, as most of the sedlmentary structures suggest there was a umdrrecnonal flow
present, then transport / deposrtron of sediment was under a combined flow regime.
Recently Southard and others (pers comm. 1987) have shown that under combmeu rlow

f .
even weak umdtrectronai currents are capable of generanng unidirectional ripple and dune

bedforms which under purely u’nrdirecnonal flow would have requrred a much stronger
umdtrectxonal current. Consequently, the transformatron from ripple or dune bedforms into
. GUP lammatron even though indicatve of waxmg ﬂow may not have requrred a dramatic .
increase in‘the umdrrecuonal ﬂow component. ' | | |

In the above discussion of GUP lamination and associated structures it could be
argued that many of the observed features could mdrcate a_turbrdrty current or bortom-flow
interpretation. Erosive basal scouring features, palaeocurrents oriented at a high angle to the
shoreline, and the single-event gen.eration and depos‘ition of these strata may suggest a
turbidity current interprgetation. Onl,the other hand, the right-‘handed‘deviation of bed-top
ripples,'the‘waxing.sequence of sedimentm in'some GUP laminated
beds, plus the thickness of GUP lamination compared with the thin accumulation of bed-top
l;iptrles in GUP laminated sandstones implies the i_mgortance of bottom currents associated
with coastal set-up. Considered as a whole, all these"features may indicate the
existence of a current whfch showed characterisitics common to both se'dirnent transporting

mechanisms; a set-up related bottom current and a current flowing downstream in response
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to an excess doyvnsueam density gradient. A possible scenario for the interaction of these
. two processes may be as follows: during annosphenc storms surface gravrty waves may
* have provided enough suspended sediment to develop the requtred density differential for a
density curren;. Development of fluid turbulence required by the turbidity current was
provrded by two sources (1) gravrtatronal force acting on the density contrast sitting on a
' slopmg shoreface and, (2) possible input of energy from the unidirectional,
,..,,offshore-flowrng bottom current associated with coastal set-up. Therefore during the storm’
event sediment may have been transported from-a current charactensed by both turbldrty |
acurrent and bottom ‘flow processes. Deposition from thrs mtermedlate current resulted in_
- beds exhibiting features indicating the influence of both processes.

* The most obvious, and unfortunately the most poorly understood trait of GUP
lamination is the gente undulation, of the parallel lamination. The undulation has vanable
spacmg, rangmg from a few decimetres to many metres (even along mdlvrdua] lamrna)
which may or may not conforfn’ to the profile of the basal bed contact. Helght rarely exceeds
3cm, but is more typrcally between 1- 1.5 cm. Together these two features-indicate a
spacing-to-height ratio for GUP. lamination in the order of 50-100 or more. In addition-to the
undulating nature of the parallel larninadon the most enigmatic feature of the undulation is
that'it shows no sign of horizontal migration. Therefore not only is the flow being forced to
deposit undulating laminae, but the bedform betng deposited was quasi-standing at le;;t;N |
the scale of the outcrop. Atthe present ttme no mechamsm(s) known to the author can -
explain thls structure; however, s»ome_possrbrlmes may include:

(1) near-bed development of standing waves, posdibly generated in a zone of density
| 'grad’rent within the unidirectionally-dominated combined flow;

(2) the generauon of aridge-and- trough structure caused by quasi-regularly spaced

secondary flow cells generated within the main unidirectonally- -domipated flow;
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(3) may be ah equilibrium structure developed under a unidirectionally-dominated comt;inedt

flow, although this would be inconsistent with the standing nature of the bedform.
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FIGUR,Eﬁl-l: Location map of the Ulm Pishkun and surrounding area near Great Falls,
“*" Montana, |
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FIGURE III-2: Correlation chart of Upper and Lower Cretaceous strata in northwestern

D)

United States and south-cemr_al Alberta (modified after Stelck and

Afmstrong, 1981). (
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FIGURE III-3(A): Sharp contact between Unit 1 apg Unit 2 (staff is 1.5 nvi‘long).‘
'\.i . . -

FIGWRE III-3(B): Interbedded bentonitic shale and siltstone (Unit 1).
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FIGURE 1I-4(A): “Gently-undulating, parallel lamipated sandstones (GUP lamination)

»

of Unit 2 (outcrop is approximately 10 m high).
‘FIGUR‘E III-4(B): Asymmétric ripple cap above GUP laminated sandstone bed.

FIGU‘ ’—/4(C): 'Iriterbedded wave-and current rippled sandstone and shale
sandwiched between two GUP laminated beds

(scale bar is 10 cni long).

J FIGURE IlI-4(D): Low-angle truncation surfaces within and between individual

3

- GUP laminated beds.

FIGURE III-4(E): HCS at -_the base of Unit 2 (beneath hammer), Ovef énd underlain by -

GUP laminated sandstones.

FIGURE III-4(F); Sharp contact between Unu 2 and Unit 3 (just above person's head).

-






N S R . -

FIGURE I-5(A): Medium-scale cross:stfatified sandstones of Unit 3.
T s . BT P .
' @ o ‘; G

proext ) s

FIGURE lIl S(B) Thm slabby sandstones (swash lammatlon) of Umt 5. Note low angle
a. W .

truncaqpn surfaces (w1dth of photo appr?mmate‘ly 1.5 m)
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‘ FIGURE I- 6(B) Palaeocurrent rose dlagrams for each q%smonal env1ronment
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FIGURE ILI 7: The axml trace of the Son{‘ Arch through the.Great Falls study area (Inset
l shoWs the constltuéﬁt‘;ﬁments (South Arch and Kevin- Sunburst Dome)

of the ances%l Sweqtzgrass Arch plus the Bow Island Arch of
ﬁ south U&th'algftl rta.; ' |
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" FIGURE 111-8(B):

S
" FIGURE I11-8(C):

L2

oo . S .
Gutter ¢ast and numerous flute marks on the sole of a
GUP laminated bed. '

v

Directional gcour fill (current flowed from left to right).

Deep, rippled scoured surfaces incised into the top of |

GUP laminated beds.
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* PALAEOSHORELINE AND LITHGLOGIC UNIT MAPPING OF THE
BOOTLEGGER MEMBER, NORTH-CENTRAL MONTANA

e o INTRODUCTION

Many Mesozoic htholbglc sequences of the Westem Intenor of North Amenca sho“

a verncal pattem marked by a coarsemng upward grain srze, amalgamanon of sandstone

and/or conglomerate beds and a change in the nature of broturbatlon structures. Such

EY

sequences are capped by ﬁner-gramed commonly bioturbated, ‘sandstone and shale. These
. trends have lradmonally beew'terpreted as represenung shoaling condmons associated with
- | regression followed by a raplﬂ deepenlng associated with transgress1on Many

c:)a:semng -upward sequences are reported to represent offshore taperm§ wedges of

regressive shorelme attached sandstone The reg—essrve _pulses are separated by

trunsgressrons,in;a?such represem stacked ancient "graded shelf” (Johnson, 1919)

sequences. Other coarsemng-upward sequences are stratigraphically more discrete,

occurring as numerous, isolated sghid bodies, with a more patchy distribution. These include

" the stratrgraphrcally isolated r, servorr sandstones of the Cardlum and Viking formations of
south central Alberta. These atter sequences were deposited under low-stands of* sea level

followed by a sea level nse, : d represent 1solated deposits of a regresswe transgresswe

pulse (Cant and Hern 1986) Whethef the styles of. shelf sedrmentanon are patchy or m(Sre ?

A

. , wrdespread melateral dlstnbuuon and conunurﬁyf facres patterrts in such
v ' nff ~upwam sequences have not been well dpcume t_ed(Athnson et al 1986 Cam
e : .. PRI L3 ..

l@Va,l«ker 1984 let and Walker I‘gé?_‘ﬂlcgj 1.984 Walker 1983) Thls N

-

'

N le'ﬁliirly U'UG for the fmote: amalgamated storm and shoal deposnts at the top of manv of

.
TarL e . -

4' . ;

: these sequences

T e

\ q" The, present study concerns a detailed lithologic analysis of shanw tmarme )
. ’ 'W . § . / b
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.coar,semng upward sequenceS in the vrcmny of Great Falls and at Mt: Lebanomm the . (
: ) Sweetrass Htlls of north- centraI Montana. These sequenccs are superbly exposed in long
buttes and afford amﬂe opportumty for detailed lithologic analysxs Qf parnunlar mtert sting
1s the abtllty to delineate the tcmporal sedxmentary htstory and posmon of shorelines and
shorelme attaehed clastic wedges The purpose of this paper is to outline, .in both time md

space, the hthologlc deveIOpment of thc many sandstone units makmg up the Bootleger

Member of the Blackleaf Formauon in north- central Montana,
: , REGIONAL GEOLOGY'

In the v1c1mty of Great Falls, and within the Sweetgrass Htlls of north-central
] Montana,Ate Aptian to eaﬂy Cenomanian clastic strata are exposed (Frg 1). Since the
-beginning of the century several studxes have been conducted on these Lower Cretaceous .md
early Upper Cretaceous Strata (Frsher 1907 Steglnger 1918; Collier, 1979 Cobban 1951:
Cobban etal.,"1959, 1976 Cannon, 1966). However since the work of Cobban er al.
' (1959 1976) these strata have been formally subdivided into the; Kootenai, Blackleaf ay
”.Manas Rlver formations (Flg 2). The Kootenat Formation, equivalent to the upper portin
of the Mannville and Blaxrmore groups of Alberta, 1;@0nally extensive and is easxly
- recog;used in the ﬁeldby its reddish colourauOn Numerous features of these strata indicate
;terresmalldeposmon (Cobban et al., 1959 1976; Cannon 1966 Hopkms 1985). N X
Unconformably overlying the Kootenax is the Blackleaf Formauon (Cobban et al 1976
CanOQl&, l~966)u ‘h,mforgaum Was ongma'ﬂy calfed the Blackleaf Sandy Member by |
"Ste nger( 1918) because of its anomalou§ sandstone contcm compared with equwalent strati
in eastem Montana Later work by- -Cobban and chers elevated this member to tormatxon W :
status and in north central Montana subdivided itinto four members These are from bottorn’

to top: Flood, Taf;l‘hll, Vaughn and Bootlegger members. At the top of the uppermost .
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“ Bootle gger Member there outcrops a regtonally extensive unit charactensed by an ahdmalous

' abuné’ance of fish remams( “This unit has been termed the Base of the Fish Scales by

, petroleum geologxsts in Canada and it represents a synchronous marker extendtng for more. o

: ‘than 1100 ki fror{north to south (Stelck and Armstrong, l981 Amott and Hein, in

* review). .The fish scale um&éepresents an unconforrmty separating the Bootlegger Membu

-~

-.znd the early Upper Cretaceous Floweree Member of the Manaa’ Rrver shales. -

&

e

Recently, Vuke (1984) developed a reglonal deposmonal model for Lower

Cretaceous strata in this part of the northwestem United States; [hlS model resembles others
constructed for}uxvalent strata in the Westem Intenor Seaway (Wetmer, 1984; Merewether
and Cobban, 1986; ' These models relat‘e\sedrmentanon eptsodes represented by 1nd1v1duttl
fom;)anons and members to §nsgresswe and regressrve events. Such events occur on two -
different scales; (1) a mega- scale, where deposmonal patterns within the entire seawmre

¥
affected being sumtlar to the supercyéles of Vatl et al (1977) and (2) a m1cro—$cale where

'the effect is only locally 1llustrated Two basm -wide transgressxons which occurred between

upper- Albt@n to lower Turoman t1me have been recogmsed in Cretaceous strata of [hCe

IS
o)

~ western Umted States (Kauffman 1977 1985) The older of thes? events has been ealled

the: Kxowa Skull Creek Cyclothem (Kauffman qt al 1977) and the younger the Greenhorn :

Cyclothem (Hamn 1964) It should also be noted that these two events have been

"documented ona globa} scale (Vail et al., 1977)

Innorth- central Montana these two major, basin- wide eveng are recorded In strata

i .

- makm g up the Blackleaf_FormaUOn The initial development of marine conditions assoc1ated

>

w1th the early transgressrvc stage of the Klowa Skull Cregk Cyclothem is 1dentrfxed by
manne deposrts of the Flood Member wlnch ?unconformably overlle terrestrial deposxts of the
Kootenaﬁzormatton The subsequent regressxve stage is ﬁrst evrdenced by the restncted '
manne condmonsof the glaUComnc\Taft Hlll Member (Cobban 1951, Vuke 19814) .

Contmued regre551on eventually culmmated m development of the terrestnal deposnts of the

1



) bentonm(: Vaughn Member Transgressron associated with the early stages f the. Greenhorn .
Cyclothem resulted in the return of marine condmons to north central Momana and the
deposmon “of. the manne Bootlegger Member Oontmued transgresston into the early Upper
-Cretaceous lead to the deposmon of deep basmal shales composmg the Floweree Member of
the Manas Rlver shales (Vuke 1984) Supenmposed on these largef-‘;cale events are smaller |
transgresswe/regressrve eprsodes observed in-each of the members mql(mg up the Blackleat
Formatton These smaller~scale events suggest a local control on sedlment deposmon and

thh specrﬁc reference to the Bootlegger Member is the top' of thrs paper

' THE BOOTLEGGER MEMBER

/Near Great' Falls, the Bootlegger Member crops out along lowb rehef buttes usually
forming its cap rock Strata are typrcally undrsturbed where the only major structural feature
‘\ in this area is the South Arch *the southern element of the Sweetgrass Arch. This broad, |
gently northwestward plungmg antiform is charactensed by dips on 1ts hmbs of less. than one
degree (Cobban et aI 1976) and consequently poses no problem in- lateral straugraphtc
correlat:ons In the Sweetgrass Hills, on the other hand the Bootlegger Member, along w1th

the enure Blackleaf Formauon is exposed ina river valley ﬁed into the axis of a steep, -

northward plungmg antlclme whrch crops gut on: the northwest srde of Mt. Lebanon (the -

. B

eastemmost peak in the SweetgraSs l-hlls) Structtrral defon'natlon of Bootlegger Member
‘ 4

strata in the Sweetgass Hills: and 1solated areas hear Great Fallfyvas the result of uplift bv

Ny

| post- deposmonal Temary mtrusrons
/ .
By deﬁmtxon the Bootlegger Member i is stnctly }narme (Cobban et al 1959 1976) \ ,

_and represents the tmttal, transgressrve stage of the Greenhom Cyclothem into thig area of the

. i

western Cretaceous Seawav To’ the west the. Bootlegger Member onlaps terrestnal deposits
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. , _ ,
of the Vaughn Mgmber and merges to the east w1th deep basmal shales of. the Mowrv .
e Member (Cobban et al 1959 1976 Stelck and Armstrong, 1981) "The occurtence ot

Neogastroplttes americanus (Reeside and Cobban [960) dated at approxrmately 96 Ma

»

]

-

(Folmsbee et al 1963), and the Clay Spur Bentomte whxch crops out at the top og the
Mowry Shale Member in eastern Montana (Rubey, 1929, 1930y and dated 94 Ma (FOlln\h\.L

A,
« - etal, 1963), indicate a deposmonal penod of approximately 2 (~+ l)mtlhon years for the

Bootlegger Member. . .~ ' R 11 !
In both the Great Falls and Swe’ etgrass Hills study areas the Bootlegger Me.mber is
charactensed by stacked deposmonal sequences. In the Great Falls area there are. ﬁve
A sequences compared with four in thegSweetgrass Hills (Fig. 3). Eachsequence is compOstd
| - of a thick basal umt 1nd1cat1ng shoalrnf?rpward deposmonal conditions. These are therr
bounded above and below by an erosronal transgressrve surfagp Shoaling- t'sedlmenttm
cor:dmons are the result of shorelme progradauon usually caused by a sea level sull stund or
drop, although smular conditions can develop dunng base-level rise when sediment influx is
sufﬁc1ently large.- Shoahng upward depositiog‘was terrrunated by a rise in relative se'a levcl |
‘us assocrated marine transgressxon and deposmon ofa transgressrve lag deposn |
The cychc nature of Bootlegger deposruon has been sug ested t0 be the result of .
CplSOdlC reactrvauon /of the ancestral Sweetgrass (Arch In the Great Falls study area the crest
~of the southern element of the Sweetgrass Arch the South Arch lies 1mmed1ately to the
' sgu/ hwest whlle the crest of the fiorthern element, the Kevin- Sunx\urst Dome hes to the west -'
| of the SweetgraSs I-Irlls study areau(Frg 4) Penodtc uphft and subsrdence of the arch,
’_’thought to be respecttvely assocxated with episodes of acnve and reduced Cordtlleran
thrustmg, is 1nterpreted to be the underlymg cause of cyclrc sedtmentauon charactensmg the
Bootlegger Member (Amott 1987). Relative sea level drop and the assoc:ated shorehne

progradauon is 1nterpreted to be contemporane_ous_ with arch uphft,.wheregs a relatt.ve sed

level fise and its transgression reflect subsequent arch subsidence. In addition, throughout
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Bootlegger time the strandline was either withinor close to the Great Falls area. Because of *

" thi} fact, the closeness of the crest of the S weetgrass Arch pfecluded the necessity for large

vertical movements in order to 'p,rod1.4ce marked changes in the pattern of local sedimentation. ™
< e, - ) N ( .
s

S - . . »
e

B
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. * * SEDIMENTARY ANALYSIS OF THE BOOTLEGGER SEQUENCES

Bootlegger sequences are charactferised‘by a thick regressive sequence commonly

\ bound aboye and below by typically planar tr'ansgressive surﬁaces and ‘associated thin ‘

transgresswe lags. Sequences range from several metres o a few tens of metres—ﬁ_ck and

.

- in the Great Falls area cons1stently thicken northeastward Alsoin the Great Falls area, the
&

_ undlsturbed nature of the strata enables one to follow many of these sequences laterally for

many tens of hlomeues In the 1dea1(sed sequence (Fig. S) the regressxve pomon of each

- sequence, reﬂects the eastward progradauon of the strandline and the vemcal stackmg of

N

K

" shallow offshore shelf to shoreface to beachface depos%s However, IhlS sequence is rarely’

N -

observed in its enurety for two possxble reasons o

(N progradauon of the sh shorelme did not extend across the ennre area, resultin ginan

| 1ncomplete :sequence and/or \' o0 s .' o, R
( ) the upper poruon of the\regressxve sequence was removed eroslvely dunng progradanon
\ ; R
and/or the subsequen: rransgresswn By
Nonetheless, the hthologlc and blogenxc\ &eﬁsﬁcs of each stimentary unit composinv

~ the 1deahsed Booltlegger sequence m"a.sce vdmgiofder are discussed below. Each unit is )

b
. -

named after the dorrnnant constituent lxthofacxes

. : . B .



UNIT 1: Interbedded grey-black shale and silt‘étone\
Umt 1 is made up of grey—black bemonmc shalc and thin s(f tstone mte\l‘beds (Fu. '
- -‘6A) and becausc of its recessn?e \g‘ therhg is rarely ex&sed letstone mterbeds are

'i typically 2. 5-5 O cm thick, althugh they become thlcker (10- 15 ¢m), coarser (fine
' .sandstone) and more abundant with stratlgraphxc hexght Current npple Cross- %tranf'lcmon is
Lhe most abgndant sedlmentary structure in thesr. beds, but oscillation ripples, gently
undulaung parallel lamination (Arnott,- in preparatxon) and'hummocky cross-srratiﬁcatiqn 4
" (Harmser al., 197}5)(Fig 6B) are 'commone Palaeoﬂow directi“ons'are typically toward the
southeg in the € ((ﬁreat Falls area and toward the nprtheast in the{weetgrass Hllls althbu Lh

southwest dlrecu\ans are common at both localmes

Teichichnus, Planolztes montanus and C hrondrztes are dommant However wuh \
'mcreasm g stratigraphic helg}‘(g sand-mhabmn g structures show a progressxve increase in
abundance and diversity, 1ncludmg Palaeophycus Thalassmozdes Skolztha\ 7

C yl_zndrzchnu{, Bergauria, Ophzo_Inorpha and Asterosoma

Interpretation: ~ . . k‘ ' . ? 5 | .

Unit 1 is 1nterpreted to be deposned ina shallow‘offshore shelf-environment. Thxs
' envuonment is charactensed by quiet deposmonal conditions which are, however .
'eplsodlcal.ly interrupted by brief, hlgh-energy events. Deposi;ion of bentpnrdc shales
dominated dnrm g‘the pervasi\}e lo'W-energy conditions,'whereas_ the interbeds of siltstone P

and sandstone reflect deposi'tic')n from 'the‘h‘igh-ener.gy events. Thickening, coarsening and

increasing abundance of siltstone and partj¢ularly sandstone iznterbéds ~ -
stratigraphically-tipward indicates shoaling conditions with a progressivg increase of physical
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'_ energ§ Smularly, the upward change ¢ sh.al’“dormnant to sand- dorrunant biogenic

o

o  structures decates a progressnve ennchment of the sand content.

letstone/sandstone tnterbods arecommon features of shallow offshore shelf

o

envrronments and as potnted out above, are deposxted durmg eplsodld high-energy events.

_~These events are thought to be ass\octated with surface stpnns capable of producmg large S
I .

. surf‘ace grmvnty waves and coastal ser-up ‘Kulm et al. ( 1975) point out that the mﬂuence of
large surface w’a\fes can be detected at depths of over200 metres, and are probably
- responsible for the generauon-ofme symmetrxc oscnllauon ripples observed in Unit 1. Also %

£

observed are asymmetnc npples show’!hg offshore apd less\commonly onshore transport
:

Onshore-mt granng npples may represent asym.memc wave npples developed under shoa‘lmg\\“
surface waves with the preferred landQWard transpon of bottom sedrments however N
offshore rrugrannf npples, .on the other hand requtre a dlfferent mechamsm (see below).:
< Hummocky cross Sstratification (HCS) has commonly been reportedrfrom ancient

\‘ ‘shallow offshore shelf deposns (Harms et al 1975; Hantblin and Walker 1979; Dot and

Bourge01s 1982; Leckleand Walkerr1982 Helﬁ et al 1986) and is thought to have been

k'[produced by combmed flow assocrated w1th tntense storm K/ents (Hunter and‘Chftpn 1981:

. Sw1ft et al., 1983 Duke 1985) Gently undulatmg paralle]l lamination.(GUP larmnauon) has .v
been suggested to have been deposnechrom,umdtrecuonally dormnated combined flow o
associatgd’ hlgh nenergy storm events (Amor, in review). Strattgraphxcally -upward-the 1oss

of HCS and thé concorrutant appearance of GUP larmnanon 1is interpreted to indicate the

: » shoahng-upward increase in the unidirectional flow cemponent dunng storm events. This

s

observatlon ultrmately reflects shoaling-upward condmons, or more appropnately, the

appgoach of the Yprogradin-g palaeoshoreline.



QMI;:"Gcntly‘undulatin\g parallel'lamied sandstone o ’
- L 1 R

[
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¥

Normally U%lt 2 ligh gradat;opally above deposnts of Unit 1, althoug,h In one
instance ,(tht UlmPtshkun) this contact is knife-sharp, f'ormmg a distinct overhang (th
6C). Beds of Unit 2'are composed of fme-gratned sandstone dominated by gcntly .
undulating parallel @uauon (GUP lamiration) (th 6D), a feature Wthh is dtscussed in ,
detatl in Amott (in review). 'l;bese beds are typtcally 5- 60 cm thick, commonly mterbedded .
~ with 5- 30 cmof mterbedded rippled sandstone and shale Beds composed of GUP

A

flammanon are characterised by a thick basal pomon of gently undualtmg parallel lammauon
' capped with'a thin< 1-3cm cap of currcnt npple Cross- strattﬁcanon or wave npples B.ml

contacts are always wavy with metre-spactng and rrnnor_(l-3.cm) amplitude. GUP.
RS .

