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The Tongue River-Sentirel Butte contach haﬂ been regarded by

=omy Workers as a vague coler boundary of minor extent within a rela-

PESETOW

rively homcgeneous sequence of Paleocene strata. Consequently, the

Seniinel Butte has come to be regarded as a subcrdinate unit of the

tTongue River Formation". As defined in this report, the contact is
= distinctive horizon between two discrete lithogenetic units. It is

<

characierized by three criteria: a lignitic horizon (HET Butie bed)

«t the top of the Tongue River sesquence; & basal sandy unit in ths

[ Q)

Jentinel Butte sequence; and a marked change in color between buff-
vellow Tongue River sediments below and somber gray Sentinel Butte
sedi.meﬁts above. |

This contact has been mepped onm a scale of 1:250,000 throughout
the badlands of the Little Missouri River, and aloﬁg the Missouri
~ River from the Montana-l O”th Dakota border to the mouth of the.L*ttle
iZsscuri River. The contact is concealed in the central part of the
Williston basin, but crops ocut on the castern flank of the basin about
60 to 80 miles east of the area mapped. The extent of the conmtact
zlong the eastern margin of the basin khas not teen determined, but
cuterops in Marton County display lithologic relationships similar

«

to those which distinguish the contact farther west. No evidence
waes found in support of the Tongue River-Sentinel Butte facies rela~
ionship postulated by previous investigators.
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qecognition of distinctive stratigraphic relationships at the

=--rus River-Sentinel Butte contact znd documentation of their re-

-

-t onzl persistence demonstrate that the Sentinel Butte sequence is

t

nable lithostratigraphic unit, It is therefore recommended

in western North Dskota and adjacent areas the Sentinel Butte

- e,
na
v sennk

seouence be agssigned formational rank. The name Tongue River Forma-
<ion should be applied only to beds underlying the Sentlnel Eutte
Pormation.

Granulometric analysis of nearly 500 sediment samples from
11 stratigraphic sectlons show that Tongue River sedimente are finer

ined and less well sorted than those of’the Sentinel Butte For-~

raine

9

Median diameter and skewness are environmentally sensitive

"
moeLCll.

sarvicle-size statistics. CM patterns illustrate the fluvial origin

o these Paleocene deposits and are used to differentiate sediment

(S PN

tpansport types and depositional environments; channel, floodplain,

nd backswamp facles are recognized; Significaht differences in
fiuvial regimes are Indicated by the relative abundances of flood-
slzin and backswamp sediments deposited by Tongue River and Sentinel
Zutte streams. CM patterns give values for maximum suspended-load
wnd mindmum bed»lgad.particle sizes which can be used with Hjulstrim-
iype diagrams to approximate paleocurrent velocitles. Sentinel Butte
sireams had higher velocities than those of Tongue River time, but
tae magnitude of both was small and maximum and mid-depth velocities
of 4O to 50 centimetérs per second are estimated.

Evaluation of stratigraphic, lithologic, and sedimentologlc
relationships, types and occurrences of primary sedimentary struc-

tures, and carbonate contents of Tongue River and Sentinel. Butte
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permit formulation of a sealmenta ion model for each

L.
~—Ary
joRv Pt S

nce. Tongue River strata were disperced eastward across the

> the paleoslope wae low and sediments were transported primarily

A 1
v WA

pension. The fluvial system was stable and protected backswamps

usp
coveloped 1n which extensive deposits of locally derived organic
~cterial accumulated. Basinal subsidence was uniform and controlled
he rote of sedimentation during most of the episode. Sediment

characteristlics dlcate that western North Dakota was near base

level during Tongue River time. Near the close of The episcde, the

-

zlevation of the source area was reduced, basinal subsidence exceeded
cedimentation, and swamp conditions prevailéd throughout much of
wizetern North Dakota.

The episode of Sentinel Butte deposition was initiated by an
influx of coarse, basal sediment which spread eastward énd south-
castward across the late Tongue River swamp. Streams had slightly
grecter energles than those which previously crossed the basin, but
ccdiment transport was still primarily by suspension. The paleoslope
(poecars to have been variable, both in magnltude and direction, and’
moy reflect changiné or multiple sediment source areas created by late
Lerzmide activity to the west and northwest. The eleVation of westemn
Zorth Dakota above base-level increased during Sentinel Butte time,
wrobably as a reéult of rapid deposition (in excess of basinal subsi-
dence), vertical accretion, and eastward overstepping of the Sentinel

Sutte sequence.
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INTRCDUCTION

Scope znd objectives

The principle motive for initiating a study of the Tongue
niver and Sentinel.Butte Formations in weétern North Dakota stems
from the writer!s conviction that detailed sedimentological study

contribute significantly to paleogeographic and paleocecclogic re-

ne
[OTe

sspstruction. Paleontological study provides, perhaps, a more direct

“ongue River and Sentinel Butte fauna and flora have yet to be under-
taken. In addition, paleontologic study of the Paleocene Series in
“orth Dakota has been handicapped by three significant factors: (L)
vhe lack of adequate criteria for determiniag stratigraphic position
in the Tongue‘River~Sentine1 Butte sequence, (2) the pauéity of
vertebrate remains throughout the sequence, and (3) a need of tax-
cncmic revision of the Paloecene invertebrate fauna. Much preliminary
investigation ﬁill be required before Invertebrate fossils yield
detailed ecologic information. The composition and ecology of the
Zcleocene flora of the Great Plains have been swmarized (Brown, 1962),
but ﬁhe summary is general and the Tongue River and Sentinel Butte
clements cannot be divorced from the synthesis. These factors make
sadimentological reconstruction of the Tongue River and Sentinel Butte

particularly meaningful and the loosely-consolidated character of the

sirata mekes this approach feasilble.
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7wis study has been approached on three ocrders of magnitude.
-wahigrephic investigations are broad in scope and are concerned
rimurily with establishing the regional extent of the Tongue River-

S e

DL EReisRN

-inel Butte contact. Of lesser magnitude is the study of selected
-.ravigraphic sections and outc%ops, from which sediment samples and
iteectional data were obtained. The most detailed inveétigaiions in-
roived precise laboratory analysis of sediménts. The study is not a
naissance, but 1ts scope and objectlves are broad and the questions

o CONT

.~ which answers are sought are general. Sediments of the Paleocene
Series are extremely heterogeneous, and an atiempt has been made to
Socus on the "foresth and disregard the "trees. Undformity, in the
serm of regional trends and significant simlilarities and differences
oI msasured parameters, hasg been sought in this heterogeneity. During
she course of investigation, the writer repeatedly bescame entanaled
in the "underbrush" of this "Fforest®, as it has many interesting aspects,
tut a fundamental objective of this report is to establish a broad
framework within which detailed studies can be sensibly defined. An
¢cifort has been made to bear this in mind and free the discussions of

necessary "shrubbery".

Specific objectives of this report include the following:

(1) To describe the characteristics of the Tongue River-
 Sentinel Butte contact and to delimit its extent throughout a large
portlon of wgstern North Dakota,

(2) To determine the direction of the source areas from which

cdiments were derived, and their dispersion patterns within the

Pdieocene Williston basin,
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(3) To determine major similarities and differences beiueen

River and Scnulrcl Butte strata, and

SN
P

{l.) To reconstruct the fluvial and geographic conditicns
-~ nt during Tongue River and Sentinel Eutte time.

the first objective should illustrate that the

szatinel Butte is a distinctive and nampadle stratigrapnic unit. In

ko

,a--"“\
e s V.J-

cipation of such fulfillment, the writer freely referz to the
Sentinel Butte as a formatlon. Other terminology, except that used
ir; the context of previous investigators, is that currently accepted
5y the North Dekota Geclogical Survey. The lithostratigraphic nomen-
Seture applled in this report to beds in the Paleocene Series in
western North Dakota is given below:

Fort Union CGroup

Sentinel Butte Formation

Tongue River Formation

Ludiow and Carmonball Formations
fethods of Inves igation

Field observations were made during the summers of 1965 and 1966.
The Tongue River-Sentinel Butte conbact was delimited (Figure 1) by
conbinuity throughout much of the study area, but similarity qf strat-
izrazphic sequence was utilized in correlation across broad expanses
Waere the contact is concealed. ?he conbact was inspscted at numerous

localities, its elevation determined, and the character of adjacent

veds recorded. Samples were taken 6 to 8 feet above and below the




- cwanty rozd maps (scale = lKo-JzCO; and later transferred tc topo-

Lsgy

-sonic sheets (scale = 1/250,000). Thesze points, supplemented with

s:=2 emal data Trom published reports, were used o extrapolate the

presevEs s S

conioot throughout the dralnage of the Little Missourl and Mizsouril

o
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. SR ICT™

Sediment samples were collected from widely separated, measured

m

s-rotigraphic sectlons. amples were collected from all units gzreater

ORG-SV gy

Tk

chon about one foot in thickness and in many instances from thinner
sods. As céllected, samples should provide a proporticnal. represen-
wuiion of the stratigraphic units present. PrecautionsAwere tzken not
15 surple across boundaries of sedimentation units. In very-thinly
sadded and laminated lithologies, a number of discrete units constitute

L cumple; however thils number W tas held to a practical minimum. An
iLiempt was made to obtaln fresh samples, but few if any samples are
axc;rm’y unweaunefed, The rapld rate of ercsion in the badla
srobably permits bime for 1littles more than oxidation of a few secondary
=inzsrals; clastlc grains generally appear fresh and unaltered.under
a2 microscope.

Stratigraphic sections were measured by rod and hand level.

Fiel

d procedurs consisted of first rodding an entire section in 5-foot
Zntervals and labeling each station with a numbered card fixed to the
cuterop with a nail. The section was then studled, logged, and sampled.

Laboratory analyses were conducted in the Department of Geology

&5 Gas Undversity of North Dakota; procedures are described in appro-

sricte sections of the text.
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Previouz Investigabicns

*

Hany of the surface geologic studies of Paleocene strata in
tamn North Dakota involved classification of coal lands and are

4

urd in the Bulletins of the U. 8. eological Survey. Mozt of these

sigations were conducied b Ween 1900 ancé 193C, but an increasing
weezntial of lignite for generation of selectric power and the disz-
covery of uranium tompounds in lignitic strata has renewed economic
inveregt in these beds. Extensive selsmic arnd other subsuriace geo-
physical surveys ha“\%e been made by’va.rficus oil companies, but resulis
of these gtudies are not generally available to the public. Several
vcm: studies involving the Paleccene Series in western North Dakota
cun be found among the publications of the North Dakota Geological
curvey. Among these, Royse (1967) has discussed the character and
zteny of the Tongue River-Sentinel Butte contact. Cther relevaat
studies are cited in the text of this disssrtation and additiocnal
references are included in the bibliography.

The Conservation Branch of the U. S. Geological Survey iz pres-
artly mapping a number of guadrangles in Morton and Grant Counties,
cub the C"f’“’c«test portion of the study arsa (Figure 1) has not been
:}::;oea at a scale greater than 1/250,000 cr a contour interval of less
than 100 feet.

The recent emphasis by sedimentolegists on studies of primary

sedimentary structures and their hydrodynamic in ’sez'ore’catlcun and the
gnvironmental intez*pre’oatiozi of sediment textural parame*bers" have
cided in evaluation of the data of this investigation. OF particular

significance for the interpretation of primary sedimentary structures.




- puzlications by Middleton (ed., 1965) and Allen (1963b, 1965c).

[}

‘.:,A;i:: oy Fisk (1L9L7), Sundborg (1956), Passega (1957, 19@}, Schumm
345, and Allen (1965¢), among others, have provided a basis for
-instic classificatlon of sediments. _Ti;e comprehensive synthesls of
-ilooourrent studies and methods of analysis presented by Pobter and
“oiiichn (1963) provided a foundation, as well as stimulus, for the
vl G dlmct.;,onal data. Studies by Hjulstrdém (1939), Sundborg
2596), Inman (19L9), Menard (1950), Leopold and others (196L),

“ozzoga (1957), Friedman (1962), to cite but a few, have aided in

Jafining the relevant parameters of f.l.uld particle transport and the

Vi ,;awomm:“ which this mecham:x_sm leaves of sedimentary deposits.

soilisctively, these studies make it possgible to bridge the gap between

wne sedimentary deposits themselves and their source, mode of trans-

ourd, and environment of deposition. Without these previous inves-

tizations, the present study would not be feasible.




GENERAL STRATIGRAFHY
Regional Setting

General statement
Strata of Paleocene age ars wiﬁesprea@ throughout the northern
Great Plains. They conformably overlie the Hell Creek Formation of
Cretaceous age and are unconformably overlain by the Golden Valley
(Eocene) and White River (Oligocene) Formations and by late Tertiary
gravels and assorted Pleistocene éeposits, Collectively, beds of the
Paleocene Series form a siratigraphic unit known as the Fort Union
Group, which extends in continuous outcrop over much of western North
and South Dakota, eastern Montana, and across the Powder River Basin
of Wyoming. Fort Union beds are &lso recognized in northwestern
* Colorado.
In‘Norﬁh'Dakota, Fort Union beds are widespread within the
Williston basin. Major outcrops, however, are largely restricted
to the non~glaciated area (and adjacent glaciated areas of thin drift)
south and west of the Missouri River. Excellent exposﬁres are pre-
sent in the highly dissected badlands of the Little Miésouri River and
along the northern reaches of the Missouri River. The Turtle Moun-~
tains, in nérth~central North Dakota, are an outlier of Paleocene
strata.

The Tongue River and Sentinel Butte Formations constitute the




o
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‘greatest Paleocene outerop arca within the state; the contact between

Py "

Ae two is nearly contlnuouo throuzhout the Lititle Missourdl badlands.
Exposures reach 3C0 to 500 feet, affording excellent cpportunity for
observation of stratigraphic relationships. Within the arca here dis-

o

cuszsed (Figure l), the base of the Tongue River Formation crops cutb

only south of the vieinity of Bullion Butte where it ove: lies the
Tudlow Formation. Elsewhere in western North Dakota it lies in the
subsurface, except along the eastern flank of the Tertiary Williston
basin where it appears above the Cannonball Formation. Much of this
castern area 1s mantled with drift, and the contact is largely con-
cealed. "Although Séntinel'Butte strata are widespread in western
North Dakota, the upper beds of the seguence have been widely removed

by erosion and can be observed at relatively few localitles.

Key beds

Tongue River Formailon.--Lignite beds are the only good marker

herizons in the Tongue River Formation. Several of these have remark-
able pérsistence, bult the mepping uwbility of most of them is linited
because they occur low 1n the section and are exposed in outcrep only
in the southern portion of the study area. The H, Hanson, and Harmon
beds (Figure 2), have been mapped in the Marmarth lignite field by
Hareg (1928). They are persistent within the Marmarth field but,
northward, the regional dip carries them into the subsurface.
The Garmer Creek bed can be traced as it descends from the

viciniﬁy of Bullion Butte, nortaward. Its dip carrdies it into the
stratigraphic interval exposed along the Little Missourl River about

= 1t can be traced northward in
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i A al Lignite
it 0o Basal sand; Slope Co. and southern
e=iatette2)  Golden Valley Co.
Figure 2.--Cencralized stratigraphic section indicating relative

sositions of key Dcds in the

Tongue River and Sentinel Butte Pormations
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-+ sontinuous oubtcrop. In the vicinity of Medera and the Scuth

R 1 eva‘t Park, the Garner Creek -bed iz equivalent to Bed C

»¢ and Smith (1909) and occurs about LO feet below lignite

. ,q:a. a4 el

.., waich 1s not recognized in the Marmarth field. North of Medore,

omponent of dip parallel to the Little Missourl Hiver is nearly

sume as the gradient of the stream, and the Garner Creck bed

LaonLme a Uil
- 2-uoins a relatively constant stratigraphic position several tens

© oot zbove the river floodplain. This lignite constitutes the best

)

oor ped within the Tongue River Formeition between the Marmarth field

~nz south and the locality of its disappearance beneath the Little

rew

Cvzourd flocodplain somewhat north of the mouth of Blacktail Creek.
The Meyer lignite, recogmzed near the top of the Tongue River
.:u7on in the Marmarth field, cammot be correlated with certainty to

- O
pare edhd Uidw

Tt is probzbly equivalent to Bed E of Leonard and Smith,
cnioh is zbout 7 feet thick where it occurs at the surface near the
v.ilige of Sentinel Butte. The extent of all lignite beds mentioned
:sove has been discussed by Hares (1928) and Leonard and Smith (1909).

The bvest and most widely exposed marker bed in the Tongue River
vormation is the HT Butte M.gnlue bed, and its regional extent and
roiationship to the Tongue River-Sentinel Bubte contact are discussed
-~ he rext section.

Sentinel Butte Formation.~-Lignite beds are less well developed

i the Sentinel Butte than in the Tongue River Formation and none have
Loen recognized as useful in correlation. The Bullion Butte lignite

3, named by Hares (1928) in the Marmarth field, occurs in the upper

#iry of the section. This bed may have considerable persistence but,

.
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bbecanse upper Sentinel Butte strata have been 30 widely remcved by
erosion in western North Dakota, the bed has little value in corre-
lation. It is probably present at Sentinel Butte where it has par-
tizlly burned to produce the red, baked Mscorla' on the northwest
flank of the butte. A

Several other distinctive lithologies are present in the Sen-
tinel Butte formation (Figure 2) which permit limited correlation
within the unit. From the base upward these are: (1) a basal sand,
(2) a "blue" bed, (3) a lower "yellow" bed, (L4) an upper "yellow
bed, and (5) an upper sand (Figure 19). The first three of these are
most useful because the lower beds of the Sentinel Butte are most
widespread; the latter have been removed by erosion throughout most
of the area studied.

The extent of the basal sand, its relationship to the Tongue
River-Sentinel Butte contact and its genetic significance are dis-
cussed in following sections. 1% 1s the only marker bed studied in
detail for this report.

The "blue" bed is a montmorilleonitic clay unit strikingly devel-
cped in and near the North Unit of Roosevelt Park. Its potential value
as a key bed for mapping and corrslation has been recognized (Benson,
195L; Fisher, 1953; and others) but its areal extent has not been de-
fined. From the North Unit of Rcosevelt Park, it is said (Benson, 1954,
p. 15) to extend northward nearly to the Missouri River, and the writer
has traced it westward to Sheep Buttes and southward in the bluffs of the

Little Missouri drainage to the vicinity of Beicegel Creek (Figure 1).

Twenty miles eastward, near Lost Bridge, a bentonitic bed of probable
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equivalence is present in the bluffs both north and south of the
Tittle Missourl River. The maximm extent of the ¥blueW bed haz

vet to be determined, but observatlons during this investigation
suzgest it is much greater than is gsnerally suspscied. For example;
o bentonitic unit with the same tri-partite character (th“me alstinct
porlzonsAoccur within the unlt in the North Unit of Rcosevelt Park)
as the "blue" bed, and occupying a similar stratigraphic pcsition,
is present at Sentinel Butte. Tt can be seen to greatest ddvantage
on the eastern flank of the butie just above the saddle which jolns
the main butte with a small, rounded outlier. The stratigraphic in-
terval which might contain thiz bed is absent across most of ths
traverse northward from Sentinel Butte to known exposures of the
nhlue” bzd near Belcegel Creek and, although the resemblance ls more
than superficlial ; -identificaticon of the "blue" bed this far south is
guite tenmuous. A possible correlation of the bentonite unit on Sen-
tinel Butte with the Ublue" bed should, however, be kept in mind in
the event that fulure invesitigdtions develop criteria by which equiv-
aleﬁce can be tested.
The lower "yellow" bed (Fisgher, 1953) is well exposed in the

rth Unit of Roosevelt Park where 1t occurs about 210 feet above the
floodplain and 30 feet above the "blue" bed with which it appears to
be coextensive. It haz been recognized above the "blué" bed throughout
The area outlined above. At Sentinel Butte a thick, silty %ysllow!
unit rests directly upon the ¥blue" unit and 1s separated from over-
lying strata by a thick (6 to 8 feet) sequence of lignitic shals. The

same reservaticns apply to correlation of the *yellow" bed ai Sen-

tinel Butte as were mentioned for the "blue" bed, but their mutual
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relationship adds merit to considerations of equivalence.‘

The "upper" yellow bed (Fisher, 1953) is présant 130 feet
abéve the floodplain in the North Unit of Roosevell Park and a prob-
avle correlative can be seen high in the bluffs at Lost Bridge.
Northward, ﬁestward, and southward, however, this stratigraphic
interval has been removed by erosion. At Sentinel Butte, a second
vyellow® bed is present above that menticned above, and 1s separated
fram it only by 6 to 8 feet of lignitic shale. To postulate an
equivalence of both yellow zones on Sentinel Butte with the upper and
Lower "yellow" beds in the North Unit of Roosevelt Park requires that
the 220 foot stratigraphic interval separating the 1atter be equiva-
lent to 8 feet of lignitic shale at Sentinel Butte. The possibility
o such equivalence appears enhanced by the character of the lignitic
chale. Tt contains meny clay and eilt stringers, is extremely pyritic
(or marcasitic), and appears to constitute a significant hiatus.
Cther lignitic shales, even when quite thick, are not gimilarly de-
veloped. The fact that most shales reflect slow sedimentation and
that lignitic shales reflect considerable quiescence is probably be -
~yond debate; the question ﬁere is temporal magnitude and whether non-
deposition intervened with deposition. Data are insufficient to
present a firm argument for a hiatus in the section at Bullion Butte,
but the significance of the question will be pursued again elsewhere.

Attention was draﬁn to a medium~grained, cross-bedded sand in
the upper Sentinel Butte Formation (Figure 19-D) during field study of
sediménfary structures. The unit appears to have a wide areal exbtent
east of the Little Missourl badlénds where upper 3entinel Butte strata

kave been preserved from erosion. Demonstration of physical
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sz is diffl cul , because exposures are limited to road cuts

~r natural outcrops. The unit is very distinctive (cross-bedded,

. LU

.- s1-rewell sorted, medium-grained, and usually oxidized) and un-

DAV SRR

. ony ouher 1i“?;hology observed in the Sentinel Butte interval.
.z ze seens (1) along North Dakota Highway 22 between Killdeer
~ st Pridze (particularly just south of the "breaks" at Lost
wi-s), {2) along North Dakota Highway 22 between Lost Bridge and
< cinity of Mandaree, and (3) along North Dakota Highway 85

Lon Grassy Butte and the Little Missouri River. The sands above

wrarndferous lignite in the Unlon Carbide pite several miles north

JORESENOSAREASS

2iieid and the Susquehana pit near Gorham are believed to be

PRCINDIINE St

Ccorsilative. A great portion of the soil north and east of Beifield
scnd loam and is probably developed, in large part, upon this

BRI SRR 26E 5164
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The precise stratigraphic position (and hence the equivalence)

s Tound, 1t generally constitutes the uppermcst exposed stratum.
Lis nroximity to the top of the Sentinel Butte c*ect:_on is zgsured

.ol of Logt Bridge and near Grassy Butte where Eocene beds of the

i.iizn Valley Formation occur nearby. It is certain that the unit
_c nob part of the Eocene Series (as presently recognized) and that it
-zours very near the top of the Sentinel Butte sequence. Its é".isw
comilority to underlylng strata merits emphasis; the significance of
L wper sand i1s discussed in later ssctions.

The key lithologies discussed above are useful in locgl corre-
~.xicn, but the mosit widely exposed, distinctive, and useful key hor-

~:in is the contact between the Tongue River and Sentinel Butte
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pormations. It has the greatest utility of any horizon recognized in

ine study area, and is therefore described in detail in a subsequent

section.

wormational thickness
Considerable ambiguity exdists In published values for the total

2‘. ‘ thickness of the Tongue River and Sentinel Butte Formations. Taree

major factors account for the greatest part of these discrepancies:

(1) the Tongue River and Sentinel Butte are not constant in thick-

ness, (2) the limits or bounds of stratigraphic intervals loosely

designated as Tongue River, Sentinel Butte, Fort Undicn, or Vlignitic

strata® have not always been explicitly defined, and (3) indiscrimi-

nant adoption of thicknesses reported for one area to other aresas.

Thé total thickness of the Tongue River or the Sentinel Butie can

be zccurately measured at few localilies because the base of the

first is seldom exposed at the surface and the tcp of the second has
been removed by érosion throughout most of western North Dakota.
FPurthermore, the base of the Tongue River cannot be "plcked" with
certainty from well cuttings or logs, and its total thickness 1s
virtually unknown throughout most of the Williston basin.

Dozens of cltations of stratigraphic thicknesses for the Tongue
River, Sentinel Butte; and Fort Union were tabulated from the Litera-
ture by the writer in anticipation of isopaching these units ih
western North Dakota. Field experience and, in many instances, speci-
fic field checks, indicate that the greabtest number of reportedAmeasure~

ments are unreliable or do not apply to the stratigraphic intervals

presently recognized as Tongue River and Sentinel Bubte. A discouragingly
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a few of these values are offered below as examples.

Leonard and Smith (1909, p. 21) cited an exposed thicknesz for

the "Fort Union Formation® of S00 feet and suggested that an additional

320 feet of lignite-bearing rocks (penstrated by a well at Medora)

in the subsurface belong to the Fort Union. Their total thickaness

of 1720 feet for the Fort Union in western North Dekota is a widely
cited value. Tals value not only includes the Ludloéw Formation, but
2lgo the thick sandstone of the White River Foma‘tioh which caps
Sentinel Butte. The total thickness 1s excessive and the thickness
of +the Tongue River interval is indeterminant. The thickness of the
Sentinel Butte Ygroup” is not given bub, as estimated from thelr gen-

about 365 feet.

[ O]

eralized stratigraphic column (Plate IT), it i
Thom and Dobbin (1928, p. L87-1:83) interpreted values for the
thickness of Paléoc:ene and related units in eastern Montanz ard Wyoming
and the westem Dakotas. Within the Williston basin, values for the
Tongue River "membert are given as 550 to 800 feet bstween Williston
and Minot, 700 feet gt Seritirzel Butte, and 1420 feet in t"n;—:— Carncnball |
lignite field. "Adjacent areas in Montana have recorded thicknesses

of zbout 600 to 650 feet at Culbertscen and Plentywood, and about 730

-y

cet at Sidney. Values for the Sentinel Bubte Formation are cited as

500 feet between Williston and Minot, 700 feet at Sentinel Butte, and

-

3 PR N " . PO
420 feet in the Cannonball field; adjacent areas of Montana have

thicknesses of 275 to 280 feet at Culbertson and Plentywood, and about
200 to 250 feet at Sidrey. The values foxr Sentinel Bubtte were extra-

polated from the report of Leonard and Smith (1509). Values reported
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ror North Dakota are excessively large.

In his study of the rva&na:-'c?z lignite field, Hares (1928, ». 39,

17) reported a genmeral thickness of 600 feet for the Tongue River and

) feet for the Sentinel Butte "members®. The first of ithese is

o~ Y -

certainly in error. AIL* meter checks between the base of the Tongue

=2iver (Just above the Iitile Missourdi floodplain) and the HT Buttie

L:Lgnite in the Red Hills (southwest of Bullion Butte) gave values
cnly skightly gr‘eauer than 300 feet. Crawford (1967, p. 8) reported
7.3 feet of Tongue River stratz near this locality. Hares! reported

value of Sentinel Butte thicknesg is a good approximation but iz come-

l

what less than the writer determined by altimeter. Crawford (1967,
p. 10) cited a tm ckness of about 450 feet for this unlt, a value
""'C.x appears slightly large. A portion of the digcrepancy for Sen-
tinel Butte thickness at Bullion Butte results from the indistinciness
ond poor exposure of the upper contact. Thiz cannot account entirely
for the disagreement, however, for Hares (p. 65) measured 325 fect of
strata between the HT Buttes and Bullion Bulte lignite beds and Crawford
1967, Plate II) assigned a thickress of sbout 390 feet to the same
intervel. The writer accepts a thickness of slightly less taan 400
feet for the Sentirel Butte Formation at Bullion Butte. ~

Hennen (1943) reported a thickness of 785 feet for Tongue River
strata at Medora. The base of u’m unlt wag picked betwesn two lignites
(10 and 11) ’ recorded in a deep water We.i.l As discussed later In this
report, Hemen included a portion of the Sentinel Butte Formation in
his Toa ue River interval and his ruportea value Tor Tongue River
thickness 1s too large. The cited value Tor Sentinel Butte thickness

13 less than measured by the writer, but the difference iz accounted
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~or by Hennen's misplacement of the basal conbact ol this undt. The

general eastward ﬁhinning of gitrabtigrap
Butie and ﬁhe Heb:on-@len Ullin area, shown schematically by Eennen
(Figure 1) is probably & valid approximation.

The stratigraphic thicimesses of both the Tongue River and

Sentinel Butte Formaticns appear to have been controlled by sub-

idence wivthin the Williston basin during Tertiary time. Tasse uwalls

3

o

re generally thin along the basin flanks and thicken toward its

center. This relationship 1s more easily demonstrated for Sentinel
itte than for Tongue River strata. Approximate total Sentinel Butte

thicknesses recorded for the basin marzin are 380 feet at Sentinel

Butte and Bullion Butte (southerm Golden Valley County), 200 fest

near Richardton (eastern Stark Couwnty), 300 feet near Newtown (southern

Mountrall County), and 170 feet in the northera part of the Waite

Carth valley (morthern Mountrail County). Central basinal valtes

zre much greater, are about S00 fset at Lost Bridge (northern Dumn

County), greater than 550 feet a2t the North Unit of Roosevelt Park

and 650 feet (Meldanl, 1958) near Grasay Buble (south-~central McKenzie

e

ontrodl on sedimsnt

(¢}

County). These examples illustrate the basinal
accumulation, but available data are too sparse for accurate illug-
tration of thickness distribution throughout the Tertiary basin.

The total thickness of Tongue River strata can be demonstraéed
by surface exposurees only in the southern portion of the Williston
Bagin. The fOfmaiion is about 300 feet thick.and rests on the Ludlow
formation southwest of Bullion Butte and about 300 feet thick in
the vicinity of Dengate and Alitmont in Morton County (C. S. V. Barclay,

oral communication, 1966) where it overlies the Cammonball Formation.
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t general northward thickening of the unit czn be inferred by com-
n of thicknesses at Bullicr Butte and Medora. Abcut 250 feet
A i ~ 5‘ o ey = d Vad s & 'G"" = e AR d
o2 Tongue River strata are expoged near Medoray 1f to tioly ig adde

o

he subsurface 'GO"'"—-

<ns 120 foot interval between the floodplain and ©
tion of the Harmon lignite (Smith and Leonard, 1909, po 25) and &
censervetive estimate of 100 feet for the distance between the Zarmon
bad and the base of the Tongue River (Hares, 1928, p. L8-L9), a total
thickness of about L70 fest is éb‘tained. Tiras the Tongue River in-
creases in thickness by about 170 feet betweeri Buliion Bubte and
Xzdora; a distance of about 20 miles.

The Senti nel Butte Formation is conformable upon Tomgue River
strata and the character of the contact suggests that deposition
wzs continuous across this boundary. Bads above the Seritinel Butte,
however, are of beth FKocene and Oligocene age and the contact of
these bedé with the Sentinel Butte 1s dlzconformable, suggesting
wost-Sentinel .Bat't ercsion and non-depozition. This is particuierly

»

svident at Sentinel Butle where the upper Paleocene strata are leached

ot

an ':?,ncised by charmels filled with Oligocsne sandstone. Ths cuestion
crises whether Sentinel Bv;tte beds along the margin of the Williston
tesin are thin as a result of lesser sediment accumulation or because
a significant portion of the strata wers removed by ercsion prior to
deposition of Eocene apnd Oligocerne units. This guestion cannot be

-3

answered with certainty, but several lines of evidence suggest

N

that .
the marginal thinning is primary.
(1) The circumstantial evidence favoring truncation is per-

ars greatest at Sentinel and Bullion Buttes which are zituated dis-

1y

-

wally on the northeast flarnk of the Cedar Cresk anticline. Posit-Sentinel
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Tutte movement on thls sirucvure may ! have elevated this arsa tous

racilit tiﬁg ercsion. However, similar uwplift cannot be poztulated

) - FAR P sy ey o]
2o the rast of the basin margin, slong which the Paleocene Series

{(2) The Palsocsne sequéence on Sentinel Butte is thin bedded

throughout in comparison with that in the North Unit of Roosevelt

pParkx. The genex‘al inference 1g that the Sentinel Bubtte Iinterval
near the center of the Williston basin thickens in response to thick-

=

e, the interval at Sentinel Butie

Oy

ening of individual beds. Likewl
is thinner as a result of thin szedimentatlon units, not becauss of
erosional truncation.

(3) ‘The thick lignitic shale, discuzsed above, in the section

iatus, reflecting a significant

ja

ot Sentinel Butte may represent a
pericd of non-deposition in this portion of the bagin mergin.

(L) The comparable thickening of the Tongue River Formation,
wtich ig conformable beneath Sentinsl ."v*i,ﬂe gtrata, toward the cen-
ter of the Williston basin, suggests that basinal com trol of Sentinel
Bucte deposits resulted from a pre-established mechanien.

Some ercsion of Senﬁinal Buite ‘oec}s s preceding and accompa;ayfmg
the deposition of Eocene and Qligocene strata, occurred, but the mag-
nitude of this erosion wasz appa' ently slight. Further consideration

is given this question later in a discussion of sediment dispersion.
The Tongue River-Sentinsl Butte Comzact

Tefindtion of the contact

3 ER

In Llocating and tracing the Tongue River-Sentinel Bubtte contact
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ctern North Dakota, it was found that i1t can be distinguished on
+ha pasis of three criteria. These are a marked change in gross color,
:ne presence of a lignitic horizon in the uppermost part of the Tongue

niver Formation, and the presence of a sandy basal Sentinel Butte unit.

Color.~-The first of these criteria, a distinctive color dif-

ference, is embodied in the original definition of the Sentinel Butle

wormabion given by Leonard and Smith (1909, p. 18) in theilr report .

on the Sentinel Butte lignite field.

There 1g a very ncotlceable difference between the lower
Fort Union beds, which outcrop in the bluffs bordering Little
Missourl River, and the upper beds, occurring in the tops of
the higher ridges, divides, and bubltes, usually back some dis-~
tance from the river. The lower member is composed of buff
and light ash-gray clays znd sands in alternste layers. The
upper member is formed of strata conslderably darker in agpear-
ance , mostly dark gray, with many brown, ferruginous, sandy
nodules and concretions. The contrast between these members
ig so well marked and their contact go clearly defined that
it can be readily distinguiszhed at a distance and traced with-
out difficuliy whersver it ls exposed. Over most of the eastera
half of the field a thick bed of lignite or a layer of red
clay formed by the burning of the lignite occurs just at the
contact of the upper and lower members. But even where the
cogl or burnt-clay bed 1s wanting, the line of separation is
readily dilscernible.

Leonard (1911, p. 53L), in a discussion of the stratigraphy of

k)

Nerih Dekota, again emphasized the marked contrast in color and the
clarity of the contact between Tongue River and Sentinel Butte strata.

Tn Billings County, North Dakota, an upper member = Sen-
tinel Butte] of the formation appears in the tops of the higher
ridges, divides, and buttes, and resembles somewhat the Lance
beds in its dark color and its many brown ferruginous, sand-
stone concretions. The Llower member §= Tongue River{ consti-
tutes the typical yeliow and light gray Fort Union and thils is
the only one present over most of the regilon. Where both occur,
the contrast between the upper and lower members is so well
marked and their contrast so clearly definsd that it can be
readily distinguished even at a distance and traced without
difficulty, wherever it is exposed.

Although the color contrast between these stratigraphic units
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s real and persists regionally, it may fall locally as a sole means
of distinguishing the contact. Thé lower Sentinel Butte beds, zg dis~ |
cussed below, are rather uniform in both color and lithology. The
Tongue River beds below the contact exhibit considerabie variation in
texture and are locally variable in cclor. Where Iine-grained, drab
beds are present in the uppermost Tongue River the color contrast with
the Sentinel Butte is reduced (Figures 6-C and 7-A). Because light-
colored beds invariably dominate any weathered section of Tongue River
strata, the contact is most discernible where it occurs above a sub-
stantial section of Tongue River strata.

It must by emphasized that the Light, buff-yellow color of
Tengue River sediments 1s largely, if not entlirely, a weathering
phenomenoﬁ. Locally, as in steep bluffs along rivers (Figure 8-B),
where erosion proceeds rapidly, the Tongue River beds appear far more
gomber than in areas where oxidation has had ample time to operate.
In fresh outcrops or in the subsurface, no color distinction can be
made between thase units. Desplte these limited drawbacks, the color
contrast remains perhaps the most useful single factor in field rec-
ognition/of the Tongue River-Séntinel Butte contact in North Dakota.

HT Butte bed.--A lignitic unit is present at the Tongue River-

Sentinel Butte contact in virtually &1l localities visited by the
writer, but 1t is frequently cqncaaled in outcrop by slumping of over-
lying material. With the exception of Héresf (1928) term "HT Buite
lignite¥, terms formerly or presently applied to this unit are no?
stratigraphic binomials. It is therefore recommended that the

terminology of Hares (1928) be exclusively retained and applied in-

formally to this stratigraphic interval in North Dakota. As understood




-nd applied in the present report, Lhe name HT Bubte bed wzpplles to
Ll > R

carhonaceous zone in the uppermcst Tongue River Formabion which

(“i?
He
6]

ay be reprasented by lignite, lignitic shale, or both, ranzgin

pets

e}
Hy

~nickness from several inches 1o several tens of feet. Decause

W
its great regional extent and distinctive stratigraphic relationships,
snis bed has great value in mapping

The association of lignite with the combtact has been noted by
many workers. Taff (1909) placed the upper contact of his "Tonzue
ziver coal group" above the Roland coal bed. The likely persistence

znd great areal extent of this lignite was recognized by Taom and

mebbin (192L, p. L96).

In northern TaIyom'*;g and southern Montana, and perhaps in
’ A Delkob areas as we 11, the base of the Senitinel Buille shale is
marked by the Roland coal bed, waich in thickness,
and general genetic relationships resembles the Big Dirty coal
the Levo.
In Yorth Dakota this lignitic unit has resceived many designations, the
most dlmportant of which are included in the synonymy of Table 1. Al-
whough an eqalvalence appears probavle and the temptation to corrslate
is great, it is considered unwise to apply the term Roland coal in
Zorth Dakota until such correlztion is mo iwnly egbablisined than it
Geppears to be abt pressnt. Should dez? nite corrs ...a:tlon be established
ith the Roland coal bed of the Sheridan field in Wycwming , the term
2
PHT Butte!" shovld be re laced by the term "Rolandt, which has priority.
> b
A note of explanabtion is necessary regarding consideration in

this report of both the "F and G beds" of Lecnard and Smith (Table 1)

&8 a single siratigraphic unit. As originally stated by Leonard and

Smith (1909, p. 31),
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The second menber of the group, bed G, from 25 to 5D fezet
above the lowest member [mhicﬁ is bed ¥, shows to betlor ad-
vaqtanﬁ in the south-central nart of the surveyed arza, o
the base of the higher buttez, where 1ts outcropn is marszd
by a fringe of clinker. Both the lower membsrs become Thina
and disappear toward the northwest. Thess beds have been 0
generally burned that few exposures showing baheir wihole thick-

v

ness can be foun

DA ILE Le~-Synonymy of terms applied to the lignitic inverval at ths
Tongue River-Sentinel Bubte contact.

Author Nomenclature Publication
Leonard (1908) R Sth Bien. Rept. N. D. G. S.
leonard and Smith (1909) F and G U. S. G. S. Bull. 3L41-A
Stebinger (1912) - X U. S. G. S. Bull. 47%
j ' Zares (1928) HT Butte U. S. G. S. Bull. 775
: 'Fis‘. r (1953, 195L) L N. D. G. S. Rept. Inv. 11 & 15
Zanson (1955) L ¥. D. G. S. Heps. Inv. 18
3 vieidanl (1956) L ' ¥. D. G. S. Rept. Inv. 26

» : It appears that bed G is known with certainty to occur caly at

the base of Senulnel Butte where 1t weas sxbensively mined in formsr
years. Fileld in ection on the nox theast flank of Sentinel Butte, at

o

the site of the old Mammoth mine, indicates that bed F is atout é feat

“hick and is separated from bed G by 18 feet of silty clay which con-
itutes a single stratigrapiic unit. Bed G excseds 20 feet in thick-
ness and is overlain by a thick ssquence of clayey sand.
Investigations by mar any workers since 1909 have resulted in the
scognition and extenslion of bed T far be Jona the limits of the Sen-

tinel Butte field. Bed G, however, hasg not received such recognition.
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This wrluer feels that, altlicuzlh cutercp exposures are inadequale

-

cr denmonstration, it is most prcobabls that the F and G beds comprise

iy

[

D)

2 single genetic unit parted by a wedge of clastic sediment. Corre-

o)

lation of the G bed with the lignite which burned to form the IO i
nbnu red clinker capping ridges and buties north of the village of
Sentinel Butte (Leonard and Smith, 1909; Henmnen, 19L3) appears to be
in error. The comtact in this area is marked by a distinct coclor
changé (aé can be seen on the northeast flank of Camel Hunp Butte and
near the center of sec. L, T. 1LO N., R. 10L W., Figure 5-C) assoclated
with a lignitic zone and & basal Sentinel Butte sand, and underlies
the clinker horizon by about 50 feet. The implications involving
miscorrelation of the G bed are discuséed in the following section.
Taff (1909) originally considered the top of the Roland coal as
narking the top of his Tongue River coal group. Subsequent workers
(Lecnard and Smith, 1909; Hares, 1928; Fisher, 1953; and others) have
arbitrarily included this bed in the Sentinsl EButte Formation, per-

1

haps because its dark color contrazts less with this unit than with
the underlying Tongue River Formaticn. It sppears, hoaever, that the

HT Butte bed represents the culmination of a sequential accumuiation

r—{*

‘fire clastic material in which development of thick lignites was

o
Hy

fairly common. .AsAdiscussed below, the Sentinel Butte was introduced
by an influx of "bagal® gand which spread across the WHT Butte‘swamps".
Thaus, the HT Butte bed is here considered a genetic unit of the Tongue
River Formation.

The HT Eutte bed is so vardable in thickness that only general

statemenis regarding thickness appear to have validity. As an example

}..h

in point, it can be demonstrated that the thickness of the AT Butte



pad decreases northward from more taan 10 fest in the So

mocsevelt Park to asbout 1 foot, 10 miles northward on the divide south

auis

1

of Mikes Creek (Figurs 6-C). A simila

H

thinning occurs westward towar
~rin Buttes (Figure 5-0), where the HT Butite bed consists of a few

inchas of lignitic shale. The thickness of lignites appears to be a

A

1

relatively local phenomenon waich has little bearing on their regiocnal
persistence and only minor significance regarding the regional con-

i2tions which favor their development. Field experlence has demofi-

o)

trated to the writer's satisfaction that lignites cannot and should

[ 5]

not be ¢ el solely on the bagi £ thi . To wickness
t b orrelated solel the bagis o Ckness Thus, thicknes

is considersd a suboralﬁaus factor in recognition of the ET Butte bed.

o’

e sand.--Recognition of a persistent basal

b

Besal. Sentinel But

it dn the Sentinel Butte Formation has alded significantly in rec~

cgnition of the Tongue River-Sentinel Butte contact. In 1ig Ftypicalt

-

N -

or "maximum" state of develcpment, this basal unit is silty, cross-
bedded fine sand ranging from several tens of feet to over 100 feet in
thickness (Figures 3 and L). Cross-siratified sets range from sevaral
inches to 3 feet or more in thickness, the aversge being abbu{-lﬁ or
20 inches, and are generally plarar and wedge- saamea (Figures 3-A and
3-B). Lignite clasts are commonly concentrated in cross-laminzs and
emphesize cross-~bed sets (Figures 3-A and 3-C). Co-sets are often
bounded by ferruginous concrstions of nodular or planar character
(Figures 3-D, L-A, and L-B) with associated plant-stem molds and des-
iccation features which indicate the diastemic nature of the badding
planés. In many outcrops, marcagitic or limonitic concrstions are

randomly scattered throughout the vnit. Rarely, the clay-sgilt content

s reduced and the basal sapd wiit is fairly well sorted and loosely



FIGURE 3

A’

B.

o

Basal sand of the Senlinel Bubtte Formation in upper Blackbail Cresk drainsge. Cross-bads are
emphasized by concenbrations of lignite fragments along bedding planes; man in foriground ine
dicates scale.

Locatlon: SFj sec. 10, T. 143 N.; R. 101 W., Billings County, North Dakota.

Cross-bedded basal Sentinel Butte sand on West River road about 3 miles southwest of Medora.
Sand is loosely'com nbed with iron oxides; hammsr indicafes scale.
Location: &% sec. 31, T. 140 N., R. 10? W., Billings County, Norih Dakota.

Crogs~badding in fine bd~a3 Sentinel. Bulte sand along fire-guard trall south of Reer Crsask.
Cross-baed sels ave emphasized by lignite iragmwutu concentrated along bedding planes. En-

trenching shovel indlcates scale. «
Location: SWj sec. 7, T. 137 N., R. 101 W., Billings County, North Dakota. : .

Concretionary wones developed along bedding-planes in basal Sentinel Butte sand aboult 5 miles
southivest of Medora. Bedding planes are diastems and illustrabe the periodic mode of accumi-
lation of this unit; note similar structures in Figures LA and L-B. :

Location: SWy% sec, 11, T. 139 N., R. 103 W., Billings County, North Dakota.
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FIGURE L

A.

Bedding planes, emphasized by zones of concretionary iron oxide, show primary dip (note
horizontal bsds near top) in basal Sentinel Bubte sand about 5 miles southwest of ledora.
Fluted veathering reflects the high silt-clay content of this unit.

Location: S sec. 11, T. 139 N., R. 103 W., Billings County, North Dakota.

Concretionary zones in basal Sentinel Butte sand near the entrance to Squaw Creek canmpground
North Unit of Roosevelt Park.
Location: WBE% sec. 31, 1. 118 Nesy Re 99 W., McKenzie County, North Dskota.

5

Large clasts of loosely consolidated siltstone in clayey matrix of basal Ssntinel Bubte
Usand' ebout 8 miles southeast of Hedora.
Location: NF4 sec. 36, T. 139 N., R. 102 W., Billings Coualy, Nowrth Dakota.

Petrified wood characteristic of the UT Bubte bed of the Tongue River Formation adjacent to
the road on the divide soulh of IMikes Creek. o
Location: N4 sec. 36, T. 143 N., R. 102 W., Billings County, North Dakota,
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Fine-grained ecquivalents of the basal unilt exist, but appear

-5 be less extensive thean tus sandy facies. Thesge vfin

pically thin~bedded sandy silt and silt (rarely clayey siit) (Figures
snd 5-C) which often grade upward Into coarser sediment. Crozsz-

3'-43 fotaL] W

“adding occurs but is of the "emall-scale" type and 1s usually cobscured

.
)

:n exposed outcrops due to the allernate swelling and shrinking o

cicy components. Fine-grained facies of the basal unit invariaoly

enarsan laterally, usually in a relatlvely short distance Thes,
aweept in areas of extremely limit ted cuterops, the validity of the

sstural relationships suggzested here can be readily checked in the

fizld. In deference~to the dominant facies, the unit 1s referred to
nsre .as the basal sand of the Sentinel Batte Formation.