_ -lamination i$ characterised by a'subdued undulation og what may appea¥ to be

T —

lupper-plane-bed lamination Spacing of'the .undulation is variable, ranging from decimetres
to several metres, even along the same larmna and amplxtudes which rarely exceed 3cm .
. (typtcally 1- 1 5 cm) R]pple cross-stratification cappmg these beds is usually dtrected

toward the southeast (offshore), however southwest dlreCttonsare a‘lso commonly

*

observed Basal scour features 1nclu:le basal scours, flutes, gmge: prod marks and rare .

gutter casts. Parting hneatton 1s also a common feature on expos bedding planes of GUP

o : .0 .
lamination. : . , ¢ _ S :

w S » - [}

Strata of Unit 2 contain the most abundant and diverse trace fossil assemblage.

Palae h)cus P ycladzchnus Planolites . and Escape eructures
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lnterpretauon

SN _
~ The charactensuc physxcal and blogehtc sedrmentary structures of Umt 2 are.

>
mterpreted to reflect a lower-shoreface deposxuonal environment. Ag dlscussed above GUP

lammauon is thought to refle zt deposmon from a offshore flowmg,

: umdtrecuonaﬁy dorrunated mbmed flow generated durmg hxgh energy storm ve\ts

. r——d
generatmg upper-planc -bed condmons in the ﬁne-gramed sand :l:f@h

undulauon is not understood (Arriott, in preparation). Ripple ¢ trauflcauon“.p; . the
GUPlammanon and exl'ubltmg southeast palaeoﬂowdlrectxons 1mphes deposition during the
waning stages of this offsh re flo&'mg curr(nt Consequently, beds contalmng GUP.
lamination would appear to resemble a Bouma BC mrbidite (Bouma 1962)) Asymmemc

- ripples which exhibit southWest palacocurrent directions plus symmetnc oscillation ripples .

" are probably the product of surface gravity waves, however, the former implies the

generation of unidirectional-onshore sediment transport by shoaling waves. : :
N A o , ¥

UNIT 3: Medium—s'cale‘, cross-stratified sandstone. E /\ '
~
Unit 3rests sharply above Unit 2 and is dornmated by medlum»scale cross-stratified
' __ f'me ‘and-less comrnonly medxum -grained sandstone (th 6E) Trough Cross- strattflcanon 1$

" by far the most common, planar-tabular crossfstranﬁcauon is rare. Trough cross beds,

~

typltally dip < 2Q°-25°,\but this_ls"probably the result of the removal of the upper portion of
the bedform by post~depositional reworking. The c0mmon.occurrence of back-flow 'ripples

- along trough crossbed toe- sets indicates the onglnal exxstence of a relattvely hxgh bedform -
.,meh enabled the development of flow separanon Also making up thrgumt althou gh much

: less abundant than the medxum scale cross- stratlﬁed saridstones, are beds charactem?/g?\\
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GUP la igation with ripple caps. Palacocurrents from both medium:scale B
Cross-s ﬁcauon an ples indicate a pcrvaswc nonhwcst sedlmcm transpon ‘Rare *.

interbeds of mterbcddcd rippled sandsb/lLand shale plus dxspersed chert pebbles and

granules are commonly‘ obscrved

o

Bnogcmc structurcs are markcdly less abundant and diverse ompar;:d with stratia,of

" Unit 2. Once: agam however, trage. fossils indicate a pcrvaswe sandy substiate and inCTude:
" ‘

Palaeophycus. Planolites, Ophivmorpha, Thalassmb;des,Skolﬂho's. Bergduria and Lo%kuiu_ _

Intcrpretauon

r—

Unit 3 is mterpretcd to havc been dcposncd inan uppen—shorefacc envxronment th‘
dommant source of physxcal energy in this portiod of the shoreface i is p provided by shoalluﬂ
waves (Clifton et al., 1971; Clx'fton, 1981). This process preferentially transpo;ts‘sedlmem.
in the direction of wave propogation and in the case of Uni.t 3 beds was of sufficient strength’
to produce medium-scale, transverse -to-flow bedforms Slmllar structures havc been
reported from other ancient upper shoreface scqucnccs (Vos and‘Hobday, 1977 Chf(on
1981; Dipre, 1984). Interbcds of GUP lammauon suggest eplsodes of even high ergy

b\

probably associated w1th storms during when upper-plane-bed conditions tempor. ‘

: intermptea the development of sl'loreward-‘migrating,t}arg'c-séél; bedfom_ls.

.\ V2

\

 UNIT 4 Massive and planar-laminated sandstone

Umt 4 is observed only at the top of the Ulm Pishkun Little Belt Creck and Willow '

Creek sections. This unit rests sharply above Unit 3 and is composed of massive or

planar-lammated fme-gramed sandstone (Fig. 6F). Bloturba_;lon is rare and is dominated by

. Planolites MORIanus.... At the Ulm Pishkun section a thick unit of Unit 4 indicates that the

" laminated sandstones are arranged in a number of sets showing low-angle, erosive contacts

with adjacent and subjacent sets. At most localites Unit 4 is capped by a planar surface )



v
overlain by Unit'1 or Unit 5 lithologies.

-

J
/ Interpretation:
. o L w :
The association of Unit 4 with the underlying deposits of the upper shoreface (Unit

s 2

3) suggests a forestiore “posmonal environment for thcsc strata. »Sets of planar lammated »
sandstone are indicative of swash lamination (Clifton et al., 197 l) a common l'ew‘{ure in
both ancient (Dupre. 1984; DeCelles, 1987) and modern Yoreshore  settings (Clxﬁon eral.
1971; Howard and Remeck 1981) Its uppcr planar contact with Unit 1 ]jthologlgs or the
: planar or wavy contact with coarse- gramed Unit § strata is mterpreted as\ a trar!sgresswe
S
surface. This surface represents the erosive planauon and possible removal of partof the
upper _pgmm of the regresswe sequence dunné a rise of relative sea level. Luhologlc ‘ |
conlacts of this natUre have been discussed by Goodwin ana’And sony (1985), and is one of
the main components of their punctuated aggra'dﬁional cycles. Q\\ '

’; 3‘—

e

UNIT5: Anornalousdeposits - -

L ¥

Exposures of Unit 5 abruptly outcrop above any of the other lithologic units, thereb\
mterrupung the idealised Umt 1 to Unit4 shoalmypward sequence. Its contact with strata
- of the underlymg unit is commonly planar, although rare wavy and channelled contacts are
s obser\_'ed. Deposrts of Unit 5 are very distinctive, exhibiting anomalous lithologic
characterisitics which dif‘fi:pensiare them from the underlying strata of the shoaling-upward
sequence. In the uppermost deposits of the Bootlegger Member, Unit S.sfrata are
‘ characterised by 'anomalous concentrations of fish rernairxs, ypically fish scales and bones.

Also associated with this unit are many of the hard-bady fossils observed in the ennre

Bood'egger Member, mcludmg Neogastroplztes americanus , Posidonia nahwasz nahwasz
i / .
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“and Epéngonoceras ¢Dr. C.R. Stelck, pefs. comm, l9(7). In two of the Bootlegger
sequences Unit 5 dcbosits are anomolously coarsc:gl'ai;xcd. particularly in Sequence 3 where! ™
deposits of Uni.t 5 'arer composed of black chert pebbles. Thls conglomc;alq is characterised
i)y a‘:r:delygradcd ‘last; or matrix-supported framework and typically crops out above a
symmetrical Qavy surface molded into the top of the undcrlyir‘xg ﬁhc-gmincdkandstobcs of
’Unit 3. These wavy features are ch‘ara::lcriscd by an avc:agg‘wavclcngth and amplitude of |
metre and 7 cm respeﬂct?ixcl'y ma cres‘tlir;c typi'cally oriented north-soUth(FiQ TA). Most )

Bpoileggér Member strata atr typically-quartzose, although some Unit § iithologics are highly

fel‘dspathic. ST

Interpretation: ~ b) |
) _Deposits of Unit 5 are thought to reflect deposition during the transgressive events
wh.ich bring to an end the regressive (progfadafional) portion of each Bootlegger sequences.
Transgre§sion usually led to the erosive removal oﬂim unknown anmount of the ur{de“rl~yin g
| regressive sequence and to the depositionl of the anomalous deposits characterising Unit 5.
In Bootlegger sequences 3 and 5, transgfcssivc deposits of Unit 5 are anomalously:
coarse-grained ahd lie directly above an erosive trans"‘gr'éssiv.c surface. Chert pebbles and
chert-granule sandstone characterise each, respccfive}yffoarsc-gsincd deposits are'
‘common fgam;cs of transgressive events aﬁd are 't_c\‘x;rwned ransgressive lags. Cdmmonly lag
deposits show crude non}aé.l grading, particularly with respect to the c‘:oarscst-grai_ncd»clnsts,
which are invariably concentrated on‘thvc underlying ransgresstve surface. Typically |
. ransgressive surfaces are plinar, although at some locav_t‘ibqns this surface is characterised :by i
wave-like féamré molded into the underlying fine-grained sandstones of the Tegressive
sequence (Fig. 7A). This latter feature, characterised by straight-crested symmetrical waves
with 1 metre wavelength and 7 em amplitude, is thought to represent an erosive trzinsgress‘ivc

surface molded by large-scale oscillatory waves.. Crestlines of these symmetric waves are

- o
- . s



oriented generally north-south, an or'icntation‘which is at')proximatcly parallel to the
palaeoshoreline. anc developed, this surface was mantled by the“chc'rt pebbles and tht1§ was
-Jsolated frorf1 further erosion. Larger pebbles are concenfratcd on the seaward (eastward
side of each of the wave crests, and most pEBbles are on'onted withhheir longest:axis parallel
- to the wave crcstltne | N
Htgﬂl,y feIdspathtc coarse-grained Unit 5 strata are observed at the Black Horse
Lake section. Thts two metre thick, typtcally masswc akose, although faint medium- scale :
cross beddmg can be commonly seen, outcrops as a channcl fill incised into Unit 1 strata .
(Fig. 'Wowcver the htgh feldspar content and coarseness of the channel-fill are |
hthologxc chamctcnsmcs of tcrresmal Vaughn Member stzata west of the Great Falls study
area. Consequently, these channel- ﬁllmg strata may represent deposition of terrestnal
fluvial deposits associated with shoreline progradatlon, and thus differ from other Unit 5
strata which are associated with transgression. This channel-ﬁli:ieposit may provide an "
estimate of the mm/tmum distance of shorelmc progradation associated with the regression.
The uppermost strata of.the Bootlegger Member are characterised by an anWous
concentrauogn of fish remains, usually fish bones and scales, and contain virtally all oﬁ the
' \observed harg-body fossils. Similar anomalous fish bonc concentrattons make up the ' Whue ’
" Specks” hon;}ms observed in Upper Cretaceous strata of western Canada. These fish scale

horizons are thought to reflect depositional hiatuses whtcl)"rc,sultcd in long-term reworking

and concentrating of fish and hard-body fossil remains. -

RECONSTRUCTION OF THE BOOTLEGGER SEQUENCES _
B | o N

S
q L

The Bootlegger Member is made up of a number of sedtmentary sequences Each

1

Ly

R sequence 18 composed of a lhlck regresnve or shoahng up unit Wthh is overlain by a

o
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VFalls study area throuéhout &oglegg;r Member time.

- 90

< " \

transgressive surfaé?é‘nd/or lag QCposit. The regional nature of the Bootlegger sequencey,
observed in the two study areas scpa‘;ated by approximately 200 km, would suggest that the
shoaling-upward pertion of each sequéncc is primarily related to shoreline progradation and
only sccd!danly influenced by local sediment source controls (eg. delta lobe switching,
channel avulsi /a\etc D). Each regressive event, probably associated with a still- emnd or fall in
relqt{ve sea level, resulted in the eastward progra@anon of the local strandline. Progradation
was then terminated b‘y a relative sea level rise which caused a westward migration of the
local shoreline. The repetitive nature of Bootlegger sedl'ment;eltion is thought to indicate
episodic uplift and subsidence of the Sweetgrass Arch and its effect on relative sea lcvc»l.
Reconstruction of- the palaeoshoreline positioné aésociated with each of the
Bootlegger scq'uences depends on sé¥eral pieces of evidence:
( 1)‘complétencss of the regr‘essive sequence; '
(2) nanire of the transgressivé sirface; .

(3) charactensuo{'éf the transgressive lag deposxt (if present)

(4) nature of the deposits overlymg each sequence

~

Using these features an approximate determination of the minimum limit of eastward

- ~ e
strandline progradation during each Beotlegger sequence has been made. Unfortunately, in

‘the Sweetgrass HIHS the shallowest- water deposits charactcnsmg the regressive portion of

each Bootleggcr Sequcnce are those dcscnbmg the lower shoreface (Unit 2). Directly
overlying these deposits are strata of Unit 1, indicating the return of shall'ow-offshorc shelf
deposition. Consequently, in the Sweetgrass Hills area the shoreline was located to the west
4hrou‘ghout Bootlegger tﬁne, although it did show at least three periods of eastward
progradation. In thé Great Falls area, on the other hand, Bootlegger strata indicate that the
shoreline often migrated significant distances across many parts of the study area. The

following is a summary of the reconstructed positions of the pala¢oshorelines in the Great '
_ .
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Sequence I, or what can be more appropnately ten’t’ted "basal Bgotlegger
E represents the mmal mcursron of manne condmons assocrated wrth the Greenhom

. Cyclothem tnto thts area of the western Cretaceous beaway Outcrops of thts sequence can

R be. obServed at Black Hors_g_l&ke (l) and Belt Butte (2) and isolated areas east of Belt Butte .

E ,-( 3) (Flg«SA) At each of these areas(presented below by the number gtven above) strata are

charactensed by | ";‘Q L s

nit 1 strata overlam by a coarse- gramed arkosrc channel@whrch in tumn is
overlam by Umt 1 strata; - .

~(2)7Unit 1 to Unit 3 Wthh‘ is overlatn by"a’thin‘y.eneerof Unit 5 pebbles which is overlain

by Umtldeposrts, R S .
j (’%) Umt 1 to Umt 2overlam by Unit 1 strata - s
The occurrence of Umt 1 strata above the Vaughn Member throughout the studv area..

8N

‘ -‘f"would mdtcate that at the begmmng of Sequenc_e 1 the Bootlegger shoreltne was located

-

S some dtstance 0. the west -However, dunng Sequence 1 the strandhne mtgrated eastward

i "deposmng the shoahng upward deposrts observed atall three study locaht1es Progra‘dattél\

o -was terrmnated by the westward dlsplacement of- the shoreline at the close of Sequence /

and de.posmon of Unit 1 strata over the entire study area (th 8A 8B) ‘

The coarse- gramed arkosxc channel fill at Black Horse Lake may represent ’

o terrestnal fluvral deposttlon assocxated thh shorelme progmdatton If thts is correct then this i

E ﬂ

L f : - ‘.
“ would ﬂowde a mtmrnum drstance of eastward shorelme proghadanon’dunng the regressxon W
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Sequence 2 cnops out at the Ulm Pishkun ¢1), Belt Butte (2), Little Belt Creek O)
and Black Horse Lake (4) (Fig. 8C) and at each location is characterised by: N s
(1): omplete Unit | to Umt 4 sequence Wthh s tmncated by a planar surface |

nit 1 strata overlaln by a thin de«posxt of Unit 2 beds

nly Unit 1 deposns |
| (4) only Unit 1 deposns - L ‘ S | w

Tewm

o and atall locauons Sequence 2 strata are overlam by Unit 1 deposxts
The occurrence of Umt 1 at the base of Sequence 2 atall locahues suggests that at,
the onset of chuence 2 time. the shoreline was some distance to the west of the Great Fdlls

area. ’I'he complete Umt 1 to Umt 4 sequcnce observed at the Ulm Ptshkun aJthough
&
: 1nd1cates that durmg thlS ttme the shorelme prograded at least that far east. The deposition ol

Unit ] strata over the ehure area mdlcates that at the close of Sequence 2 time the shorelme
ISP ol S DR
was once agam west of the Great Falls area. k : ' N

R - : sEQuENcEsg o R |
| Strata of Sequence 3 are well exposed in' much of the Great Falls study areas ~ //
Excelle’nt exposures are pre»sent along the Mtssoun River canyon near Carter (1) and as the
1 lower re51stant ndge exposed on many h11151des in the area near Belt (2) Other areas of
.‘exposure mclude North WIHOW Creek (3) and Gordon (4) (Fxg SE)
(1) shoahng upward sequence of Umt 1to Umt 3 whrch is sharply overlam by- lflmt 1:

(2) complete sequence of Unit 1 to Umt 4 sharply overlam by a wavy contact and chert

pebble conglomerate capped thh Umt 1 strata; : s
- . ‘ . i - {* B - .’ Yoe . &
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/ (3) nd (4). Umt 1 sharply overlam by chent pebble c0nglomerate whrch in tirn is: overlam

o study ea (th BE 8F) ‘The presence of chért pebble conglomerates as far east as Belt and

. B

strandlme beyond the study ' westem boundary __ oy

\ SEQUENCE4:

S
!

\

Sequence 4 crops out extensxve\ly in ‘the Great Falls area. Thrck vemcal outcrops ot
thrs sequence are well exposed along the Mlssoun River canyon near Carter (1), at Gordon

(2) and Hrghwood (3)7th 8G) In'the are\near Belt (5:) strata of Sequence 4 outcrops as a
\

. ~

long linear ridge lying above and para]lellmg ute resistant regresswe poruon of Sequence 3.

r
(1) Unit 110 Umt 3 overlain, bv black chert- gran\ule sandstone Wthh is mturn overlaln bv

. Lk Y

: . \
Vo l - ' \t
' . \
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shale-rich Llnlt 1 strata with fish scales and bones;
(2) Unit 1 overlzun by chert- granule sandstone beds with abundant flsh scales overlturt, by
" Unit 1 shale- nch strata, | |
(3) Unit 1 strata overlain by shale-rich Umt 1 strata with fish bones and scales |
: (4) Unit 1 to Unit 2 strata overlam by shale-nch Unit 1 strata with ﬁsh scales and bones
Reconstructron of palaeoshoreline posruons durmg ‘Sequence 4 are not as strtns.ht

forward as in Sequences 1,2 and 3. Much of the uncertamty stemsfrom the possible
eroSrve bevelhng assoctated with tNe Base of FlSh Scales unit and the development of a
‘ condensed stratrgraphrc section (discussed in more detail in Sequence 5) Nonetheless lhe
presence of Unit.l strata at the base of Sequence 4 across the tntire study area indicates th: av
at least at the onset of Sequence 4 the strandhne was some distance to the. west (Fig. 9A,
9B). During Sequence ﬁ, hoWever, the strandline migrated east. The occurrence of Unit 3 -
and chert-granule sandstOne at the Carter and Belt area sections sUggests that the shoreline
| may have prograded close to or beyond these areas, wuh the chert granule sandstone
represenung aUnit 5 transgresswe lag deposlt (Flg 9B) However the lack of the
chert-granule sandsfone at nghwood and the presence of only Unit 1 Strata may indicate the
exrstence ofa deep basin between the Carter and Belt areas throughout Sequence 4 time (Fig.
oA : A\ . |

| . Interestmgly, ‘the U'mt 5 chert granule sandstone cropptng out at Gordon is .
composed of abundant fish scales and bones, a charactensuc not exhtbrted by the other
granule sandstones observed at the top of Sequence 4. In addruon, the-Unit | strata
“oyerlying'the Unit S.depao{sits at Gordon are devoid of fish scales anc\l{_bones, a condition
] whichisxnot\_obser\*/ed atthe other study locations. As will be po'inted. out t'n the Sequence_S
djscussion Unlt 5 chert-granule sandsfone strata at Gordon are equivalent to ﬁsh bearing,

chert- granule sandstones whrch in the eastern portion of the Great Falls study area crops out

above Sequence 4. Consequently, the Gordon section represents a condensed stratigraphic.

3
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* section, possibly related to post-depositional erosion. The lack of figh remains in Unit 1

shales overlying the Unit 5 sandstone at Gordon is characterlstlc of the. Floweree Member .

L shales The presence of ﬁsh scales in Umt 1 strata elsewhere suggests that these latter strata o

are Bootlegger but the former are not, thereby suppomn g the mterpretatxon ofa condensed

-

'SGCUOD‘.

7 ~ e

' SEQUENCE 5:

: Sequence S rarely crops out in the Great Falls study area, a feature which mayxpe the
result of an erosxonal unconfomuty separatmg the Bootlegger Member and the overlymg ,\;
Floweree Member of the Manas River Formatxon Atthe lelow Creek Ranch Secuon (I) > 2 \
large allochthonous pieces-of chert-granule sandstone with abundant fish remams (U nit 5 |
strata) can be found on the grassy slopes above Sequence 4. Cannon (1966), repons that '

these strata crop out approx1mate1y 30 metres above the "E" sand (equlvalent to Sequence 4)

although they were never found in place in thlS study Outcrops of Sequence 5 are observed

" atthe Missburi Rlver section near Carter (2) and Highwood (Fig. 9C, 9D) At both areas

. strata are poorly eﬁposed but when wisible are dormnated by Unit 1 strata with abundant

bentonite interbeds. The lack of the fish- bearmg, chert-granule sandstones may only be a

_ consequence of the limited vertical extent of these latter exposures

The occurrence of Unit 1 strata above Sequence 4 would tmply that at the onset of

- Sequence S the strandlme needed to be west of the Great Falls area. On the other hand, the

presence of the chert granule sandstone at the top of Sequence § .suggests that with time the

strandlme mxgrated east. The presence of the deep basmal non-fish- beanng shales of the

A

Floweree Member capping - Sequence 5 strata over the entire Great Falls study area 1nd1cates a

_ dramatic depaositional deepmg and an associated westward,drsplacement-of the local

o
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Shoreline.
The fish-bearing, chert- granule sandstone at the top of Sequence 5 forms t e Base of
" the Fish Scales unit i the Great Falls study area, and as mentioned earlier may represent an
unconformity. The occurrence of th‘ese Unit 5 strata 30 metres above Sequence 4 strata Tn
the eastern portion of the Great Falls areas and their occurrence above an abbreviated
’ Sequence 4 section in the weStem study area, may support thrs mterpretauon Consequentl\
the lack of section in the west may reﬂect a greater erosive bevelhn g of pre exrsun g strata and
the development of a more condensed straugraphlc section compared with that characterisin s:'
the straugraphxc record in the east The observed stratigraphic herght vananon thlblted A
. along the Base of the fish Scales marker within the Great Falls study area suggests thut rt»s
use as a stratigraphic datum, partxcularly for small contour tsopach or structure maps may b(

~
a poor choice.- :

'CONCLUSIONS

b

The Bootlegger Member represents the initial development of marine conditions
: . P

associa ed with the early tran gres_sfve’stages of the Greenhom Cyclothem into north-central
Monta a. Inmafly transgre sion resulted in the drowning of the underlymg terrcsmal
deposits of .th_e bentonite-rich VaUghn Member and deposmon of the l?ootleggeg Member.
Houtf ver, with time transgréssion eventually cilminated in deposition of the deep basifal
.shal s of the Upper Cretac_eous Floweree Member of the Marias Rit'er Formatjon.

~ In both the Great Falls and Sweetgrass Hills study areas, the Bootlegger Memoer is
¢hhracterised by a number (ﬁye and four respectiyely )01—r .shoaling-upward'sedimentaxy
sgquences, all#.rply truncated on their upper surface. Shoaling-upward deposition was-

ssociated with eastward strandline progradation’ during a still-stand or fall in relative sea
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L

Ll

‘\
e of the ancestral Sweetgrass Arch and its controllmg mﬂuence

. rmgratron of the local shn}l‘me The recurnng nature of Bootlegger deposmon is thought o

be related to upli t/subsrd

each sgquence, as well as 1ts‘npprox1m \te progradatxona'l hrmt _ ’ﬁ

The marked difference in stratal , ickness bctween the western and eastern portions

of the Great Falls study area may be a cohs uence of erosive bevellmg assocrated w1th an
unconforrmty respon51ble for the developmen of the Base of the Fish Scalesumt
Consequently, the use of this marker unit s a's atlgraphlc datum, parttcularly for

small- contour 1sopach and structure maps, may be\in error. Deposmon followmg this -

b
unconfomnty resulted in the regional en{pdacement o dzep basmal shales composmg the

‘early Upper Cretaceous Floweree. Member of the Mané,s Rtver Formation. -

s
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FIGURE 1V-1: Location map of the Great Falls and Sweetgrass Hills study ateas in

north-central Montana.
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FIGURE 1V-2: Correlatxon chart of Upper and Lower Cretaceou% Strata in northwestem

United States and sou\h central Alberta (modified after Stelck and

Armstrong, 1981). " o M
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FIGURE IV 3: Dlagrammatlc sketch of the f1ve Bootlegger sequences in the Great Fally-
study Q and four sequences in the Sweetgrass Hills study area. .
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FIGUREIV-4: Sweetgrass Arch of north-central Montana.
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FIGURETV-5: Idealised Bootlegger Sequence.
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FIGURE IV-6(A):

FIGURE 1V-6(B):

’

FIGURE IV-6(C):

FIGURE IV-6(D):

3

FIGURE 1V-6(E):

 FIGURE IVH(F):

r

Interbedded siltstone/sandstone and shale of Unit 1 (scale bar is 2cm).