Cccasionally the basal sand is separated from the HT Butie bed
vy & wedge of dark sray clay ranging in thickness from a few laches
Lo as much as h or 5 feet. Tris clay is represented by dark horizons
azgove the contact 1n Flgures 5<D and 3-D. Both coarse~ and fine-grained

-~

focies of the basal unit have been observed above and £illing chamnels
irn this clay. Apparently the clay was widespread prior to deposition
of the basal sand, and the latter may have incorporated much of this

oloan
[OSaA

That the transport energies werc high even for the finer-grained
ccsel sediments is indicated by the presence of clay galls in many
cuterops. These galls or clasts often swell or Vcheck" on weathersd
surfaces and thelr character is not “"*js clearly evident. Occa-

sionaily, clasis of coarser material were observed in a clay matrix,

1 exzmple .of walch is show; in Figure L-C.
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With the possible exception of Hennen (19L3), it appears that

+ marsistence and corrbluulve significance of the bagal sand of the

e

inel Butte Formation has not been previously recognized. IHennen's

Seniil

observetions appear to suffer from at least two errors. Hennen rec-
opnized a persistent marker bed in western North Dakata wnich he called
nSandstone 21" and which he described as folloﬁs,(p. 1569) :

A persistent “"marker bed" for correlation has been recog=-
nized in the Fort Union formaticn by the writer. It is grayish
vwhite, fleggy to shaly sandstone, apparently contalning a mix-
ture of volcanic ash, with silicified fossil plant stems in
abundance, and here and there silicified stumps of trees 3-5
feet in dlameter . . . it is ordinarily less than 5 feet in
thickness but westward at Sully Springs, it is more than LO
feet thick but still is grayish white to ash-gray, with the
gilicified tree zone at the top. It is believed thalt a great
outpouring of volcanic ash took place at the time of ite
deposition. . . . It is 1in this zone that the "Petrified
rores*" occurs or the valley floor of Andrews Creekx [Hennen
means Sully Creekg, 1.5 miles southwest of Sully Springs
rzilway station. This zone may bs observed also, in typical
development, at the entrance gate to Roosevelt Park on High-
way 10, 5 miles east of Medora.

In reference to thick occurrsnces in the vicinity of Sully Springs and
the east gate of the South Unit of Roosevelt Park, Hennen's "Sandstone
21" is synonymous with the basal sand of this report. Hennen, how-
ever, places his "marker bed" in the Tongue River "member" zbout 70
feet below the horizon which he indicates as its upper contact. In
order to resolve this discrepancy, it 1s necessary to consider how
Hennen placed his "marker bed® in the Paleocene Series; this he elab-
orates in reference to his Sentinel Butte section (p. 1575-1576).

- At the point where the sectlon was measured, formations
were concealed directly below this lignite bed L:O fest unle
so that 1t was not possible here to determine its interval
above Sandstone. Z1l. However, immediately northeastward and
northward at many places this lignite bed forms Uscoria" at
an elevation of 2,910 feet at the base, slightly more than a

mile north of Sentinel Zutte railway station . . . Here the
top of Sandstone 21 with its characteristic silicified trees
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15 70 feet by hond-level lower in ?4@ MeASUTS S, Qrfaa prac-
T LR R g = N o 4o RSO Y N O,
+1cally the same inberval (75 feet) as at point 2 [Madora)
> T : s PR = S hen el S
below Lignite 22. Likswise, here a thin lignite bed lime-
¢iately overiies Sandstone 21, as ab the Sully Springs
szcbion « « o
4 3 g 3 . o T ~ .1 -
The lignite is bed G of Leonard and Smith (19C9) and, as stated

the previous section, the correlation with the "scoria® Lo the north
-4 northeast appears invalid. Herein appears to lie tie source of
sznnen's first error. He correctly identified the basal sand norih
.~ Sentinel Butté, but miscorrelated the HT Butte bed. Thus, ke was
124 to believe that the basal sand on Sentirel Butle was concealsd in
:re subsurface below the F bed. In reallty, 1t 1s well exposed and
sieriies the G bed.

A second error occurred as Eennen carried his marker bed sast-
ward boward Medora (his point 2). Very few beds resembling the basal
cund are pressnt in the Tonguevﬁiver Formation but, from about the

i

Tillings-Golden Valley County line to Mecora and northward into the

ck

decee exdst in the upper Tongue River section. This bed occurs abou

trd

7C to 80 feet below the Tongue River-Sentinel Bubite contact and is

zocut 5 feet thick along U. S. Highway 10 several miles west of Medora.

*

It can be traced wlong the highwsy to Medora and is prominent in the

Fy

vest bluffs of the Little Missouri which externd nortiward intc the
cark. The unlt thickens considerably as it enters the park, as can
b2 szen along the park road as it descends from Johnson Plateau to

tas valley floor. This unit Femnen confused with the "marker bed"

tratigraphic occurrence of

£9

{n

cf the Sentinel Butte locality. The

this sand bed is unfortunate, for it allowed Hennen to justify his

N

irst error with a2 second. The paradox is even more apparent when

el
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~polives that cloyey-sond Leds are gu ite uneornon '%(‘f Tungoe

.
» gireta. Hdennen's second error was recognized by Brown {(194Ce,

1269) who concluded,

_ P *@ould seen bhal, betusen De
Sully Springs, Hennsn confused two silicl
interval of lOO~125 feetb.

It is unfortunate that Hennen's study recieved so 1it
ccevhance, for closer inspection of his "Sandstone 21" might have

- éed in an earlier recognition of the basal Sentinel Butte sand.

“ne writer confesses his own skepticism of Hemmen's work during

inisiel stages of field inpvestigation. Only after the partial equiv-

snce of Hennen's "marker bed!" with the basal sand st Sully Springs
un realized was an attempt made to resolve the conflicts which ex-

sted in his c¢ross-section betwesen Sentinel Bubte and Medora. VWhether

[

Jeznnen iSandstone 21% is equivalent to the basal sand elsewhere in

wzesern North Dakota is not readily apparent. The two appear to be

ze-extensive as will be discusss prvsvﬁ‘oly.
“ezicnal extent of the contact

, ‘ _ Tae extent of the Tongue River-Sentinel Butte contact in a

kS . -

significant porticn of wesitern North Dakota is indicated in Figure 1.
“he contact 1s essentially a line of best approximation comnecting

- : woints at which the character and elevation of the contact was eztab~

N : .

~izhed in the flelczo The writer has utilized available literasture in

EANN T e

fecilitating extrapolations through arcag for which his field obser—

voiiions are limited. In this regard, reports of Leonard end Smith

3000 TT 5 e - - . e . . "
{1909) , Hares (1928), Fisher (1953, 195L), and unpublished data of




months spent in the field, the writer visited nearly every

p in which the contact is indicated to be present. However,

the probability exists that some outliers containing the contact have

1

sen overlocoked and, to the extent that this is true, Figure 1 is
incomplete. It is expected that fufure detailed mapping will correct

these omissions; if the feasibility of such mapping ls demonstrated
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fesourd badlands.--The Tongue River-Sentinel Butie

contact is essentizally continuous throughout the badlands east of the
Litile Missouri River from northern Slope County to southern McXenzie
County, West of the river, the contact is discontinucus and defines

‘etacned rempants of Sentinel Buvbe strata which form divides or

.

vuttes which rise above the regiopal level. Thois distribution is
an expression of the regional dip of these beds toward the siructural
axis of the Williston basin (syaclire) which lies to the east and

northeast. For many miles sast of the esast "breaks" of the Littie

Hoed

Missouri oadLands} topovr »hy ie developed almost entirsly upon strata

of "Sentinel Butte® and younger age. In the extreme southwsst corner

Pty

the map area, all Paleoccene and younger strata have been removed

-~
A=

by erosion from the northezst flank of the Cedar Creek anticline.

.»!

Both time limitatlons and diffic s impesed by the gently
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d paucity of ocutcrops prevented tracing of the

contact south of Amidon and, with the exception of HT Butte, this
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s ocoie constitutes the soutpern LIl O InVeSTRZALLOn. Eetween Anl

¥

con and Medora the contact is reaedily apparent and can e inspected
+ many iocalities. The HT Butte ved and the basal sand are . zenerally

w211 developed but locally the ET Bubtte bed thins and the basal sand

el
cmes fine grained. The HT Butte bed has burned throughout much of

o~

+nis area, as can be readily seen from the road into the "Iurning

s

e
Lo

2l Vein", northwest of Amidon, which follows the divide westiward

zcross the center of T. 136 N., R. 101 W. Cutcrops of the conbact

ng this divide (Figure 5-A) show the basal sand to be fine grained

"

A1l

-

and the ET Butte bed to be rather t

Northward, on the divide south of Bear Creek the color contrast

45 marked and the contact is evident from a distance. At thiz locality

+he HT Butte bed is about £0 inches thick and the basal sand is well

developed (Figure 5-B). The basal Sentinel Butte unit is silty above

. -

h¢ HT Bubte bed bub coarsens upward, becoming sandy within a vertical

ct

interval of 6 feet.

On the west side of the Little Missouri, the contac

[
[
[
ko]
&
o
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i

nent on Bullion Butte and occurs in the bases of Sentinel and Sqguare

(Flat Top) Buttes. The contact dips eastward at Sentinel Butte and

¢

nasses into the subsurface along U. S. Highway 10 (Tnterstate 9L)
sbout three miles east of Medora. The HT Butle bed is burmed“élong
most of this fraverse and its descent into the subsurface east of
iedora 1s marked by a fringe of red clinker, but a minimum thickness
of 7 feet was measured for the bed at a partial exposure in Sheep
Creek. e basal sand is exposed on the nortiheast flank of Sentinel
)

can be viewed zlong the W"West River road" in the northeast

T. 139 ¥., R. 103 ¥W., near Sully Springs, and just west




FIGURE 5

A

B.

‘Tongue River-Sentinel Bubte contact (arrow) near road on the divide south of Second Creek,

about 7 miles northwest of Amidon. The AT Butte bed measures 30 inches bul is poorly ex-
posed. ‘ ,
Locations WF% sec. 20, T. 136 N., R. 101 W., Slope County, North Dakota.

idon
q

Tongue River-Sentinel. Butte contact (arrow) near fire-guard trail about widway between Am
el

and Medora. Forly inches of poorly exposed HT Butte bed underlies a thick sequence of bas
Sentinel Butte sand. ' " :
Location: 8Wj sec, 7, T. 137 N. s> Re 101 W., Dillings County, North Dakota.

LE

Tongue River-Senlinel Butte contact (arrow) about L miles north of the villege of Senbinol
Butte. The bagal unit is fine grained snd consplcuously banded, the HT Butte bed is thin,
but the color contrast above and below the contact is wmarked, '

Locablon: Mg sec. L, T. 140 N., R: 10k W., Golden Valley, Nowth Dakoba.

Tongue River-Sentinsl Butte contact (arrew) in the vicinlty of Twin Bultes. The dark bed
above the contact is a dense clay which Locally separates the basal sand and the HT Butle bad.
Location: Fk sec. 16, T. 141 N., R. 103 W., Golden Valley County, North Dakotba.
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of the east entrance to Roosevelld Park.

Within the Souta Unit of Rocsevelt Park, the contact 1z present
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nigh in the bluff on the west sice of
rrom Cottonwood campground. Here the HT Butle bed exceeds 9 icel In
thickness and is overlain by a thick sequence of baszal send. The
contact can zlso be geen in the vicinity of "Scoria Point®, a scenic
stop within the park. Tae ET Bubte bed has largely burned to produce
z spectacular red clinker, but‘an unburned remnant, nsarly 12 feei in
thickness, can be seen in the gzully below Uhevoverloox. The SQ-C&Lled
nRurping Coal MineY in the park is in the HT Butte bed and clinker
nroduced by‘earlle burns 1s widespread; gocd cubcrops otcur adjacent
50 the road near the park rtoundary north of Wind Canyon.

North of the village of Sentinel Batte, near Twin Buattes, the

contact is exposed on numerous small bubttes and divides (T re 5-5).

The HT Butte bed is represented by only & to 8 inches of lignitic
shale, but the contrast in color between the formations iz exceed-

nzly good. This contrast is persistent northward and can be sean

-

bode

near the entrance to Techeris ranch (Figure 6-A), on the divide

above the historic Flkhorn Ranch site. Taroughout much of this area
the basal Sentinel Butte sand is rather fine grained and at several
localities it is separated from the HT Butte bed by as much as L feet
of dark clay. At these localities, however, the clay gradss upward
and laterally into more "iypical® basal sand.

reg localities on the east side of the Little Missouri north

e
®

of the South Unlt of Roosevelt Park appear representative of the con-

vact. The first of these oropinent bluff on the east sgide of the

S &

Fe

Bt

river road asbout 3 miles north of tae park boupda%y (Figure 6-B). The




FIGURE 6

A,

;Bt

Ce

Do

Tongue River-Sentinel Butte contact (arrow) near the entrance to Techerls Ranch, about 13 miles

north of Twin Buttes. The color contrast above and below the contact is very pronounced.
Location: NE% sec. 1, To 143 Ne, R. 103 W., Golden Valley County, North Dakota.

Tongue River~Sentinel Butte contact (arrcw) on the river rosd about 3 miles north of the South
Unit of Roosevelt Park. The HT Butte bed is largely covered bul exceeds 13 feet in thickness.
Locatlion: Mﬂimweﬂ,T.1MJW,R,Mﬁ&h,Bﬂlh@&CmmW;Nm%thwmm

Tongue River-Sentinel Butte contact (arrow) on the river rosd 13 miles north of South Roosa-
velt Park. The basal sand of the Sentinsl Butte Formstion is fine grained and the color con-
trast above and below the contact is subdued by dark clays in the upper portion of the Tongue
River Formation.

Location: N4 sec. 36, T. 1L3'N., R. 102 W., Billings County, Norbth Dakota.

Tongue River«Sentinel Butte contact (arvow) in the vaelley of Blackbtail Creck sbout 17 miles
north of the South Unit of Roosevelt Park. The basal Sentinel Butle sand is Utyplcally"
developed with large-scale cross-bed sets. :

Location: SE% sece 10, Te 143 N., R, 101 W., Billings County, North Dakota.

ot
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-r Butte bed 1s well develo-ca} meaguring about 13.5 feet in thick

8

ress. The basal sand consists of & to 8 fest of rather clayey silt

)

vhica grades upward into 20 feet of clayey sand. About 10 miles norin

of this outcrop, the contact is accessiblie near the road at ke summit

of the divide south of Mikes Creek (Figure 6-Cj. The HT Rutte bed is

only 16 to 18 inches thick and the lower portion of the bazal zand 1g
thinly bedded and fine grained. Despite its overall fine texture,

tne basal sand contains pods and lenses of medium.sand and large clasts

or "galls" of clay. Silicified wood (Figure 3-D) is particularly

abundant at this locality.

The river road north of Medora terminates, after 30 sceric

miles, at the ranches of Les and Jack Connel; exit from the badlands

e

s gained along the Blackbtail Creek drainage eastward to Gorham. Along
the Blacktall Creek road occur some of the best examples of "iypicelly"
developed basal sand. The contact is coagrzc”ous and nearly contin-

vous along the north wall of the creek valley for 5 or 6 miles up

Blacktall Cresk from its mouth. Waere the contact passes beneaith the

-

valley floor, erosional remaants of the resistant basal sand form

I}

wmerous buttes wialch project above the valley alluvium (Figure 6-D).
fere, the HET Butte bed is generally thin, averaging 12 to 20 inches
thick. |

The basal sand is well developed north of the Blackbail drain-
age and was observed on the divide between Whitetail and Magpie Creeks
i In the MagpiekCreek valley. Excellent exposures also occur in

the Beicegel and Sand Creek drainages, bubt the upper Tongue River

el "

3 .

S4s tecome somewnal clayey and ths color contrast with the Sentinel

[y

Ly

Sutte Formation is less pronouaced (Figure 7-A). The basal sand

aal (e
-




FIGURE 7

A.

B

Co

Tongue River-Sentinel Butte contact {arrow) near the road on the divide above the Beilcegel

Tongue River-Sentinel Butte contact (arrow) along Sand Creek about 13 miles west of Grassy
Butte. The basal sand of the Sentinel Butte Formation is well developed, but the color con-
trast above and below the contact is somewhat subdued by gray clay beds in the upper Tongue
River Formabion. V

Location: sec. 10, T. 1L5 N., R. 101 W., McKenzle County, North Dskota.

Ranch sbout 16 miles west of Grassy Butte. The basal Sentinel Bubtie sand greally resembles
that in outcrops to the south along Blacktall Creek (Figure 6-D) , O
Location: SF4% sec. 6, T 145 N., R. 101 W., McKenzie County, North Dakotla.

Tongue River-Sentinel Butte contact (arrow) in the Bowline Creek drainage about 9 miles south-
east of Sheep Buttes. The HT Butte bed is 6 to 7 feet thick and partially concealed by slumping
of the basal Sentinel Butte sand. ‘
Location: NW4 sec. 18, T. 147 N., R. 101 W., McKenzie County, North Dakota.

Tongue River-Sentinel Butte contact (arrow) about 2 miles southwest of Sheep Builes. The HT
Butte bed is concealed but measures about lj feet and is overlain by about 20 feet of silly
basal Sentinel Butte sand.

Location: SWy sec. 21, T. 1h8 N., R. 103 W., McKenzie County, North Dakota.

1
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-saches thickneszses in excess of 100 feet in the upper reacies o

A% the summit of the road above the Del c;Jel Ranch,
send 1s well exposed (Fig' s 7-B) and greatly rescmbles outcrops in
+he HDlacktaill Creek area. The ET Bubtbe bed is generally thin along

Sand-Creek but thickens ncrt’::wa.r as measured ih a gection near t
elson Ranch (SW4, sec. 18, T. 1L6 N., R. 101 W.), the bed iz 7 feet

Farther north, the contact can be seen in the bluffs of the
Little Missouri in the vicinity of sec. 28, T. 147 ¥., R. 101 W., but
it passes beneath glump debris and valley alluviwn somewhere in the
vicinity of the southern boundary of the North Unit of Roossvsil Park
The conbact has not been observed within the par}c but its presence at

-

shallow depths in the subsurface

o
1

s indicated by the thick interval of
basal sand which can bs seen at many localities within the nark, the

most accessible of which are adjacent to the entrances to the Squaw

X

Creek campground (Figure L-B).

The northern limit of the contact within the north-south reach
of the Little Missourl b‘acl.Lamls appears to be in the Bowliné Creek
drainage (Figure 7-C). Here the contact is again distinci, despite
the pressnce of a gray bentopite bed in the uppermost part of the
Tongue River Formation. The basal sand is sility near the base and
coarsens upward in the unit. The HT Butte bed is 6 to 7 feet thick.
Ldditiocnal outcrops occur along the rcad several miles south of this

locelity in the east half of ssc. 25, T. 147 N., R, 102 W.

“North of the badlands.-~The area porth of the Little Missouri

~ "

badlands of western North Dakoia khas been glaciated, the topogravh




inrginages. The conbact can be exbrapolated nortiwestward fron Dow-

2d, wnich 1s so prominent in the North Unit of Rocsevelt Parlk, alds
correlation across this area of limited bedrock exposure. The contact
15 exposed about 2 miles southwest of Sheep Buttes (Figure 7-D) at the

Jocation of Fisheris (1953) "sectioa 3", The HT Butte bed hers is

L feet thick and overlain by 20 feet of rather silty basal Sentinel

putte sand. Northward, the contact can be sesn in the more prominent

slopes of the Horse Creek drainage, particularly in the vieiniiy of

Horse Creck school. Fisner (1953) has noted the HT Butte bed in this

area which he designated as "L¥ in hig "zection 29,

- The Sentinel Butte Formation eppears to have limited extent in
4 Hontena, but 1t can be viewsed al Blue Mountain in northern Wibaux
Cownty, in the east bluffs of the Yellowstone River northeast of Sid-

ney, and at the Snowden railway siding on the Misscourd River unsar the
Honbana-North Dakota state lix The latter localities are of par-

ticular interest becauss they

t‘{‘
}.J
o
©
£

thin the general type area of the

" Fort Union Group. On th ;:':Lvez' roadh about § miles southwest of
Certwright, North Dakota, the contact is marked by a 5-foot thicknes:
i of BT Butte bed énd a marked coleor change. Ths basal sand is typical
and ra %es in thickness hev-‘een 25 and I;O feet (Figeure 8-A). The
: conbact in this area 1s go distinct thabt it can be picked with ease
from aerial photographs. Similar conditions exist at the contact
0.8 miles northwest of the road Junction abt Snowden, Montana, except
o that the HT Butte bad is represented by LO inches of lignitic shale.

dere 52 feet of Sentinel ,Lmte strata overlie about 250 feet of the




FIGURE B8

A.

B. .

Tongue River-Sentinel Butte contact (arrow) in bluffs of Yellowstone River about 8 miles south-

west of Cartwright. The contact here is very distinct and lies within the type arsa of the

Fort Unlon Group. .
Location: SE4 sec. 31, T. 150 N., R. 10L W., McKenzie County, North Dakota.

Tongue River-Sentinel Butte contact (arrow) near Garriscn Reservoir about 7 miles northwest of
Newtown. The basal Sentinel Butte sesnd stands in high relief abovs less resistent Tongue River

beds,
Location: Near center sec. 26, T. 153 N., R. 103 V., Hountreil County, North Dakota.

Tongue River-Sentinel. Butte contact (arrow) along Garrison Reservoir about 8 miles northwest

of Newbown., The HT Butte bed is about 9 feet thick end is overlain by about 50 feet of bassal 5
Sentinel Bullte gand.

Location: SEY4 sec. 22, T. 153 N., R. 93 W., Mountrail County, North Dakota.

Tongue River-Sentinel Butte contact (arrow) about 2 miles soullniest of Glen Ullin., The dark
horizon above the contact is a dense clay; note the similarity of this outcrop with that of
Figure 5-D.

Location: NE% sec. 2, T. 138 N., R. 89 W., Morton County, North Dakota,.
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3 typically develicpad and
gilicified wood "1d'stumps are abundant along the contact.

Bast of the Snowden-ﬁuferﬁ arza, the conbact dips below the
¥issouri River and is belleved to remaln in the subsurface acroes
mmtqfsmmmwnWﬁiﬂmsCowm% Near the Williams-Mountrail County
line 1t rises to the surface along the west flank of the Nesson

.anticline. Good exposures caﬁ be seen in the bluffs along Garrison
Reservoir just east of the Mountrail County line (Figure 8-B). An
outerop, accessible by car, occurs about 7 miles northwest of Newtown

-

(¥ i ure 8-C) where about 9 feet of lignite, lignitic shale, and car-
bonaceous clay constitute the ET Bubtt

bad and are overlain by LO

o]

feet of basal sand. The lower porticn of the basal sand is better
.sorted than is "typical®, but the clay-siit content increases upward
in the unit.

Tee contact can be extrapolated up the valley of the Waite
Darth River in western Mountrail County to iis terminus near the
Burke Cowunty line. East of the mouth of the Winite Barth velley,
the contact can be traced in discontinuous outcrops along Carrisoa
Reservoir to the Four Bears Srldqe, west of Newtown, Where 1t is

_’,

well exposed at an elevation slightly above the bridge abutments.

The contact carmot be traced beyond a sag filled with post~Paleocene
sediments (Clayton, oral commuicaticn) aboub 6 miles south of New-

town, Sentinel Butte strata only are present above the reservoir

the contact has been displaced downward along a northwest-trending

Clayton, in preparaticn). The writer has not

},-‘l

nspected the

reservolir beyond the Mountrail-Dunn Couwnty line, but




50
Clayton {oral communication, 196?)Ahas obzerved Wwhal he believes
+s the mongue River~Sentinel Butiz contact in the bleffzs zlong th
north shore of the reservoir oppesite ithe moubth of the Little Missourd

niver. This occcurrsnce seems plavsible, becausze the contact is thoug!
to occur due west of this locality in the vicinity of Lest Bridge.