1

Hummocky cross-stratified sandstone interbedded within shale of

t
Unit 1.

Sharp contact between Unit 1 and Unit 2 lithologies at the

Ulm Pishkun (staffis 1.5 m long).

Gently-undulating, parallel lamination (GUP lamination)
(note subtle undulation and low angle truncations)

(scale bar is 10 cm).

~ . * <

Medium-scale, cross-stratified sandstones of Unit 3.

Massive (faint parailel lapiinated) sandstone characterising the

foreshore (Unit 4) (scale bar is 20 cm).
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FIGURE IV-7(A): -Symmetric wave ripples (A=1 0 m, amplitude=7cm) overlain with a

A}

vene€T of chert pebbles capping Sc%uence 3 near Belt, Montana .

0

4 .

~ HIGURE IV-7(B): Coarse-grained, arkosic channel-fill overlying and incised into

N Unit 1 lithologies (Black Horse Lake, Montana) (scale bar is 1m).

i
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- -FIGURE 1V-8(A, C, E, G, I): Palaeoshoreline positions of "Se,quehce 1,2,3 and ’4

respectively.

s 2

FIGURE 1V-8(B, D, F, H, J): Stratigraphic fe'nce’diagramé of Sequericés"l,2,3 and 4

respectively.
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'AMALGAMATING PHYSICAL AND BIOGENIC SE‘DIMENTARY
STRUCTURES: A CA.SEvS-TUDY; BOOTLEGGER MEMBER

~ INTRODUCTION

oy -
)
)

4
v

During the late Jurassic and Cretaceous western North America was oharacterised by
A risir]rrgpordille’r«a.to the west and tho flat-lying craton to the east. Separating these' two
geologic provinces was a.n extensive asymmem‘c basin, known as the Cretacequs Interior
“Seaway, whose origin was related to the fectonic events whrch shaped the western 4 ' Ve "

Cordillera. Copious amounts of coarse- gramed clastic sediment were shed from the rising

mountains u:,go the western margln of the basm in contrast to the volumemcally reduced and
fme gramed nature of the eastern sediment 1nﬂux Resultmg from its proxrmrty to thls
.tec_tonlcquy. active area and the volume of sedrment deposued, the stratal record of the
western portion of the:Cretaceous Interior Seaway is extremely diverse and due tq the
abundance of excellent exposure affords a prime laboratory for sedxmemary analysm )

Until only recently most studles reconstructing the: palaeogeographxc and
4 palaeohydrodynamrc condmons present dunng the deposmon of clasnc sequences derived
most of its substannatmg evidence from pnmary physical sedimentary structures. These
structures, for the most part, are independant of gnvironmen_tal setting and owe their
oxistence and characterisu'c morphology solely to the state of ‘t};e fluid boundary layer
immediately above the sedlment/water mterfac&/l—lowever for reconstructing o ‘
palaeogeography it only seems reasonablé that some type of strfjcture that is susceptible to

the physical as well as the other components charactensmg a pamcular cnvrronment may

R . o, . M »
- provide as much if not more information than that provided in the record of physical
9 ) '

structures. -
Recently, another set of primary structures-have been utilised, greatly enhancing our -

123
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: -abiiit)3 o reconstruct the detailed pgiaeohistory of a sedimenary rock seouenc'e. These
primary structures are the biogenic s(ructures, trace fossils, for)ned by the in-sity activity of "
* various animgls. Trace fossils reﬂec't“an adapted burrowing behaviour of an animal‘(s)-us it
strives to live under a certain set of in-situ enyironmemall conditions. In marine
environments for instance, the early work of Seilacher (1967) suggested the existence of an -

. C . . O - . . : X
offshore-trendmg parunomng of biogenic structures. This was reasoned 1o arise because ot

the variation of food resources Wthh was ultimately linked to water depth Howe\ er. as has -

been recently shown the nature of the substrate is the primary control over the nature of the
~ adapted burrowmg behavxour arid ulumately Lhe blogemc structure(s) developed (Ekdale er
al:, 1984). In some cases Lhe biogenic record is more demonstrative of a pamcul.u '
sedimentary environment than are the primary physical structures. Therefore by"\
amalgamation-both primary physical and 'bi.ogenic Isedimentari' structpres oM cah'rrmke an
acé‘drd}e account of the’ conditions present during Athe depositional h'ist.ory ofa pu)rticular" .
sedimentary sequence. o

With referedce to the late Albian to early Cenomanian Bootlegger Member of the
Blackleaf Formation, this paper will illustrate the compatible amalgamddon'of physical and 4—

biogenic sedimentary structures observed in an ancient, storm-dominated pearshore

'sequence. _ - /”\ ’ o

GEOLOGY OF THE BOOTLEGGER MEMBER

v

The Bootlegger Member is the uppermost of four members composmg, the laty

Lower Cretaceous Blackleaﬁ Formatlon in north- central Montana. Excellent exposurey of the
. Bootlegger Membet are found near the cny of Great Falls and wnhm the Sweetgrass Hrlrs.
This priper, however, will fodlls on two outcrop locations of the Bootlegger Member

exposed at Taft Hill, located approximately 16 km west of Great Falls ( Fig. 1).

-
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- The Bootlegger Mernber by definition is fully marine (Cobban eral, 1959, 1976)
and overlies and onlaps westward terrestrial deposits of. the Vaughn Member, wnile merging
eustward with the Mowry shales of east-central Montana (Fig. 2). Cappmg the Bootlegger
Member is a fossiliferous unit.characterised by abundant fish bones and scales plus
amrnomte and pelecypod hb.rd body fossrls 'This unit has been termed the "Base of the Flsh
Scales” by Canadian petroleum geologxsts and may represent an unconformity separatmg the
~ Bootlegger Member from the overlying Floweree Member of the early Upper Cretaceous
Marias River shaJes (Fig. 4 of Rice, 1984; Amott and Hem, in review). In additon, thrs unit
has been shown to be contemporaneous fora distance of over 1100 kmina north-s'o‘uth
dtrecnon (Stelck and Armstrong, 1981 Arnott and Hein, in revrew)

The Bootlegger I\;Iernber represents deposition during the mcursion of marine |
* conditions into north-central Montana assocrated with the initial transgressive stage of the
basin-wide,Greenhom Cyc]Othern (Hattin 41'964). In the Great Fallsarea the Bootlegger
Member is characterised by five vemcally stacked regressive/transgressive sequences 2
- (Amott 1987 Amott and Hein, in revrew) The, regres:;:e pomon of each sequence 1s
charactensed by shoalmg upward deposmona] coudmons assocrated with eastward
progradanon of the local strandline. Shoaling condmons are well illustrated by a proérésswe
increase in the sand/shale ratio, 1nereasmg grain size, and the details of the preserved
physical and brogemc sedunentary structures Regressive deposmonal conditions are
terminated by the subsequent transgression, which msplaced the shoreline westward.
| Transgresslon resulted in the return of relatively deep water condmons and the developmentl

of a markedly different suite of phys1cal and biogenic sedlmentary structures in a

finer- gramed shale- rich hthology



S | R 126
 THE TAFT HILL SJUDY AREA

- The Bootlegger Member is well exposed on the south and west faces of Taft Hill,
approximately l6 km west of Great Falls Exposure on the south face is typically 10 metres
high and extends uninterrupted laterally for almost 2 km, of which 1250 metres was =~
measured in detail. Thrs exposure w1ll\be called the Ulm Pishkun, after the name of a state
" park at its eestemmost limit. The study area on-the west face of Taft Hill is typically less.
than 5.5 metres hrgh extends laterally for close to 1 km and is called the Missile Tower
Secr\i\xn / | )
Fames analy51s of the physwal aspects of t}w strata croppmg out at the Ulm Pishkun-
dM ssrle Tower sectlons have been mterpreted to indicate deposmon within a prograding.
sorm dommated nearshore envrronment (Amott in revnew) Based on the physlcal
‘ sedlmentary structures the outcrops were subdmded into five distinct sedlmemary -
" environments, each characterised by a umque assemblage ofﬁonsutuent sedimentary
structures (Fig. 3). As w1ll be shown later i in the paper the biogenic evrden‘:e would seem to |

o

suggest a compatible mterpretamon but it is also capable of lllustratmg a number of features
.

which are lacking in the physical sedimentary strucrure record. Below is a brief discussion
pa : ,

. of the lithologies and physical sedimentqry structures ch'ara'cterising each of the five

“sedimentary environments; a more detailed account can b’ei‘\found in Arnott (in review).

s

' - Vst
2

* PHYSICAL STRUCTURES
r

SHALLOW OFFSHORE -SHELF
At the Taft Hill study area hthologles of the shallow offshor sh are rarely

exposed although when exposed are composed of anterbedded siltstone and bentonitic shale
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(F1g. 4A). Physical sedinxemary structures are rarely preserved owing to the hign degfee of
biogenic reworking, but currem and oscillation ripples can be found. In“ Bootlegger strata in B
the eastern part of the Great Falls study area, on the other hand outcrops of -

shallow- offshore shelf deposxts are better exposed and show a stratigraphically-upward trend
| of increasing sand/shale ratio plus the abundance and thickness of siltstone/sandstone
interbeds.” Sedimentary structures exhibited in the interbeds inclu‘de hummocky

cross -stratification (Harms er al., 1975), current and oscillation ripples plus less commonly
gemly unduTéung parallel lamination (Arnott, in review). SIJISIO_I_I%/SﬁndSIOHC interbeds
indicate deposition dunng episodic, high-energy events most likely associated with storm -
events. Following these bﬁef events normal shale cieposidpn resumed.

£

LOWER SHOREFACE )
At Taft Hill the contact between strata of the shallow offshore-shelf and the lower
A xhoretace is rarely exposed but when exposed is knife sharp and forms a distinct overhanv
.( Fig. 4B) ThlS contact has been interpreted to represent rapid eastward progradation of the
-l local strandlme in response to reactivated uplift of the South Arch; the southern element of
the ancestral Sweetgrass Arch (Fig. 1) (Annott, 1987; Amott and Hein, in review).
Strata of the lower shoreface are characterised by ﬁne-‘grained sandstones dominated
by gently undulating parallel lamination (Arnot, in review). Thin‘sec‘iimentary strﬁc’:'tﬂreis
_ chai'actenised by-parallel lamination which undulates on decirnet're tb metre s.pacing and a
height which rarely exceeds a centimetre 6r two. Gently undulaung parallel lamination has
been interpreted to be deposued from upper -flow-regime, umdu'ecuonally -dominated
comfined flow dunng storm evems and is dlscussed in detall in Arnott (in rev1ew)
Intercalated with gently undulating parallel lafmnated beds are umts of 1nterbedded nppled
sandstone and shale (Fig. 4C).

Strata making up the lower shoreface suggest fluctuating sedimentation within this

«
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depositional environment. High-energy events associated with storms resulted in the
N 9
deposition of gently undulating parallel laminated sandstone, whereas the typical background

sedimentation was characterised by shale and thinly-bedded, n'ppled‘sandstone deposition:
UPPER SHOREFACE "
~ Upper shoreface strata are dominated by medium-scale cross-stratified sandstone
ty@glly indicating obhque onshore sedlment wransport (Fig. 4D). These are mterpreted RS
remnant large- scale bedforms wh:ch developed under the effect of shoaling waves in an
upper shoreface envxronnfent. Reactivation surfaced are common, indicating episodic
bedform migration. Interbedded with the cross- stranﬁed strata are beds of gently undulating

I

parallel lamination which were deposnedtiunng storm events, and rare mterbedded nppled

.

sandstone and shale deposited during very low-energy conditions

CHANNELLIZED SURFZONE ~ » |

| Strata of theghannellized surf zone are differentiated from those of the underl'ying
upper shoreface by the increased abundance of gently undualting parallel lamiﬁan'on and a
reduction of medium- scale cross-stratification (Fig. 4E). These features suggest deposnmn
within an environment charactenged by fluctuating but consmendy hxgh physical energy and
‘associated active sediment transpoﬁ. The major source of physical energy within this
channel were currents associated with su.rf wave bore er-offshore-ﬂowing bottom currents—

generated during storm events. -

FORESHORE

}goréshore deposits are made up of rippled and ry;oye commonly massive |-2 cm
thick slabs of fine-grained sandstone. Sandstone slabs typically form thicker (10 cm) units
showing low-angle trunau'én surfaces bétween adjacent and subjacerﬁ units (Fig..4l~;). These

P
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strata are interpreted as vswash laminated s#hdstone and are characteristic deposits of the
high-energy foreshore. The presence of rippled sandstone interbeds indicates periods d® ‘
reduced physical energy thereby enabling ripple development instead of the typical

upper-flow-regime swash laminatios.)

BIOGENIC STRUCTURES

At both the Ulm Pishkun and Missile Tower study areas, biogenic structurés and the

ichnologic assemblages they define are,as diagnostic of each depositional environment a pare

the physical structures. The following is a Biscussion of the biogenic smkrures
characterising each environment, and afe. summarised in Figure 3. Marty of the common
.fo‘rms are illustrated in Figures SA to SF and Figures 6A to 6D
| — .
SHALLOW OFFSHORE-SHELF
AS per;/iously noted shallow offs‘hore-shelf aépogits are rarely observed at me'i"aft
Hill study area, and only at tﬁe Ulm Pishkun were biogenic structures identified. Biogenic
structures included Teichichnus, Planolites montanus and Chondrites . This biogenic |
assemblage indicates a dominance of feéding s&uctures that typically resulted in the total-
reworking of théBriginally stratified sedirhem, and has been commonly reported from other
sequences in the Cretaceous of western North A;nerica interpreted as shallow offshore-shelf
(Pemberton and Frey, i984). The low diversity of bi‘ogenic forms and abundagge of
Chondrites has been suggeétéd to be indicative of a stressed sedimentary env%‘mem.
t:\'picall_\' oxygen-limited (Bromif;y and Ekdale, 1984; Ekdale er al., 1984). However, at the
Ulm Pishkun the pau;:i‘ty of other inchogenera may dﬁly be an artifact of the lack of a

contrasting, coarser-grained sediment which would highligh’i"‘othef biogenic forms.- -~

_— T : . PN
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Shallow offshore-shelf strata at Taft Hill are shale-rich and abruptly overluhin by
sandstones of the lower shoreface. On the other hand, Bootlegger strata in the eastern
portion of the-Great Falls study area show a well developed, gradational shoaling-upward
character from shale-rich to sandstone-rich strata before the appearance of lower shoreface
strata. This t‘renc} is well illustrated by both the physical structures (see above) and the
biogenic structures. Once again in the basal shale-rich strata Teichichnu;, Chondrites and
Planolites montanus are the common forms, buthlaeophycus mbularis, Bergauria and

ggqa]l Thalassinoides are observed on the soles of siltstone interbeds. In the upper portion

(shallower) of the shallow offshore-shelf the diversity of biogenic forms increases, although

most forms are honzomal and again preserved as casts e soles of siltstone/sandstone

interbeds. Observed trace fossils include: Bergauriq nus, Gyrolithes (rare),
Planolites montanus, Planolites beverlyensis, P;Iaeb iatus, Palaeophycgg tubularis,
Skolithos, Lockeia, Thalassfnoides, Arenicolites (rare),, Ophiomorpha nodosa,
Monocraterion, C ylindrichinus and Asterosoma (rare):

At Taft Hill the lack of these latter bibgenic and thejsandy sedimentary rock in which
they are found structures may be the result of: (1) erosive r::moval of the upper, sandy
sediment’s of the shallow offshore-shelf befbre déposition of the initial lower Qhoreface

deposits; or (2) pecause of such rapid shoreline progradation the upper, sandy portion‘ of the
: e

shallowuofféhorle-shelf was only very thin and easily eroded, or was never deposited.

LOWER SHOREFACE T >
High diversity and abundance of recognisable, well exposed trace fossils are

characteristic of lower shoreface strata. Biogenic forms are dominately horizontal and found

as casts on the soles of sandstone beds. Vertical forms are commonly observed, although

_

they are usually concentrated within single laterally continuous horizons (a point to be

discussed in more detail below). The observed lack of vertical fdrms transcending bed

.
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' boundarles would indicate that btoturbauon like deposmon of the bed 1tse1f was assoc1ated

#

N wrth eplsodrcally recurnng events, suggestmg a stonn-dommated mterpretauon The fact

4
that btogemc structures of thls lower shoreface are dommated by honzontal casts on

o sandstone soles may mdtcate that these traces are the remnant features of post—event

btoturbatron actlv1tv Followmg deposmon of. the sandstone bed typlcally exhlblnng ently;ﬁ

: undulaung parallel lar?nnauon developed during a high- enErgy storm event, opportumsnc

: “trace: makers nespondmg to the changed substrate burrow vertlcally dox’n from the ™ - |
sedlment/water mterface and then along the basal beddmg plane This resulted in the , e

K common occurrence of vertical and the profusmn of hortzontal blogemc stnrt:tures o

Honzontal forms Ophzomorpha nodosa Ophiomorpha: bormenszs Thalassmozdes

Planolrres montanus Planolites beverlyenszs Lockeza Bergaurza ﬂsterosoma

‘ PaIaeophycus smatus and Palaeophycus rubularts

L Vemcal forms Polycladzchnus Monocraterton SkoItthos C ylzndrzchnus Aremcolztes

Rosselza szlocraterzon‘ Ophzomgpha nodosa at;d Escape Structures v
lnter-storm perlods are marked by the deposition of tnterbedded nppled sandstone

o and shale which buned the prevrous storm- emplaced sandstone bed Loss of the sandy ©
substrate and its assocxated opportumstlc trace makers resulted ;n the return o% quxet -water,’

\mud »lovmg. mdlgenous forms of this lower shoref_ace,-Tetchtc‘i“mus and Planolztes montqnus

N |

'UPPER SHOREFACE | S
| At both study locanons the contact of the dommately cross straufled sandstones of

the upper shoreface w1th the gently undulatmg parallel larmnated sandstones of the lower

shor ace is very: sharp Slmrlarly, there isa dramatlc change in the. trace fossil assemblage it
| to-one characterrsed by lower abundance and 2 markedly reduced drversny Most trace fossrls
~occur as honzontal casts on the soles of sandstone beds or along the basal surface of

s_andstone cross_—bed _lammanon, although vertical fonns are also cornmonly observed. -

- g N ;w
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Biog‘enic structures. include'v' Thalassinoides (commonlv very large), .Skoli:hos Planolites
' mbntanus Planolites beverlvensxs Ophzomorpha nodosa (honzontal and vertical), |
Palaeophycus tubularzs Bergaurza and Lockeza
The dommanon of honzontal forms particularly the __vgry large Thalasvmozdes

- mdlcates substrate mva51on after the sedimentation eventL, AmmaJs burrowed vémcallv down
through the sedxmen; and then developed abundam blogemc su'ucrures -along a particular
‘ ',honzon, typlcally th_e sole pf a bed or along a cross-Lammauon. This bioturbation feature -

augments the physical'strueture evidence for suggesting an episodic sedimentation history

.. . : N . L . \ Co *
characterising this upper-shoreface depositional environment.

CHANNELLIZED SURF ZONE AND FORESHORE: -\

£

Bloturbauon within Strata of the surf zone and foreshore deposmonal environments

is 1imited in both abundance and diversity. Blogemc structures are always horizontal and
"dommated by Planglites antanus‘, although small Thalassmozdes are observed in the

/ e
: channeﬂlzed surf Zone. ’I‘hls honzontally dommated blogémc assemblage contrasts with the

I3

' vemcal kohthos Ichnofac:les commonly reported from hlgh-energy beachface envuonmems

; 1979 Howard and Frey, 1984); and is dnscussed in more

: of the trace fossil species Macaromchnus segregatzs

"(Chfton:and hompson 1978) a dommantly horlzonal burrow observed in both modern and '

- ancient foreshore settmgs is als Y an i 1nmgu1ng anomaly However the 1ack of -

Macaromchnus may only be a consequence of the low abundance of dark mlnerals in the ‘
B ok -
.'foreshore sedlments and Lherefore the ‘dlfﬁculty in recogmslng this bxogemc structure.
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" SPECIFIC EXAMPLES OF UTILIZING THE BIOGENIG RECORD
Within lower shoreface strata at both the Ulm Pishkun and Mrssxle Tower studv

ﬁ areas are laterally extensive honzons typically one bed thick, charactensed by an anomalous
abundance of vertrcal blogen;c structures-(Fig. 7) These umts indicate extensive )
. post deposmonal bloturbatlon whrch may have resulted from a temporary, but locahsed
depositional hiatus. Such a condmon would render the sedlments near the sedtment/water -
~ interface prone to extensrve btoturbatlon thereby contrastlng them with superjacent and
subJacent strata Stnct use of only the physrcal structures would probabl ¥ result in the
omission of this honzon since the physrcal structures below wrthm and above this honzon
may be very similar, and an erosional surface between the latter two may not necessarily
.exist. |
Another-example m :which the biogenic record has proven useful in this study is the
explananon of the marked drpanty in stratal thtckness between the two study areas (Fig. 8).
At the, Missile Tower Section the lower shoreface is only on the order of a metre thick.
© whereas similar strata'at the Ulm PiSﬂkun are several metres thick.: On the other hand,
thrckness of the overlymg upper shoreface strata are roughly equal (Flg 8) Several,
—__explanattons cou]daccount for thrs dlscrepancy, but the biogenic record provrdes the most
plauslble ‘At the Ulrn Pishkun the many anomalously vemcally burrowed beds are |
'dommated by Polycladzchnus Ophzomorpha Skolzthos and C ylmdrzchngs and as pointed
out above are thought to mdrcate temporary deposmonal hlatuses -At the MlSSllC Tower |
study area, however;, mtense vemcal btoturbanon o(:curs along two honzons bemg best
developed in the stratlgraphtcally hlgher hor;zon croppmg out 1rr’ptépnejdrately beneath the

y &
"“wpper sh@reface Brogemc structures observed at

‘contact between the lower shoref"ace
~ the Mlssﬂe Tower ﬁtplude szlocrat&on Rosselza Arenzcolttes Skolzthos Monocraterzon
°andlC\lmdrzchnus (Flg 9A<50 9D) -Jhe markedly dlfferent trace fossﬂ assemblage

g L IR ’ : A
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characterising each study area indicatesfa difference in the nature of the original substrate

- . present during post-depositional biogenic invasion.

v

At the Missile Tower area. severa] brogemc features observed in the vertically

l

burrowed horizon 1mmed1ately beneath the contact between the lower shoreface and upper )
“shoreface suggest the burrowing of a substrate of unique character Many szlocraterz(m
burrows possess scratched wall markmgs while horizontal Thalas.\mozdes structures

possess scratch marks and Palaeophycus burrows commonly exhibit ropy textures (th, 9E

to 9F). Charactensmcs of: the honzontal st;ruct» 5 "'ularly the abundance of

Dtplocraterton at the Missile Tower study area suggests t]fe burrowrng of a
semi-consolidated substrate, a condmon which was never achieved at the Ulm Pishkun. This
mformauon may then account for the thickness dtspanry between lower shoreface sttata -

h

' observed at the two stydy areas; summansed in Flgures 10A to lOD and discussed below:

ker horizon demarcating the top of the ._V'au'ghn“Membe'r can be observed

tl:te mmal Bootle

2 gA

gger sedunents at both study areas. Vaughn palaeotopography may
‘have possessed a topographlc highin the area of the Missile. Tower Sectlon and a

topographtc low in the v1gln1ty»of the Ulm?tshkun.d _ |
a(h?_’) Rapid;shorettne progradation as'sociated with South Arch uplift (see above) resulted in the ]

'.abrupt depostion of lower. shoreface strata above shallow-offshore shelf strata, but

* topographic relief on the seabed was retamed ’ - B '
(3) Conunued shOahng -upward condxuons assocrated with shoreline progradanon may. h
resulted in sedtmem by passing in the vxcmlty of the topograph:cally hxgher Mrsstle Tower
Section w1th contemporaneous deposmon in the topographlcally lower area at the Ulm -

* Pishkun. Non- deposmon at the Missile Tower enabled the substrate 1o consohdate 1o some

B «
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- ‘@égree and thereby supoort trace makers including Diplocrateriart . ‘de"\'/"elopment of
scratched wall linings and ropy textured burrows. On the other hand, the Ulm Plshkun was
a site of constant deposmon excluding minor hiastuses, and consequently never possessed a

~ suitable substrate for Diplocraterion invasion.

(4) E]lmmanon of differential topography durmg deposition of the lower shoreface Tesulted

ina planar surface betWegp the two study areas over which upper shoreface strata were

N
\

deposned - | \

\’ithin the Diplocraterion horizon at the Missile Tower Study area several vertical
ich‘no.genera are present. although'many are indicative of burrowin;g behaviours adapted to
substrates of markedly different congistencies (Ekdale etal., 1984) Consequently, the
co-existence of softground burrows (eg. Rosselia, Aremcolttes) with firmground laurrow

(eg. Diplocrateriony wduld suggest the temporal evolunon of a lrthlfymg sedtment substrate
’*,n

and would result in the superposmon of temporally-related,gsubstrate‘-dependent burrowmg

&

3

behaviours and reldted biogenic forms. ’ ; iy oy
. L I

3

Another feature of the Diplocraterion unit whxch can be used for palaeogeographlc
.

reconstruction is the orientation of the individual burrows Suspensron -feeding amimals
A producmg this structure preferennally orient themselves. with their mtake apparatus pointed
into the ambient current and their excretory apparatus downstream. Unfortunately,.however.,
‘one can not dlfferenuate the tntake half of the "U-shaped" tube from the effluent half, so |

palaeocurrent information based on these structures can be _]UStlfied to only within 1800 of

the true current dtrecuon In most-cases, however, the true orientation’ of the szIocrarerton

burrow could not be dlscerned because of the limited exposure of combined bed- top and
&,

o

Cross- sectlonal views of the same structure; "(equently only three burrow onentatlon

,measurements were obtatned These measure ents suggest that the Diplocraterion

-

structures wereé nghtly clustered ina southeast northweSt orientation, agreeing with the

- . . B -~



' Mjséile Tower study area, or at any other location where Bootlegger Member strata were
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" northwest (oblique onshore) palaeocurrent'directions measured from asymmetric wave

ripples.. ., 3 S ‘o .

A peculiarity observed at both study areas is that biogenic suuctures..regardless of
depoeitional environment, are dorninated by horizontai forms. However, it is a commonly
accepted notion that as marine environmentsn shallow there is a general increase in the reltrt-i\'c

abundance of vemcal versus horizontal burrow forms (Serlacher 1967: Ekdale et a[ 19h4)

/ Such a transformation is typically ﬂlustrated by the gradual shoahng upward replacement of .

.horrzontal forms making up the Cruzina Ichnofacies with the vertical forms of the Skolithos
Ichnofacies. However; this tranformation is not o—bserved at either the Ulm Pishkun or the
studied. The.({z'jinual exclusion of the Skolithos Ichnofacies and the enhancement of the -
Cruzrna Ichnofacres into even very shallow deposmonal envrronments (eg foreshore upper
shoreface) may have palaeohydrodynamrc unphcauons The low observed abundance of
vertical /forms in shoreface and beachface strata at both study areas may suggest that the level
of physdcal energy ch.aracterising this ancient nearshore‘system was sufficiently high, for the
most pam/to prevent habitation by suspension- feedmg animals. - Consequently, horizontal |
deposrt feedrng burrowers hvmg beneath the sedrme.nt/water interface were able to ﬂounsh

under these conditions and thereby overwhelm the brogemc record. Therefore. the typrcal v

lack of vemcal burrowing forms in these strata may suggest that the Skolithos Ichnofacies,

even though representative of high-energy ehvironments“(Seilacher, 196_7), is .excluded- from

‘anomalously high-energy environments Under these conditions, horizontal burrowers- '

ﬂounsh and likewise dominate the brogemc record Consequently, the identification of thrs
1chnolog1c condruon may provrde insight into the palaeohydrodynamic nature of ancrent -
shoreline sequences. <o |

fiﬁ's’“paper illustrates the use of biogenic sedimentary eductures in reconsrructing an
ancient"'storrn-\dominated nearshore sequence. The biogenic evidence agrees well with the

™
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physicaltedimeﬁtaﬁ record, but is also cap_;'ible of illustra;dng a nuinber of sedimentary : - b\
conditions poorly ﬂlusuawd in the physical record. The main point of the paper is to illustrate
:the cbmp;xdble a}nalgamzitibn of both physical andabiogenic sedimentary structures, and h;)wll ZO
together these two bodies of infqrmation can be gtilised’in more acc{xrately reconstmcﬁng | K/

ancient sedimentary sequences.
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FIGURE V-1: Location map of the Taft Hill study area near Greaf Falls, Montana. (1)

Ulm Pighkun study aréa; (2) If\ﬁissile Tower study area.
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FIGURE V-2: Correlation chart of Upper and Lower Cretaceous strata in northwestern
United States and south-central Alberta (modified after Stelck and

Armstrong, 1981). -
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EIGURE.LV-;AZ%: Idealised shoalihg-upwérd lithologic sequence at the Taft Hill study area.
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Also included are the 6bservé_d envi'ro'nmentzﬂ rarige's of some of the

* "cdmmon biogenic structures:
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FIGURE V-4(A):

Intensely bioturbated, interbedded bentonitic shale and siltstone -

' characterlsmg the shallow offsho:e shelf (scale bar represents 7 cm)

 FIGURE V-4(B):

FIGURE V-4(C):

FIGURE V-4(D):

C

* FIGURE V-4(E):

=

FIGURE V-4(E):

" medium-scale, cross-bedded sandstones of the surf zone .

) &
’.‘ - . N g »
. “ 5 [}
,
,

(scale bar is 0.25m long). "

Sharp comact between the shallow offshore-shelf and the overlymg
lower shoreface at the Ulm Pishkun study area

(scale bar is 25 cm long).

- - R ' A ‘ . .
Gently-undulating, parallel lamination characteristic of the lower
shoreface depositonal environment. Note numerous low-angle

truncations (ecale bar represents 15 cm).

Medlum sca.le Cross- bedded sandstones represenung the upper

: 3
shoreface T

~

-

T A : ,
Abundant gently undul"lgtin_g, parallel lamination"and interbedded
(scale barts 0.90‘m long). -,

©

. 5
LR

‘Swash-laminated sandstones deposited in a foreshore environment -

i

e
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FIGURE V-S(A) Boxwork morphology of Ophzomorpha nodosa burrow ’
. _(scale bar is 3.5cm long) L ‘

VL

FIGURE V-5(B): 'Branching fhalassin’oides burrow cast (scale bar is 1.3 cm long).
LS . " ,"ﬁrj i . . :

Y

" FIGURE V-5(C): 'Abundant Lockela burro ﬁ:} Sts formed by the proposed armrlty of

~ bivalves (scale bar is 0. 9,c ong)

FIGURE V-5(D): Basal beddi,ngplo}v)e viow‘ of Cylindriohg;ur burrows (top of bed is
into the photo)(scof;é bar is 1.8 cm long).

& ' . : : T /
. : .o . . ‘:‘,\ " '
" Joa

FIGURE V-S(E) Circular Bé“}guarla ﬂburrow cast formed by. an ancxent burrowmg sea ’

anemone (scale bar s 0.75 cm long)

o ' . L ,u;‘-dl.'«; .
: «, . . B i
a4 A ] . .
.

FIGURE V-5(F): One very lar(ge and several smaller Planolztes beverlyensrs burrows

2

(scale bar is S cm long)






* FIGURE V-6(A): Cross-sec&ioﬁal view of a Polycladichnus burrow wi;hjn agently
undulating, parallel lamipatéd bed. Note the presence of an -
amalgamated bed contact immediately above the Polycladichnus

‘burrow (scz;lc bar is 2.5 cm long).

FIGURE V-6(B): An escape structure created By the vérticql burrowing activity of a

buried animal folld'wing' the rapid emplacemenf_of the bed.
. F ICURE V-6(C):- Abundant Palgeophycus blm‘ow casts (scale bar is3.0 cm long).'

FIGURE V-6(D): Cross-sectional view of a Teichichnus burrow (scale is 8.0 mm longz. '

.
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FIGURE V-7: Anomalcb)u‘s abundancc_a of vertical burrows, in this case Ophiomorpha
nodosa , observed alang particular laterally continuous horizons at the
Ulm Pishkun study area. These horizons are interpreted o represent’

temporary dépositonhl hiatuses which _rendered the be'disusceptible to

anomalous degrees of bioturbation (scale bar Tepresents 4 cm). »
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FIGURE V-8: Diagrammatic sketch of the Ulm Pishkun and Missile Tower study areas.
Note thie thinner lower shoreface deposits and the occurrence of the
Diplocraterion unit at the top of the lower shoreface at the Missile Tower

study area. .
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FIGURE V-9(A): Diplocraterion unit occurring afhe top of the lower shoreface at the
Missile Tower study area

/

FIGURE V-9(B): Rosselia burrows occurring within the Diplocraterion unit at the ~

Missile Tower study area. Rye occurrence of these two forms indicates
the progressive evolution of a soft-ground to a semi-consolidated
substrate (scale bar is 1.2 cm long). | ’
FIGURE V-9(C): Three distinct Arenicolites structures within the Diplocraterion unit at
the Missile Tower study area. Arenicolitéq are soft-ground burrows

occurring within a unit containing abundant semi-consolidated burrow

. (//V
forms (Diplocraterion). _ . A

e
E

=

FIGURE V-9(D): Laterally migrating limb of a Arenicolites burrow observed iﬁ the

Diplocraterion unit-at the Missile Tower study area.

FIGURE V-9(E): Large, scratch-marked Thalassinoides burrow cast occurring on the

base of the Diplocraterion unit at the Missile Tower study area

(scale bar is 2 cm long)..

FIGURE V-9(F): Abundant ropy textured Palaeophyctis burrow casts observed on the

base of the Diplocraterion unit at the Missile Tower study area

(scale'bar is 6 cm-ong).






l‘ IGURE Vs 10: l)tagrammatlc sketches of the development of Bootlegger Member strata
at the (1) Ulm Plshkun and (2) Mtssﬂe”’l?wer study areas Detalls of
' ’F;gures IOA to 10D are given-in the text. (A) Palaeotopography at the .o
: o close of Vaughn Member t1me, topographtc high in the Mtssﬂe Tower _ o
. 3; area and a low in the Ulm Pighikun areh. (B) Drowﬂmg of Vaughn
L palaeotopography during trmfs:r‘essmn assocw@d with the advance of the-
T . , Greenhorn Sea Transgressmn lead to the deposmon of shallow
o offshore- shelf. dep051ts at both study" areas, but palaeotop’ography was
- retaat&ed ©) Shorelme progradatlon and the development of

lower-shoreface deposmonal env1ronments at both study areas Sedlment B

by passmg at the topographlcally h1gher M1ss1le Tower area. enabled the

excluswe deLelopment v mx consohdated substrate condmons and the
L 1nvas1on of szlocratenon trace makers (D) Removal of dﬁferenual
RN o t0pography and the deposmon of equwalent thlckneasess upper shoreface

. strata
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» .
GENERAL DISCUSSION AND CONCLUSIONS

wd
t"

+ During the late J urassxc and Cretaeeous the western continental margin of North

-~

America, due to Pacific Plate colhsron and subductton awas charactensed by the development
of the Cordtlleﬁt Folq and Thrust Belt. Long- lrved bu1ld—up and eastward mlgranon of. the .

| Fold and Thrust Belt caused the underlymg and- eastward adjacent lrthosphere to substde
4
thus’ producmg what commonly called the Westem Cretaceous Interior Seaway Atits

. maximum dlmenswns thts seaway extended over 4800 km (north- south) by 1600 km

3

. (east west)(Kauffman 1985) and into Wthh waters from the Arcttc Ocean and Gulf of -

W ‘

, | '-Mextco penodtcally mtgrated into (transgressron) and retreated from (regressmn) \"emporal

k chunges from ;ganne to terresmal deposmonal condmons w1th1n vanous porttons of the

trough gave Tise to the dtverse sedtmentary record charaetensmg Cretaceous strata in western

’
\orth Amenca One of the most common sedtmentary patterns are the typical coarsening- to ‘

: G-

: ttmng upward, couplets Wthh resulted Qom manﬁregressron/transgress:on Many of the
lurge scale transgresslon/regtesswn couplets that have b%en 1dent1ﬁed from the Cretaceous
Sea\x ay deposmonal basin have been observed worldwrde (Vatl etal., 1977) and pomtﬁ

global eustauc sea-level changes dunng the Crt;taceous However supenmposed on these ,

.

large scale eventsagsmaller scale deposmonal epxsodes whrch owe thetr existénce to

e

, mtrabasmal evemts. co s e S X

"l“he late Albtan to early Cenomaman Bootlegger Member represents the uppermOst .

of four smaugraphrc members maldng up ckleaf Formatton of north central Muntana

/\\
In ascendtng order the four consuruent members of the Blackleaf Formatton are: Flood Tdft

_ Hlll Vaughn and Bootlegger members Together these members’l(ecord the temporal o
v 4

. &4 .
‘ se,dtmentarv enCe of two maJor basm -wide events the Krowa Skull Creek Cvclothem '
g I 4 . o .

S
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: and the younger Greenhorn Cyclothem (Wermer, 1984; Vuke, 1984) whlch Vatl et a.L( _
(1977) reported to dbserve on a global scale. Marine deposrts of the. Flood Member res't‘
unconformably above terrelstnal de_posrts/of the Kootenar Formation. This feature represents .
the initidl development of marine depositional conditions in this part of the Cre‘teéeous
, Sea\vay associaggd with the early part of thé Kiowa-Skull Creek Cyclothem (Kauffman etal.. -
1977; Vuke,’i984). Transgression continued throughoutiFlOOd Mernber time, but with }he
onset of regression Flood Member deposrnon was replaced by Taft Hill Member o,
sedrmentaubn ‘The glauconmc nature of Taft Hill clastic sedunents is'proposed to indicate
restncted marine conditions (Cobban er al 1959, 1976) developed asa result of the marine 7
'regressmn (Vuke, ‘1984) Regressron contmued rnto Vaughn Member time and Culmlllaledll(/
. the development of terrestnal deposmonal envrronments However these: condmons were’

ot * . *1:
abrupt]y terrmnated as was'the Krowa-Skull Cree}:o Cyclothem by the developmem of a e

~ The Bootleg ger Membﬁtcrops out near the crty of Great Falls:and on the northwe st |

slopes of Mt Lebanbn in the Sweetgrass Hills of north central Montana It can be tdennfted

in the ﬁeld as that wh1ch hes above the red -specks (clmopulolrte crystaJs) and associated coal A
‘ marker honzon at the top of the Vaughn Member, and that croppmg out beneath the black
o sha.les of the%lpper Cretaceous Floweree Member of the Manas Rrver shales. T he '

: uppermost portion-of. the Bootlegger Member contarns the well known Base of the Frsh

: Scales zone, a cammon datum fot sfratal correlauons used by Canadran oil geologrsts This

| marker zone has been shown t0 be’ contemporaneous from Ft St John Brmsh Columbia to
. Le‘thbndge, Alberta'(Stelck and Armstrong, 1981) However the srmﬂar occurrenee of the

N
- ammonite Neogastraplthnencanus 1n uppennost Bootlegger Member strata suggest;that »
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- ) ‘ o ) "Q)"' . ) ’
the Base of the Fish Scales marker zone can be extended into at least north-central Montana. N

"a total distance of over 1100 km. ~ \ - - . 2

’

The Base of the Fish Scales marker unit may represent an unconformity. Inthe. .
eastem pornon of the Great Falls study area this marker unit caps Sequence 5, whereas in the
. westem study locations (eg. Gordon) it caps Sequence 4 strata The lack of Sequence S
strata, excludmg the fish scales marker unit, plus the condensed version of Sequence 4 strat -
in the western study areas, is thought to reﬂect the erosmnal bevelling of pre exrsnng strata
se of the Fish Scales time. The stratal recordi,n the easterri portion of ‘the Great
dyarea is also affected durmgahm erosronal penod although not to t&ame extent

»

_as in the west

7

-y L0 ’ ‘\w ! ¢

R
s and Mt Lebanon study areas Bootlegger Member strata form

Inboth the GN
o " :

a number of sedimen quences ﬁve=sequence‘§,}n the Great Falls'area and at least three

(possrbly four) at Mt Lebanon characterrsed by features&terpreted 1o reﬂect o

shoalmg upward deposruonal condition’s assocrated with stralf&hne progradauox.‘ Each

progradauonal event, which 1nvar1ab1y 1nd1cates easéw)ard strandl)ne rmgr *?on 1s«. —— “
I’

e

' wbsequently termmated by a transgressrve event which drsplaces the strandhne westward. B

¢ . L

Bootle gger sequences are dcjmmatedlby sedrments deposrted during the regressrve phase of -
\
the sequence whﬂe tran%ressrve dcposus tend to be very thin or absent The nature of the .

| deposrts charactensmg each me Bootlegger sequences is for the most part a duect

P

reflection of the Jateral extent of strandhne progfadatron assocrated with regressrve
v de’posmonal condmons However erosron dunng the ensumg transgressron is als,o

' mstrumental in deterrmmng what is preserved of the regressrve sedrmentary sequence.
L
Transgressron ustrally results 1n n the deve10pment of a- planar transgressrve surface which
_ may be capped with a thin transgressrve lag deposit.

v

| In both study areag the repeunve nature of sedrmentanon charactensmg Bootlegger _

é;\lember time is sUggested to reflect the mﬂuence of the ancestral Sweetgrass Arch (Arnott
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foTebulge (Lorenz, 1982) resulted ina relanve sea level drop and the raprd easm .trd ', 3

\
4

prbgradatron of the local strandline. Progradation resulted in shoaling deposrtronttl oo

e ndmons and the development ofa sll?oalmg -upward sequence. Due to the proximity of ttht
weetgrass Arch to both study:locations and the pasition of the local strandlmes at the. | ‘ " '
egmrung of each- Bootlegger Sequence ‘uplift of the arcé which is thought to be

ontemporaneous with eplsodes of Cordilleran thrustmg, did not have to be great in order 1o~

elastic lrthosphenc relaxauon ArCh subsrdgce resul?ed in a rise of relatlve sea levg

| }WEStward dlﬁplacement of the loci'candhn@‘and devel v ,Sgré.sslfvc*é}épo"l ) -

condmons n
'mber srral’adeposrted R

durtng the progradanonal portion of each sequence mdrca 430054 smon wrthrn a : .

Lrthologlc and biogenic analysis suggests that#

| storm—domt-na arsl"lor;sedrmentary env1ronment Envrronments of deposmon mcludet -
shallow offshore shelf, lower shoreface, upper shoreface, channelllzed surf zone and E o
. foreshore, each charactensed‘ by a number of chamctenstrc physrcal. and b*ﬁc PR 2
: sedtmentary structures and a;'e listed below IR PR ».g | -
- Voo S 'b :
e - - ' ’ ) . — ‘ - &f.‘ L - e
. N . R '. AN . _ L N . . '. LY
SHALLOW OFFSHORE-SHELF . . > . _* . .
- L e S . Og;g' lﬁ%“?v L . . . - ? . ).c; - / N - -

BN

Lrthologrc character_rsng Interbedded shale and Qltstone Srltstone mterbeds thlblt f A

hummocky cross stratlﬁcatron gehtly undulaung parallel lammatron (GUP lammatton ) - ‘
‘ L e "
asymmemc and symmetnc oscrllaﬁon nge,s, and current npples Palaeocurrents dne i

typrcally offshore rrendrng and rrtdrcate Ostt}pn frOm seaward movrng currents, probabl\ .

v)
+



o

s
D |

: the product of. stonn mduced coastal set'up Onshore trendmg palaeocumems are the - ir

o product of shoalmg, onshore waves and the preferential traqsport of the bottom- sedxment

- R . P
) . . ol

. . w4t ' . . .
iogeni SRR

~in shadgs Tezchzchnus Planolztes n{ontanus Chondntes, Gy,roluhes
L saridstone soles. (honzontal) Palaeophycus strzatus Palaeophycus tubularzs Thalassmo:des S
‘ Lockeza Bergauna Op/uomorpha nodbsa ) ' - | C ‘ o

sandstone beds (vemcal) Skolzthos Monocraterzon Cylm{rzchnus Ophzomorpha nodosa,

i""-?” ; ' T b , e

TRy Aremcolztes oL, g 2
A N ih T ) . ‘* 4 k gs,‘ .
. ‘ . * —-J /—-.‘\— N o . | . i‘w“ ¥
k i_;OWER SP}OREF&E, . L .. SR P, @1
PR 3 e v p
‘tholo c hara t nsn Gemly undulatmg parallel lammauon (GUP lamﬁxauon) with K ‘

nppled bed tops Several lines of ev1denclbuggest that these beds » werg, deposited from - " R
o

CplSOdlC upper—ﬂow regimg, umdlrecuonally dommated combmed ﬂow The ripple cap, on

.-

.‘hﬁ other hand indicates deposition from loy flow reglme currents assocﬁted with the '

- :wamng stages- of the ﬂow Imerbedded with the GUP laminated beds are uqlts of*

'mterbedded nppled sandstone and shale These represent the typxdal fau—weather record in :.-,;‘.‘"ﬁ
this low Jshoreface envxronment . o ' A . ,7/
Biogen caractenigics: -~ e
- in shales: Teichichnus, Planolztesmontanus e T Vo '
DI .y

"sands'tone soles- (h0nzonta}) Ophzomorpha nodosa Ophzomorpha bornlenSlS .

- Thalassmo:des Palaeophycus mbularus,.Palaeoph)cus strlatus Lockeza,“ -7

. 1_* Asterosoma‘ Planolues momanus, Planolzte,s beverlyenszs Berga.ma R



. &. .. ' R . 5 . ’ ‘ N ‘ ’
) ! o ' * - a8
sandstoﬁe,"beds (vertical): Arenicolites, Diplocragripn, C yiindrichnus. Monacraterion, . -

‘4 'Po‘“l);clapdfchnus,,ASkoh os, Ophiomo'ipha ‘n.b_Zi‘osa.RosseJia. EScapeuSU'ucturcs

DLem,
SN
LA O

- »

o . ,5,‘“,_ . . . . e
Borer SHOREFACE B L |
¢ A e, j
N : . PR . 3 ,‘ "
v, y @
gravny waves whlIe zhe latter is the prodnct of offshore movmg flows assocnﬁted vmh S
Y IR . .
“Storm- mduced coaStal set-up. L : = ‘
- . ) . : : 3

3 | s R X .
icolites, Skolithos, Palaeophycus tubularis,

Blogemc charactensggs Thalassmozdes A

(i

[
beverlyensis, Lockeia, Bergauria,

Planolites montarus, Pla -

e Ophiomorpha .nodosa. | 1
) MNE‘LLIZEQ SURF ZONE N
L1tholgg g ch g@g eristics: Interbedded GUP lammanon and medmm scale cross strcmfxed
" sandstones (approx1mately 60 : 40 respecuvely) Palaeocurrent directidns from the ldtter
; ~1nd1cate oblique- to- shore sedunent transport - N S e
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FORESHORE . | o | e
.
Lithologic gng;ag g iStics: thm slabs of massive (or planar lammated) sandstone which

commonly form gets with low-angle truncation surface between adJacent and subjacent sets

(; swash lamination). Also rare medium-scale cross-stratified sandstones.
d ]

s * ">
™~ ' 4 ”d‘ly tap ‘_‘ :
w__sm Planolztﬁommus Skolzthos '
“' *x E
‘ “e : L .
. - v ." e . . [ -
Gently undulaung patallelyAXMHk (GUP lamimation) is commonlin the m[erpre[ed

.