At Lost Bridge, strata believed to contain the contact occur
near flood-plain level where bedrock crops out adjacent to the river.
Caution is required in evaluating these exposures, for ﬁanj slump
blocks (not all of whick have besn rotated) are present aicng the base
of the high bluffs.' The countact is telieved to be present just west
of the north abutment of the bridge. The HT Butte bed is locally
vurned but a single measurement indicates that it is thinm, and proo-
ably averages less than 3 feet in thickness. The basal sand iz present
cbove the 1igniﬁe‘buiVitsistratigraphic pogition is locally occupied

y ;

by flocdplain and alluviali-fan debris and its total thickness ig une-

determined. The absence of a well exposed section of Tongue River

strata makes 1t difficult to demonsirate the validity of the comtact

t Lost Bridge. Supporting evidence 1s contained in the LS50 feet of

Sentinel Butte beds which extend above the presumed combact. Thais

section contains marker beds (a "blue" bed and upper and lower #yellow®

beds) which appear correlative with similar beds in the Nortz Unit

- of Roosevelt Park. If the correlation of these beds is correct,

and 1f their relative stratigrazhic pozitions are constant, the con~

P S e

tact should exist near river level at Lost BEridge.

e s s+

Eastward extent of contact.-~The area of Pigure 1 south of the

o

Little Missouri River and east of North Dakota State Highway 85, which

T T

‘includes most of Tunn and Stark Countles, is not specifically

OGS oo, e
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included in the scope of tidis report. However, bthe wWwriter nas trav-

;. o ] - [

ecrly a1l of the exposed strata are of Sentinel Buile age and younger.

o]

3

wie observaticn is in accord wilh regional siructure, for the axis

."‘-;q
o

of the Williston basin (syncline) of North Dakota extends north-souta

v

through this area. This is dencanstrated, for example, by beds of

-

3 % Tongue River and older age which are concealed by ybunger strata along
§ U. S. Highway 10 (Interstate 94) between the east "breaks" of the bad-
‘? lands and the Glen Ullin-New Szlem arca, €0 miles to the east.
{:f g Success in‘delimitiag the Tengue River-Sentinel Butte contact
E i % throughout the areas discussed above leads to an important qQuery -- can
ﬁé %‘ ? the contact be delimited with equal facility farther east along the
E ; % truncated flank of the Williston basin? Difficulties are imposed in

o N, %,

this area by rolling terrain mantled with vegetabion and glacizl debris

e

walch conceal the bedrock. The composile thickness of Paleccene strata
is considerably less in this area than in the badlands and greater
ailtimetric control is necessary to corrslate between the isclated ocut-

. LY ]

L crops. Quegtions concerning the differentiation of Tongue River and

[ €3]

entinel Butte strata in this region will ultimately be answercd by

cetalled geologic mapping of the units, an initial stage of whick has

; already begun.

Turing the fall of 1966, the writer held a field conference with

. RO A
S. Geological Survey geologists™ involved in surface mapping in

1, .
Jd. 5. Geological Survey geclogists were C. S. V. Baxrclay, G. D.
Yowat, and K. Soward; the writer was accompanied by C. G. Carlson of
wae North Dakota Geological Survey.
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plied, that the montworilionitic claysd

- this local emchasis becom

Tengate-Glen Ullin area. Actually, I

52

and Grant Counties. The contact, 23 defined by tas @river,

‘nsnected ab mgny localities in Billings and Golden Valley

ounties an d compared with a persistent "marker" horizon in Horton

Although the HT Butte bed is thin and peorly developed and

basal Sentinel Butte sand is fine grained, the writer (and ap-
narently his companions; the writer expressez no formal commltmens

cn thelr part) concluded that the "marker" horizon was in fact the

River-Sentinel Butte contact. In regard to this horizon in

and Grant Counties, Barclay (written communication, January,

1967) has stated:

I am convinced that the horizon whicn you showed me on
Noverber 1 f;?ééj in the South Unit of the Thecdore Rocesvelt
nat cnal Park and waich you map as the Sentinel Bubte/Tongus

8
River ccntact is I showed you on the Follow-

horizon I
ing day in the CGlen Ullin axnd ueag"p Guadrangles, whicnh I
had mapped as a ‘¢rwe“ between two major ',gﬂ“np zZongs. L
have seen the same horizon in the W% te Butite, Clark Bu
and the Noruh.A_mono Quadrangies., Lhm sure s
the Heart Dutie and Heart Dutte WW Guadrangles.

In the Glen Ullin and Dengate Quadrangies, the contac
is marked by a dark colive o greenish gray montmorilloniti
locally si to sandy claystone above, and a yellowish gray
sandstone apa giltstorne seguence below. There is commoniy
a unlnﬁ *1gn,31c zone at tze base of the clay [which mey ba

CI
},.I« e
.,

P t
. 1
an HT Butte lignite ecuivalent, You stated, or at least imQJ
i one, with itz locally
high proportion of coarser ﬂauean*g , at least 1: vax
a lateral eguivalent of the bazal clayey sandstone LpreseAu,
in the thtkv Missouri badlands j» I concur in this als 0,
except 1 tend to regard ths tuﬁtmorLLWOn:t"c b*ayscO;e
with the characteristically high admixtures of coarser
erial as the "normal® conbact and the clayey sandstone
the result of local ewmphazis on one aspect of sedimentolozi~
cal conditions during earliest Sentinel Butte time. OF course
general as the source area
oached « . . _
ocall’ emphasis occurred in the
nclud 13 to 15 feet of
sediment -- the interval Lruﬂ whe lignitic zone below the
montmorillonitic C'&f to the bage of the next lignitic zong w=
in a basal zone of the Scpu-hel DL:te the uppermost third or
so of which is not uwncommonly a clayey or glliy sandstone to
sandstone. As a mabtter of faCE; thers is sandstone at least

"
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S
for the coarser materieal is “p
I also believe that this !
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cut in the Dengate Guadrangle
This sezndstone body iz not we
extent. Iis outcrop paviers

its long axis indicate 1t 1s a Vchammel" sand.

The writer is in essential sgreement with Barclayls de

7t appears that the basal Sentinel Butte "sand” contalns greater ad-

mixtures of fine silt and clay, particularly near its base, in this
castern reglon and its dominant texture may be silty clay or clayey
53i1t. The contact is mappable, however, and the criteria which aid

n its recognition are esgentially fthe same as those recognized far-

ther west. Tigure 8-D illustrates the contact in the Glen Ullin Quad-

Previocus observations of the comtact

Numerous statements regarding the char acter and extent of th

¥

Tongue River-Sentinel Butte contact appear in the geologicel litera-

. ture. Ma.ny of these are restatements of oplnions exfsressed by earlisy

workers and most are intended to apply to relatively small study arsas.

individually, they add testimony to the ;oersistence‘ and character of

the contact and, collectively, they apgear to support the genersl con-

clusions of this report. A few of these stabements have already been

cited, others which relate to western Noxth Dakota are reviewed below.
The most éomprehensivé and concise statement regarding the re-

gional extent of the Sentinel Butte Formation noted by this writer, is

given by Seager, and others (1542, p. 1L17;.

g entinel Butte are found in the bad-

ff*,sou‘:i River in the vicinity of Nowt!

i

0 D.»:u{ota In this
zzin gyncline, the uwnldv

lands of i
Roogevelt Park, McKenz i
ity, near the axis of the Williston Bzs
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se a whole is flat, and may exceed 550 feet in thickness
Tts position in the syncline preserved it from pre-Olizo-
cene erosion. The Senvinel Bubtte is the surface rock in
most of McKenzie, Eillings, Tunn. and Stark Counties, in
eastern Slope County and in paris of Hercer and Morton
Counties. It crops out slonz the Missouri and Little Miss-
curi rivers azs far szst as Sanish ara_m'bowooqs, and also
may te chseryved in the drainage of the Knilfe River near

heoron TP

The Tongue River member of the Paleocene Fort Umion For=
mablion conformably underlies the Senulnew Butte. A clirker
resulting from the burning of a lignite bed marks ithe contact
of the Tongue River and Sentinel “ucce members in many places.
Numerous clinker beds occur both above and below the contact
clinker. Thus, the presence of clinker should not be used in-
discriminantly as the criterion for separating the two members.

Regarding the distribution of the Tongue River Formation, these wri-

ters stated {(p. 1L17):

The Tongue River . . . crops out extensively in
de of the Little Missouri River from the vicinity
martir, North Dakotz, to a noint 100 miles north. At

S e e Tew L

}.J
5

_J (D
=y
ot
o
1

5 Locality, the gensral nortiaeast dip of the strata irnto ih

: liston Basin syncline carries the member below river level.

: The member ilg exposed over a broad area along the Hontana-North

: Dakota boundary, from northern Slooe County at least as far

: north as the Missouri River. It reappears on the crest of the

; Nesson anticline in souther q'h ‘liameg County, and iz exposed
along the Missouri River on the east gide of the Williston

Basin syncline.

= .

These statements are in esséntial agreement with the distributicn of

R R WA SR A 5

Pzleccene strata as recognized by the writer. Although Seager and
others, alluded to the HT Butte bed of the Tongue River Formation, no

o

tinel Bulite sand.

3

mention was made of the basal Ser
Hennen (1943) is apparently the only person who has attributed
regional persistence to a sandsitone bed. As discussed above, the
“"Sandstone 217 Hen.en is eouﬂvalpnt in part to the basal Sentinel
Butte sand of this report and, although Hennen placad it within tlhe

m o

ongue River Formation, its persistence suggests it may be largely

=i

synonymous with the basal sand of the Sentinsl Butte. Regarding the




¥ .
i gistribution of his "Sandsitone 21, Hennen (3. 1570 wrote:
i
: Tt 18 persistent and widesoreaza in the Dakota basin, as
' evidenced by exposares extending from the vicinity of Sentinel
Butte, Golden Valley County, sastward to 1t imid il
Almont, Morton Gou;z;, from a noint on the
Fork of Cannonball River, 10 miles nortusac
eastc”n Slope County, nortihward to the
of the Nesson anticline in southern Wil

thence southeastward along the valley o
to the vicinity of Coleharbor . . .

¥

Harker-bed SS,q is typically developed on both flanks of
the Nesson anticiine in 11

=
o

southern Williams County with the sa
abundance of silicified plant stems and here and there a gil~
icified tree stump.

With the exception of sgections Tigured in Hennen's east-west cross-

section from Sentinel Butte to Kidder County, locations given for

nSandstone 21" are too gensral for accurate field checks and ithe sx-

vent to which it 1s equivalent to the basal sand of this report has

not been determinsd.

— e ol

In reference to the distribution and stratigraphic relavionsnips

of Fort Union strata, Brown (19482, p. 1270-1271) made the following

Tee dark Sentinel EBuite shale, according to Hennen éxtends

&as uward across bhe Little Migsouri River as far as A?mOﬂJ)
sbout 115 miles from Sentinel Butte. Northward it

the Hlvner strata of the badlands along the Littls

River and is part of the type sectica of the Fort Union for-
mation on the north side of the Missouri River opposite the
mouth of the Ye;lon ctone River. Its color in these farther
areas, nowever, is relativelj "ghﬁ, so that in thais respsct

e
m‘w
£

3

i it is praCElC&lly indisting: e from the underlying Tongue

iver member . . .

Southwest of Broadus, Montana, a considerable dark s
quence, near the top of the Tongus River but bensath lignitic
strava containing Wasatca fossils appears 1o the writer to bs
correlatable northeastward with the dark Sentinel Butte shale
and its laterel eguivalents.

The Tongus River member of ihe Fo;t Uﬁion in the type ex-~
sures along To 1g ve River in Aing ze
light-colored zone of zandstones, shales, cxayo and
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Tuller colors, however, prevail in ite gouthwestern and norshi-
castern extensions, and lenses or bands of dark-colorzd oor-
tions come and go beotn vertically and laterally so ohal itz
* boundaries, exceph Locally, are very definite, accounting per-
haps for many of the variztions in thickness attribuited to the
MEMDET o +
In some areas . . . the variation in thickness [of ths
Tongue River membezﬂ iz caused by the lateral '%aasxi&o of
trate and vice verss which moves

light-colored into darkexr
the color boundaries up &z

In brief, the color caanges match the equally grsat veaxr
“iations in litheologic composition, var:;cal¢v and ﬂuuvra¢Lg,
in the Paleocene ssguence east of the Rocky Mountains, and
- render the cdefinition and mapping of its several so-callsd
members difficult or impessible, except locally. No reliance
cen be placed on distant lateral correlations made on this
basis

These statements appear to be, by and large, undocumented

tements of opinion and intultion which may pcesibly have prejudiced

concepts of the Tongue River-Sentinel Butbtes cogtact in North Dakota.

Pigld observationg upon which tre present report 1z based do not
support inferpratation of a facles relationship bebtwsen Tongue River

and Septinel Butte strata in western Nortn Dakota. Browa's stalte-
rent regarding the Sentinel Butte beds as "practically indistingvish-
able” from the Tongue River "member' near the mouth of the Yellowstone
River appears questionable. As Figure 8-A illustrates, the color con-
trast across the conmtact is as marked here as can be observed any-
where in North Dakoba.

The great variation in thickness recordsd for the ongue River
Yimember' probably results more from differing opinions rsgarding its
sounds than from lateral transiti of light~coleorsd into darker

sirata as suggested above by Brown. For example, Leonard (1911,

». 550) stated:




sre found, az on the t©
Fiat Top, Bullion, an St
rather hard sandstone g . T wite River
beds are seen resbting dl:acnly on uppermost sandstons of
the Fort Uniom.
“rig #uppermost? sandstone has since ylelded fossils walch reveal its
-rue sge as Oligocene (Brown, 19L8a). Thus one must deduct CC to 1CO
2525 from the composite thickness cited for the Fort Union Group {(or

the Sentinel Bubtte Formation) by Leonard. An error of

-

3 S 1
S

ar

mzgrnitude is apparent in a later statement by Leonard (Leonard, and

cthers, 1925, p. 35).

The top of Sentinel Butte is 11&3 feet above the botiom
of the Little Missourd River valley at Medora so that in going
from the river to the top of that butte it is possible to
determine the mumbe £ sent in this vertical

i
section of over 11C0

3

statemen

<

-

assurptilon which is good only as a WEirst® approximation.
ward component of dip between Sentinel Bulte and Medora is
or O.L degree eastward. This dip carries the HT Buatte

rom the base of Sentinel Butite dnto the sutsurface aboul

tacitly assumes that the strata =zre horizontal, an

-cast of Medora, and the apparent composive iz reduced accordingly.

Taus the composite section along this traverse ig consideracle

thaa 1100 feet, probably on the order of 650 to 7C0 feet. Many s

ilar errors are present 1o the liferature and citasions of

(o]
aggre

or ccmposite thicknesses of Paleocene strata reguire carseful evalua-

tion.
That Palsocene units do vary in thicknesss, however,
cervain. For example, the thickmess of the Sentinel Bubte Formation

increases from about 350 feét =zt Bullion Butte to LOO feei
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(L) The eastward
due Lo eastward thinzing
thz Tongue River mender.
of the Tongue River and Se:
7,000 and 1,500 feet an

members is
DQ *m' LR

o i

sectlon. In Mercer County, the thiczness of the T

Sentinel Butte bede is probably less than S00 fest,

section is €0 to 65% gray shale. Also, a3 the total volume
of sediments decreasss, the relative abundancs of carbona-
ceous maeterlial Increases, causing a darikening of the color.
It is not surprising that the color ceatrast between the Sene
tinel Butte shale member and the Tongue River member does not
persist as far east az the Xnife River area.

5) The Sentinel Butte shale, thersfors, 1s me
2 2
a separate member of the Fort Unlon formation onliy =
type locality in wesztern Norih Dakcta. To the easth

‘o inter-tongue, both Lzterelly and Vﬂ**;ca¢1y, V‘tﬂ e T
River member. We therefore suggest that the name "Scatins
Sutte! ve used only in westerm North Dakobta; end that beds
of ecuivalent age in ths central part of the state e included

in the Tongue River member of the Fort Unlion formatlon.

As dnterpreted in thnisg repoz he Tongue River-Sentizel EButie

(<
A Y
ct

.

contact is nov just a color boundary, it is a lithogenetic oreak be-

Siy
U“

n two rock siratigrapinic units, the uppermcst of which transgressad

tie lewer. Evaluation of analyses of nearly 500 stratigraphic samples

sivion and that they record two diffsrent eplzcdes of Paleocsne ais-

lithologies as "indistinct? gppear to be guestionable.

it is not exposed in much of this area. The contact is distinct scuth

of Bs

e

vs..\«

ngon's map area in Fortom Ccunty aad efforis are

e

e

Thus, statements regarding Tongue River and Sentinsl Batte

o g+ R T m 3 S e
lure to distinguish the Tongue River-Sentinel Futte

ay to carry it nortaward (C. C. Carlson, in progress). Tae
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norisons witnia the Sentinel Bubtie Forma—

resence of light-colored

\‘J

M .:. rmm o = " Tt e - T = - + P v £ el L
zion is not denled. "Yellow" becs can e seen in the upper hall ol

LA g S Ny " S e ] e - wnle = T S e
~=a section near vae North dnit of Roccsevert Park and correslievive

'S
ot
(o}
@]
[
o
M
ks
o

straba appear to exist wegtwa uttes, eastward to Lest

zridge, and southward at least as far as the Elacktall-Wiitetail

just west of Fryburg, Billings County, which has consideracle persis-

+gnce and might correlate with one of the "yellow" beds mentioned

=77

above. The writer considers these beds similar to To zue River strabta

end suggests they may represent a brief "return to Tougue River con~
ditions"; however, no eviderice exists to imply that they have physical

comvinuity with the bulk of strata in the underlying Tongve River

. Pormabion.

- The influence of Benson and Brown leg evident 1n the reporis
of subsequent investigations. For example, Fisher (1953) made she

statement,

The Sentinel Zubtle sediments are generally more
than those below. Brown (1948}, in his review of the Paleo-
cene rocks of westcentral North Dakota, nas shown toem o be
a faciss of tLe Tongue River formation; a color charngs that
Oves v*r**cally aerooe the secticn. A similar condition
s indicated in McEenzie uG““%y for the woper part of ths

1ver bilafds in t MOTEQWE tern yOT’“Oﬁ of the county com-
tain beds which are pfoba%'y p_bu in the [Fort Union; section,
tut are chiefly buff in color. The writer carmot be certain
of this fact becavse corrslations were not carried intc that
area.

Fisher's uncertainty is justified by the writer®s fisld check of the

bl

bluffs along the river north of the Nelson Bridge east of Fairview,
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ed or "secorla, he stated:

i
o2

.sich he designated ae the

-
DleuRe:

The L lignite of this report can be traced ove:

e
goutheast from the bend o the Vellowstone River i1 fime
western McKenzle Count y

The L scoria formas the rimrock in much of the western
half of the area. It is the thickest single scoria in the

area ranglng up to L5 feet although usually less than half
that thicl

Tx o soubthward continuation of his Structural study in west-central

o

53

redenzie County, Fisher (195L) again used the L bed as a datum.

-D‘?ﬁ
i
ot
W

It was thought desirsble to follow out uhe exﬁ ne
scoria which served ag contour datum in that report ¥
19531, and to locate the position of this bed in the se
measured bty Leonard along the Little Missouri River.

In McXenzie and northern Golden Valley counties gt least,
this scoria marks the contact between tne light colored stan-
dard Tongue River sediments and the overlying somber Sentinel

vle Tacies.

Fisheris structural mapping was followed by similar studies to

<t
e ]
¢}

+he southeast (Hanson, 1955) and east (Meldahl, 1956). In regard to
the contact within the "Elkhorn Ranch area’ Hanson (1955) cemmented:

The contact between the Sentinel Butte member and the
underlying peds of the Tongue River formation is qulte pro-
nounced because it is picked at a color change; dark broun
Sentinel Butte shale is found resting on gray to tan Tongue
River beds..

In the southern part of the area a prominent clinker bed
exists which has been designated by the writer by the letter
upi,  This clinker bed extends for aboubt three miles north of
uhe southern boundary of the area, and caps all the bubtes

in that vicinity. Although this clinker bed is not very ex-
tensive, and is much thicker than the clinker bed in the
Skaar-Trotter area, it was determined that it 1s the same bed
described by Fisher (195L4) in the Skaar-Trotter area. The
bage of clinker bed "L® was used for the datum plane in struc-
ture contouring.

Although Hanson'!s report adds testimony to the color contrast petween

1e Tongue River and Sentinel Butte Formatlions, his mapoed contact

wween them does not agree well with Figure 1 of this report.
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The [ollowing year, Meldanl (1556) mapped ithe "Graosy Butis

2% which con

character of the contact, Heldanl stated:

of the Sentinel RButte member with the
Formation 1s sssentially a ccle
thologle dl~“8“83080 As pravicuzly
ée Daa3 the la e el iver strata are buff, 1ight tan,
and 1Agk“ gray in coclor. The uentlnet ﬁuute uvmua” is‘qan~
erally darker and mors son i
light gray. The color difference beitween ths Sent¢nuL Buutc
member and the rest of the Tongue River formation wusually
appears quite distinct from the distance, but is actuelly
gradational and indefinite.

The contact
paru of cke osg

)
»

)

Such skepticism regarding recognition of ithe contact would oresumably
preclude its use as a structural datum, but Meldahl had success com-

- N . s -
(1953, 195L) in tracing the "L bed

8]
Hy
kol
'-h
w
g
[o)
L

parable to thatl

. . . The base of the Sentinel Butte member is marked oy
the "L bed" in this arca, in the adjacent areas to tae noria,
west, south, and in the South Unit of Thecdore Roosevelt Va-
tional Park. In those areas the "L Bed? iz uvsually a promi-
nent scoria, guite thick in tis PD“K and north of the Crass
Zutte a, but generslly cnly four feet thick to the

>
ﬁm
c+

west of the Grassy Butte zrea and in the Elkhorn arca to the
uth. In the northern half of this LC“ads; Butte?! area the
wY bedm ilg lignite, four feet thlck, and only ?oual>y nes it
urned to produce scoria. In the scuthern helf of the Grassy
Eutte area the lignite thins and In SEENT.
Here the vL bad" consists of ben aces
is underlain by tas lignite. BEo 2y znd
I i cont

: o
ulgrannic norizon
ﬂ area to the

feldanl s reference to repiacement of the "L bed® by a Yben-

topitic" clay merits comment. This unilt i1s a local wedge of IJine

¢iscontinucus and ranges in thickness from a "Tfeather edze® to L or

¥

L ey +
Ve

fee! It is distinct from, but ususlly grades abruptly into, the
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pasol sand. L0 may nave (in its criginal extocnt) been the zcurce of

n the basal saad.

}.h

clay

1l e
ziver-Sentinel Butte contact, briel consideration is given to Vevin's
(1946) comments regarding the contact in the Keene dome area of ecastern

McKenzie Couniy.

Although the

Sentinel Butite iz confor ith
wnderlying Tongue River, and although the e v1*onmant of =zed~
imentation was very gimilar for both formatioans, it is possi-
ble to map them separately . . . Since the conUQct of the Sen-
tinel Butte and Tengue River is completely gradational, some
arcitrary horizon must be sslected for the boundary. carer
(1942) states that a lignite or a burned clinker bed markz the
contact in many places. Hemmen places the contact ab the top
of lignite 22, a2 bed 20 fset thick; that is being q1:ed on the
north face of Sentinel Butte. If no mist axe has been made ir
cor“elatiOﬁ, this hordzon is scuivalent to JK of ta strauw
graphic section, figured In thig repori.