*
lower shoref;agg’ﬁeposmonal envup,mﬂe}of th:\gootlegger Member Many features of thrs
e

problemauc structure suggest depo‘ ' éi.from offshore flowmg, upper~flow regrme

umdlrecnonally dommated comknv" Umdrrecuonal flow at th@ seabed is the producx

. of offshore- movmg bottorn curre'm;’ #lerated dunng coastal set-up, although it may have
P 3 ] Mv“S w T

been greatly enhanced by @ shelf tu'l’bldlty current. The more common occurrence of GUP

. lammanon in lower shqﬂ;ébe strafa and its reduced abundance in shallow-offshore’ shelf
arp —

B f '
deposns suggests the‘rcdum%npetence of the umdrrecuonal flow In an offshore direction.
?mf&{#oss-madﬁcanon (HCS)On the lower shoreface. but - *

",s“’“v '

.

In additon, the paucrty

its abundance in offshore shelf degosus ‘n’fay.su est a progresswe mcrease in the -
gg
., Ve * - M

xmportance of oscrllatory ﬂow in envrronmen&s deeper than the lower shoreface ~

Ichnology, of the Study ‘of trace sfomls, has seen-a dramatlc explosron dunng the

paSl decade Thisis a d1rect result of the dxscovery by researchers of various geologlc

~

persuasxons of the.rmmense ard these blogemcally produced primary structures provrde 1n

reconstructing modern and more xmportantly ancient sedrmentary envrronments Trace '

fossils reﬂect the i in- -situ behavioural response of a trace maker(s) toa set of envuonmental
SO > -

condmons pamcularly thenature of the-substrate: Properly identified, these structures along

. with various pemnent physrcal pnmary structures enable the accurage reconstrucuon of &
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4 ' A
sedimentétj' sequence. In this particular study the trace-fossil record helped verify a
storm-dominated interpretation for the deposition of the Bootlegger Member. In addition, the
biogenic record was instrumental in explaining a marked stratigraphic thickness disparity -

measured at two closely spaced study locanons (the Ulm Ptshkun and the Missile Tower).

LR I

- The exclusive occurne& of an anomalous]y verhcally burrowed Diplocraterion dnd

: K .
Arenicolites horizon at the Mssile Tower indicated the presence of a serii-consolidated ~ °

: ) £

:-,substrate a condmon-that never ex1sted at the Ulm Pishkun. This observation has been

;‘

% mrerpreted to indicate that sed1m<entat13n at the Ulm Pishkun was v1rtually constant, whereas

iithe Mtssﬂe Tower was an area of sediment by-pass and not deposmon, thereby allowing for

" the development of a semi- consohdated substrate. With the eventual filling of the topographic

low at the Ulm Pishkun and the development of equivalent bathymetric conditions,

sedimentation at both study areas proceeded equalry

o R
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APPENDIX I (A):

Wy
.
‘ -¥,

' Magneuc suscepubrlrty, or what could be more acurrately termed magnem

pe?meabrhty, isa phenomenon which arises when a sample conraining magnem material iy

placed wuhrn an extemal magnetic field. In the study of magnetrc susceptrbrlrry the. nmm

vanables of interest are;,

(1) magnetic field (T}
(2) intensity of magnetization (J)

+ (3) volume susceptibilty (k) .
7 % '

Volume susceptibility is the most important variable in most geologic studies and is directly

relatek} to the'“sizynumber and type of the magnetic materials present. By definition it
represents the ratio between the measured induced 'intensity of magnetization (J) and the
applied magnetic field (T) (Hood er al., 1979): - r :

k=J/T

Units of suscepubﬂrry are either in cgs (x 10- 6‘emu/cm’3) or SI umts where:

2o
o kg M=1/(m*kg o, -
ot e,
R . ' . - ; N 2 - 4 - .
kgp=12.566371 *kegs - where S1 units are amps /metre (A m™)

B ’
St v

. .
;& Y L,‘,,,,,.

”Fhe st rmportﬁ'm féa‘mrg}of magnetrc spscepnbrhty, rendenng it useful for many
» geologrc stud S, is that in almost all cases a preferred drrectlonal alignment or amsorropv of
_magnetic suscepnbrhry exists. This feature indicates the existencé of an “easy” or preferred

p LT
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ju
dqreknon of magnettzanon when placed 1n an magnefrc field, and can arise from two dtstmctlx L

-4 e

dlfferent sources "The ﬁrst is achrect consequence of mherent Crystalhne amsotropy Thxs -
feature fs a result of the preferred ahgnment of crystalltne axes durtng crystal growth Whth
mgay also be augmented by amsotroprc cleavage development (Rees, 1966) Crystalllne ‘ ‘t ‘ -
amsotropy is 1mportant m rocks rlch ryhemante although hematne is not a parncularly .
abundant mmeral in most sandStones (Boetzkes and Gough 1975) Th\second and’ most"
1mportant source of the amsotropy of magnetic suscepubtlity is due 10 shape amson‘opy
\ (Khan 1962 Rees, 1965 1966, Tarhng,l\983) When an mduced magnettc ﬁeld is apphed
a ferromagnenc parucle wrll dttempt to demagnettze that field. Ho’Kvever, its ablhty"to do thts &
} {hmctton of the geometry of the gram being greatest when the field is apphed across the o
: shortest dtmensrc;n of the grain (dramagnenc), and least when | applied across the longest
dtmensmn (para.nﬂgnenc) (Glrdler, 1961 Rees, 1965 Shape\amsotropy 1s a common trait
of elongate grams composed of cubrc crystals, of which magnetite (the most common |
magnenc mmeral in sedlmentary rocks) is such an example Slnce magneute hasno - -
preférretl cleavage drrecnon, cystalline aglsotropy can be basncally 1gnored an%vutually all
. the amsotropy of magnenc suscepnbthty is due to shape amsotropy (Rees, 1965) It has
been shown that magnetne gratn,s can by d\ﬁned by an elhpsmd 3% revolunon where thg

demagﬁ%nzmg factors are related to the’ drrecnons gf the three orthogonal pnntrpal

susce‘pbbthty axes: DT ore t C e ',3 R
R ’. T‘ t 2 T <ot \ .- . ‘) B ’4;;‘ i ~ ' - .
"~ kpgax = maximum principal susceptibility axis R

Kine . = intermediate princ‘ipal suscepn'bility _{axi__s' ‘

kmin = minimym principal susceptibility axis
. '\7‘,7‘ o e SR ' IR TRE R R N . L
R . o k;«..-"ﬁ o ) e : “ \

_ These axes along with their characteristic magnitudes forfftulate a second-order tensor which®
’ M ,-"\, . .



' ! & ) u o vl
.-.‘ 1' ) A"“',. mo‘ N ' s
( : . P Ty ” w 1;74
- | ) . ‘ . ’ ;ﬁ . : 'N LY . ~
accurately descnbes the onentau@n of all the magnetlc grams wlfhm a. sample (Granar, 195%% ’ -
Khan 1962 Rees, 1965; Stupavslcy, 1985) These are _ > f R
-ﬂ R / e w b4 K : . ; e . ‘ .
.‘ i », .L' “\x . . ’ - ' [“ * | ' ' ’ | l'v‘ : .‘i ‘, -
i‘("a _-kb : 'k.C where l(a 50 represent the suscsepnbrhty«values of the three Lo
a b ¢ pnncrpal;suscep‘btllty axe§ and a b,c therr respecnve angular :
: orrentattons R S ‘~\ :

In reahry the susceptlbthty axes correspond very clbsely to the three mutually orthogon '
grain axes deﬁw length w1dth and depth of the gram (maxtmum mtermedrate and @
short dtmensrons respectlvely) Collecuvely all three prmcrpal suscepnbthty axes evaﬂuate

, '_the mean suscepnbrhty ofthe s le S o L .o D Ce
| - Mean Suscéptibility (kmean) = (Kmax *+ Kint + Kmin) /3
N . ' o ‘ '

s
/
/

Dunng the transport and deposmon of a populauon of sedlment grams :
»hydrodynamlc forces cause the grams to spec1ﬁcally altgn the,u axes 0 some aspeCt of the ﬂ i : ~
flow Thrs isa consequence of hydrauhc stabthty and as.a result glves rise to a preferennal
dtrecno/t of magnetic suscepublﬂ~ Thls process is the basrs for the development of
sedtméntary grﬁn fabhc and underlres,the use of the amso‘tropy of magnenc suscepnbrhtv by -
‘ sedlmentologrsts (partlcularly for the determtnauon of palaeocurrens dtrec/tlons) The
| deve development of graln fabnc is the rekBlt of two main physical forces ,,’/ »
/ (l) the tangennal shear stress generated at the bed by a vrscous ﬂuld and | )
" (2) the gravrtauonal force wh@ch acts normal to the deposmonal surface ‘
) The tangennal shear stress (ﬂuxd shear)l tends to ahgn the long axis of the gram in etther a

parallel to- flow onentatton (Rusnak 1957 Johansson, 1963 1976 Allen 1964; Rees

l '1968 Hanulton eral, 1968 Amott 1984 1985; Hand and Amott, in preparatlon) or R
| o i _



&anSVerse to- flow drientari(;n (Jeffrey. 1922, H'an"d’ 1961; Khan, 1962; Johansson, 19'(;3
1976 Lmdsay, 1968) Quanutanvely the preferennal alrgnment of the gram long axes wnhm

a sa.mple has been descnbed tyy :.
| o I. “ .‘\ . . ‘ . &s ) f
L= [Q(rnax ~Kinp)/ kmeani * 100 ©.L=magnetic linecation = ' ,‘
SO LR .
e B .

~ o where, L is a measure of the preferred ahgnmem of maximum susceptibility (the

< grarn long axes).

Large values of L reflect d}posmon from flows whrch prior to end durmg sedrment !

deposmon were capable of aligning the. sedrment gram reﬂecuon of both flow strength and

. tlme)ﬁ . ) ' ,. . ‘“, ] o s

-~ The other major fdrce influencing the developrnent of grain fab'ric is the gra:vitan'onal

Y

F= {[(Kpax + kl 0/2- kmg’ /Xmean) - F = magnetic foliation
RN, ! plane

.
~

R N i B,

v e . e

-
~

highva,lue's of F imply a preferred al'ignment of the minimum susceptibility axis.
Commonly the long- mterrnedrate axes plane is ulted wnh respect to the. honzomal and usual]v
imbricated upsheam Grain rmbncanon is an attempt by the sedrment gtain to artain ' |

maxrmum hydrauhc stabrlrty whrle under the effect of fluid shear ‘Since the mlmmum )

rsus<:epub1hty axis.is perpendrcular to this plane, the angle of gram unbncauon is srmply



{

.:' o =‘90°‘a (ki) | ‘where o = angle of imbrication B
| - I'=,angle of minimum susceptibility- a}'\s
4. ' . Lot )

-

A parameter which has come into popular use 1s the rauo between magneuc lmeanon v
and the magnettc foltauon - o SR o
T e Co : ‘ : ) . -
“ e [
K q = L / Ff . _. .

’
-

\ ' ' . [y

and reflects the relatxve strength of its two consutuent vanables Tatra and Sgholle (1979) b

. suggest that the value of y may carry mgmﬁcance for the deposmonal envrronment The)
pomt out that cu_rr:tt?deposued sedunents are charactensed 3y low q values compared wr{h
Ahe typically htgher values exhibited by sedxment-drspersron deposits. Vanatron in the value -
'of ere thought to reﬂect differences i in the nature of the sediment supporttng@.nd |

tranSporttng mechanisms which were acttve prior to and during deposmon

and the spe of “E‘p}e processmg Unltke acetate peel or mlcr05coptc methods for

: determtntng gram onentanon the AMS method only requires a right cylmdncal sample
2.5 cmiin dtameter and 2.2.cm lohg. Thxs size requtrement (length width = 0.85 : l) has
been found to gtve a mtmmum shape respOnse o the measured suscepubthty values (Porath |

i
et al 1966) a pamcularly 1mportant phenomenon exhtbtted by weakly amsotroprc samples. ‘

Once cored and the appropnate reference lines marked the cyhnder needs only to be fed into-



‘the measuring instrument as is" in order to determine the gram onentauon :
Although the AMS method has m advantages it is not. wrthout 1tsshortcommgs :
- One of the major problemsgoncems the basxc sqmphng unit, the 25 cm x 2 cm cyhndncar '
core. gx‘e to 1ts size the measured amsotropy of magneuc suscepéblhty is deterrmned for the
' whole cyhnder ) 1f one is interested in the grarn orientation of aﬁmt less than 2 2.2 cm thick -
. (e.g. an mdxvrdua] larmna) this method i is not apphcable The other maJor shortcommg is that -
the AMS‘method cannot mdependontly assess mulnple onentauon modes of the amsOtrOpv of
magnetic susccpnbthty Cohsequently, in samples with mulnple modes of preferred gram
long-axes allgnment (eg. in planar-lammated sands, long -axes of g'ams typncally show two
—modes separated by an angle of less thap 300) this method will only average the multiple -

modes; thus glvmg a smgle composne a\reraged

. However even with ifigs the AMS method has been proven 10 be a
powerful and sunple tool for the sedimentary geologlst /Particularly in the field of ,
palaeogeographrc arid palaeohydrodynamlc reconstruc on tms\n‘ethod has been proven \

Rseful although its resean:h potenual I believe has snll not been adequately recogmsed

a

THi SL2SYSTEM B T
s - : i : g Cop

* In this study the SI-2 magnenc suscepublhty and amsotropy mstrument was used

(Frg 1)4 I would like to thank Dr. M Stupavsky of Sapphlre Instruments for lendmg me -

!

The SI-2 Magnetrc Susceptxbrhty And Amsotropy Instrument is compact sensmve

thrs instrument.

and very sxmple 1o use. Tts only requ1rement is the use of a personal computer (equrpped with

a standard RS 232 serial port) for calculanng the suscepnbllrty tensor and stonng of the

6

compiled data. It uses a 2.5 cm X9‘2;2 c¢m right cylindrical samp'le core which can be of 'either, .
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- are dxrectly related 10 the am0um of magneuc material (typxcally magneme) contamed wuhm

\
. . . .
eohsohdated r unconsohdated material Sample processmg tu%e and~measurement precrsron

the sample.,

.f'. . .
b

The $I=2 mstrument determmes the magneuc suscepub;hry of the sample by | -
A
companng the inductanee of the measurmg corl ﬁrst with the sample removed (first air

readmg, A,l), and fhen with the sample placed in the coil (samp\ rea ing, S). In order to

check that the accuracy of the measured sample inductance (S) a seton easurement

)‘
(A”) is made in order %\ntemune the "dnft" of the measured mductance oveg the measunng

perlod (ie. between the Atand A2 read1n°gs) If the dnft \ -

| . Drift(D)=Al-A2 I

\

is too large, a prompt comes onto the screen "DRIFT TOO LAR'GE" and requires a

remeasurerﬂeot§beginning again with the first air reading. If the calcujated drift is within

acceptable limits the magnetic susceptibility is calculated in terms of AT and'S:

g o _ . .

k=CF*[(SR/AIl)*(SR / Al)- 1] where, CF = the coﬂ calibration- factor

SR = corrected sample readmg (S 0. S*D)

or in general terms,

* .

‘.)

klJ =M /H where, ki; = the suscepubrlty measured wnh sample coord1nate§ y" ’

* v
. : , : by
e v . Lo ’ . X ) h A

2
v

. . . . . ¢
% B ) 4 n . o
. - .

o : L ﬂ\
| N
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. L M = the mduced magneuc momentylth u'ecnlal

»

HJ the effecuve applned ﬁeld wnh direction j:

For an xsmms_medmm_mualue_qf_ku

: magneu.c momem( )is in the direction of g- e.applied ﬁeld( )(comcxdent wnh the =

. d6wn a)us rrend of the coﬂ axis). However, in an mmmgmummmmf_kuh \
. Qene_ggnummp_mgugg_g (wnh respect to the coﬂ a.XIS) and is the bas:s for the '

: study of the amsouopy of magneuc suscepnbﬂny (dnscussed below)

Precrsxon of the magnenc suscepublhty measurement is controlled by four factors

By mampulat:mg vanous combmauons of tydﬁe factors accurate \neasurements can be made

N
oneven weakly magnenc samples These factors are:

(1) measurement precision is approximately hnearly pr0poruonal to the‘magnenc

suscepnbllty of the sample (however thrs is dependent on the composmon of the Sdmple

v

'S

and cannot be adJusted) - i ‘ : a ' ‘ S
(2) premsmn of the measurement- mcreases as the amount of the coxl filled by the sample

.mcreases (for Weakly magneuc ples smaller coil diameter enhances the measured
6. . s ' ’ : . ) :
Slgnal)y ' ’ ' o . N : . - .

(3) precxslon of the measurement increases propomonately with the mgasunng time ( for v
weakly magneuc samples, increase the measunng time from 1 to 2 to 4 up to8 seconds).

| 4 precision of the mm be ungoved’ﬁy signal averagmg (signal stackmg)

Thei improvement of the sxgnal mstrument noise ratio is approxxmately propornonal 10

-

SQR (N), where N is the number of repeat measurements. K



. sedlmentary studxes o ¢ R

N X C BT
: .f\ o

L]

For most sedxmentolognc studles the amsotropy of magneuc SUSCCptlblhty is the

-

parameter of pnmary 1mportance As noted abovc the dlrecnon of the maximum .

suscepubnhty clbsely corresponds to the preferential gnment of the m‘qgnenc gram long

axes wnhm the sample. As this feanire can be used rpalacocurrentand
[ 4

S method is a valuable tool in .

palaeohydrodynamxc reconstrucpons. itis obvious that the A

[y

wscepnbllnty for 6 12 of24 specxﬁed sarnple onentauons Six orientations are the m1mmum

number Jeqmréd to fill the magnetic susceptlblhry%lhpsmd a symmemc second order tensor:

- '}11 ka2 k1;3 . = Wﬁere, 1,2 and 3 represent the x, y, and z - *
ka1 kay ko3 coordinate axes (with respect t.o the coil axis)
» ' . ‘ ) : ‘
k31 k32 k33 R ,

[

these six elements are equivalent to:.

[ . ’

- ; . R N f Lo i X L " i :
© ok kp kg where, k, |, . represent the suscseptibility values of the.three - _
N ' "e . . ! 5 ’ ! . -
. o -principal susceptibility axes; ’
a b ¢ ~a,bc their respective angular orientations.

f * . . . * . @

The 1" and 24 spec1men onentauons determme the six tensor elements 2 and 4 times

‘ respecnvely However, 51gnal stackmg (repeat measurements of each of the 6ﬂspe01f1ed

.

mhemeth' _’ o~
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The coordinate system used in the analisis is illustrated in Figure 2:

' (\(1) Axis’1 = the orienting line on the sd;face 0 sample (typically the north arrow)

(2) Axis 2% is 909 clockwise with respect to Axis 1 -

3) AXIS 3 =is 900 to both Axes 1 and 2. . ‘ .

(in the Cartesxan coordinate system these axes correspond to the X, y and z directions

resptcuvely)

s

If the tndmdual axes are cons:dered unit vectors then the six orientations nete‘.ry to ﬁ).l the

: suscepnblhty tensor and their corresponding. suscepnbxllty values are:
¥ v

N

(1§1_(100) ‘ ki1 - ' o .

(@ 82=(1,10)/SQR ) K12 + (k11 +Kk22) /2
(3)Si=O10 K2 l
(4) S4 = (0,0,1) < , ,
(5) S5 = (1,0,1)/ SQR (2) K13+ (k11+K33)/2
- (6)56.=(0,1,1)/SQR (2) 5 k23 + (k22 +k33) /2 ’ - 3

IMPORTANT: 4Each suscep;il;ilit‘y orientation _is dcﬁned with respect to the
den-axis trend of the measuring coil axis. . . ’ o
v, , ~ P

By computing the magnetic susceptibility for each of the 6 sample orientations the direction
of the three mean principal magnetic suscepnblhty axes deﬁnmg the magnenc suscepnbll&y
ellipsoid are determmed Each principal suscepubxhty axis is represented by an axial vector
(axxal vectors are comgosed of a vector and its corresponding anuparallel vector, akin to a

~ bimodal dlSII'lbU[lOl‘l in which the modes are 1800 .apan) The axial vectors deﬁmng the three

pnncxpa] magnetic suscepnbmty axes are;

& . !
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=(X1,Yl.il) and  (-X1,-Y1, -Z1) C . maximm
R2=(X2,Y2:22) and (-X2,-Y2,-Z2)  intermediate
) : | o
R3=(X3,Y3,23) and (-X3,-Y3,-Z3) .. minimum : <
| | . | o b

»

.Also included in the SI-2 program are a number of stausuca] packages used to
determme the sngmﬁcance of the three calculated pnnmgal susceptibility axes. These
packages are applicable only when multrple measurements are made of each of the six _
specified sample orientations (the twelve and twenty four onentauon sequence do riot allow,

’ repeat meas\urements) Ih thrs study four repeat measurements were made, each witha . o
four-second read ume The calculated values of the three suscepubthtﬁﬁs were evaluated ,' -
with respect to the radtusbf the c1rcle of 95% conﬁdence The physrcal meaning of this |
statistical procedure is that one can be 95% conﬁdent that the true direction of each of-the
three magnetic susceptibility axes hes within a 95% conﬁdence circle having the respective
determmed mean suscepnbthty dtrectron atits centre and a radius equal to R9S, where tge -

radius is given by:
4

R95 = (1. 96 /N)* SQR (sum of sguares of the angular devxatlons)

—

»

where N = the number of repeat measurements -

j ROS is in degrees. | \ o
Fora perfectly urumodal distribution R95 =0, whereas values > O reflect the mﬂuence of
‘instrument noise and within-sample magnetic suscepubthty inhomogeneity. As thesé ' |
influences become progressively stronger the rehabthty' of the calculated prmctpal
suscepubility axes becomes mcreasmgly suspect. R9S values based on number of repeated
measurements have been tabulated in Harnson (1980). This table 1ndtcates that for the four

o

repeated measurements used in this study a 95% conﬁdence level correspdnded to a
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< ! . . 0 .
. ‘basementR9S value.< 46 defr:q;.(. N S . \

In this study the use'of the anisotropy of magnetic suscepRility did.not prove to be

all that bencﬁcial. This is a direct result of the low abundance of magnetic barticlcs within |
o " clagtic sed'imeni composing.the Bootlegger. Member. As pointed out by Stupavsky

(1985), in order for the SI-2 Fo meaﬁulr{e the three susceptibility axes reliably the sample
'signal : 'insAt‘rumem noise ratio should be a minimum of 1100? 1. Since the typical instrumest

"ndisg levgl'was about 1E-7 SI'units, the fﬂinimgm mag%ech sample suséeptibiliryl had to be at
least or in excess of 1E-S. Unfortunately, frlost‘of the Bootlegger Member samples were
charﬁcteﬁsed by magnetic“susceptiybflity values within the 1E-6 rangeh. This low magnetic
content translated ’in'_to calculated principal magnetic susceptibility zixes‘charécteﬁsed by R95ﬂ
values typicaliy greater than 46, and consequently are of questionablg validity. However, as
pointed out in Paper 1 this_ procedure was usefdl in identifyin'g transgressive lag deposits.
These were characterised by mgghetic susceptbilites which were commonly a half to a full
order of magnitude higher thaﬁ the underlying re'grcssi'vé portion of the
regrgssive/transgressive coyplet. In additi(;m anisotropy of magtmeq’c suscep&)ﬂity—indicated i
that even closely spaced samples illustrate markedly diffgreni preferred grain alignment.
Together these two characteristics are ma";f indicate reworking of the underlying regréssiyem
portiop of the regressive/transgressive couplet. Transgressioﬁ led to the concen,trétiné of
mag’rién’c ma.teri‘al (due to their ﬁi-gh densir): and resultant hydrauiic equivalence) within the -
lag deposit§, thus accounting for the angmalously high value of magnetic 'suscteptibilpy. |
Random grain a.lignment illustrated between adjaz:em samples would suggest long-t;:rm
transgressive lag deposition which resulted in the devéldpment and superbosition of sevetal

independent grain fabrics, each possibly related to a p%fticular sedimentation event.