Nevin, however, considersd a more Ylogical" contact (his bed L

) “

which he designated as the approximate top of the Tongue Hiver) to

L2}

-

exist about 200 feet sty ratigrapnically aigher than the JK bed, Spo

ok

checks of Nevin'ls datum points teltween Charison and the Missourdi River,
vhers the contact (as defined by criteris of this paper) is known to
exist, indicate to the writer that Nevin erred in his regional corrs-

eyrror naz no direct

o
inc)
[0}
o
o
=
3
e
t

lation of the contact by at least 20

bearing on his local correlation end should not influence hig siruc-

tural interpretatlons. Nevinis failure to include key marker beds

such as the "blue bed" and the tupper and lower yellow beds! of

N

A

Fisher, 1953) waich are believed to be present in his map area, limib

the Gtility of his generalized stratigraphic section.
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Stratigrephic Nomenclaturse

3

In any penetrating study of early Tertlaxy continental depcsits
of the western interdcr, the geologist will find himself drawa into a

voluminous literature full of nomenclatorial ambiguity and uncertainty.

‘ -
317

Few stratigraphic intervals in the United States have been subject to

greater argument, debaite, and disagreement than has the late Creta-
ceous-early Tertiary continentel sequence of the Western Interior

The roots of controversy extend back to the first corprehen sive ges-

ogical svudies by the Territorial Surveys; duplication and confusion

ot

cccompany and characterize vhe hlstory of subseguent study. Only
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rgcently has our knowledge reached the degre
gssary for clarification of the sgtratigraphic nomenclature. A brief

resume of uses (and misuses) of stravigraphic terms applied to the

Cretaceous-Tertiary sequence appears desirable here in order Lo place

- . o I e

the Tongue River and Sentinel Eutte wnits in proper nomenclaborial

nerepective.

»

Zarliy Ncomenclature

FBarly geological reports (1852 to 1876 and later) referred to

the Lignite (Ligrnitic) Group, now known to contain stirat ch

|

& wa

cf"

ange in age from late Cretacsous to early Tertiary. Meek and Hayden
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:;852) supplanted the "ILignitic Grgup”d of older reporits with the
nFort Union Group" or the “Great Lignitic Group". Apparently, 1o
rezed for cons istent usage was felt and the terms were used interchange-
cbly by Hayden during the following decade. A seed of syncnyny had,
however, been sown, for the term "Lignitic Group" was an absbraction

spplicable to carbonaceous strata anywhere; "Fort Union" was speclf

rh

ard applied to a definite sequence of sitrata with a designated type
locality. The two were in no way entirely equivalent.
The term ”ngnltlc Group" was &lsc replaced by the term W"lLara-

mie Group” in the v101n1ty‘0¢ the fortieth parallel by King (1876).

is duplication of terminclogy wes soon recognized, and Hayden and
Ying together agreed to replace the descriptive term "Lignitic! with
the geographic term "Laramile". They included within the "Laramie
Groupt all strata between the "Fox Hills Sandstone” and "Vermillion
Creek! (of.King) or "Wasatch" (of Hayden) Group. It is not entirely
evident that Hayden ever intended to replace the term Fort Union with
Laramie; it would seem, rather, that he temporarily revised its age,
considered it "Wasatch", and preserved ite identity. Hayden {1878,
p. iv) stated,

If objection is made to the use oi Lignitic group I
would say that in this work it 1s res tricted to a =eries of
cogl~bearing strata lying above the Fox Hills group, or Upper
Cretaceous, and these are embraced in uhe Learamie and Fort

Union groups . » . It is also probable that the brackish-waier
beds on the upper Missourd must be correlated with the Laramie,

d“Of*mal stratigraphic terms, used in the context of previous wor-

kers, wnlch are considered to embrace differvent stratigraphic intervals
than current usage permits are placed in quotes. Likewlise, obsolete

ronk fterms are placed in quotes. Quotes are omiitted for terms curren-

tly accepted by the North Dakota Geologilcal Survey and the writer, and
Tor terms used in general context without exbllc1u stratigraphlc con~
notation.
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. S
S0 Uil

-

2

X

he Wazalcn group as now defined and Fort Union group
axre T

at v ter
‘dentical as a wacle, or in part ab least.
If Xing and Hayden ever agreed on the usage of Laramie, it ig

~zrtain that vhey never agreed on its age. Controversy ic espparsnt in

zot of the conformable marine strata and eguivalant to the vLignitic

=

sriest of Meek and Hayden (18S82) in the upper Misscuri section:

L

sgively ¢ nwlae“ed these rocks as
Tertiary and as trams*tl 12l between Cretaceous apd Tertiary

o » o That there might be no misunderstanding as to strati-
graphic position and nature of the rocks themselves, Dr.
Hayden and I mutually sgree to know them thereafter as the
Laramie group, and to leave their age for present as debatabls
ground, each referring them to the horizon which the evidence
seems to him to warrant. The result of our investigations
leads me to the distinct belief of their Crstaceccous ags.

Drs. Hayden has suc

Foydsn (L1876, p. 25~27) was no less emphatic in his viewpolnt:

T etill regard the lignitic group proper as tranciticnal
or Lower Eocene, and saall so regard its apge unt1; gvidence
to the contrary is much stronger than any which haz beoen_pre-
cented up to present timz. When, however, the proot is sulii-
clent to decids the Cretuacsous age of the group L shodl sccepl
the verdict without hesitation. It ig somewhat doubtful whether
the zge will ever be decided positively to the satisfactlion of
all parties.

2.

In retrospset we realize thalt bobh men were largely correch,

thet the lignitic sequence in question contains strata of both Crzta-

eous and Tertiary age, and that King probably saw more of the former

snd Hayden more of the laftter. That Hayden had the beitter perspective

-

is indicated by his lack of dogmatism and by his statemsat (Hayden,

1873, p. iv) that

e« o « Taoge who worked from the south and southwest toward
the north have been thoroughly “mp' ssed with the Cpeuacaouu
a2ge of the "Lignitic group", whaile those who have studied the
depogits from the north and nor h{@@t toward the locwrlo"
basin received their first ingressions they were of Tertiary
age.
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w ) e Tl oy " o H - P . - . N e g e
Tn Converse County, Wyominz, ths lale Crelacsous sequence sguivalent
.

W P o el 3= sy ¥ e ~ TRt ST K, 3 o e 3y
+o the widespread dincsaur-bearing beds (Cerabops beds) baiwezrn the
t

vTox Eillst and "Fort Unlon' formsticns wers named Vi

castern Montana were named FHsll
¢ beds" (Brown, 1907) and subsegquently became known as tne "Zell
the Laace formabion' (Thom and Dobbin, 192L4;.

Just as the term Fort Unlon became restricted to the upper por-
+ion of tue ligﬁitié strata of the Great Flains, the term Lance re-
czived wide applicaticn to the 1ower interVel, From its incepuilon,

the Term wWwas equivalent in part to the Flaramie formatlion" of Xing

£

"Leramie formation" the U. S, CGeclogical Survey, in 1910, restricted
the uge of Laramie to rocks of the Denver basin. As a result, !
{ormation” was extended tc include sirata throughcut Wyoming and ad-

-

jacent portions of Colorado, Hontana, North Dakota, and South Dekota.

Erown (1943) proposed that the term Laramie be expanded to include the

el

“Arapahoe ceonglomerate” and the Cretacecus portion of the “leaver

S

formation", thus making the "Laramle formation™ equivalent to tke

typlcal "Lence" and "Hell Cresk® formations.

e uppsr contact of the Lance Formetion ig gradational with

younger beds of variable characuer, many of walch have been trsaited

as menbers of the Lance Formation and considered o bs of late Cre-

ed the "Tullock

O

In eastern Montana suceh wnits incliu

5

r= and Lee, 1923} and the "Lebo shale" (Stone and Cali- ‘

wota the "Ludiow lig-

5 - 2y ;e T L TR B o, Jp B
1@ Incadjacent Nerth and South De

{(Lloyd, 191L). Tae Fzleocene age of each of these wnits

6]

tiy been reco

nized and they are nowd coznsidered to be




&9

supordinate units within the Fort Uricn sequence (Xerchor, 1965,

.nd Laramie strata (the lattier of which was conzidered to e of es-
~ablished Cretaceous age), the U. S. Cesclozical Survey inm 1935 ele-
vated the Eell Creek and Tuilock members® to 10:1’&&'*&1011&1 rark end

rastricted the age designation of the Lanecs to "Cretaceous! except
b I

c(

where beds of demengtrated Tertiary age exigi above thoge of Creta-
ceous age, in which case the age designetion might be "Ugzer Cre-
taceous and Eocens®. In North Dalkota, the Iudlow and Cannonball
continued Lo be considered members of the WLance" (Wilmarth, 1938),

their Paleocene afj.,m. ies ot vet having been demonstrated.
g

Tongue River and Sentinel Zutte Formabticns
The "Fort Union' also underwent subdlvision during the early
; part of the century, largely as & result of the many "ccal surveysh

of the U. S. Geoclogical Survey. Taff (1909) divided the "DeSmst

formation® (equivalent in part to the Fert Union) of Tarton (19C8)

Fa

ot e S5t & g 5

in the Sheridan coal field, Wyomicg, lnto thres groups. In descending

.,

er, trese were the Ulm, Intermediate, and Tongue River coal Mgroups®.
The Tonguve River _coa}_ groupt was named for exposures along the north-
ward fiowing river of that name, and 1tz upper contact was defins

by the top of thke Roland cozl bed. On the basis of fossil planis and
shells collected from the Tongue River “group" upward, Taff considered

the codi-bearing rocks of the Sheriden field to be of "Fort Union”

(D

or "basal® Tertlery.

Lecnerd (1908) and Leocnard and Smitn (1509)

coald. 2ield of western North Dakota
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- o O3 e o, S o o o et GE e PRy 2 N 5 e » -, > T o g P

<~%o an upper Sentinel Butie coal Ygroup® sand a lower ledorsa coal

r 2 By Nz e e iy 1 ] S T [N - [ S A .
veroup’.  Leonard (190C) is properly credited with the First sirasi-

’

hic interval assigped to the Sembinel Butie group in 190C differed
sagm that of Lecnard and Smiih the following year. In 1908, the Sen-

«1m=l Butte coal Ygroup' was recognized as contalning, in its lower
i & & b
Q

sortion, lignite beds Q, R, and 3. Bed

ths Senvinel Bubtte coal ¥group®, and bed ¥ constituted its baze. The
et bl £ beds S and & is e e el hadng o ad o 90
souivelence of beds S and G 1s certainy both being reported as 20
3zt in thickness. It is also certain thaet bed R eguals F; thusg the

- Y - o T 2 o i T ot - 2 3 s
-2 interval of the "1908" Sentinel Butie "group” was cmitted Zrox the

. S, g T e P R ey -~ s < b B PSS - -
trrowpt. Subsequent applications  of the name ¥Sentinel Bulltel appear

Leopardls use of VMedora grous! merdils additional comment. In
2508 Leonard recognized the Beaver Cresk and Medora coal
o3 underlyling the Sentinel Butte group of lignite bedz. The zartlal
equivalence of lignite beds of the Beaver Creek and Medora 7
is evident to this writer. PFerhnaps it was This equivalesnce waich
ceused Leonard and Smith (1909) to cmit the Beaver Creek toroupt and
:;pp}.jr the term Medora fgroupt to the en

o

sive of the Ludlow Formaticn) below the Sentinel Butite "grouwp”. Thais

revised Medora Ygroup', as shown Ly Leonard and Smith, contains fewer

e 1908 combined seguence of Medora plus

Leonard (1908) regzarded the Sentinel Bubtte Ygroup" as part of



’ . T o "z vy . .
e U"Fort Undon formavion®, secquence o og ol sarly
. ) ey A mT a Ta s e T ™ T U meom o

Tocene aze (Bocene then included the Paleocens Ipocn). Toom and

* )

£ o8] > AL 5 . IR . o : P ~ ‘.
Gonbln \,:,911.',) compliad with the ithen current usszs of the . 8. Cao-

Triermediate coal Ygroup® (plus the Roland coal) of the Sheridan

coel fiel Wyoming. Likewlse, Harss (1928) followsd the cams
clagsification and expresssd the sams personal opinion a3z Thom
Dobbin. A subltle fact waz becomlng apparent, nct only is the base of
the Paleocene Serles problematical but 1is upper boundary 1is &lzo in-

distinct. The age of the Senitinel Butte Formation nad
Rarly opinions regarding the age of Sentinel Bulte suraba
aspear oo result from two consideratlionsi iles relaticnshilp to tzs
AT ‘b FH R qj I_, =y oA b tra I"”""'""' mAdS ok
Clark Fork beds oL Tihe DLz noimn Posgin and to &2 NLSIrS i alie

coal "group' and the WXingsbury cornglomerate in the Po.r:ae River

v}

basin. Smn.,on (1929) tentatively correlated Sentinel Bubie 1

ERa

Clark Fork strata which he considered { paleoatologl cally) transitional

btetween late Paleocens (Torrejon) and true Wasatch'. The paucity

of i‘ossil materizl and the uncertain slratigraphic pogitlion of key
specimens allowed Simpson (p. 7-8) to formulate only the following

RY

tentative conclusion:

5 v e bz C dezz be
in the Sentinel Bulbte, it would be much more satisfactory
from a faunal point of view Lo retaln thls member in the
Fort Union Formation or CGroup, rather than to follow Toonm
and Bobbin in placing it in the Wasatcn., Eguivalence with
the Clerk Fork fauna does not nscessitate inclusion in the
Wesateh. The known Clark Fork feuna may be slightly late:
trhan the Eear Creek favra, . « . but it is still essential

of final Pzleccene Type.
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Jepsen, on paleontclogic grounds, as
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T turey e ok SR . SN 5L PRy T . - sy
rerre. Ln two related papsrs, Erowo '\'/z_,uaa ;9_;81:)} Lareel 7 clariiied

. 3 am . VT e o o g . el [ . -~ T e -
--a zge relatlonships of the "Xingzbury conglomerate", Intermsdiate coal

T [ B “ b e T e T e 3 b = v e - PR s e S G
poroupt, and Senitinel Butte Vsnalie®. aunal evidence has sgvasliszihed

stra 1oﬂauz;
ary conglomeralts.

Taue the presumed correlation of the Imtermediate coal Ygroup”

e

o
i

nd thus the Sentinel Bubtite Formation) with the "Kingsbury conglomera ten

cennot be physically demenstrated. This relaticnship led Brown

[0]

A1l the recent paleontologic and stratigraphic evidence
T'-.‘ .

poimtes toward reterticn of the Sernitinel Bultite =i within the
Fort Unicn formaticn of the Paleccene serdies., Thls evicence
seems Lo ] u E

G
nErmonLous acrcs ﬁmeﬂﬁfe?ﬂémﬁwumwgm
& the Rocky ¥ ains anc peruits the dr
the Paieocens-Bocane bourcarj‘&;tn ressonable assurance.

ot

3
§

£

Rt i SN R S T

formetion" (Darten, 1909) of the Sheridan- coal field into upper an

T e - < ¥ < ey H mn¥ mnl? - e . 5 3 ey
Lower "membersW. The upper membsr?, in turn, was divided into

cending) Tongue River, Intermediate, and Ulm coal M"groups®. The top

£ the Tongue River "group" was marked by (and included) the Roland

. - « Distinguisned by the relative quantities of sand-
stone and shale and by the gen erg; colo* of the rocks . . .
and ls mearked apporoxinetel araey coai oea .« » The

(s <]
rocks below the Carrney cozl are es“fnzla¢1y 2il shals or ars
[~ .

ghaley in character and prevallinegly dull drab, bluish, and

browm in color

o+ X ot e b B T S T o oo Smed 2 g PPN
Wwegtern North Dakota the zame lithostratigrephic relationship exdlsts.

e top of the Tongue River Formation iz defined dy the ET Batiz bed
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«nd the base (where observable) is separated from the scmbsr Ludlow
sormation by a well developed basael sand. It is conformadly over-
1oin by the Sentinel Butte Formation and 1s & discrete rock-strati-~

~vmnn,,,c unit.
In early publications, the U. S. Geoclogical Survey rezarded the
Tongue River as a "member! of the Fort Union “formation“.and the Sen-
" tinel Butte as a "member" of the Fort Union(?) "formation" (Hares, 1928;
uilmarﬁh,'l938). About tﬁe same time that it formally accepted Paleo-
cene as an epoch-series term (June 12, 1939) the U. S. Geological

Survey omitted the question mark and began to refer the Sentinel Bulie

tmember to the Fort Union "formation". This usage is still current
North Dakota geologists have been lese consilstent in thelr

assignment of stratigraphic rasnk to Sentinel Bubte strata. Workers

have variocusly referred to the "Sentinel Butte formation of the Wasatch

grouph {(Nevin, 19L6), "Sentinel Butte shale formation of Rocsne (Wa~

satch) age" (Lalrd and Mitchell, 19L2), "the Sentirel Butte member of

the Wasatch formation" (Seager, and others, 19L2; Kiine, 19L2; Hemnen,

19L3), or to the Sentinel Butte "member" of the Fort Union "Iormation!.

o sooner had the reagsignment of the Sentinel Butte "shale" to the

Palsocene (Brown, 19L8a and 19L8b) received general acceptance than

its relatiomship to the underlying Tongue River began to be gquestioned.

Two basic opinions developed; one considered the Sentinel Butte to be

2 "membert of the "Tongue River formation" and a second regarded the

Sentinel Butte to be a facies of the "Tongue River formation'. Neither

R L L tTa S TR C VRN

of these opinions is supported in this report.

Classificztion of the Sentinel Butie as a subordinate interval

4 . o~ . . L - . N .
(exclusive of a facies) within the Tongue River necessitates an extension

S T



L T
(5
of the upper contact of the Tongue River (waich has been firmly

- ~ - - A, vV wn ATYM O - e g E [ I - RS S,
placed at the Rcoland and HET Butte horizons) to include a groster
<

"
]
a
H

L Lol s o A 2 P e e 5+ T T i N P
accepted, for the Tongue River. Such revision of lithogstratigrapuic

units, (with retenticn of original names) is discoursged bota by

precedent a.rvd by the ccep‘tad gtandards of the Stratigrephic Cods
of Nemenclature (A. C. S. N., 1981, Article 1L). Loose acherence
4o this rule has made 1t dncreasingly difficult in recent years o

understand an author's meaning of "Tongue River', and whsther ns is

p8524

Consideration of the Sentinsl Butte as an "upper memzer’ of
3

the Tonzue River Formabtilon creates an wnnansd "lover member® (Crew-

~ . AR ol Do e e T T e T
River. Reference to tihis "lower membert ls commonly mede wilh some

cuelification. TFor example, Fishsr (1953, 1954) refers alternatsly

to "typilcall, "usual", and "standard" Tongue River rocks in discussing

beds below the Sentinel Butte Frmembert. MNeldahl (1956) was forcad

=

to allude to the "lower part® of the Tongue River "Iormabtlon®. Other

Writers are egually vague aboubt this stratigreshic Interval which for

_years wasg known as Tongue Rlver.

- :

Consideration of the Sentines

e
e
g
(.i..
ol
6]
o
44}
st}
)
o
(@]
b
[
t
O

H
d
H
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o

3
0q
[
®

River Formation is even legs acceptanle to the wriler Than member

status discussed above. This usage appears to have entered the liter-

¢

Brown'z (1948a) cross-ssction correlatin




mele mem’ er as a Tacles of the Tongue River member." His motives

e e

(o

P_l

were "p*arently expressed by Brown (1948a, p. 1268):

Benson, as a result of detailed mopping in the Xnife
River area inm 1946 . . . found it impossible to distinguizh
had there besn

one from another the segquences of strava that
called Tongue River member and Sentinel Butte zhale.

“:

.z previously acknowledged, the writer has not thoroughly explored

rgnsonts map area, but structural relationships imply that sediments

=
PO A

Ea

of the Tongue River “member" should not be exposed throughout most of

he area. t is probable that the Tongue River-Sentinel Butte seguence

&5
o
o
H
0g
0

es lithclogic and textural change with increased distance

from its source, such is certainly the case in many post-orogenic
sequences. bBul evidence for a major facles relationship between Tongue
siver and Sentinel Butte strata (if it ever existed) has been removed

by late Tertiary erosion and tae relationship cannot be demonstrated

withdn remaining oubcrop areas in western North Dakota.

Proposed revisions

el

Fileld investigation has provided criteria for recogniticn of

oF

the Tongus River-Sentinel Butte contact and has documenue its

3

T
&

't is hoped that

gistence throughcut much of western North Dakola.

differentiation of these units will encourage study of the Llithogen~

¢vic and paleontologic aspects of the individual units. Such studises

should contribute significantly to a knowledge of Paleocens tec-

wnics, geography, and ecology of the Rocky Mountalins and Great FPlains.

The Sentinel Butte has been accepted as a Lithostratigraphic

it of sub-formational rank Since originally defined by Leonard and

Smith (1909). The evidence appears to be uneguivocal that the
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General statement.-~Deltalled study of 350 stratigraphic saples

eparaved, measured sections Zeiwesn Bullion Zutte in the south to

(1\

o

<ne type Llocallty of the Fort Union Group (the St
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‘s the north (Figure 9). Secticms are largely restricted to steep

o Tl i

f= in major drainsges. Nins stratigraphic ssctions are repre-
sediments of both Tongue River and Sentinel Butie agge. Samples are
graphic section, and the second the stratigraphic position (number
ore ab the base) from waich it was collected. Representative por-

tlons of each sample have been placed on file in the reference col-

e leocaticons and thicknssses of the various scctions are suwmmarized

In additicn to stratigrapnlc samples from measured sgculons,

s of samples were collected & to 8 fest above and below the Tongue
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7 Medora

O Bullion Butte
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NORTH DAXOTA

20 50 miles

c sections sampled for this invesbigation.
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TABLE 2.-~-Locations and local thicknesses of stratigraphic sections sauples for this invesligalion.

v s - it b
e Fa— R P TV U

[ 2 " 3
. hickness
Section : 44 o
(feet) . Location

s g T e e CEC N PRSP s, S [V NP . « = s E b fa LR RS-

Bullion Putte TL5 secs. 13, 28, and 33, 7. 137 N., R. 103 W., Golden Valley
County, North Dakota

Sentinel Butte - 387  SFg sec. 5, Wig sec. 8, T. 139 N., R. 104 W s Golden Valley
' Gounty, North Dakota '

ledora 256 ‘ N&z sec. 27, Wy sec. 23, T. 14O W,, R. 102 W. s Billings
County, North Dakota

Baicegel Creek 370 S¥Y sec. 13, T. 1Lh6 N. 5 Re 102 W., McXenzmie County, Nowlh
Dakoba

Long Crosg ‘ 55 Ws secs. L and 12, T. 147 N. » Re 99 W., McKenzie County,
Worth Dakota

Yellowstones 285

«

Wy soc. 23, T. 151 W., R. 104 W., McKensic County, North
akota .

2w

Snowden 302 W4 sec. 2, T. 152 N., R. 59 E., Roosevelt County, Hontana

Lost Bridge 504 NPz sec. 35, Sy see. 26, To 148 N., R. 95 V. s Dumn Cownty,
: North Dakota S '

Domybrook sl Nz sec. 16, T. 158 N., R. 87 V., Vard Cowmty, North Dakota
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_ F:T:gure.lO.»—Dis*tribution median and mean diameters in stratigraphic
samples from the Sentinel Butte Formation.
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nEaCL¥ SHEeTIICALlLY arstrioutaed. e average medn and mneCian ald-

~s5ers of grouped data for Tongue River samples are 6.62 and 6.07
phi, those for Sentinel Butte samples arc 5.87 and 5.76 phi, respec-
+tively. Because Tongue River data are bimodal, average vaiuez for
this unit have less meaning than for the Sentinel Butte gamplesz.

Sorting.-~The disvribution of Fclk soriing coefficients for
Tongue River and Senfinel Butte stratigraphic samples is showa in
Figure 12. Sentinel Butte sediments are better sorted and have a more

early symmetrical distribution of values than do Tongue River sed-
iments. Samples from both formétiens have abtout the same range of
values and are dominantly pcorly sorted‘(l.o ﬁo.2.0 phi~units). Thue
greatest difference in sorting values of the two units is the greater
percentage of very poorly sorted (2.0 to L.0 phi-units) Tongue River
samples, which causes that distribtuiion to be wesakly bimodal. Plots
of mean diameter vs. sorting (Fizures 13 and1ll) show only a =iigat
tendency to group; and the combinabtion of these statistics apoears
to be of little vaiue in differentiation of sediment types.

The distribution of sorting values, according to the fextural
clossification of Folk, for samples from the various stratigraphic
sscﬁions is given in Table 3. Plots of mean diemeter ve. sorting
Tor individual stratigfaphic sectlons are given in Appendizx II-A
(Figures 52 to 62).

Skewness.~--As shown in Figure 15, Folk skewness values of Tongue

Rlver and Sentinel Bulte samples are nearly all positive and have
epproximately the same range. The digtribution of Tongue River val-

uwes 1s markedly bimodal. A slight tendency for higher skewness
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Figure 1l2.--Distribution of Folk sorting in stratigraphic
samples from the Sentinel Butte and Tongue River Formations.
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Sentinel Butte

10 i~

Per cent Freguesncy

"12 O '2 lh -6 0'8 - }..O
¥Folk Skewngss

Tongue River

10 L

Per cent Frequency

—e2 o] .2 A b .8 . 1.0

Figure 15.--Distribution of Folk skawness values for siratigraphic
samples from the Tongue River and Sentine Lt rmatic
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7 BLE 3.--Distribution of Folk sorting Lypes in stratigraphic samples
from the Tongue R and Sentinel Butte Formavions.

L Hoderately Very .
Molarst =,
Sections “Oé‘;;;:zly Poorly - ggzgi‘g - Poorly
= Sorted Sorted
Sentinel Butte
Bullicn Butte - L 33 L
Sentinel Butte 2 9 39 15
Beicegel Creek - - V 10 L
Long Cross - L L8 é
Lost Bridge l . - 35 5
Per cent 0.9 5.1 77.8 16.0

Bullion Batte - il 28

!‘vJ

¥adora - - 3 33

Beicegel Creek - 2 : 16

]UJ

Yellowstone - - 29 1

Snowden . ‘ - - 2 15

Domnybrook - - 5 -2

Wan———— see—— as—

Per cent 0.0 2.1 59.7 . 38,1

)

values existe in Tongue River sediments, as is manifested by the rela-

Tive displacement of the average mean and median values given above

(0.55 end 0.11 phi-units for the Tongue River and Sentinel Butie

respectively). Over 50 per cent of the samples in both formations




%0

-» very-fine sikewed, and an additional 25 per cent or more are fine

.

i, The relative percentages of skewness types for samples

e 0.

PaEestis

svem the two units are given in Table L. Histograms of skewness

.88 L. --Distribution of Folk skewness types in stratigraphic samples
from the Tongue River and Sentinel Butte Formations.

Strongl
Section F.“LEZ 4 Fine Nearly Coarse
Skewed Skewed Symmetrical Skewed "

Sentinel Butte

zullion Butte _ 26 ‘ 7 L 1
Sentinel Butie 25 26 ) 10 I
Beicegel Creek 9 2 3 -
nong Cross 32 | 15 5 3
Lost Bridge 23 .10 5 2
Per cent .2 28.3 12.7 La7
Tongue River
Bullion Butte 15 12 3 -
Yedora, a2 ) 7 1
Xlcegel Creek 11 8 - -
Yellowstone 18 7 5 -
Snowden 9 3 L 1
Somnybrook 5 1 1 -
Per cent 57.5 26.6 14.3 L.k
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tributions and plots of skewmess vs. medizn diamster for glrat-
sgrephic sections are given in Appendices TI-B and Iz-C.

Kurtogis.~~Figure 16 compares the relative distributicn kur-

édsi values in Tongue River and Sentinel Butte sediments. Sentinel
Butte Samples'display a greaver range of values, are larger (on an
average); and have a weaker mode than do Tongue River samples. Zoth
distributions are strongly skewed toward high kurtosis values but
Sentinel Butte values have a higher degree of symmetry. Tae larger
'kurtosis values for Sentinel Butie samples reflect the better zorting
of samples from this unit. The relative percentages of samples in

each of Polk!s kurtosis classes is given in Table 5.

1

Sediment size components

Many systems of classification have been proposed for sedi-

3

all workers. Binary and ternary systems have been most widely used

and the latter have galned some favor in recent years, Robinson

(1949), Trefethen (1950), Folk (1954), Shepard (1954), Link (196E),

and many Govermment and commercizl orgenizetions have presented

ternary diagrams with end-members of sand, silt, and clay. Little

egreenent exists regarding the limits of classes within these tri-

engular diagrams, bul the claszes of Shepard have gained common

accegptance and are adopted for use in this study. Plots of sand,

gilt, and clay (as defined by Wentworth, 1922) relationships are

shown in Figures 17 and 18; data for individual sections are inclu-

ded in Appendix II-D (Figures 77 to 87). A summary of these data,

expressed in Folkls textural itermg, 1s prescenited ags supplementary
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Figure 16. w—Sumd.*‘y of kurtosis values in stratigrephic samples
¢ Tongue River and Sentin 12l Butte Formations.
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r §.~-Distribution of Folk kurtcsis typss in stratlgraphlc sassles
from the Tongue River and Sentinel Eutie Formations
Extremely Very Lepho-  Meso- | Platvre _Ye:y
Section Lepto Lepbe~  ToRYOm S “EWT Piavy
ol U = - L L PR B . P Pl RN
" s o ¥urtiec kurtie kurdic Y
kurtic lkurtic ) ' - kurtic
Sentinel Butte
Tullion Butte 5 13 11 7 2 -
Serntinel Butte - 13 28 19 g -
Beicegel Creek - 2 5 6 1 -
Leng Cross - 13 23 13 1 -
Lost Bridge - 11 15 10 L -
Per cent 2.3 2.5 8.6 28.3 6.1 0.0

Tongue

River

zaliion Butte

Mzdora

Zeicegel Creck

Tallowstone

Loennybrook

Per cent

- w LO5]

[

0.0

}4.4
I v o

L

o -3 O

L

L

data in Table 6.

A comparison of Figurss 17 and 18 shows that the range of sedi-

gy e
jescreny

types is approximately the same for sira

igraphic samples from
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R be—-Summary of Folkis (195h) textural types in stratigrapilc
T samples from the Tongue River and Sentinel Butte Formations.

e a——
oA -

stratigraphic Sand Silty Sandy Silt Mud Sandy ClLay Muddy

unit Sand  Sdiit Mud Sand
Sentinel Butlte

3llion Butte - 15 5 11 6 - 1 -
gentinel Butte - 10 18 18 1l L L - )
zpicegel Creek - 3 1 6 3 - - 1 |
Tong Cross - 7 L 33 9 1 1 -
Lost Bridge - 6 6 18 5 o 3 -

Per cent 0.0  19.3 16,0  140.5 17.L 1.8  L.2 0.4

Tongue River

Sullion Butte - - 1t 7 9 - 3 -
viedora - 1 9 6 1L 3 - 3
Seicegel Creek - o 3 7 7 - - -
Yellowstone - 2 7 11 10 - - -
Saowden - Ll 1 2 10 3 - -
Donnybrook - 1 - L - - 1 1

Per cent 0.0 5.0 22.3  26.6 35.9 L3 2.8 2.8

silty clay, clayey silv, silt, sandy silt, silty sand, and sand; but
the distribution of samples within these classes differs. Tongue
River sediments have a strong mode in the silty clay and clayey silt

Classes: Sentinel Butte sediments are dominantly silts and clayey




97

ci1ts with a strong mode in the sand clags. The frecuency rela-
tionships‘within the size classes are quantitatively summarized
iﬁ the pie diagrams which accompany the triangular dlagrams.

Tongue River sediments display a greater dispefsicn from the
vese of the triangle han co Senbtinel Bubbe sediments; that is,
the coarser Tongue River sediments contain greater percentages of
clay. Conversely, Sentinel Butte samples have a slight tendency
to depart farther from the clay-silt boundary than do Tongue River
sediments. The first of these tendencles manifests the poorer
sorting of coarse Téngue River sediments, and, the second indicaies
poorer sorting of fine grained éentinel Butte szediments. Compared,
the patterns illustrate the pocrer soriing of Tongue River sedimencs

relative to those of the Sentinel Rutte.

Sedimentary structures

General statement.--A major objective during field siudy was

to obbaln directional dava from langeéscale cross~stratified units.
Although the writer does not share Pettijohn?s (1957, p. 166-167)
copinion that, "It now seems doubtful whether genetic types of
cross-bedding exist and whether the classificaiion now used have any
genetic significance™, he agrees that vectoral properties of <these
structures are of greatest paleogeographic importance. Priority

was thus given to accumilating directional data., However, obser-
vations of other typeé of sitructures were recorded, and these permit
- & qualitative discussion of the relative abundance and types of
primary sedimentary sbructures, ana comménis on several minor struc—

-bures, in Tongue RAiver and Sentinel Butie strata.




UG a7 9 ~
Sedimentary structures are present in nearly all Litholcezies
of Torgue River and Sentinel Butte sirata, but the alternaste swelling

- -

o»d shrinking of clay components disrupts and masks bedding irn many
wnits, causing structurss to appear legs abupdant than they acivally
~re. The recent emphasis of studies concerning the hydrodynamic

snterpretation of prnmary sedimenvary structures is providing infor-

motion which may be effectively used to refine the results of the

rgsent investigation. DTabta are presented hers in the hope of en-

couraging =2dditional study of these features.

Classification.--Various systems have bsen proposed for the
classification of cross-stratification (HcKes and Wier, 1953; Potter

nd Pettijohn, 1963; Allen, 1$63b). McKee and Wier proposed a class=

S“y

lcatlon based prmmarllj on the character of the lower bounding

gurfaces of cross-~straba sets, with secondary considerations iuovol-
ving: (1) the shape of the cross-stratz set; {2) the abttitude of
the axis of the set (if present), (3) the symmetry of cross sirata
with respect to this axis, (L) the geometry of cross-strata bound-
aries, (5) inclination of cross strata, and (6) the length of in-
dividual cross-gtrata sets. Working from this classificabtion, Allen
(1963b) developed ncmenclature for cross-stratified units on the
basis of six criteria. As stated by Allen (p. 11ll) these are:

(1) Whether the cross-stratified unit is a single set,
or a coset formed of two or more similar sets, (2) the phys-
ical size of the set of cross-strata, (3) the character
of the lower boury ng gurface of the set of CTO*S«“ﬁT&E&,

(L) +the shape of the Llower bounding surface of the set of
cross«strata, (5) <he relation between the cros —SErat& in
the set and the lower bounding surface of the sat, and

(6) the degree of llunolog cal upiformity of the cross-
.gtrata.
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ﬁ;lthoug’n Allen's classific* vion is “‘ubject* to some criticiem (for

"

sxamsle Crook , 1965), it is considered the most functionsal sysiem

presently available, and is used in this study.

Sedimentary structurss are discussed below under three cat-
cgories: (1) horizontal stratification, (2) dinclined stratili-
‘cation, and’(B) other structurés, These divisions are for pur-
poses of discussion only, they are not classificatory or mutually
exclusive. In regard to bed-thickness nomenclature, the terms of
veXee and Wier (1953) are used. The terminology applied to other
structureé are considered to be in common use, mcgt are listed by
Pettijobn (1957, P- 157-196).

-

Horizontal stratificaticn.--Most of the strata ia the Toengue

Fond

Llat~ (or nearly flat~; bed-

H;

River and Sentinel Butte Formaticns are
ded. The bounding surfaces of major litholegic units are usually
planar and discordance is evident only in small-scale bedding
features

Flat-bedding is presgent in sediments of all textures. ILam-
inated to thin—bsdded sardstones (including silty sands and sandy
- silis, are less common 'cha.z crogs-bedded varietles, bul whers ob-
served they anpear' to have gresater lateral persistence than other
sandstones. Most large sandstope bodies are massive near the base
and become ?;oth fPiner grained and more thinly bedded upward; lami-
ation sometimes occurs in the upper part as ghown 1n Figure 19-A.
Flal-bedded sandstones appear to be most abundant in the Tongue
River Formation.

Thin~bedded and laminated s£ilif, silty clay, and clayey =ilt

beds are nearly ublguitous in both formations and congtitute th

-




FIGURE 19

A,

B.

D,

Thinly flat-bedded sandstones 1n the upper third of the Tongue Rlver section at Medora.
Note how beddlng develops upward in the unit.

Location: SWi sec. 23, T. 140 N., R. 102 W., Billings County, North Dakota.

Laminated, very friable siltstone from the upper thlrd of the Sentinel Butte section near the
Long Cross Bmdge°
Location: Nwy sec. 1z, T. 147 N., R. 99 V., McKenzie County, North Dakota,

Xi~crogss~stratification in the lowsr third of the Tongue River Formation about 15 miles north

“of the Vlllage of Sentinel Butte.

Location: MNw% sec. 12, T. 142 N., R. 104 W., Golden Valley‘County, North Dakota.

Omikron-cross-stratification in upper Sentlnel Butte sand along highway south of Los% Bridge.
Location: Near center sec. 16, T. 147 N., R. 95 W., Dunn County, North Dakota.
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—cs5 common bedding type. Larminae vary in thickness but seldoam sx-
cced 0.5 centimeters; a very thin-laminated silistone ig dlllusiratea
in Pigure 19-B.

Inclined stratification.--Measured in terms of volume, cross-

*ra‘:«'fied units are not ébmdant bubt, bescause they are commonly
netter consélida?:ed, they are more promirnent than other units. Both
1arge~ and small-scale cross-beds are present, but the occurrences
of tbhe latter ars more nUMETOUS..

Large-scale cross-beds consist primarily of lithologically
wemogeneous, wedge-shaped groups (cosets) with erosional, planar

.

igwer boundaries which rest discordantly uwpon underlying ssts (Figure

-

19-C). This type of unit has been termed xi~-cross-stirabilfication
Joxs Allen (1963b). Occasionally, wedzes become elongate and habular
sets of Allen's omikron class (Figures 19-D and 20-A) develcp.
Zi-crogs-stratification (largs-scale trough-sets) was not obszrvad.
Smaell-scale cross-beds are litholeogically homogeneous cosets
bounded by erosional or gradaticnal surfaces. The lower boundaries
of sebs are both curved and planar and define the kappa and lambda
vypes of Allen. Kappa-cross-stratification appears to predominate
(Figures 20-B and 20-C). Nu-cross-stratification (festoon-bsdding)
is also found (Figure 20-D), but is less common than either kappa
or lambda types. Ripple-marked surfaces of asymmetrical transverse
and lingueid (cuspate) ripples (Figure 21-A) were observed, but
sediment texture seldom favors preservation of these surfaces.
Large-scale cross-beds are found throughout the Tongue River
‘\Fomation (Figure 19-C), but within ithe Sentinel Butte they are

largely confined to the basal and vorer sands (Figures 34, B, C,




FIGURE

A,

B.

20

Omikronmcroasmstraﬁification near middle of the Senﬁinel Butte Pormation near the west boundary
of the North Unit of Roosevelt Park (harmsr indicates scale).
Location: SE4 sec. 8, T. 147 N., R. 100 V., McKenzie County, North Dakota,

Kappa~cross-stratification in a large flczt boulder of concrebionary sandstone at the base of
Sheep Buttes (pencil indicates scale). ‘
Location: NE% sec. 1lj, T. 148 N., R. 10L V., McKenzie County, North Dakota.

£0T

Kappa-cross~stratification in Lithified silty sand in the upper third of the Tongue River For-
mation in the South Unit of Roosevelt Park, Note thal cross-~bedding passes upward into hori-
zontal bedding. ‘

Location: NE% sec. 23, T. 14O N., R, 102 ., Billings County, North Dakota.

Tangential section of nu-cross-stratification in lithified silty sand of the upper Tongue River
Formation in the Beaver Creek drainsge (psncil indicates scale). '
Location: NE%4 sec. 20, T. 143 W, R. 105 ¥., Golden Valley County, North Dakota.
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FIGURE 21

A,

B.

Asymuetrical transverse ripple marks in lithified silty sand in the upper third of the Tongue
River Formation along Beicegel Creek rozd.

Location: NE sec. 33, T. 146 N., R. 101 V., McKenzie County; North'Dakota.

Small channel~fill deposit in upper third of Sentinel Butte Formation along highway 85 about
3 miles south of Little Missouri River. INote truncation on left (north) indicates lateral
migration in that direction, flow was eastward.

Location: S% sec. 13, T. 1L7 N., R. 99 W., lMcKenzie County, North Dakota.

SOT

Pesiccablon~-crack lellng in fine-grained concretionary bedding-plane material of th@ basal uaﬁd

of the Bentinel Butte Formation about 3 mlles gsouthwest of Medora.

" Location: SE4 sec. 10, T. 139 N., R. 103 V., Golden Valley County, North Dakota.

Small pitted mounds on fine~grained concretionary bedding surface of the basal Sentinel Butte
sand, about 3 miles southwest of Medora, presumed to be lithified gas bubbles. Cracks in the
concretionary material may be primery structures.

Location: SE4 sec. 10, T. 139 N., R, 103 ¥W., Golden Valley County, North Dakota.
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reaulted from perdodic intluxes of
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sirata, dut there is a de:

agcs n Sentinel Butie beds, particularly in the upper sand. The

slative abundance of large-scale gtructures is reflected in the

sumber of directional readings recorded from each unit (Takle 7).
Inclined strata of large magnitude were noted at a number of

15ca1ities in the bagal Sentinel Butie sand (Figure L-A). In out-

crop, these resemble rotated slump blocks, but their primary origin

is substantiated by horizontal beds above and below the dipping sirata.

“néividual beds are cozmonlj geveral feet thick and separated by

concretionary ’oedding "planes" waich bear evidence of subasrial

cxposure. The sequence appears to be a rhythmic accumulation which

P

-3

seciment.

-

Occasionally, chamnel-lag or channsl-f£ill deposits can be
identified within the Tongue River-Sentinel Butte sequence. E{arely,
channal stmctizres_‘ truncate underlying strata, but such evidencs
erosion (however local) is relatively uncommon. Figurs 21-B shows
2 smell channel in the Sentinel Butte Formation which eroded under-
iyirg gstrata pricr to being filled. Trouogh-gets ars partly dis-
cordant and partly concordant with adjacent beds. A similar sitf-
vation can be seen in strata of t{he Tongue River Formation in the
road cut just south of the summil of Johnson Plateau in the Scuth
it of Roosevelt Park. Major channeling, such as that shown by
Zares (1928, pl. 5-B), appears to have been restricted to the basal

wortlon of the Tongue River Formation.

Miscellansous stractures.--Convol ute bedding is a relatively

rars pnencmenon in Tongue River apnd Sentinel Butte strata, but was
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~mare sbtudled, convolute beds occupy a narrcw interval of z foot

mzintain a wniform thickress, and are latsraily continuoue inm

EYe)
g | H

cuterop. Beds aooﬁe and below show 1itile evidence of deformaticn.

e origin of convolubte bedding is not uaderstood, but the occurrsnce

cited here demonstrates that 1t is not restricied to turbidite se-

cuences as believed by Sanders (1960, Ap. I19). Deformation dus to

ioading and compaction is douctful because of the lack of irregular ‘i
'aoxmdar,fles (Load casts) with adjacent units. The absence of faulting

cnd rupture of the uorvolutg.o ns mekes movement by sliding improbable.

The most probable explanaticn of their origin appears to be that they

c—t*

-,s%._c from slight differential movement of hydroplastic sedimer
during its accumulation.

A number of bedding-plane structures have besn observed which
suggest periods of subaerial exposure and desiccation. Foremost of

hese are mud-cracks, which wWere observed in Conc*‘e'b.x.O’:la.I‘j bedding

zones at several localities in the Sentirel Butte Formaiion. They

zre¢ manifested by differentially cemented, fine-grained filling which

o

[y

uzathers in relief forming pobmon ridges on exposed surfaces

J]

{Figure 21-C). At one locality in the basal Sentinel Butte saad, mud

racks were accompanied by smell, conical structures with a pit":.ed
spex woich resemble bubbles (E‘igure 21-D). It is inferred th a‘c these
nay ve lithifled gas bubbles formed by decomposition of organic-rich
debris Whi‘ch accumulated between episodeg of sand deposition. Thae
former presence of this debris is documented by molds of leaves,
s2eds, and other vegetative materigl. The concretionary character

cf the bedding zonees themselves suggest quiescent interludes during
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which deposition of lithogencus gediment was slow and organic material

vie

formed a significant sediment component. The fixation of iron, which

i

nes altered the bedding surfaces to thin concretionary zonez (Figures
% and L), probably resulted from redox reaction inyolvirg anoxic
decomposition of organic‘ matter. Iron reduced during this reaction
was fixed as sulfides (or similar compounds) which were subsequently
oxidized during weathering.

This mechanism probably accounts also for the origin of mar-
cagite nodules x;r‘“eich are so common in Tongue River strata {ﬁgwe
22-A). Large nodules of this type are commonly formed around plant
debris as iﬁdicated’ by molds passing through the axis of tqe struc-
tures. OSmall, spherical nodules seldom contain vislible organic
sﬁmc*i:ures, but the writer found a marcasite epiica of a small
nail in one such nodule. The occui‘reﬂce of organic nuclei in
neny types of concretions and nodules is well documenued, and ib
is suggested here that marcasiie concretions in Tongue River strata
formed largely in response to decompositiocn of organic material. The

crganic s’cmctureé themselves are, most frequently, destroyed by
vhe processes of relilacemant and crystailization.

Large, cannonball-like » calcarsoug copncretions also occur an
Were z{oted principally in the Sentinel Butte Formation. Most of
waese glructures are true septaria which, when the veins are filled

and the sediment matrix removed, form boxwork structures (melikaria)
gimilar ‘t_o that shown in Figure 22-B. The ordigin of these stiruc-
tures is not known with certainty bub, in the present instance, the

volume reduction could be associated with dolomitization.

Log~like concretions (Figure 22-C) zre found in both Tongue




FIGURE 22

A,

B.

Cse

Small spherical nodules of weabhersd ironvsulfide in sandstone of the lower third of the

Tongue River Formation about 6 miles northwest of Amidon. Note the vague stratification
which bscomes more prominent upward. '
Location: SEY% sec. 24, T. 136 N., R. 102 W., Slope County, North Dakota.

Boxwork structure (melikaria) in the bassl sand of the section at Sentinel Butte, the velin
fillings are calcium carbonate '
Location:’ SE% sec, 5, T. 139 N., R. 10k W., Golden Valley County, North Dakota.

01Tt

Log-like concretions in lower Tongue River strata along the West River Road about 5 miles
north of Bullion Butte. V
Location: NE4 sec. 13, T. 138 N., R. 103 W., Golden Valley County, North Dakota.

Molds of worm trails on the base of argillaceous Limestone slab from the upper half of the
section at Sentinel Butte: note particularly the lower left corner of the slab.
Location: SE4 sec. 5, T. 139 N., R. 104 W., Golden Valley County, North Dakota.
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giver'and Sentinel Butte strata, but were noted most frequenuly
iﬁ the Tongue River Formation and‘in the basal Sentinel Butiz sand.

. Their formation is not understood, but it is probably controlléd
ia;gely~by secondary factors and only in part by primary pr@perties
of the sediments themselves. |

A single occurrence of worm trails was observed (Figure.22éD)
on the base of a freshwater limestone slab from the Sentinel Butte
section. To{the writer's knowledge, such structures havé not pre-
viously been reported from the Sentinel Butte Formation and, although
the bialogic affinifies of the organisms which formed them are not

known, thelr presence is worthy of mention.