—
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 FIGURE VI(‘7A)~1: Photo and diabgrarﬁmatic'sketch of the SI{ZiMagne‘tic Anisotropy and'
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. magnetic susceptibility
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APPENDIX I (B): DATA ON MAGNETIC SUSCEPTIBILITY AND ANISOTRQPY

The followmg isa tabulation of data concemmg magnettc suscepublllty and

E amsotropy of magneuc suscepublhty measured from Bootlegger Member strata outcroppm"-‘
1n the Great Falls stugw area. Most of the data pertam to readtngs denved from gentl\ |
undulatmg parallel laminated". (GUP lammatlon) strata from, the Ulm Pishkun (i.e. Secuon\
1 5and Secnons 9-14). Data from Secuons6 8 at the Ulm Ptshkun represent

planar- larmnated foreshore strata. All other data are appropnately descnbed with respect to - -

[helI' location of ongmland the nature of the structure sampled Con ‘ T s
g |
As can be seen from the data,- due to the low a undance of magnetic material in the |
samples (resulung in a low srgnal norse ratio) the. calt:ulated susceptxbthty axes and their
' prcferenual onentatron are for the most part somewhat quesuonable However in some o
samples higher magnetic suscepnblly measurements enabled a more statlsucally SIgnlflCtlnl v
assessment of preferential orientation and thus palaeoc,_ul'rent‘ dtrecuon.

\

SCHEME OF DATA PRESENTATION AND DEFINITION OF VARIABLES

. SUSCEPTIBILITY e S s
NR»'= 4 -- number of ~repeated measurements | ‘
T =4 seconds -- the length of. sample read time " . - = -
“MS (S'I V)= the magneuc suscepnblhty of the sample (measured in one random onentanon) |
measured in SI volume umts (SI oo o ‘
SDEV (SI v) = standard devratlon measured in SI volume umts (SI v) Thrs value represents
. - the level of mstrument noise o |

89 - .



 MIN-DEC= ~ INC= . R95=  EV

H

—

M=6 -- the number of sample 6rientations used to fill the anisotropy tensor
NR =4 -- the number of repeated measurements for each of the 6 sample oriéntations

’I‘ 4 seconds - the sample read nme for each measurement R )

SD =

. o _ _
MAX.'. . o - ‘ . .

MIN INT AND MAX -- the respectwe minimum, 1ntermed1ate i\d maxrmum suscepublht\

. _' : . . - '“‘ - y
axes S - S \,,

DEC -- the. dechnauon of that parucular suscepnbrhty axes%measUred‘ from O to 360 degrees)

INC - the mclmauon from the horrzontal of that parucular suscepnbrlrty axes (measured
from 0-90 degrees in whrch' +ve =d0wnward drp & -ves= upward dip)

R9S -- ‘measure of the radius of the 95 % confrdence circle about that particular suscepdbrhty
axes (measure of the mhombgenelty of "in- sample amsotropy)

EV -- measure of the intensity of the srgnaf for that particular susceptibility axes
SD -- measure of %e-noise level of ihe instrument

~



SITE: ULM PISHKUN - Sec. |
NR =4
T = 4 seconds”

MS (SIv)=9.283x 10-5
SDEV (SIv) = 1.111 X 10-6

MIN -- DEC'=‘294'.'17 INC =-40:19. R9S =429 EV=8211x10-3
INT-- & 1498 1070 53.0 9.195 x 10-
MAX-- * ~ 27294 4780 - 381  1.033x 10-

SITE: ULM PiSHKUN - Sec.?

SUSCEPTIBILITY o Lo
"NR=4 . . .
T = 4 seconds.

MS (SI v) = 6.705 x 10-5 .
SDEV (SIv) = 1.264 x 10-6

ANISOTROPY
M=6 :
NR=4 &g
T =4 seconds

MIN -- DEC =
INT -- =320.20
MAX- =

LY

SUSCEPTIBILITY
‘NR=4
f‘T 4se\6nds

MS (ST v)= 6.443 % 10-5
SDEV (SIv) = 1.804 x 10-6

~ ANISOTROPY
M=6

‘NR =4 ,
T.": 4 seg:onds

5
5
4

SD

s .-

191

=8263x 10-6

6.49 x 10-7
7.781 x 10-6

8.02 INC-88.47 R95=243 EV=6375x 10-5 SD=4.840 x 18-7
1.04 397 . 6546x 10-5
111 32.0 6.735 x 10-

- 1.108 x 10-6

* .
5

)

T 5.358x10-7



A o T T e

MIN - DEC = 3562 INC =81.77 R95= 5.7 EV =5.564x 10-5 SD = 3'9)1;(107
*INT -- =31582 6.28 267 6.392x 10-5 1.171 x 10-6
\ MAX--  =4640 . -5.28" 269 . 6613x10-5 _  9.651x 10-7

“SITE: ULM PISHKUN - Sec. 2
b ]

B v |

T.=4seconds , L

MS (SI V) = 4.558 x 10-5 o ¢ .\ A. L -
SDEV (S1v) = 128x10-,7 | . o

#

\M=6 ) . ) N N R . h
NR=4 g : - o
T = 4 seconds o : | " L

MIN :- DEC = 290.16 'INC = - -78.17 R95 158 EV =4.062 x 10 5 SD=5. 083 x 10 ‘7)
\,INT - =335.77 8.33° © 28.0 @.380 x 10-5 9.754 x 10-7
MAX = 64.53 -8:33 248 - 4.558x10-5- 2.364 x 10-7

SITE: ULM PISHKUN - Sec. 2

SQSQEPTIBILITY '. ' -
NR'=4 - ,
T =4 seconds

 MS(SIv)=1307x10-4 ) _, .
SDEV (SI v) = 197 x 10.}7 .

R o s j T ) » .
. M 6 - I C . '_ '::-‘."‘A v : i \_/ .
NR =4 EE

o

T = 4-seconds _ _ .
MIN -~DEC= 9.93 INC=75.25 R95=19.7' EV = 1.220 x 10-4 SD = 5.011 x 107
INT-- - =2983  -1390°  ,198 1.258x10-4 9,773 x 10-7
MAX- ~ =208:64 .  -482 226 1.439 x 10-4 8376 107

]

* SITE: ULM PISHKUN - Sec. 3 _—
| i .
NR =4 o | ‘ -
« T= 4seconds S : . 0

MS(SIV)=6855x 10-5 - RGN
> SDEV(SIv)= 6693x107 .. '
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ANISOTROPY

M=6+ ' -

NR =4 : . . |

T =4 seconds - , " ~

MIN -- DEC = 5437 INC=84.64 R95= 38 EV=5428x10-5 SD=4.148 x 10.7

INT--  .=31717 " 069 328 6490 10-5 1,094 x10-6

MAX- = 47.10 531 34 0 7258x10°5 - - 5.455 x 107
s

 SITE: ULM PISHKUN - Sec. 3

NR=4"
" T=4 secon\ds

MS (Stv)=2.824 x 10-5
SDEV (SIv) =8.164 x 10-6

ANISQTROPY - - . | . _
M=6 ‘ SR VCE -
. NR=4 ~ . R
- T=4seconds - . . o , l

MIN -- DEC =28.94 INC=-77.79 R95=19.9 EV.=3.364 x 10-5 SD =7.405 x 10-6 .
INT -- =353.50 . . 9.99 376 4.236x10-5 1.189.x 10-6
MAX-- . =8472 -- 693. 373 - 4302x10-5 '8.875 x 10-7

' SITE: ULM PISHKUN - Sec.5 = = &
SUSCEPTIBILITY )

NR=4 | o w
T = 4 seconds B . - v

MS (SIv)= 4380 x 10-5 T
SDEV (SIv) = 2.112 x 10-7 | - o

ANISOTROPY . R+ ' . s
- M=6 . ' ' ) : ‘
NR=4,

’ Ts =4 séconds .

MIN -- DEC = 32.00 INC=80.04 ‘R95% 7.2 EV=3320x 10-5 SD=3.750 x 10-7
CINT-- = 7100 - <771 - 256\ 4.298x.10-5 4242 10-7
MAX--  =34084' - -630 - 236  4411x10-5 . 1.049x 105

£

: ULM PISHKUN - Sec. 14
PIBILITY. o -

" NR=
T =4 seconds



. SITE: ULM PISHKUN - Sec,6

A

—~MS (SIv) =4.126 x 10-5

\\"\.

SDEV (SI v) = 3.663 x 10-7

M=6 . : : !

NR=4 :

T= 4seconds :

MIN -- DEC 317.62 INC =81 10 R95-—115 E\}3 635 x 10-5

INT-- =~ =302.29 -8.58 54.4 4.119 x 10-5
5

MAX-- = 32,64~ o231 37.6 47222 x 10-

z

SUSCEPTIBILITY *
NR=4 o
T =4 seconds

MS (SI v) = 4.507 x 10-5
SDEV (SI v)= 2,116 x 10-7

ANISOTROPY SIS
. M=6 ' - '
NR=4 = oo
T =4 seconds ‘ P

: MIN--DEC 295.67 INC = 6569 R9$ =224 EV =4240x 10-5

CINT--  =33341 1965 424 4490x10-5
MAX--  =5840 1372 - 397  4.652x10-5

. SITE: ULM PISHKUN - Sec. 6

‘\/
NR=4 :
T=4 seconds

MS (SLv)'= 5.797 x 10-5 , '
SDEV (SI v) = 7.665 x 10-7

M=6 B
NR=4 b
T = 4 seconds )
MIN -- DEC = 37.15 INC=58.67 R95=152 EV

=S.
INT -- 5434  -30.17 . 45.0 5.922x 10-5
MAX-- = 319.87 - -1.63 45.3 5961 x 10-5.

4

3
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SD = 5.680 x-10-7 .:

4.150 x 10-7
2,129 x 10-7

I

=1.112x 10-6 .

-9.625x 10-7 -
1.073 x 10-6

683 x 10-5 SD = 4.976 x 10-7

4.344 x 10-7

2:617 x 10-7

-



'SITE: ULM PISHKUN - Sec. 8" - -
SUSCEPTIBILITY

NR =4

T=4 seconds o

MS (SI v) = 4.189 x 10-5 N

SDEV (Sl v) = 5.985% 10-7 ;o
M= . AR
NR =4 /
T=4 secondL o v .
" "MIN -- DEC = 328.36 INC 72.77 R9S= ¥ W1J0-5 SD =6.135 x 10-7
INT -- = 288.37 -13.36 : a1 d-5 6.401 x 10-7
B8 %105 5.012x 10-7

" MAX-- . =2094 - = -10.66

'SITE: ULM PIASHKUN - Sec. 6

SUSCEPTIBILITY ) v _ -
~ NR=4 - - .
T =4 seconds

MS (SI v) =2:994 x 10-5
SDEV (SI v) = 1.009 x 10-6 - N .

ANISOTROPY -
M=6 :
NR=4

T =4 seconds -

MIN - DEC = 70.97 INC=-73.09 R9S=28.1 EV 2669 x 10-5 SD = 1.

1.362 x 10-6
INT -- =304.87 -10.15 52.8 - 2.882 x 10-5 .2.899 x 10-7
MAX-- = 32.42 f3 37 43.0°  3.031 x10-5 7.766 x 10-7
SITE: ULM PISHKUN - Sec: 6 : ' vy
SUSCEPTIBILITY ' *
NR =4 . L o )
T =4 seconds - ..

MS (SI v) = 3.507 x10-5
SDEV (SI v) = 4.560 x 10-6

Y7 S
" NR=4-
T = 4 seconds



" SITE: ULM PISHKUN - Sec.6 . .,

- T=4seconds T

MIN -- DEC = 33.58 INC:=82.41 R95= 99—EV =
INT-- = =33231 -3.66 337
MAX-- = 6274 _ +6.63 339

SUSCEPTIBILITY
NR=4 7

MS (SI v) 14.035 x10-5
SDEV (SI v) = 8.279 x 10-7

ANISOTROPY |
o0

M=6 - | :
NR =4 ‘ ” :
.. T =4seconds - ' :

MIN -- DEC = 29.92 INC =82.85 R95=16.6 EV =1.628x 10 5 SD=7.633x 10-7
INT -- =31p.17 -1.52 - 484 - 1967 x 10-5 - 1.016 » 10-6
MAX--- - = 4236 -6.97 393 2.119x 10-5. 7.983 x 10-7

L

SITE: ULM PISHKUN - Sec. 6

NR=4

- T =4 seconds

‘ MAX-- =72.09 1723 16.8 2,692 x 10-5

MS (S v) = 2.356 x 10-5
SDEV:(SI v) = 2.370 x 10-7

M= , < |

NR = 4 . o

T 4 seconds: - .

'MIN --DEC = 21.24 INC 63.84 R95=206 EVW:MSHK»# -

INT-- - =33594. -19.05 24.2 2.434%10- 1.8Q4 x 1057
S

48% x 10-7

" SITE: ULM PISHKUN - Sec. 6,

Ld

SUSCEPTIBILITY
NR=4 . ""'; .
T =4 seconds o SN )

MS (SI v) = 6.243 x 10-5
SDEV (SIv) = 4019 x 107 : 't



L - ‘ 197 .

M=6 . ‘

NR =4 . _ ‘

T =4 seconds . ,

" MIN --DEC= 68.99 INC=84.54 R95= 8.3 EV =4.741 x 10-5 SD=6.004 x 10-7.
INT-- V' =128778 -5.17 27.4 6.121 x 10-§ 1.281x 10-7

MAX.-- =357.60 -1.74 37.1 - 6.298 x 10-5 1.314 x 10-7 -

\ .
SITE: ULM PISHKUN - Sec. 6~

NR =4
T =4 seconds

MS (SIv)=3.541x 10-5 &
‘SDEV (SI v) =1.210 x-10-6

seconds

MIN -- DEC =321.55 INC=-76.79 R95=18.8 EV=2979x10-5 SD=9.475x [0-7"
INT -- =317.02 13.17 42.1 3.427 x 10-5 '4.475 x 10-7
MAX-- = 47.26 -1.00° 39.4 3.514x 10-5 3.139x 10-7

SITE: ULM PISHKUN - Sec.6 .~ RS

SUSCEPTIBILITY
NR =4 .

T =4 seconds

MS (SIv) =3.795 x 10-5 o |
SDEV (SIv)=8.498 x 10-7 . e T

)

ANISOTROPY \ .

M=6 | » :
NR=4" ' :

T =4 seconds ' .

. . . . : ¢
MIN -- DEC = 30.63 INC =86.40 R95=11.9 EV =3.137.x10-5 SD=5.414x 10-7
INT--  =292.78 0.50 353 +3.769 x 10-5 7.137 x 10-7
MAX-- = 22.74 -3.56¢ . 3438  3.850x 10-5 .6.518 x 10-7

v



-

198
SITE: ULM PISHKUN - Sec. 6

,NR=4 )
T # 4 seconds

MS (SIv) =3.795 x 10-5
SDEV (SI v) = 4.498 x 10-7

M6

NR = 4 N ) N - 3

T = 4 seconds ’ S :

MINK-- bEC =.33.57 INC=-75.62 R9S5= 148 EV=3215x10-5 SD=6.494 x 10~'\ .

INT -- = 333.63 7.31 31.6 3.677 x.10-5 9.295 x 10-7
10-7

MAX-- = 6523 12.30 36.4 3.820 x 10-5 4.141 x

sm-::MEsn_E'TOWER SECTION - Sec.3*

T = 4 seconds

MS (SIv) =3.440 x 10-5 -
SDEV (SI v) = 6.853 x 10-7

ANISOTROPY
M=6 '
NR=4 - . |

T =4 seconds ' 5\}/{/ : .

| ' | | X -
MIN - DEC = 332.39 INC \8719 R95=129 EV=2.881x 10-5 SD =8.320 x 10-7
INT-- = 88.89 2125 445 3392x10-5 . 5.389x 10-7
MAX--  =35881 250 44.5 3416x10-5  °_5.518x 10-7
SITE: MISSILE TOWER SECTION - Sec. 3
Y

NR=4 -

T =4 seconds

. MS (SIv)=5.753 x 10:5

SDEV (SIv)=1.212 x 10-7
ANISOTROPY r
M=6 \ -
NR=4 S *
T =4 seconds -



~ i

MIN--DEC= 15.53 INC=8664 R95= 63 EV=4.528x 10-5 SD = $.811x 10-7
INT -- = 31035 -1.41 398 5.594 x 10-5 8.864 x 10.7
MAX--  =4042 = -3.04 395 5.753 x 10-5 5.902 x 10-7

Loy

SITE: MISSILE TOWER SECTION - Sec. 3 {

NR =4
T=4 secon;is

MS(SIv)=3.883x10-5
SDEV (81 v) = 7.901 x 10-7

4 T .

e

MIN -- DEC = 59.40 INC = -83.65 R9S5=14.0 EV=3.109x 10-5 SD=6.345x 10-7
INT -- = 56.24 6.33 47.0 3808x10-5 = 53
8

_ 09 x 10-7
MAX--  =32628 [ -034 458 3.884 x 10-5 953 x 10-7
. . . i ¢ )

-

SITE: WILLOW CREEK RANCH - Sec. 2 (GUP lamination)

SUSCEPTIBILITY - | \
NR ¥4 , ‘
T =4 seconds . ‘ ¢ .

MS (SI v) = 2.611 x10-5 4
.SDEV (SI v) =6.258 x 10-7 = :

ANISOTROPY
M=6 ' :
NR=4 .~ e ) /
T =4 seconds :

MiN' - DEC= 61.51 INC=-80.96 ROS=:9.6 EV =2.097x 10-5 SD=9312x 10-7
INT -- =323724 432 19 2.393 x 10-5 9.996 x 10-7
MAX-- = 53.03 893 122 2.695x 10-5 5452 x 10-7

~

" SITE: WILLOW CREEK RANCH - Sec. 2 (GUP lamination)

SUSCEPTIBILITY )
NR=4 ' . -
T=4 seco_nd_s :

MS (SI v) =7.590%10-5
SDEV (SI v) = 7.336 x 10-7



- - \ 2oo

NR 4 S L
-~ T= 4seconds T O e ST '
MIN--DEC 2‘9687 INC--8561 R95- 24 EV= 5626x105 SD 9672x107

CINT - =306 . 238 106 7584x10:5  C 5.642x107
“MAX = 8389 367 . 103 7750x105 5.778 X 10-8 .

.
RS

o Sjm;.WILLQw CR_EEK RANCH - Sec 2 (FORESHO_RE) :

"' SusceptmBILITY.
SNR=4. - v ' e
i T 4seconds

MS(SIV) 5155x105 RN
SDEV(SIV)-—1152x106 /

‘ ANTSQTRQP
S M=6_ -
- NR=4 ,
T 4 seConds

‘*A::'/ibp,ﬁ -

,,;

MIN - DEC = 70,14 -INC = -88.75 R95 13.5 EV=4.491x10-5 SD=9.167x 10-7
, INT-  =28057 -108 - 398 S5042x10-5  9358x107 -
| OMAX- <1055 062 8. SABxI0S 3195%107

‘.

SIIE BLACK HORSE LAKE SOUTH SIDE Transgresswe sandstone (1)

= PIBILITY .
NR A B R SR s
T 4seconds | o S - oS
MS(SIv)=1384x104 ST | R

SDEV(SIV)'1008x106 L Q{ L

M=6 ol =
NR=4 T e
T= 4seconds A Treoo 2o

MIN--DEC 3537-INC=8239 'R9S=10 EV= 93415105 SD=3734x 107 -
INT -- 1647 7.9 68 1378x104  '1300x10-7 .
- MAX- . =28678 243 - - 68 - 1419x104  9637x10-7

g "o



- T= 4seconds

, SIIE BLACK HORSE LAKE - SOUTH SIDE - Transgresswe sandstone 28 R
- SUSCEPTIBILITY | | |
NR=4 W’
T = 4'seconds - s @

‘MS (SIv) = {'462‘5x105 |
SDEV (SI v) ='1. 416 X 10-6

Ny : .
" ANISQT PY . . [N s T o : o
o : s o [ C o
A . . . L

ot

M=6
‘NR =4

4

- MV~ DEC= 316.84 INC = 64.18 R95=23.6 EV=4190x 10:5 SD=1.208 x 10:6
INT- . =28594 2254 364 453x10-5 . 9011x 107,
2 MAX-~ 20 97 | —11 91 . 337 4.839x 10-5 - 1.468 x 10-6

S_[]:E BLACK HORSE LAKE SOUTH SIDE Transgreccxw sandstone 3)

sus EPTIBILITY o ’

_ NR=4¢ | e

- T= 4secOnds » R

 MS(SIV)=6351x10-5 e ’

o SDEV (STv) = 7342 10- 7 . T _ .

ANISOTROPY S N e

- M=6 R ¢ v L

- T=4seconds . o

’M]N«DEC 34170 INC=78.57 VR95—19 EV =4315 x 10-5 SD = 5358 x 10-7
- =779.43 156 68 6074x10-5  6705x 107

8 MAX —34974 3 -1131 69 . 6492x107 5.229%10-7

_‘ ) S_IIE BLACK HORSE LAKE SOUTH SIDE Transgressxve sandstone (4 )
. SU EPTIBILI'I‘Y — | c | |
" T= 4seCOnds S o : ., ~

‘MS (SI V)= 5 682 x 10- 5
SDEV.(SIv) = S. 279 x 10-7

- ANISOTROPY

- NrR=4

CT= 4seconds



M[N--DEC— 14,75 INC = 80.89 R95= 6.1 EV 4025 x 10-5 SD= - 5299 x 10-7
- =273.04 1.86 .16.3 5816 x 10-S + 2.739 x 10-7
76¢8x10-7

. MA§-¢ = 275 -8,90 164 5.743 x 10-5,

“

S_[T_E BLACK HORSE LAKE SOUTH SIDE Transgresswe sandstone

EPTIBIL 3 E
‘NR=4 ‘ o _
T=4 seconds

MS(SIv)=8086x105 | e
SDEV (SIv)=1061x10-6 *

MS (SI v) = 1.003 x 10-4 , '
‘“SDEV(SIv):1.06'1-xv1,u0-,6 SRR )

S,[IE BLACK HORSELAKE NORTH SIDE - Transgressw/e;&adstone(l)_‘ L

SLJSQEPTIBILITY
NR=4 :

“T =4 seconds.

MS (SI'v) = 4.636 x 105
SDEV (SI v) -9.582 x foz7 -

ANISOTROPY . o "

M=6 , ‘ 8

'\NR=4

T= 4 seconds ‘ ‘ _ ‘

* MIN -- DEC = 33232 INC 8531 R95-16 EV = 3363x105 SD =3.615x 10-7
INT--" - -33448 - -4.68 " 434 4,669 x 10-5 | 1.360 x 10-6
MAX-- = 6445 0.17 493, 4.802%10-5 3.639 x 10-7

S_IIE BLACK HORSE LAKE NORTH SIDE Transgresswe sandstone )

SU SQEPTIB!LITY
NRz=4

T= 4 seconds

MS (SIv)= 6 546 % 10-5
<SDEV (SIv) = 6.852x 10-7

: -A_NISQTRQP
- M=6
NR=4 - . : -
T T= =4 seconds S , y B S -

-



2’03*

MIN -- DEC = 43.81 INC=81.21 R95= 5.5 ‘EV=5.186x 10-5 SD= 6658x107

= 356.67 -
= 8733

6.00
6.39

INT -
MAX--

13.7
13.6

LI

6.557x 10-5.
6.779 x 10-5

+1.375 x 10-6
9.595 x 10-7

SITE: BLACK HORSE LAKE - NORTH SIDE - Transgressxve sandstone (3)

SQSQEPTIB!LITY .
NR=4 - . . e
' T = 4 seconds L
MS (SIv)=7971x10-5 .
SDEV (SIv) = 4.629 x 10-7

ANI
M=6
NR =4
. T =4%seconds '

MIN -- DEC = 75.37 INg 86.65 R9S =

INT -- =349.01 3 .0.24
MAX-- = 79.03 --3. 33

)TR PY

L]
v

/.
 SD=4.118x 10-7°

616x 10-5
002 x 10-5 4.384 x 10-7
257 x 10-5

5.347 x 10-7

: S_]IE BLACK HORSE LAKE NORTH SIDE - Transgresswe sandstone @)

SUSCEPT ILITY
‘NR=4

T =4 seconds

MS (SI v) = 5.688 x 105
SDEV (S1v) =8.273x10-7

_ANTS T PY

M =6

- NR =4 . ,
<T =4 seconds o Do

: MIN -- DEC = 284. 18 INC = -78.07 RIS = 7.

9:
INT -- : —33464 . : ‘ 42.1
MAX-- ='63.40 ﬁ . 440 -

E\?;

™
4.895x 10-5 SD =9.240 x 10-7
5.661 x 10-5 8.870 x 10-7
4 438 x 10-7

5.789 x 10-5

<

S]]‘_E BLACK HORSE LAKE NORTH SIDE - Transgresswe sandstone

'SUSCEPTIBILITY
NR=4 -
T =4 seconds

( [



Sy MS(SIv)=9.504x1
" SDEV (S1v)= 1.908 x

10-5
10-7
6)  MS(SIv)=1.019x 10- 4
0-7

. SDEV (SIv)=4817x1

() MS(SIv)=9.836x 10-5 °

SDEV (Sl v) = 3.662 x 10-T
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VII. APPENDIX 11

II: Flume data from sediment-fallout experimenis

oo

»

As aresult of the mterpreted importance of upper plane bed condltlons during the deposinon

of GUP lammauon this appendix has been included.

205



APPENDIX I : ELUME DATA FROM THE SEDIMENT FALLOUT EXPERIMENTS
The following tabulated data are‘ measurentents of the anisotropy of magnetic

“susceptiblity (AMS) and magneuc susceptibility {MS) denved from samples taken from -
flume runs made at Syracuse University from June to December 1986. The experiments
were run in order to gatn a better understandtng of the transmon between the Bouma "B" and
Bouma "C" divisions, in an attempt to explain the consrstent lack of i tntervemng large-scale
bedforms. The relevance of this pl'OjeCt with respect to the present study is in the fact that
turbidites are deposited from wanmg turbulent suspens:ons, typtcally found in ancientand
modern deep sea sedtmentary envrronments A surular waning turbulent condition has been
‘ used to explarn theongm of ' gently undulattng, parallel lamination (GUP larrunatron) the
predomtnant lithofacies maktng up the lower-shoreface deposmonal envrronment of the
Bootlegger Member. '

4

FLUME EXPERIMENTS; L /

’ Runs were carried out in a 9 metre x 54.5 cm flume (Fig, 1). Clear-water runs were

’ N
injtially carried out in order to assess the hydraulic nature of the sand used in the experiments

(¢50 = 2.05¢ 0.25 mm)).- The actual sediment runs involved the initial generation of an /

ethbrtum bedform, generaﬁlly taktng about an hour or more (length of time requtred 0
| estabhsh equilibrium is dtrect}y related to: (1) the sediment transport capabthty of the r/y
(2) response time of that particular bedforrn and (3) how umforrn the mmal bed surface and
. bed thickness was over thie length of the ﬂume at the begmntng of the run). Once
. equilibrium bedform conditions were ac-hreved sand was introduced into the ﬂow from
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overhead sand bins (which were ﬁlled prior to the ruﬁ Wlth sediment taken from the flume).

A sand flow was achreved by temporan]y liquifying the sand wnth water supplied from

overhead hoses (Fig. 2). The temporal length of the sediment mjecnon portion of each run

, depended on the volumetric rate of sediment sﬁpply, ranging from several minutes to less
than 2 minutes, bed aggradauon rate being drrectly related During sedtment mjecuon a v1deo

) ‘Iape was made in order to calculate bed accrenon rate and view the possible degradation of

) ,';pre exrstmg bedforms L |
‘ " Also dunng the sedunent pomon of each run certain va#xables charactensmg the

“nature of flurd ﬂow within the ﬂume were momtbred water depth (D) and volumetric

, dlscharge (Q) Thls was done in order to ensure that the "equﬂlbnum flow regime

deVeloged dunng the pre- sand feed portlon of each run was mamta.med‘dunng sediment

mchuon However, the hydrauhc grade line (HGL) one of the fluid variables describing thel '

open Channel flow, changed dramaucally dunng each sediment run.' This observation was a

drrectresult of the downstream thrckemng of the deposited sediment wedge which ultimately

reflecred downstream sedrment mansport. o B | |

| ‘ After each run was completed and the appropnate measurements made the ﬂume was |
dralned and the sedtment was allowed to sit overnight 15 order for the pore water to escap%

‘~ Slabs of sedrment were then extgacted (onented dovhn- flumc) and cemented wrth dxlute

' Woodworkers Glue (a Water-sol%ble glue; drlunon =151 (water: glue)). Slabs were.then
)_.placed ona flat surface and penodxcally subjected to more glue in-order to ensure total

r 1mpregnalon Eventually the slabs were allowed to dry and solidify. These were then cored :

and the cores mdlvrdually placed in the SI- 2 AMS mstrument for amsotropv nugne* i

suscepublhty and magnetrc_ susceptrblhty analysrs.
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(1) Lack of dune bedforms in turbidites is not a result of sediment fallout, BUT is due toa
grain size requirement for large-scale bedfbnn development. Therefore during the time
when dune-producing éo_n’ditions are present in most turbidity currents the available

sediment grain size population is incapable of producing large-scale (dunes) bedforms.

v

¥

(2) Plane {)‘ed,é,‘,ripples and dunes are stéb’le‘under reasonable sediment fallout rates, but
all can be elﬁ;ﬁn\ated with extremely high volumes of sediment fallput. The angle qf cli&b
of all these bedforms is a function of the tate. of sediment fallout ('or equivalent bed
accretion) (Fig: 3A, 3B). | '

B} b
-

k (3) With increasing rate of sediment falloyt plane-bebd lamination becomes increasingly

diffuse, until a limit is reached at which a massive bed is developed (Fig. 4A, 4B, 4C).

(4) The development of planerbed lamination in a mixed sedimeit population is the result of
downstream-migrating millimetre-high bedforms, which under the effect of sediment
fallout are forced to climb and conse(lqi:emlydevelop fuﬁng-_upwa‘rd., climbing paraliel

bands (Fig. 5).

(5) Wuh mcreasmg flow regime, but always within the upper plane-bed stabxhty field, the
development of planar lamination i improves for a given sedlment feed rate.
\
/ (6) Always within upper-plane-bed field the imbrication of sand grains:_

(a) increases with increasing sediment feed

L.
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(b) shows a poorly defined increase with flow regime under‘a,giveh se;liment feed
rate. | |
d
(7') With increasing late of sedilﬁént' fallout bed accretion is moré rapid‘ at all plane-bed _
. conditions. However, for a given 'sediment feed rate, bed accretion is inversely related 10

ﬂow Nelocxry (although always within the upper-plane-bed ﬁeld)



. NOTE: Far e of e bl -
APPENDIX T (B). - - 1

(1) number of sample orientations (M) is 6 x\‘ -
(2) nhmber of repeated measurements (NR) is

(3) 00 - 3600 is the refgrencc direction and is always taken as the down-flume direction”

- o :
4

RUNI7

NORE N

' .. - & ’ :
MIN -- DEC= 54.18 INC=78.72 R95=0.4 "'EV =1.349x 10-3 SD =2.483 x 10-7

INT - =293.08%, 589 43 1.496 x 10-3 1.712 x 10-7
MAX- = 22.00 - -9.58 . 43 1.516 x 10-3 9.913 x 10-7
(2)

<Y e w
MIN - DEC= 11.17 INC=76.65 R95=0.7 EV =1.270x 10-3 SD =4.448 x 10-7
INT -- =27189 - 219 1.1 1375x 10-3 - 3.465 x 10-7
MAX-- = 1.38 -13.15 1.1 1418 x {0-3 8.845x10.7°
(3) : ’ . , v

)/MlN'-- DEC = '0.56 INC=7648 R95=0.5 EV = 1.586 x 10-3 'SD = 1.733 x 10-7
INT -- =27441 052 0.8 1714x 103 6113 x'10-7
MAX--  =358.26 1315 0 07 1.771x 10-3 8.520'x 10-7
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RUN 19
(1

MIN -- DEC = 346.25 ING=77.70 R95 = 08 EV=1324x10-3 SD= 1158 x 10-7

INT -- =272.76 -3.54 1.6 . 1.398 x 10-3 + 1.775x 10-7
MAX -- = 350- | -11.75 1.6 1.452x 10-3 7.764 x 10-6
(2) .

MIN -- DEC =340.18 INC=70.14 R95=0.6 EV:—- 1.255x 10-3 SD=2916 x 10-7 "

INT -~ =6905" -0.43 33 1.332% 10-3 5.226 x 10-7
MAX - =33887 -19.85 3.4 1.357 x 10-3 1,107 x 10-6°
(3)

- MIN --DEC =327.42 INC=7845 R95=0.8 EV =1.213x 10-3 SD'=3.571 x 10-7

INT.-- = 8651 567 09 267x103  4.023x 10-7
‘MAX - =35751 -10.02 0.2 1.310x 10-3 1.000 x 10-6
(4)

MIN -- DEC = 1440 INC = 77.01 R9S=1.6 EV = 1.402x 10-3 SD=2712x 10-7¢

INT-- . =7955  -553 2.2 1500 X103 - 7.108x 10-7
MAX -  =34840 1170 b1 1.537x 10-3 1.048 x 10-7
(5) -

L)

~ MIN--: DEC'=340.18 INC=77.93 R95=09 EV=1.196x 10-3 SD=1.197 x 10-7
INT -- = 8491, 31 2.1 1:200% 10-3 | 7.327x 10-7
MAX - =355.55 -11.64 19 1318 x 10-3 1.409 x 10-6

i

— e
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MIN -- DEC = 16,52 INC=76.55 R95=0.6 EV = 1.443x 10-3 SD=4.171x 10-7

INT - =271.02 3.66 0.6 1.516 x 10-3 3.155 x 10-8
N MAX-- = 018 -12.92 04  1.557x10-3 5629 x 10-7
RUN 20 \
¢ \

(1)

MIN --DEC= 352 INC=70.78 R95=0.6 EV=1657x1Q-3 SD=4.522x 10-7

INT -- =270.68 . 0.51 1.4 1.758 x 103 © 4985 x 10-7
MAX - = 035 -19.19 1.4 1.817x10-37‘ 5.043 x 10-7
b ¥

(2)

MIN -- DEC = 352.16 .INC = 73.44 'R95=0.5 EV'=1934x10-3 SD=6325x 107

INT-- = 83.83 Tosh 1 2.080 x 10-3 5.300 x 10-7
¥ MAX- - =35400 - 1654 1.1 2.133 x 10-3 1.210 x 10-6
(3)

] o r ; o
MIN -- DEC =339.74 INC=-77.48 R95=06 EV=1536x 10-3 SD=4.062x 10-7

) INT -- =289.41. 8.06 1.1 . 1.650 x 10-3 1.410x 10-6
MAX -- = 20.77 = . - 9.50 1.1 1.686 x 10-3 1.008 x 10-6
(4)

MIN -- DEC= 151 INC=-76.75 R95=08 EV=1.574x10.3 SD= 2.292 x 10-7
INT -- = 89.09 0.25 06 1.671 x 10-3 4.983x10-7
« MAX- - =35898 . 1324 0.5  1.707 x 10-3 6.982 x 10-7

o



(5)

!

MIN -- DEC = 352.48’ INC=73.21 R95=05 EV= 1.477 x 10-3 SD = 5.056 x 10-7

INT -- .= 8589,
MAX --  =356.20
RUN21

!

(1)

-16.75 -

1.03

-+

0.6
0.4

MIN -- DEC = 337.07 INC=7186 R95=04

INT -- =272.57
MAX -- = 3.17
(2)

:1.80
-18.08

1.0
18

¥
EV=1.778 X 10-3 SD = ].146 X 10-6

v

1.560 x 10-3
1.611 x 10-3

3

1.925 X 10-3
1.983 X 10-3

[

e -

Y

4.854x 10-7
3.952 x 10-7

2.414 X 10-7
3.459 X 10-7

MIN --DEC = 6.14 INC=175.83 R9{5=0.-2"EV=1.642X,10-3 SD=4.514x 10-7

INT -- . 7837

MAX -- 347.31
o .

3

!

-4.40

- -13.43

1.0
1.0

1.765 x 103~
1.824 x 10-3

9.423 x 10-7
6.240 x 10-7

-~

MIN -- DEC = 359.23 INC=72.75 R95=07 EV=1522x10-3 SD2214x 10-7

INT -- ° - 284.40
MAX --

AN
RUN23 '
(D

-4.63

1579 &t -16.57

0.5
- 0.5

"1.622 x 10-3
7 1.682 x 10-3

9.095 x 10-7

6.685x10-7

. MIN--DEC= 6.74 INC=76.97 R95=0.8 EV =1.602x10-3- SD=2.303x10-7

N\,
N

?

\
N

i

\
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LOINT- o 8800 . 206 15 - 1699x10-9 ‘. 1878x 10-7
COMAX- 35752 . 1285 14 1736 %,1083 . 4.572x 107

, MIN-—DEC 132,79 INC = 77.20 R95=07. EV=1507x10-3 SD= 5647 107
© INT-- 27378 679 09 l,-1567x103 6526107
COMAX = ' 507 1086 08 . .1.651\x10-§3 U 5324x10-7
a "'(3)_  | - |

MIN--DEC— 17.61 INC 69.46 R95 02 EV—1722x103 SD 3080x107
»-JNT-w C8907 679, 04 1837x103 - . 6.121x 10- Ta b
MAX - 356.66 4-19.27_ _' 0.4 1.884%10-3 4”12x107 -‘.i,;,‘

RUN 24
o ;,1;"
H'.'I\?l"IN--DEC— 076 INC=7830 R95=06 EV=1420x103 SD=5937x 107

CANT-T /8174095 13 1491 x103 | 2411x 107
COMAX - 35742 -imeT 12 1552x103 . 1616x10-7

> . ' . Ly

\1IN--DEC- 3896 INC = 7431 R95 0” EV-1889x103 SD= 6534x107‘

©INPe- oy 283490 688 ° . 02 1997x 103 4866 % 107

CMAX - 117§ 1402 '_ _0.3 o 2076x103 1622 10-7 -

(3)"? ) j w
MIN-DEC= 051 INC=74.10 R9S= 21 EV=1525x 10-3° SB 2759 X710-7

INT--. 27284 069 20  1607x103" ° 2655x10-7
OMAX - 3041587 07 . 1648x103 - 8019x10-7



)

»
®

¢

L 4

215+

MIN --DEC 336.57 INC 67.56 R95—l3 EV—1281x10}kSD-1114\107

- MAX - 348.53

- -13.92

11723

2.1

1.8

1.338 x 10- 3
1378 x 10-3

3.999 x 10-7
3611 x 10-8

. . .
| . o

INC=75.11 R95=10 EV=1137x10-3 SD=5309x 10-7
1.0 - ‘

INT-- 28348
MAX -~ 17.89

(5) Fhl &

“ MIN -- DEC = 348.99
INT-- 8279
MAX -- 353.06
(6)
N DECL 4% Ve
INT- 7985

1.02
-14:85 -

0.9

-1.171x 10-3

1,229 % 10-3

1739 x 10-7
4:522x 10-7

11695 R95=08 EV=1534x10-3 SD=9.867x10-7 .

-4.45
1642

1.2

10

1.610 x 10-3

1:651 x 10-3

1182 x10-6
6.856 x 10-7 "



TABLE VII-1: Summary table of hy&fodynmhic conditions during specific )

a upper-plane-bed sediment-fallout flume experiments.

~



RUNNO.

17

19

where, Q= disébarge (vblume/ unit tirhe) ~

BED STATE

3\

Plane bed -

Plane bed

Plane Bed
Plane Bed

Plane Bed

~ Plane Bed

‘Q (cm3/5s)
| ‘80000
68000
36000

54000

67500

68000

.

o= bottom shear stress (force / area) .

D = water depth (1e‘ngth)‘

oasd U -

1o (dynes / em?) |

8076

48.61
83.11 .

43.54

50.59

44.29

2
E
1

17

D (cnﬂ
2 .

¢

1554

o
15.99
16.95
13.06

T4

S 16013
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'l"ABLb; VII-2: Grain-imbrication data from specific uppér—plane-bed flume runs. -

Imbri(.:ation'-'was analysed by using anisotropy of magnetic susceptibility.



A .

" RUN ~ CORENO. |  AXIAL ORIENTATION OF ABPLANE AVERAGE PLUNGE
B ' TREND . PLUNGE . |

. §

234.18 4 11.28 . .

so0 U 9LI8 1335 1333
. 18056 13s2. (max = 15.18)

200.41 1518 ' SR

17

R W N -

19 166.25 1230 \
160.18 19.86 - .
147,48 11.55 ' . 13.70
194.40 12.99 T (max = 19869
160.18 12,07 - C
196.52 - 13.45

AL B W N

1 183.52 19.22 ,
2 17216 . 16.56
3 S 15974 12.52
4 | 178.49 o 13.25
5

17248 . 1679 (mix = 19.22) .

[\& / 18111 1693
q" . ;7. ' ) . X .

- 163.19 1150

1 1 s x‘r

2 , 186.14 1417, Cos3T
300 1923 U 725 T (max=18.14)
4 20643 1 TT1269- -

o
»

i 18694 13.03

2 : 15279 14.17- o o ‘
3 YoL19761 2084 . L. 1S
4 W 17446 1585 L (mgx=2054)
5 16319 . . 1632 ‘ | |

-
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180.76 - 1770

24 1
( "2 21896 1569 -
3 180.51 . 15.90 - 17.28
: 4 15657 - 2244 A (max =22.44)
5 168.99 - 4 89 ' "
6

18455, 1705

- where axial on'entatiori of the AB plane repi-esents the trend and plunge of: the lineament

dehneatmg the maximum strike and dip of the plane containing the maximum (MAX)

“and intermediate (INT) suscephblhty axes '

.Average Plunge = the ayerage plunge of this lineament which is ALWAYS 1mbncated |
upstream :

\ ' »‘
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TABLE VII-3: Summary table of bed accretion rate during specific upper-plane-bed

sediment-fallout runs..
N ;



VA R 222

.,
St

RUNNO.:. HOLESIZE(in) U(em/s) - TIMEAVERAGE RUNNING  Fr

(dA /dt) - dA/dy

17 75 . 149 osg b
. " '. “' )“‘ .
19 5732 73 \ - 253 283 0.58
20 . sp .86 278 3
21 : 5132 ZN 253 - 31
23 318 ;78 37 e

£ R 2 4.05 43

24 *3/18

where hole size = the size of holes in the bottom of the sedunem feed boxes (a dxameter in mLhe\ )
‘ U= average flow velocity | '
- dA/dt= accreuon rate / minute (measured in cm / min) !
" Time averaged assummg constant accret10n over the time of the sedlmem_feed
- (thickness / timey ; o .
Running " = incremental thlckness / minute (measured from the v1deo tape) '
Fr = Froude Number{Fr = SQR (U / gD)) (dimensionless)

4
:
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' FIGURE VII-1: Recirculating flume at Syracuse University (9 m x 54.5 cm).

SN

Q) N : *
.

FIGURE VII-2: Sediment .fallé)ut during experimental runs.

¥ —_—






FIGURE VII-3(A):' Wide-angle view at ihe completion of a dune bedform run (Run 22).
s _ a '

FIGURE VII-3(B): Close-up of climbing dunes from Run 22.
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FIGURE VII-4(A): Plane bed run - RUN 17: (dA/dt = 1.49 cm/s).

v

~

o

)
{
!

FIGURE VII-4(C): Plane bed run - RUN 24: (dA/dt = 4.3 cmys). -






 'FIGURE VII-S5: Development of climbing parallel bands as a result of climbing |
r"lmillimetre"-he,igglt bedforms formed under upper-plane-bed conditions.

;






VIII. APPENDIX Iif

. HI: Structural geology of the Bootegger Member

-
~



APPENDIX I W‘MME&MEMB_E&
.« The Bootlcgger Membcr, the uppermost of four members makmg up the Blackleut
e Formauon outcrops near the city of Great Falls and within the Sweetgrass HlllS of -
: AA north-central Montana (Fig. ). Structure of Bootlegger strata in these two areas is dlStlm[l\
drfferent, bemg approxtmately flat- ly1ng throughour most of the Great Falls study area
, whcreas being folded and stceply dlppmg in the Sweetgrass Hills.

‘Near Great Falls the dommant structural feature is the southem elerq;nt of the }

‘ ancestral Sweetgrass Arch: the South Arch (Frg 2) This feature whrch is located
immediately southwe§t of the study area isa vegy broad anuform oriented approxxmatel\
north northwest south southeast dipping gently toward the northwest. Dlps on its limbs are
<10 (toward the northeas.tkl’n most of the study area), résulting in its lumtcd affect on the

: onentanon of Bootleéger sstrata. Flat lymg strata in the Great Falls areg are also a
" consequence of bemg located east of the Cordtlleran Fold and Thrust Belt (Fig. 2).

"In the area near Belt, Montana (thhrmlﬁe Great Falls study area) and within the
Sweetgrass Hxlls strata do although show structural dip, pamcularly mﬁe latter, where dips -
reach 42° from the horizontal. Development of structural dip is not assocrated wrth

deformatton related 0 the Cordtlleran Fold and Thrust Belt or the Sweetgrass Arch but to
. the.cmdlacemem of post-dep051t10nal (i.e. post Bootlegger) Temary intrusions. The effeet of
. “thes,e intrusions are typically 'localised, butin the, case of the Sweetgrass Hills'and Belt Butte .
illustrates their effective dommg of the overlymg strata ’ |
The Belt Butte named for a "belt" of basal Boot}egger sandstone surroundmg the
’ butte, rises anomalously high around thc surroundmg area (Fig. 3). On the butte 1tself strati ;

- are approxunately honzontal but on 1ts tmmedrate northeast srde strata drp steeply to the

232
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horizontal str?ta on the bultte from. those dipping steeply»on‘lts east side. Also associated -
. with'the dipping stmta on the east slope is an inferred local syncline axis. However, ;ecent "
- regional mapping by Vuke Foster and.others (person. comm 1987) have mdicated that lhl\ ‘
syncline may part of a large, approximately 1.2 km wide, circular depression.’ Strata east _
and northeast of Belt Bgné dip at about 5° - 10° toward the notheast, "alth_ough dips ‘de'creusye | .
- with djstance nonheast from rbe,butte‘ Strata are abruptly truncated along the western edge |
of the.Tertiary Highwood Mountams Struetural features in the area of the Belt Bune are
most likely the/result of verncal uplift assocxated w1th a Teruary intrusion (Fig 5) althou«'h
) the. depression may reflect subsidence due'to the loss of magma at depth |
Sections at Mt. Lebanon the easternmost peak of the Sweetgrass Hills (Fig. 6), are
exposed in a river valley incised into thc axis of a north plunging anticline. Exposed in this
valley as well as the Bootlegger Member are the other members of the Blackleaf Formation
" plus a pomon of the uppermost Kootenai Formatmn Similar to the scenario developed for
Belt Butte, structural development at Lhe Mt LebanOn secuon and actually the’ ultimate :

creator of’ the,Swectgrass Hills is related to uplift by Tertiary i 1ntmsxons.