Paleocurrents

Fileld procedures.--Directlonal data were collected from large-

.scale cross-beds wherever such strucﬁures were observed for compari-
son of the sediment dispersion patterns in Tongue River and Sentinel
E Butte strata. The strike, dip, maximum bed-thickness, suratigraphic
' position and location of structures were systematicaily recorded at
outcrops. One measurement of maximum dip and thickness was recorded
per bed, in vertical succession, for 15 to 20 beds at each locality.
Less measurements were made where cross-beds were few; no outcrop
was by-passed because it displayed a small number of cross-beds. The
attitude of all major bedding planes is nearly horizontal, and no
correction (Potter and Pettijohn, 1963, p. 259) ﬁas applied for bed
tilt. | '
Analysis.=-No distinctive or pérsistent cross-baedded horizons

Were recognized in the Tohgue River Formation, and reported measurements
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,.bprusent the total exposed thickness of the unit. 'Data for the Senftinel
e Formation, however, can be segregated into three stratigraphic
;:at,egories:' a basal sand, an upper sand, and the intervening Sentinel
oytte strata. It should bAe emphasized that the criterdia for differ-
entiation of "ba.sal" and “upper' Sentinel Butte horizons is stratigra-
seic and sedimentologic » not directional.

Measuremenfs from each locality were plotted oh a circular disgram
~ givided into 30-degree classes (Table 7). All readings within a single
. ¢lass were assigned the value of the mid—éoint azimuth. Vector means
of'the grouped data were calculaﬁed according to the formulas (Potter

md Pettijohm, 1963, p. 256):

=
I
]
o
u
5
»

X = arctam W/V

where xl is the m:.d-po:mt azimuth of the i  th

class interval, X is the
azimuth of the resultant vector, ng the number of observations in each
class, and n the total number of cbservations. Vector means for indi-

vidual outcrops are shown, with rose diagrams and grand means, in Fig-

ures 23 to 26.

The grand means, variance, and standard deviatlons calculated for

Al observations from the Tongue River, basal and upper sands, and



11k

[ e e ] VECTOR MEAN

!

)

|

i

!

I

!

l

‘-:

i

l

I

!

|

|

I

!

!

l

I ~

B

|

|
]

s STANDARD DEVIATION

|
} I . s e NORTH ‘ DAKOTA STATE .
’ BOUNDARY '
Co
] | |
I .
; Q@ 3 20 30 MiL £y
i
|
i
i
; /\
! /
| ;o
L

SV
i

36
i

% OF REACINGS

-

% !

CRAND Mg Ay

—

-
L
- et
. — e
) e+ e e
: —— i — s e,
o r o - i
il : :

Figure 23.~-Vector means for cross-bad measurements from outcrops
<1 the Tongue River Formation. Readings are summarized in the rose

clagram,

e A Ty e




fommmnumne -2 VECTOR MEAN

— @'s STANDARD DEVIATION

e e HORTH DAKOTA STATE

BOUNDARY

@ 50 20 30 WILES

- 1 o )
Figure 24.~-Vector means for cross-bed measurements from ouLCrops

o the basal Senti B an i
nel ! ' : R
dagram, Sutte sand. Readings are summarized in the rose




116

~r *
i 0" A 0a* i
“ —— - ——
| T v ¢ w1+ 1
T A et o . 4 ot 44 o 18 ot — e p— . — 11
— e ¢4 = — 5 ——) — 1 {—

! : ’ T O———Zume  YEGTOR MEAN
f O« STANDARD DEVIATION

{ ] ¢t RORTH DAKOTA STATE
. BOUNDARY

]
T-u‘.‘
P
.
i M Y o 20 30 W is
oo
oo
C /
B
b
l H
N
o
o
g
4,! . .
|
{ 0\

;

| ;

! 20

H -

i

;I

i

|

1 B

|

e

| ————

| T

[ cow o - 10s* !
:

Figure 25.--Vector means for cross-bed measurements from outcrops
between the basal and upper Sentinel But‘ce sands. Readings are summar-
ized in the rose diagram.




117

P —— ¥ T
iy isa 2a3 rog* rort

S~ vt
T+ — 1+ oo
TS S St s et i 5

!I . : ’ g Ot . VECTOR MEAN !
, |
i ; '
; f . » U« STANDARD DEVIATION
o |
| i i
x ! " : wmse NORTH DAKOTA STATE |
| ’ . BOUNDARY |
Lo
‘ 3
fee
P
!
Py : :
! : o e 20 3¢ miLks
P '
Lo !
i : |
Pl '
! { : .
! .

Figure 26.~-Vector means for cross-ved measurements from out crops
of upper Sentinel Butte sand. Readings are summarized in the rose
diagram.




ELE 7.--Summary of large-scale cross-bed measurements from the Tongue River and Sentinel Butte
TA . Formations.

N .
' e R s S—
. L

Azimuth Class

35 15 b5 75 105 135 165 195 225 255 285 315 i‘%al Grand

stratigraphlc 7 o 1o to to to to to to to to to mean Vari Stendard

unit 0 T2 7% 105 135 165 195 225 255 205 315 35 () (degress) | Dovietion
Upper sand 7 12 16 1 17 23 1 8 h - - - 17 11 3835 6L9 5
Sentinel Butte®* 3 kL 9 7 T 0 9 2 5 2 § 5 68 120 8285 91.0
Basal sand 12 19 27 55 L6 k3 23 1k 4 3 3 8 257 109 1176 L. 6
fongue River 16 27 23 3B k3 35 13 7 5 k6 10 e 96 5% 1.7

85entinel Bubte Formation exclusive of basal and upper sands.
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intervening Sentinel Butte strata are included in Table 7.

A test Lo determine the level of significance of preferred

A

seianbabion was conducted for the grand means. The ratio of the

e TS

e s

. 2 . . - .
cemputed sample variance, s;, to the variance of the uniform distri-

‘susion, S5, is called the F ratio and provides a test for the mill

nypothesis,
| 2 _ 2
Hy =85 = 54
e alternate hypothesis must be, : ‘ :
2 2
Hy +85< 8

The value of sﬁ is computed by the method of CGriffiths and Rosenfeld

{1953, p. 212),

2
32‘“-‘%—‘
v 3

:-:heAre a2 is the maximum range of the distribution.. The vdegrees of
frgedom are the same for the numerator and denominator of F, and equal
2 - 1. All grand means except that for the Sentinel Butte have pre-
ferred orientation at the 99.95 per cent level of confidence, the
Sentinel Butte is significant oﬁt.y at the 95.0 percentile. Results

of orientation tests are ta.buléf;ed in Table 8.

TLELE 8.--Summary of test data for preferred orientation of grand means
of large-scale cross-bed measurements. ’

Stratigraphic ~ Vector-Mean 32 /32 - F Degrees of Level of
unit (degrees) u' "o freedom significance
Upper sand o111 © 2,82 110 . .9995
Santinel Butte 120 1.50 67 .950 :
Bisal sand 109  2.59 - 256 <9995

“engue River | 96 - 2.27 ce2r .9995
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A tegt for equality of rqeans » using the Student’s t test
(pixon and Massey, 1957, p. 123), was made to‘ determine whether sig-
rificant differences exist between grand means. The t statistic.
was computed according to the equation

t = (5&1“ 5&2) - (U.l - u2)

Vi « 2mp)

which, 1f normality can be assumed, has f degrees of freedom where
(Si/nl + S%/n2>2

2 2 2 2.
(Sl/nl) * (32/112)

n o+ 1 n2+1

-2

4 It; was found that data for the Tongue River Formation differ
significant}.j (97.5 per ceﬁt level) from those for the basal znd
upper sands and for the intervening Sentinel Butte strata. Differ-
ences between grand means of the stratigraphic intervals within the
Sentinel ‘Butte’ Formation are considerably less significant, and the
nypothesis that they are equal‘ can be rejected only with €0 to 80

pér cent confidence. Results o;‘.“ these tests are given in Table 9.

CM relationships |
Theory.--Passega (1957, 196l) presented plots of samples from

known environments in which the smellest particle size in the coar-

sest one percentile (C) of the size frequency distribution was plotted

as a function of the median grain size (M). The va;.ue of C is repre-

i nt and
°énta£iv<a of the (mi.nixrxmn) competence of the transporting agent

| ‘ £ icle sizes
¥ is a statistic characteristic of the total range of parti

) -

LA :
W
'l 1

h

i) 3

1

il 1

i !
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TABiE 9 o ~=-SUmMmMaITY oi‘\tes‘o data for equality of grand means of crozg-
bed data. '

Confidence lovel

Test pair t df of rejection

Tongue River _
vs a 1.99 95 . <975
Sentinel Buttq :

Tongue River : '
Vs , 2.06 Lk .975
Basal sand

Tongue River C ‘
vs - 2.00 276 975
Upper sand

Sentinel Butte
vs . 0.94 88 .800

Basal sand

Sentinel Butte

vs 0.73 104 - 700
Upper sand '
Basal sand ' ‘

vs 0.29 22 .600
Upper sand '

®Sentinel Butte Formation exclusive of the basal and upper sands.

undergoing transport by this agent. The value C = M constitutes a
limit for coordinates (C, M) and is approached for samples in which
the coarse half of the sédi.ment i1s well sorted; that is, when the : ;

Tirst percentile and fiftieth percentile have nearly the same corres-

bonding particle sizes. The relative displacement of plotted points




érom the limit C = M,’measured parallel to the M-axis and expressed
in phi-units, is an index to the sorting in the coarse half of sedi-
ment samples. TFor the segment of CM’diagréms representing sediments
sransported as graded suspension, Passega (196lL, p. 83L) has dezig-
nated this displacement as an index of maximum sorting ( ).

A

The fine fractions of samples can be represented on a CX

diasgram by recording their per centvweight beside the plotted values

of (C, M). Passega regarded particle sizes less than 125 microns
(3 phi) to constitute the fine fraction, and illustrated it by
contouf lines drawn for values of 25, 12, 6,‘3, and 1.5 per cent
lutite.

Basic types of CM patterns are shown in Figure 27. Accord-

ing to Passega, (p. 1973),

Pattern T is the typical pabttern formed by rivers and
by tractive currents in areas of low velocity. Very fine
particles settle, mixed with intermediate-size particles
which are placed in suspension in areas of maximum velocity.
The maximum size of these intermediate particles is a lower
limit of the value of C in the pattern. It is also an in-
dication of the turbulence in the upper levels of the current.

Pattern IT is formed by turbidity currents. It may
also be formed by tractive currents, under exceptional cir-
cumgtances, when these lose speed so gradually and uniformly
-that the suspension near bottom remains graded and adjusted
to the velocity. Pattern TII is parallel with the Limit
C =M. ‘ : :

Pattern IIT represents sediments settling through quiet
water. The pattern is commonly round; points are scattered.
Conditions of deposition which are a combination of
those described produce composite patterns. For instance,
a sequence of locally swift tractive currents and slow uni-
form currents would form a fan-shaped pattern of scaitered

points extending from Patitern I to Pattern II. A current
making some deposits in quiet water would form a pattern
composed of Patterns I and ITT or IT and ITI.

Rivers or tractive currents which have beds composed
of particles of sand of the same size as those concentra~
ted at the bottom of the suspension form Pattern IV (Fig.
12). This pattern is parallel with the limit ¢ = M. The




—_—

Coarsest One Percentile, coarser
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transported in graded
suspension

= maximum diameter transporiecd
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Figure 27.--Basic CM patterns, see text for explanation. (Modified from Passega, 1957)
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maximum and minimum values of C in the paliern are an
indication of maximum and minimum turbulence at the bottom
of the current, provided material of all transportabie
sizes are available to the current.

Pattern IV is generally continued on the fine side by
Pattern I, on the coarse side by Pattern V.

When rivers or tractive currents transport by itraction
sands too coarse to be supported in suspension, their de-
posits form Pattern V. This pattern makes a small angl
with the ordinates. C may vary considerably with Litile
gffect of the median. In the upper part of the pattern
points are scattered. The maximum value of C is a measure
of the competency of the current, the minimum value an
indication of the maximum turbulence at the bottom of the
current, provided all sizes transportable are available
to the current.

Turbldity currents form Pattern VI. This pattern is
parallel with the Limit C = M. On the fine side it is
~continued by Pattern II. Pattern VI is shown in two po-
sitions: VIa and VIb which represent deposits of two types
of turbidity currents. The distance between the pattern
and the 1imit ¢ = M is a possible indication of the con-
centration of the evenly dispersed fine material in sus-
pension.

The composite pattern (I, IV, V) for river transported sediment

is of particular concern, because samples of Tongue River and Sen-
tinel Butte sediments form patterns similar to this composite pat-
tern. The interpretation of this pattern is well documented by
Passega (1957) by plots of samples collected from the Mississippil
River (U. S. Wéierways Experﬁméntal Station, 1939), the Enorce
River (Einstein, and others, 1940), and other rivers. Conditions
of flow, discharge, concentration of suspended sediment and other
Tactors were recorded for stations from which samples were collected
and permit interpretation of CM patterns in terms of agents of tfans-
port and énvironments of deposition.

The CM pattern for the Mississippi River (Passega) 1957, p. 1954) ;
is divisible into three segments (I, IV, V) which correspond to the

main charmel, the subagueous bark, and protected backwater. Samples
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;f the coarsest material from the main chamnel plot in group V,
haveAC values greater than the maximum measured for sediment in
suspension, and are considered to have been transported by traction
only. Sediments from the subaqueous’bank’plot in group IV (para-
tigl o C = M) ahd correspond in size to sediment measured in graded
sus?ension in the lower part of the water coluwm. Sediments from the
protected backwater environment plot in group I and have values of
2 and M corresponding to sedimeﬁt carried in uniform suspension.
Thus, Passega established the relationships between sediment
téxtureé, modes of transport, and depositional environments for a
section of the Mississippi River near Mayersville, Mississippi. Thev
value of C at the inflectlon of the CM pattern at point @ (Figure 27)
1s designated Cg and corresponds to the‘largest particle dizmeter
vhich can be transported in graded suspension. Likewlse, the value
"~ of G, at point R is the coarsest particle which can be transported
in uniform suspension. -

Analytical precision.--C constitutes part of the sand fraction

in most Tongue River and Sentinel Butte sediments and is eaéil&
measured. As noted by Inman (1952) the median diameter (M) is
measured with thé~greatest precision of any size-distribution sta-
tistic. The influence of fluctuations of sampling and analysis

on the size frequency distribution increases with distance from the
50th percentile, the relative standard error increasing rapidly in
the tails of the distribution. Thus, M is determined with greater
relative accuracy than is C. Although the relative standard error
may be greater for C than for slightly larger percentiles, it is

as reproducible as the Llimits of the phi-class in which it ocours
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znd the accuracy with which it is interpolated. 1In Tongue River
snd Sentinel Butte sediments, C occurs most often between 2 aznd L
phi (which are sieve-size classes) and was obtained by the same
Amathod of interpolation as other percentiles used in computaticn of
size statistics. It is réproducible within about 0.0Z2 phi-units.

As discussed by Passega (196, p. 814)_;-8h5) samples for which C
is determined 'mus’c be free of non-terriginous (non-lithogenous) de-
oris, such as shell fragments, and ’represent a single sedimentation
wnit. A‘pat‘:;em should consist’ of 20 to 30 samples which represent
all ysediment textures deposited by transport mechanisms active within
] par*biculér environment.

Previous applications.--Weller (1960, p. 323) reproduced

Passegals (1957, p. 1973) basic CM diasgram with an acknowledgment
that CM rela’cionships provide evidence which aid in the distribution
of the mode of transport and depositional enviromment of sedimentary
rocks. Bull (1962) presented CM patterns {nrhich differentiated mad-
flow, stream-chamnel, bralded-stream, and"’intemediate” deposits

on &lluvial fans in western Fresno County, California. Warner (1966,
. 9L45-958) noted the relé.tiénships of CM pabtterns to contoured data |
of median diameter, Trask sorting coefficient, and porosity ian the
Duchene River Formation of the Uinta Basin, Utah. He concluded that
CM patterns are usei‘ul tools in directing sedimentological study,

but made no direct interpretations based upon them. His plots (p. L98,
Figure 3) contain éevera.l points for which medlan values are larger
than the coarsest particle size (which is physically impossible),

and for this reason his data are considered suspect.

Proposed application.--Tongue River and Sentinel Butte sediments
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sre particularly well suited for uextx.nl anal ysis. They can be
efficiently dispersed, contain little non-lithogenous ma ‘ial s, and
‘-:he bulk of most samples are composed of particles which fall within
the size limits oi“ accurate measurement (coarser than 10 phi). Data
are well suited for CM representation.
It ha.s long been assumed that the Tongue River aﬁd Sentinel
mtte Formations are composed of fluvial deposits. Comments regard-
ing this origin are not ba.’Lways explicit or well documented. The
molluscan and vertebrate faunas and the flora of these units, com-
vined with the lithology and morphology of stratigraphic units and
vrimary sedimentary structures all appear to indicate sﬁream trans-
port and an aquatic enviromment. The CM patterms of stratigraphic
‘samples given in Figures 28 and 29 are best interpreted as resulting
from stream transport, and they add strong testimony to exdsting
gvidence: for fluvial origin of Tongue River and Sentinel Butte strata;.
Comment should be offered regarding the use of stratigraphic
samples in formulating a CM pattern. Passega (1957) utilized strat-
igraphic data of Clark (1950) in identification of the depésitionél
énvironment of Des Moines‘(Pemsylvanian) charmel and blanket sands.
The resulting pattern was compact and Passega (p. 198l) commented
that, |
A remarkable feature of the pattern is that it indicates
an extreme uniformity in the depositional process. Although
deposition of the various sand was interrupted by long inter-
vals during which other sediments were deposited, a.._l the
sands are ofya single depositional enviromment.
Similar application was made of size data presented by Foreman and
Thompson (1940) for the Berea Sandstone (Devonian or Mississippian)

in Chio. Stratigraphic data from cores was also utilized by Bull
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Figure 28.--Composite CM pattern of stratigravhic samples from the Sentinel Butte Formation.
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(1962) for CM plotss

With the exception of gamples of the basal Sentinel Butte
sand, ali data plotted on CM diagrams in this report are for samples
distributed stratigraphically in various sections. Justification of
such use involves the assumption that all environments (channel,
levee, floodplain, floodbasin, etc.) of the fluvial regime are rep~
resented in the stratigraphic section. The resulting pattern is com-
posite and must be assumed to represent an "average Tongue River®
or an "average Sentinel Butte" stream. The amount of dispersicn
of peints from the typical fluvial pattern may (excluding error due
to sampling and analysis) represent the total amount of fluctuation
in the streams which deposited the sediments. Because most sediment .
is transported and deposgited during flood-stage, CM patterns for
fluvial sediments should reflect conditions of maximum stream com-
petence. A summary of CM data for stratigraphic samples from the
Tongue River and Sentinel Butte Formations is given in Table 10.
CM éatterns for individual strafigraphic sections in‘western Noxth

Dakota are shown in Appendix II-E (Figures 88 to 98).

Classification of sediments

Previcus classifications.-~Fluvial sediments have been funda-~

mentally differentiated by many workers as vertical and lateral accre-
tion deposits (Fenneman, 1906; Melton, 1936; Mackin, 1937; Happ and
others, 1940; Chellinor, 19L6; Fisk, 19L7; Jahns, 1947; Wolman and

Leopold, 1957, as cited by Allen, 1965c).

Fisk (19L47) subdivided meander-belt sediments in the Mississippi
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"TABLE 10.--Summary of CM data for stratigraphic samples from the Tongue
River and Sentinel Butte Formations.

. I C c
station (g-units) @) (@

Sentinel Butte

Bullion Butte 0.80 . 3.75 1.50
Sentinel Butte 0.80 3.70 1.60
Beicegel Creek 1.5 3.85 ‘ 2.15
Long Cross | 1.15 3.80 2.20
Lost Bridge _ 1’.25 : 3.80 1.80
Contact ) 1.00 3.75 1.25

Average 1.09 3.98 1.85

(exclusive of

Contact)

Tongue River

Bullion Butte 1.35 .00 5.51

Medora 1.20 3.75 | 1.70
Beicegel Creek ~1.10 ' 3.80 : 2.00
Yellowstone 1.25 | 380 | 2.90
Snowden 1.60 - ?73.80 , 2.55
Donnybrook 1.50 3.75 2.25

Average 1.33 , 3.82 2.32
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yalley into the following morphometric types: (1) point-bar de-
‘§bsits, (2) channel fillings, (3) natural levee deposits, (L) back-
swamp deposits, (5) bralded stream deposits, and (6) deltaic plain
deposits. Happ, and others (19L0) presented a detailed morphogenetic
classification of fluvial sediments which included: (1) channel-
‘fill, (2) vertical accretion, (3) floodplain-splay, (L) colluvial,
(5) lateral accretion, and (6) chamnel lag deposits. Vertical
accretion deposits consist of levee and floodbasin sediment, flood-
plain-splays (crevasse-splays) are wedges of sediment deposited from
channels which breach the natural levee, and lateral accretlon de-
posits are the result of point bar migration.
Allen (1965c) broadened the concept of lateral and vertical
accretion deposits in a classification in which fluvial deposits
are grcuped into three major and'eight subordinate categories.
This classification is both genetic (environmental) and descriptive
- (stratigraphic). Allen’s classification is reproduced as Table 1l.
According to Allen (1965c, p. 127),
Channél or substratum deposits form the lower part of .
the typical floodplain sequence. - Included are point bar
and channel bar deposits and channel lag deposits left after .
stream winnowing. Bed load materials dominate substratum
sediments. In overbank or itopstratum deposits suspended
load materials are dominant. Included are bar swale-fill,
levee, crevasse-splay, and floodbasin deposits. Deposits
of these environments. form the upper part of the typical
floodplain sequence, overlying channel deposits. Trans-
itional deposits, with channel-fill deposits as the only
category, generally include bed and suspended load sedi-
ments. Stratigraphically they occupy positions through

the -substratun.

Proposed classification.--Recognition of the fluvial origin of

Tongue River and Sentinel Butte deposits, as represented by their CM

patterns, facilitates genetic classification. Of the several CM




" pABLE 1l.--Allen's (1965c¢) classification of alluvial sedimenbz.

Environment of ‘Origin reflected in typicel

deposition Deposit stratigraphic posiiion
Channel floor Chennel~lag Channel or substratum
Point bar ‘ Point bar deposits
"Channel bar Channel bar

Point bar swale or
in wzn abandoned braided ’Swale»«i'ill

stream channel Overbank or topstratum
Levee ' Levee deposits
Crevasse-splay Crevasse-splay

Floodbasin Floodbasin
Within abandoned or Channel-fill Transitional deposits

decaying channel

patterns by Passega (1957, 198L), the composite pattern for fluvial
deposits yieldsA, pérhaps , most easily to envirommental interpreta~
tion because the modes of sediment tra;‘rzsport are closely related to
the type of environment in which material can be deposited.

Sediments are normally carried in graded suspgnsion only in
the lower part of the water coiumn. The term Ygraded" refers
specifically to the concentrations of suspended sediment, but the
maximum particle size is also graded upward from coarse to fine._
mepositioh of material transported in graded suspension contributes
to substratums (point-bar, charnel-bar) deposits. ‘

The graded suspension passes upward into a uniform suspension

3The terms substratum and topstratum are used in the context
of Allen (1965c) and are essentially synonymous with lateral and
vertical accretion deposibs respectively.




in which both sediment concentraﬁion and maximum particls size are
uniform throughout the water column. It i1s this unformiy suspended
material which 1s carried over the stream banks, onto the floodplain,
and into floodbasins during periods of flood, resulting in vertical
accretion or topstratum deposition. These deposits have coarser
median diameters proximal to the channel and become progreszsively
finer with increased distance from the chamnel. Values of maxdimum
particle size, hcwever,‘remain remarkably constant.

L

The term "pelaglc"™ suspension is applied to fine material which
settles very slowly from suspension. In general, sufficient time has
lapsed during transport for the coarsest particles to have settled
Trom spspension; and resulting deposits are distingulshed from those
typical of the original uniform suspension by their smaller values of
C. Material from pelagic suspensions contribute to topstratum de-
posité iﬁ the ﬁost remote reaches of the flocodbasin.