"

FIGURE VIII-1: Location map of the Sweetgrass Hills and Great Falls in north-central
’ ¥

Montana. K ' o - B
o F
% o
~ ~ D
FIGURE VIII-2._ e constituent elements ¢f the Sweetgrass Arch in north-central

l' Montana (Kevin-Sunb' st D'o‘ and South Arch) plué the southem
‘ ’portion of the Bor sland Arch'of south-central Alberta. -

D






FIGURE VIII-3; Di'a{;'rammatic of the bedding orientations on the (mrtheast slope of Belt

e

Butte.
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FIGURE VIII-4: Photo of the western 'slope of Belt Butte. Lower arrow points to the
"belt" of basal Bootlegger strata (5 m thick) , while the upper arrow

points to the Arrow Creek Bentonite (11 m thick).
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FIGURE VIII-5: Diagrammatic sketch of the structure developéd on the no

~ Belt Butte. o N O
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FIGURE VIII-6: Location of Mt Lebanon on the east side of East Butte within the
| . - Sweetgrass Hills . o s S x

o
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k. apPRNDIX v

Iv: Measured palacoéurre_nt data’frpm both the Great Falls and Mt. Lebanon study areas .



APPENDIX IV: ME2

. The following appendix is a tabul_ation of all measured ‘paIaeocurrent data from all stud'y.

areas. . |
e \ : ’ “

. ALLDATAIS LINE‘OCE DIRECFION DATA (.E. ALL DATAS DESCRIBED BY THE

TREND AND PLUNGE OF A LINE) IN ’IHE CASE OF PLANAR DATA (. E THOSF

DESCRIBED BY STRIKE AND DIP OF A PLANAR SURFACE) TI-IIS LINE

REPRESENTS THE L[NEAMENT WHICH MARKS OUT THE MAXIMUM DIP OF

THE PLANE CONTAINING THE CROSS BED, SURFACE ETC)).

Unless otherWise stated data rcpresents-truc sense of direction palaeocurrent diréctions. In

the case of coset measured data the true palaeoctprent dtrectron can only be jUStﬁCd in a

: vhemrsphertcal sense.
- Tabulatéd data from;study areas exhibiti‘ng structural dip represe'nt's un_g&_d data. Only

measurements obtamed from the Swectgrass Htlls study area have becn rotated. At all othL ,,,,,,

study locatlons (i.e.in the Great Falls study area) structural dip is always Iess than 5° 80

. (typrcally toward the northeast) andmcause of the shallow- de mcasured palacoCurrent o

_drrecuons have not been rotatcd Rotatlon of Sweetgrass I-Itlls dat‘a was ac'comphshed using *. L

the rotatmg program "STEREO" written, for a Macmtosh Plus computer systcm. This .
! :

. program only produces a ﬁnal stcrconet reprcsentanon of fhe rotatcd data, but unfonunatel\ .
\v.

does not provide*an addﬂr_trona"l hsgpg of __cach rotated datum:
. ' o I tww‘ . R B

were obtained: ‘ L S e




ARIAY |LOCATION NO. LOCATION NAME
Gordon. ' Piwy e
THY . H HIHTWlH L
Jo UiaPrie
Boclegger Ny
. Bscupmant ] nmumuomwsmﬂm
Coer 5 HuswiRl
Hihvood § Dealowt Couke
1 Inbia Coukt
FowCoren |- P [ewnepd
§ | BySoqet Rueh
10 Ofe Hil
Bt 18 WivCaek Ruch -
12 [ Lats DiRCreek
[} Mthe
i
. ‘ R 7
1
+GORDYN

al study locationsn the Great Falls study trea from -

,‘7

ent information was obtainéd. - - -

km

P

------

~~~~~

Belt Creek

Highwood Croek

North Willow Croek
Willow Creek

Little Belt Creek



Measured Palaéocurrent Data From Bootlegger Member Strata



~ R

G

A 248
® AREA:TAn‘mLL

LOCATION: ULM PISHKUN -
STRIKE AND DIP: Homzom,;\t

i 2

JNOR W =

N
78/26:112/20 138/23 124/14 63/17 47/20
167/22 115/23 ‘

, 313726 247/22 265/18

125 (flutes)
115/15 41/12.149/26 13126
145/18 115/10 _

2 185/24 127/ 16
325712

318/17 , S

. 300/ 10
' 299 /26

328 /17

310714 130/18

: ¥22 /15

. 125/26 o o
98/20 136/11 135/12 , | o

50/27 60/25 . L ;
306 /13 - T .
127/16

.124/10 108/19

51/21 119/15
123/21

258719 129/12 105/22 103/13 140/11 50/10 141/5§
-128/1r  ».

113/18 90/16 135/13 152/18 131/18 50/7. 147 /10 80/
318/22

112/12 20/24

145 (flutes)

125/15 117/8 .130/17 255/22 o
117/31 135718 - L
118/17.107/31 - A : |

1 129/27 153/20

@

123/14 89/22

128 (flutes) ‘
130/20 120/15
120/15

"304 307 302.314 308 340 307 (ripple trends)

325/25 326/22 312720 316/24 318/23

125/35 . ' ,
86/20 95/16 93/21
121723 118/22 100/17 37/22 104 /23 110/12 80/18

1 96/20 126/26. 103/23

' "0/17 322/13 112717

104 417 108/24 105/15 99/11 '



- 75
76
78

132727, 123/

B o

285/16 137/26 260/20 265/ 15
156715 144/15

126/ 18

302/25 325/25

310/11 .

323/17

108/ 18 ,79/17

'294/19 50/13

141410 148/17 155/23 102/21
95/18 120/28 130/ 18

T111/13 92727 98/26 92/12; 111/13

260/12 230/28
300/25 287/27

109/32 .112/16

'112/16 121/25 105/20- 118/ 15 '
30/16

95 /15 123/15

hg45/26 117/17 83/13

 06/26 114/14

11579 105/13 122/8

116/ 18 82/28 63 /21 142/28
291/15"

107 /22

105/13:

1322/23 122/13

82/26

49726 .

130717 160/ 110/15 123/ 12
101 /18  66/28 -

339/16 323#?3 . . :

11/17 | ,

85/17 103/24 :

54/23 °

131/16 90/26 105/27 66/17

148/15 76/8

143 (flutes)

1257305 133/313 (grooves)

70/16 105/9

- 77/20

93/13 107/29. - o

- 338/16

135 (flutes)

324712 ‘119720 120/18 . :
133/20 87/15 125/11 147/16 83 27

319/17 313/16 307711 330/27 i
315 ) 1%%‘; i
280/23 C (P
325719 378/16 R §§"
312/16 R

95/13.. 101/15 140/14

249



. 250

70/16 100/14 122/20

95/11 67/15

101/12 121/19 127/14 128/17

90/13 103/18 98/10

105/18 70/24 50/25 '
120/ 15.:95./21 150/25 155/16 103/31 105/26
131/15 '115/26 144/15 .

107/20 115/23

84/26-77/11 115/10.116/17 109/17 105/26
90/23:85/21 100/18 63/15 65/18 100/18

52/12%

117/20 75/23

72/13 100/18 100/28 108/18

110/ 14 103/20 :

90/22 ' - S
90/33 S
112/ 34 100/22 133728 108/26, 120/29 ‘
85/22

.. 95/18 105/20 105/ 19

104/ 16 5
130/ 32 :

153/15 151/20

162/19 161/23 -

279/21 267/20 258/22 263/ 16

128/7 97/23 88/19 | . ‘
141/ 19 :
75/12 75/11 68/18 84/24 120/15 94/28 90/21 85/31

5321/15 320/27

172/ 352 (symmertric ripples)
120/21 146/17
332/19 323/20

1138/318(gunchan) ' L

132 (flute)

95/15 112717

112/19
143 (flutes)
100/12°
298/20 306 /22
117/15.

" 148 (ﬂutes)

303710, 312/23 309/27 312/26
122/28 128/21

1257 14

128 (flutes). |

118/18 108/8 =

298/18° 285/20 - - |

290/23



10

11

12

13

14

119/10 90/20
290/33 317/20

307/28 291/31 294,21 (back- ﬂow ripples)

121/301 (groove)
73/12 110/ 17

©258/12

111/16 102/ 22
107/13

75711 84/10 73/2,
293/16 320/ 22 301/17 302/22

97/10°93/13"

63/11 105714 77/16 62/24 70/ 16

746 135 75 /81;115
270/25 27 "289/27
93/23 105/16 /
72/15.83/23 97/17 .
90/22 ‘108/24. 78/21 "

t 30/10 108/20
. 108/22

&

102/10 94/22,
345 /25 6 ¥

344722

168 (flutes)

310/17 : .
120/16. 117/ 15 122'/10
142/24%116/ 15 1

116721 98/17 126723

128728 125/15 1@0/20

275/17 296/ 16
247/12 285/ 18 282/25
92/25 82720

315/21 294/22 294,22 341/26

160 / 340 (symmetric Tipples) -

243/32 254/17 263,20
309/25 306/22 314/18

'299/15
- 343/22

28/208" (symmcmc rip les)

. 126 /306 (symmetric npples)

293/27 310/ 11~
299/18 . -

303 323 330 (tipple grends)

15/1g 103,23 -

t

AY

¢ - !

(

297720 291/ 14 219/ 16 299/24

Tk

251 -



PARTING LINEATION: Section 1:

COSET MEASUREMENTS:
SE g BED MEASURED PALA RR
75 322/35 312/24 320/26 313/25 312/16
83  327/22 330/20 333/19 366/25
5 55 328/23 335/28 323718 302/25 347/26
325727 342/17 34420 -
76 328/31 322/24 324/22 33128 333/26
| 322/22 330/20 323/28 -
8 1 '320/28 317/17 320/24 323722 294/ 11
' 172/ 352 (symmetric ripples)
8(a) 330/12-342/18 329/20 326/18
8(b) 345/19 343/25 347/29 329/19 347/26
ST 336/19 348/21 341726 340/22 338720
14 142712 142718 130717 .145 67132/ 10
21 334716 338/13 335/10 334,21 339/23
9 2 67/8 49/10 25/17 35/5 55/7
70() 320718 311/15 294/17 298 /17
~700) 330721 314/18 311/21 314/18
1029 323714 299/20° 30478 - |
119, 299/26 324/24 333 2 316/15 290/ 13
14 55/14 115/17 102 /%

v

| 138/318

Section 2:

252

119/299 116/ 6 131/ 311 130/310 138/‘%18
: 5/315
s Section : _ :

131/31

Section 6: ' .
' 110/"290 104/284

Section 9:

158/338 144/ 324 134/ 314 133/313 1497329

157/ 337 148/328 136/ 316

Section 14: °
130/ 310

Miss;ile Tower Section 3:
. 1607340 166/ 346

37/22 15719

318/28

323/23

346/ 25

325/ 16

342725
125/12

332/25

327 /32

321 /30

342 /13

350 /20
156720



I T St
o ~‘,_‘\, N ».g wl

. [ ‘ ".‘, ...fh DY ‘x \
A ‘ BN - : S g“ ?53 ‘
15 301/15 288/17 314/25 283/17 268/ 19 254/20 258/1§
16 110/13 128/20 123/25 112/22 -§w:*~
18 313/20 312/22 310/26 "302/25 306/21 300/2‘2 308
. 299/20 303/10 288/13 311/23 302/8
20 298/22 303/25 291/31 299/17 296/ 23 317/26 303/19

.21 294/19 326422 306/26 306/30
24 134/18 123/22 137/21

134 118/20 142/18 137/21 122/21 127/13 -
35 295/17 304/24 324/26 308/24 315/22 324/22

13 7 328/16 331/15 314/20 336/14 329/22
~ 10 324/22 313/17 316/18 317/16 329/ 14
12 ° 342/26 316/28 317/28 323/22 :
- 14 256/712 244/17 258/17 256/ 18

15 309/19 325/15 ,

24 324/26 325/%8 331/25 ‘ 4

47 15/22 30/26 28/28 24/23 25/32 o

-0  305/23 311/21 327/22 322/23 308/ 18

A

AREA: TAFTHILL .

LOCATION: MISSILE TOWER SECTIONS
STRIKE AND DIP: HORIZONTAL

_S_EQ, BE_Q MEASURED PALAEOCURRENT DIRECTIONS , '
(a) 350/23 335/19. 347/28 352/17 351/22
(b) 349/20 356/21 345/20 352/23 52/13: 62/12 42/8
’ 342/18 338/17.344/21 338/15 339/17 *
(©) 350/17 11/24 331/ 17 343/22 25/13 339/22 }43/20
(d) - 348/18 350716 0/13 353/13 349/15
11 340/21 355/17 345/23 340730 349/20

4 338/18 335/19.6/20 35/20 340/22 3720 355/21
347/20 355/15

5 3/14.50/23 18/18 15/20 51/25 27/18 52/28 50/23
56 /31 : :

3 357/17 42/18 20/21 8/21 0/26 1/18 11/20 .
6 162/137169/15. 168/14 148/ 11 147/8 153/9 15‘8/15 )
A 7 140/23 154/22 148/23 155/23 155/17

10 33/13 27/17 36/22 56/17 33/25 355/15 39/11 40/19

. . 41/14 27/24 38/14 37/17 <

W2 45/18 42/19 45/14-44/15

15 57/26 58718 54/27 64/30 55/22 8/70
! 22 22/26 328/20 17/20.352/18 37/12 3/17 55/15

. 46/15 35/26 "50/31 58/28 17/27° 15/23 38/28 .

: 38/27 23727 36/26 .
o 24(a) 312/26 308/20 304/22 .306/25 308/26 345/17 327/70
‘ 12/21 28/12 15/22 ,
(b) 34/22 33/21 347/16 49/19 39/13 40/16 30722 T

'

[89)



254
8. v
© w523 2726 50 47/18
(d) 43/23 56727 48/32 53/30 347 /21 60/21 64/77
52/21 52/22 3/22. .
©(e) 353/21 340/22 357/25 6/24 13/23 350/i8 335/24
& (D -162/8 216/17 184/16 212/18 233/9 208/15 195/12
(g8) 43/25 27/30 22/20 27/19 43/18 40/18
o . (h) 45/17 28/24 40/22 66/17 39/25 a
. () 19/20 35/29 22/23 18/22 8/28 /23 34/18 17/24
: 10/24 22/25 29/25 '
G). 160727 153719 134/28 147/22 147/16 . .
(k) 20/18 52/32 57/23 23/22 17/20 68/26 8/21 45/26
() 215/18 225/10 239/18 190/9 169/10 163/ 18
(m) 350/20 350/25 342/28 338/20 347/15 332/21 355/17
(n) 169/27 153/19 154/21 141/28 14413 150/26 143727 .
159/ 18

A'REA: CARTER, MONTANA . '

. LGCATION: MISSOURIRIVER
STRIKE AND DIP 143/10 NE , .
s. c,“ MEASURED PALAEOCURRENT DATA
Ty 1 - 198/14 206/9 -220/16
;’f’ e :‘” -5 216/10 198/26 253/15 176/ 22
i 6 196/ 16

13 200/12 195/10
16 - 196/18 .
L 24 180722 .,
. 29 - 166/%’2
" 34 200/18
4 0S50/ 17 |
=72 1. U210/6 1947141 236/ 20 229/ 16 ‘,!;
L 2. 224720 170/8 o w
. 7. - 480/22 : | .
100 4210716 |
Lo 42 U85/17 120710 115722 ,
3 114/20° 115/34 99/24 150/22 103427 108/37

. o .

AREA: HIGHWOOD, MONTANA

’ LOCATION DEADMAN COULEE
, 'STRIKE AND DIP: HORIZONTAL

206/12.124/10 l98/l9§ 165/ 10 154/17
6 236/12 252/11 250/6 236/18
7 254/16 108/10 266/ 13 '

Pt
P

-



Ty .

LOCATION INDI/ NCOULEB S
STRIKE AND DIP$ ORIZONTAL .

 LOCATION: N

| STRIKE AND DI

: SELL B_EQ
Lower ™

. Secuon '

. prper- |
‘ Sg-,ction‘

1

2
.3
4

5
;'ll

- LOCATION: JOLLY ROGER RANCH T

- 144 /;1'2'- ‘

k‘ : . ! ;“ M

o N AREA FOUR CORNERS MONTANA
THWILLOW CREEK

144/SNE R
E DPALAE RENT DATA
14726, TR

Cayn /8 28/5 .
(5116 1579

"145/&
B TEY]
o 130/9 = \

73/14 o ,,
.-.).“.

STRII\E AND DIP HORIZONTAL

sg BED
- Upper 1~
‘ §¢g_tibn 2

MEASQBED PALAEOQQRRENT DATA

163/12 155/14 14678 118/16 183/12 199/12
| 146/10‘ 163/10 169712 172/12 185/ 11

AREA BELT MONTANA _

LOCATION GILLETTE HILL
STRIKE AND DIP 45 / 4 NE

EASLBED/PALAF'QCI ERENT DA’I’A

SE g BED
1 - 125/12.0/10
10 104/8 o
LOCATION WILLOW CREEK T ,-:3/. ‘
STRIKE AND DIP: 46/6NE
z- 6 163/20 AR )
ST 56/23. R N
e 64/19 | |
S b

P T
. )\' .

255



LOCATION: LITTLE BELT CREEK

‘JSTRIKE AND IP: 60 /7 NE*
| QAD SIDE sE(,mQN' B
SEC. BED -/°  MEA
Y

EPAE

(3

ENT

. 256 .

170/18 175/6 156/11 180/16 147/10 65/73 100/17
-103/17 167/11 150/17 150/18 161720 135/15 1”7/16
137/13 146/19 153715
2 162/13 155/13 248/1] 162 /16 158/13 80/19 174/17

115/23 183/9 72/11 75/16

4 153 /8
9. 271/22

10 113 /11 157/13

2 300/11 "

WAVY.-L"RA SEC N'”

. . Fi .
23 30/230 (symmctnc ripples)
R U - 172720
-5, " 175/20
o 6e 185/26

LOCATION BELT BU'ITE ‘

STRIKE AND DIP: HORIZONTAL | ;
BASAL BOOTLEQKQER - the belt around Bclt Butte

SEC BED S
al'?

Eye
e
*
3“)

ST ?310’/\2”

" 1/22 355 / 17 (trough cosets)
0/180- (symmemc npples) '

.t 16 187/16
200 285722

21 - -310/19 (trough cosct) .
22+ 3/183 (syrnmemc rxpples)

26.. 283410 -
27 - 65/10.

. 30 . 28\f// 13. (trough coset)

DA 1 254717 24678 114/10 50/2‘6" 08
en < 97/12 177/20 30718 199/10 1‘*7

C ey

;v“.
L e

g L
Lo P

o

100/ 10 176J5

48 160/ 15 17}/16
_‘:/7 97/11 16@'14 160/13 174m 181/"8



' B -7

magmgu ;he ﬁsh scale a,ndammomte bcds‘ . T
13 150/17 110/20 205/11 13577 135/10 183/11 62/9
. . 150/8''166/5 176/15°205/15 150/11 202/5 175/8
-173/17 32/10 70/18 45/14° -
" AREA: BOOTLEGGER ESCARPMENT )
~ MCAT{ON BLACKHORSELAKEFLAT S -
: STRIKE AND DIP: HORIZONTAL. : S

{

SEQ B.E_‘ | ‘ ED PALAE RENT DATA

245/17 190/14 250/ 24. 241/28 167/12 244/1.5 179710 1

235/16-228/23 .
250/24 203/18 200/26

2
20 4 246/9 250/13 253/8
: 7 1937273 - (symmetric npples) :
€ o ©o112/292
T 109/289 L
: | -@'- .
‘ i 11 7191 (symmetnc npples) :
a - 36/ 213 (symmemcnpples) ‘ R

R CN R

1

5 2 129/309 (symmemc npples)g(t
» 1207300 '

4 178/30 180/33 148/77 193/32 167/29 175/24 700/77

. . . IS . . .
e K%

 SEC. BED ° MEASUREDP PALA@Q;BRENTDATA IR
I T 233714 238/21 238/24 195/23, 153/23 154/23 1<0/°>

e 28/

W 215718 "235/20 237/21 243/ 26 24319 176/13 240720 ¢

- .240/27 206/15 223/27\ 158/15 232/15 216 /13" 146/13"
- 222/17 170/12 A %
0 215027 , IR ' ‘
149/27°138/18 : IR -
©.326/22° 1@/20;,316/24 31'8/23 ST .
437223 (symmetnc mpples) EEE

T A O

‘,

1757355 . o

{
O L

a8 28 Lt T

4020 v

ML ¥



.o
T M”.u

AREA GORDON MoNTANA ‘

" LOCATION: RAILWAY CUT e
STRIKE AND DIP: HORIZONTAL

S_li_ﬁ_

' 153/12 171/20 85/17 82/1478/1()
7 ~90/5 50/18 158/15
9 286/9 92/15 140/17 127/12

AREA SWEETGRASS HILLS

'LOCATION: MT. LEBANON
STRIKE AND DIP: 295/ 42 NE

1 9 . 11/25
o » 359/44\

2l 19/48 355/ 61" 350 42 28/25

. ’t'v(
4

N
—

NN/ 46" 25765
2/61 37763

lls palaeocurrem data is’ gwen in Figure 2.

v".
- : o

¥959 /46 350 £47 15/45 286/30 354/50 1/56 11/57

B rvIDT EQUAL AREA PROJECTION stereonet representauon of the rotated

258
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MT BEBANON

Bedding "1 157142 NE .
R
I

«¥.

PR

’ ~
b
; -
Y &
- .
- t
T .
*
o/
' 1‘ /“ > >
£
v s ' [ 4
‘ ; . { ey - :
A 4
’ )
] . ’ “. 4 -
‘.‘ . . . . :, ) i \ LY
2 IX-2:- A Schinidt Net representifion of the rotated palacocurrens data from. R M
, ) ; ) ‘ - L . R
SN . . . , . - o
Mt. Lebapgn. ‘ VR RO o .
. N SR o : o : R
o . R o b
N ”




TABLE IX-2: ;Pebble imbricationy . urements of Sequence 3 congloméra'te: :
oL BEER 2t N LT g B
s Y - Little Willow Ranch’Section.

4



v ' - v e - .
. ) . o ) S
\ e B \ . W \
i ~ . ., v . e . . .. C ) .
P . . . : : . , "

’ L T . ' . . . . \
LU O et . . . ) ‘e
PR . . . X

' . ' " . . ' ‘ N ‘( 7 "’ )
A cow j‘lﬂgomERﬁE CAPPING Boo‘rLEoﬁER SEQUENCE 3y
L()CATION* NORTH WILLOW:CREEK - Litdle Willow Ranéh Lo, A

'v&./‘

STRIKE ANDDIP HORIZONTAL T

- 160/28
L 284723
E *103/32
1 20/37

- 300/28 -
. 107387 "

_gﬁ

A

s

R V7 S

340/27 -

17713

- .

. 253/20

“54/2‘8’

‘309/27

. 212/42
/10
021/21

- 288/18

- 257/19.
- 343/35

. 05/19
N ',2'.;.3-13/2'_3?‘_
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TABLE IX-3: Pebble imbrication measure(‘ments of Sequence 3 conglomerate:

u

Little Belt Creek - Section 2(a).

s
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LOCATION LITTLE BELTCREEK,- Sgction 2 (a) 9
STRIKE AND DIP: HORIZONTAL'?" ‘
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TOTAL NUMBER OF CLAST IMBRICATION MEASUREMENTS = 100

Wavelength of the symmetric wave-like transgressive lag feature = 1.1 m, 0.95 m, 0.84 m=
Amplitude of wave crests £ 7.5 cm

A MATRIX SUPPORT'ED (MSC) AND IN SOME PLACES A CLAST- SUPPORTED (CSC
CONGLOMERATE

Matrix is 1 mm sandstbne A ) . ’

Crests of waves are onented 180 - 1980 -.j '

Slzcoftenlargestclasts(Dlo) 6.0, 5.0, 52 6.7,4.2,5.7, 6.0, 56 5.6,53 cin
, “ -~

t

Figure 4 = rose diagram plot of the above data

A8~ THE ABOVE PEBBLE IMBRICATION DATA REPRESENTS THE™ N
.LINEAMENT MARKING OUT THE MAXIMUM DIPPING PEBBLE PLANE (ll\
MOST CASES THIS LI"JEAMENT REPRESENTS THE PEBBLE "AB" PLA\_E)
WITH AN UP.’ TREAM B-AXIS IMBRICATION) g
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