The balance of evidence (which incluaes considerations of tex~
tural and stratigraphic relationships, and the distribution of sed-
imentary structures) appears to justify an environmental interpreta-
tion of CM patterns. Samples which fofm a graded~suspension patiern
comprise substratum deposits and those constituting a uniform~-sus-
pension pattern are of topstratum origin. Likewise, pelagié trans-
port types were deposlted in pfotected backwater enviromments distant
from active channeis. Graded suspension 1s considered genetically

related to the channel enviromment, uniform suspension to the proximal

hThe term pelagic literally means "of the open sea’ and 1s a
misnomer in the present context. Usage is retained in this paper to
avolid coining a new term; it is used in the sense of Passega (1957).
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overbank (floodplain) enviromment, and pelagic suspension tc the

floodbasin enviromment distal to active channels. A clazsification

based on these relaticnships is given in Table 12.

The graphical limits of the depositional (transport) classes
are determined from the composite CM plots of Figures 28 and 29.
Class envelopes conform in general to the array of the point pattern,
but thelr bounds are, in part, somewhat arbitrarily fixed. The

critical parameters of the patterns (Cu, C and Im) are, h?Wever,

g7
well defined and strict definition of other limits is of minor con-
sequence. As drawn, the envelopes approximate a 95 per cent con-
fidence interval for limits of the depositional’classes.

Tt is useful, in consideration of the relative abundance of
depositional types, to distinguish points which plot within the area
of overlap between uniform and peiégic types. The term "iransitional®
1s informally applied;to these sediments .and should not be confused
with Allen's (l965c) "ﬁransitional“ origin of "channel-fill" depo-
sits (Table ll)‘, Consideration of other plots (e.g., sand-silt-clay,
median vs. skewness, etc.) indicates'that transiﬁional overvank de-
posits are genetically more closely related to floodplain than to
floodbasin deposits and in subsequent discussion they may be included
with the former. As iﬁdicated in-Table 13, Tongue River aﬁd Sentinel
Butte strata are composed of nearly equal amounts of substratum and
topstratum material, but the distribution of the topstratun deposits
is significantly different for the two units. The Tongue River For-
mgtion contains relatively greater proportions of floodbasin and less
transitional and floodplain deposits than dces the Sentinel Butte |

Formation.




s

e

Geomorphic~

Textural Inferred environmental Sedimentary form
types transport N and structures
} relationships

Clay-ball Bed load Substratum depogition: Lensss and pockets

gravel channel-lag ’ (local)

Sand to silt Graded and Substratum deposition: Thin to moderate flat-bedding,
uniform Channel-lag, point bar, small-gcale to large-scale
suspansilon channel bar (kappa, lawbdz, nu, ?xi) cross-

badding, large-scale chamnzling

Clayey silt Uniform Topstratun deposition: | Thin bedded, lauinated small-

and silt suspansion Levee, crevasse-gplay, scale cross-beds (kappa,

floodplain ‘ lanbda)

S5ilty clay and Pelagic Topsbratun deposition: Blocky to laminated

clayey silt suspension Floodbasin, channel-fill

(clay-plug)

I
Lo

O~
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)

TABLE 13.--Relative zoundance of deposivional typocs in siratizraphic

o

Tongue River and Sentinel Butte Format

Tlocdbasin ransitional Flococdplain Charmnzl

Sentinel Butte

Bullion Butte

SentinelvButte
Beilcegel Creek
Long Cross |

Lost Bridge

P S T VAV

Tobtal

Per cent

7 2 7 22
1y 9 11 , 35

1 2 é 3

9 L - 18 21

& L 11 16
37 21 53 97
17.8 10.1 25.5 - 16.6

Tongus River

dedora
Beicegel Creek
Yellowstone
Snowden
Bullion Butte

Tonnybrook

Total

Per cent

10 1 8 11

10 2 1 A7

L 5 a9 63
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Primary sedimentary structures, present in many of the units
sampled, aid in delimiting depositicnal enviromments. Sitructures
which were most commonly observed in the various depositional classes
are included in Table 1Z2.

Skevwness and median grain diameter appear to be the mcst en-
vironmentally sensitive of the size statistics, and plots of cskew-
ness versus medién diameter‘fof samples of angue River and Sentinel
Butte sediments show a high degree of inverse correlation. In
Figures 30 and 31, samples are designated according to their depo-
gitional type as determined on the CM diagrams. The end-members,
which are channél and floodbasin deposits, are well se?arated in the
plots, but floodplain déposits (including the "transitional' type)
overlap the end-members. Much of the overlap is the result of
cémbining data from a number of stratigraphic sections; most plots
for individual sections (Appendix I1-C) show a better separation of
the three deposiﬁioﬁal types; Despite the overlap in the scatter
diagrams, plots of median vs. skewness appear to have auxiliary
value in sediment classification. In addition, they demonstrate the
environmental sensitivity'of skewness and median diameter, a property

not readily discernible in other size statistics.

Composition of sediments

General statement.--The textural types and thelr relative

abundances within the Tongue River and Sentinel Butte Formations have
been discussed. The bulk of the sediments in these units are clastic
- mixtures of sand, silt, and clay, but minor amounts of chemical and

biogenic. lithologies occur. The foremost of these are freshwater
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limestone and lignite.

No comprehensive mineralogic or petrographic study of Paleo~
cene units in North Dekota has been conducted. Although such study
lies outside the scope of this report, sediment composition ic a
relevant factor in considerations of paleogeography, tectonics, ero-
sion rates, sediment transport, rate of deposition, and similar

factors. For this reason, it is important to establish the most

pronounced similarities and differences between Tongue River and
Sentinel Butte sediments. For this purpose, a brief review of pre-
vious studies and statements regarding sediment composition are given
below, wiﬁh added comments based on the writer?s observations.

One of the best qualitative descriptions of Tongue River strata
is given by Hares and, although the writer differs with severszl sitate-

ments, it is useful to review it here. According to Hares (1928,

p. 31-32):

The rocks of the Tongue River member of the Fort Union
are generally of lighter color than those of the Lance = Hell
Creek and Ludlow] and contain a larger percentage of sanastone,
also thicker and more persisient beds of lignite, the best
example being the Harmon lignite. The individual strata are
also more persistent and regular. The sandstone is finer
grained, cross~bedding is less abundant, and thin lentiles of
limestone are a distinctive feature. The cross-bedding of
the sandstone in the basal Fort Uniocn is of a peculiar swirly
type Lkappa type of Allen, 1963@} and quite different from

that found in the Lance.

The sandstone is mostly of light tints of tan, buff
cream, yellow, and white; with a lesser showing of brown,
green, and gray. Some of it is so highly calcareocus that 1t
might well be called sandy limestone, but a few beds are
apparently made up of grains of pure quartz. Some of the
sandstone 1s spotted with small balls of limonite, which
stain the surface a yellowish brown. Most of the beds
are fine grained and massive, with few Jjoints. Cross=-
bedding, except in the basal part, is not highly developed,
and ripple marks are somewhat rare. Most of the shale

T Rt et i




is of light colors, such as buff, grayish white, and grcenish
white, but some is gray, brown, drab, or black. Saome of the
shale is extremely sandy, some is limonitic, a Llittlc is
gypsiferous, a small part is carbonzsceous, and nearly all iz
calcareocus. The member contains congiderabie very finely
laminated cream-colored shale, the pariicles of which ure so0
small as to remein in suspension in water for days. This
shale closely resembles silt that collects in ponded water
at flood times. Well-preserved fossil leaves are sometimes
found in such material.

A1l the sandstone texted, except that composed of gquartz
grains, 1s calcareous, effervescing freely with weak hydro~

of sand are seen to be small and subangular and to make up
less than one~half of the material, the remainder being
chiefly dirty calcite. In some samples the calclte forms
nine~tenths of the mass, and in many the quartz grains are

of blotite and muscovite. Nearly ail of them contain some
fresh and altered feldspar, which is less in quantity than

calcium carbonate cement, and perhaps somewhat less quartiz

appearance the sandstone is in marked contrast to the knotiy
sandstone of the Lance. The sandstone of the Fort Union
chngue River] may for that reason be easily trimmed into
hand specimens. In general, the rocks of the Fort Union are
much finer grained than those of the Lance, a difference -
indicating either that they were laid down farther from the
source or that the land mass supplying the material was much
Lower. Possibly both of these conditions prevailled.

Thin lenses of dense, compact limestone occur in the
lower LOO feet of the formation and were noted at several
Llocalities. « . « The limestone brezks with a conchoidal
fracture and iz of a slate-gray color, which becomes tan
or brown upon weathering. The limestone lenses are sgaringly
fossiliferous . . .

Five lignite beds over 30 inches thick and many thinmer
ones were found in the Tongue River member and are both reg-
ular and persistent. Silicified tree trunks and stumps that
have been washed out of clay and shale are common surface
features of the member..

chloric acid. In thin section under the microscope the grains

not even in contact. Some of the samples contain small flakes

the quartz. As a whole, there is much less feldspar, much more

than in the Lance formation. In its regular bedding and smooth

Hares' comment regarding the composition of Sentinel Butte

beds are brief, probably because they are of minor extent in his

map area. He states (p. 39) that:

The Sentinel Bubtte sandstone is fine grained and con-
tains considerable dark mica (biotite). Even where ithe weak
cement has gone, it has a peculiar compactness on a dry sur-
face that resists the blow of a hammer, resembling the Hell
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Creek member of the Lance in this respect as well az in gen-

eral appearance. . . . The HT Butte lignite 1s the baszl bed.

Lignite.~-0Observations of the writer indicate that lignite
beds are both more abundant and better developed in Tongue River than
in Sentinel Butte strata. This observation is necessarily & gener-
alization, because the abundance of lignite in these units varies
both stratigrephically and regionally. Tongue River strata contain
the greatest number of thick lignites (the H, Hansen, and Harmon
beds; Figure 2) in the basel third of the sequence, and this strat-
igraphic interval is exposed at the surface only in the southern
portion of the study area (the Marmarth lignite field). The Garner
Creek bed (bed C of Leonard and Smith, 1909), occurs somewhat below
the middle of the sequence, and the Meyer bed near the\ﬁop. The HT
Butte bed marks the uppef limit of the Tongué River interval. Lig-

nite beds of lesser thicknesses are present -at various horizons.

None of the major Tongue River lignites below the Garner Creék bed

crop out in the Little Missouri vadlands north of Township 139 N.,

and the formation does not give as obvious an appearance 1n thils area

of being lignitic as it does farther south.

In the southern half of the badlands, in the Sentinel Butte

and Marmarth lignite fields, the Sentinel Butte Formation contains

few lignite beds greater than 3 feet thick. Leonard and Smith (1909,

pl 2) include only two (undesignated) lignite beds above the F and

G beds (which'the writer designates as the HT Butte bed of the Tongue

River Formation). The first of these is about 100 feet above the ;

base of the unit and the second occurs near the top and is partially

burned at Sentinel Butte. Hares (1928, p. L7) recognized only one
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major lignite above the HT Butte”bed, which he named the Zullicn
Butte bed. The writer correlates the Bullion Butte bed with the
upper lignite of Leonard and Smith at Sentinel Butte. Crawford

(1967, pl. IT) added a second lignite, which he indicated exceeds

20 feet in thickness, to the upper portion of the Sentinel Butte
sequence at Bullion Butte. That a 20 foot lignite bed was overlooked
by both Hares and the writer is posgible, but‘the bed could be z slump
block containing the Bullion Butte stratum. Regardless, it can be
stated that the Sentinel Butte contains fewer thick lignites per
measured foot of sectlon in this area than does the Tongue River.

Five lignites about 5 feet in thickness were reported by Clark
(1966, pl. II) from a partial seétion of the Sentinel Butte For-

" metion in the North Unit of Roosevelt Park; these beds can also be
viewed along North Dakota Highway 85 as it ascends from the valley
of the Little Missouri River. By comparison with the Sentinel Butte
and Marmarth fields, 1ignite beds in the Sentinel Butte appear %o
’become ﬁore numefous northward butvdc not attain great thickness.

It should be recalled théx the total Sentinel Butte interval also
thickens northward, being nearly twice as thick in the North Unit of
Roosevelt Park as at Bullion Butte.

In addition to the documentation of ﬁeasured stratigraphic
cections, a number of commentis regarding the relative avundance of
lighite in Tongue River and Sentinel Butte strata are found in the
literature. As quoted above, Hares (1928, p. 31) noted the thick
and persistent beds of lignite in the Tongue River Fonmation.; Han~
son (1955) commented on the "sparse representation of lignites in the

Sentinel Butte member", noting, however, that it does contain numerous
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éarbonacecus shale beds, varying in thickness from a few inches to
five feet.

A conflicting statement is given in a report on the geology
of west-central McKenzie County by Fisher (1953) who stated,

‘In the area mapped for this report, the base of tih

Sentinel Butte member 1s persistently marked by the prom-

inent L scoria, and the member contains more lignites,

scorias, and gray ciays, a number of which are bentonitic,
than does the regular Tongue River.
Fisher?®s generalized section faithfully records his observation.
Thirteen lignites are indicated in the Sentinel Butte interval,
two of which exceed 5 feet and none of which exceed 10 feet in thick-
ness. A& qualification'is imposed on the sgtatement, however, by the
fact that only about the upper third of the total Tongue Eiver se-~
quence is exposed within the area of Filsher®s report.

The writer feels justified in concluding that although both
unite are lignitlc, thicker and more persistent Lignites occur in
the Tongue River than in the Sentinel Butte Formation.

Limestone.--Freshwater limestones occur as pods, lenses, len-
tils, and discontinuous beds in the Tongue River Formation. Thnay
are ﬁsually slate gray on a fresh surface, weather buff or yellow
brown, and break with a conchoidal fracture or part along bedding
planes. They are sparingly fossiliferous, containing fragments of
indigenous plant debris and,'rarely,éénclose broad-leaf floras intro-
duced from adjacen't areas. Invertebrate fosgils are rare, but molds
of mollusks (both clams and snails) are occasionally found. With the
exception of broad-leaves,; preservation of fossils is poor. No
micro-organisms have been observed in samples studied.

As discussed below, limestones are &ll argillaceous and
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dolomitic. Mineral clasts are contained in an amorphous or crypto-
crystaliine matrix of carbonate and are freguently nol in contach.
Shrinkage, presumed to result from dolomitization, has created num-
erous vugs and cavities wnich are lined or filled with minute car-
bonate crystals. The insoluble fraction of samples consists largely
. of quartz and feldspar, feldspar being the minor component. Micas,
% clinopyroxenes, and unidentified organic debris constitute mincr com-

; ponents. Mineral clasts vary from a maximum diameter of 0.0l to

PO

0.10 millimeter with a mode in the range of medium-fine to medium
coarse silt (0.0L to 0.03 millimeters). Particles are very angular,
quartz appears shard-like and féldspars are freshly fractured. Feld-

spar composition, determined microscopically, is primarily orthoclase

7 P S 5 b 6 ot

with subordinate amounts of plagioclase (?albite-andesine).
Primary‘structures consist largely of micro-laminze with
occasilonal CTOSS;bGdding and minor disruptiéns. Iight laminae are
created by relative increased céncentrations pf quartz and feld-
spar, the matrix having'an imherently darker color. Concentration
of organic debris is also evident and contributes to the laminar
gtructure. Field‘evidencehof continuous bedding structures between
the 1imeétone and enclosing sediments has been cobscured or oblitera-
ted'by a combination of weathering and differential compaction.
Differential compaction, particularly in the smaller pods and lentils,
cuuses the limestones to part the bedding planes of the enclosing
sediment, a phenomenon which has apparently caused some Workers to
regard them as secondary, concreticnary features. The primaxy ori- ;

gin of Tongue River limestones appears, however, to be unquestionable;
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it is su;ported by evidence éf primary sedimentary structures, tex~
‘tures, and indigenous fossils.

- It is desirable to substantlate the writerl!s observatica that,
although carbonate lithologles are present in both the Tongue River
and Sentinel Butte sequences, freshwater limestone is most abundant
and best developed within the Tongue River Formation. TDocumentation
of this cbservation is made more difficult because of the failure of
many workers to distinguish clearly between "limestonesg" and "car-
bonate concretions", and by the fallure of others to mentlon the lith-
ology at all. Support is offered, however, by Hares (1928, p. 31,
citea above) who noted thin lensés of dense, compact limestone at

several horizons in the Lower LOO feet of the Tongue River Formation

~aend considered them a distinctive feature of the unit. It is signi-

ficant that he included limestone in hils lithologic descripticon of

the Tongue River "member" (pl. 1L), but omitted it from that for the

Sentinel Butte "membert.

Crawford (1966, p. 30) independently arrived at the same con-
clusion as the writer for he stated:

Limestoneé, which 1s a rather unusual rock type for con-
tinental sediments, is found in lensaes or pods througnout the
lower member [Tongue iver Formation] (Fig. 8), but was not
obgerved in the Sentinel Butte Member. The lenses range in
size from less than a foot in diameter to twenty feet Llong
by six feet highj; they are almost always wider than high.

Although the writer disagrees with Crawford!s statement regarding

occurrence in continental sediments, his observations on limestone

in the Tongue River-Sentinel Butte sequence are accurate.

Mineralogy.~-A review of reports on heavy mineral studies of
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Tongue River and Sentinel Butte lithologies avallable” to the writer
are reviewed below.

Tisdale (19LL, p. 28) found quartz and feldspar to be the most
abundant minerals in 18 samples from basal bedé in the Tongue River
Formation. Quartz varieties were reported as crystalline, crypto-
crystalliﬁe chert, and fine aggregates (? quartzite). Wavy extinction
and quartzite fragments were considered suggestive of a metamorphic
source. Both orthoclase and plagioclase (andesine near labradorite)
are reported; orthoclase was turbid but plagioclase was clear, faintly
zoned, unaltered and angular. Sericitized muscovite grains consti-
tuted most of the remaining iight mineral fraction.

Per cent weight of heavy minerals ranged from 0.13 to 2.22 per
cent, and the suite consisted of the following gpecies:

apatite ' - leucoxene

andalucite o magnetite-ilmenite
biotite muscovite
“carbonéte" (dolomite) >sericité

chlorite - | ‘ staurolite

epidote tourmaline

garnet - ‘ tremolite
hornblende zircon
kyanite - zoicite
iron oxides (secondary)

Tisdale concluded that this sulte represents a multiple source,

SAttempts to cbhtain a U. S. Geol.VSurvey open-file report
(Denson and Gill, 1965a) cn heavy minerals from formations in the
Williston basin were unsuccessfiul.
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and contains some second cycle components, but it is characterized
by metamcrphic species derived Irom o relatively near source. Ths
Elack Hills are mentioned as a possible sedimentary provincs. No
samples from the Sentinel Butte were analyzed.
In a study of the Seniinel Dutte Formation in the Sperati
Point Quadrangle, just west of the Noxrth Unit of Roosevelt Park,.

Clark (1965, p. 15-22) found that,

R o e F ol gy B k| SRy s ap

The lower 160 to 200 feet of the Sentinel Butte Member
is dominantly greyish, fine to medium-grained graywacke
gsandstone, very fine to coarss-grained silistone, and silty
claystone. Most of the graywacke is lithlic becauszs 1t con-
taing a greaber avundance of dark minerals than feldspar;
nowever, this is difficult to estazblish without detalled
analyses. Quartz and chert zre common constituents of the
sandstones and siltstones. The upper part of the section
is dominantly gray, yellow, and brownish graywacke sandsione,
siltstone, claystone, bentonitic claystone, shale, and lignite.

Heavy mineral analyses of graywacke sandstone fzrom the
Lower part of each measured section reveal an abundance of
the platy wminerals wiith lesser amcunts of amphibole, pyroxine,
pyrite, tourmaiine, epidote, garnet, barite and msgnetite,

« » « Microscopic studies reveal the presence of vol-
canic ash in the form of glass shards throughout much of the
Sentinel Butte Member. The shards are most abundant in silt-
stones and sandstones, and especially bentonitic claystones.

a2 shards range from acicular fibrous shapss to splinters,
are 0.25 to.1.C0 mm long, and colorless, greenish, browa and
black.

Clark did not report the weight per cent of heavy mineral
fractions. |

Crawford (1966, p. £2-23) compared the mineralogy of the sand
fractlon of several samples from the Tongue River and Sentinel Butte
Formations at Bullion Butte. He found quartz, feldspar, and dolomite
to be the most aﬁundant minerals in both units. In addition to
crystalline gquartz and chert, simllar to that cited by Tisdale, some

rose quartz was observed. Both orthoclass and plagloclase (assumsd

to he andesine) were reported. Mica was found in both formations,
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wut muscovite and bplotlte were stated to be diagnoatic of the Tongue
River and bilotite to be most avundant In the Sentinel Buuis.

Heavy mineral separations were made by Crawford (1965) for
comparison of 10 Tongue River and 10 Sentinel Butte samples; the

heavy mineral suite reported consists of:

"carbonate! (dolomite) hornblende

muscovite. pyroxene (? pigeonite)
biotite v zirdon

magnetite apatite

garnet staurclite

chlorite . tourmaline

eplidote ‘ | ’ kyanite

The Tongue River Formation was found to contain more carbonate,
chlorite, hornblende, and muscovite, whereas Sentinel Butie samples
contained greater amounts of magnetliie, zircon, biotite and apatite.
Crawford agreed with Tisdalels conclusions regarding origin of the
suiﬁe and the proximity of the sediment provenance, Crawford did
not report the weight per cent composition of heavy mineral fractions,
thus no comparison can be made of the relative abundance of heavy
minerals in the two formations.

Sigsby (1966, p. 68) reported results of mineral analysis of
18 samples from the South Unit of Roosevelt Park. These were col-
lected at 2.5-foot intervals above the HT Butte bed and thus (pre-
;umably) represent the basal Sentinel Butte sand. Quartz and feld-
spar are present in subequal amounts (about 20 to 50 per cent),

the former being more azbundant. Quartz is present in both crystalline

and cryptocrystalline form. Oligoclase was determined to be the
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most abundant (1L to 32 per ceni) plagioclase; andesine was present
in miﬁor amoﬁnts. Orthoclase was present in amounts of 2 per cent
or less. Carbonate (dolomite) values for these samples appear
rather high and gypsum is reported to constitute between 15 and 50
per §ent of all but one sample. These minerals are probably second-
ary and their inclusion with the allogenic suite is scmewhat mis-
leading. Exclusion of values for carbonate, gypsum, and carbona-
ceous material leaves a reported light mineral suite compcsed of
quartz, two specles of plagioclase, minor amounts of orthoclase,
and trace amounts of sericite and microcline.

Sigsby separated heavy minerals from ten of the coarser

samples cited above. The sulte consisted of the followling minerals.

biotite hornblende
gpidote pyroxine
almandite ‘ anhydrite

magnetite siderite

apatite : chlorite

zircon ‘ spﬁene

rutile tourmaline
Traces of kyanite and leucoxene were also mentioned. Iron oxides were
not removed pricr to separation, and thelr presence results in high
values of per cent weight for the heavy mineral fractions. Recal-
culation of Sigsby!s data, omitting iron oxides, is not possible
because the total heavy mineral fraction is reported as weight per
cent and mineral abundances are given as number per cent. An approx-

imate correction, however, gives a range for per cent weight of
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neavy minerals between 0.2 and 0.95.

Almandite and epidote are the most comﬁcn heavy minersle,
and are present in su@equal amounts (5 to 30 and trace to 25 per cent,
respeotively). The glmandite contains magnetite dnclusions. Eio-
tite was reported present in &1l samples and constitutes 5 to 15
per cent of the heavy fractions. Nagnetite,’apatite, and zircon
were common, concentrations ranging from 2 to 15 per cent. Otner
reported minerals were present in minor amounts.

Sigsby (p. 70) agreed with Tisdale that the heavy mineral
assemblage indicates a metamorphic source. Particular attenticn 1s
directed to the presence of kyanite and tourmaline.

The writer differs with the interpretation of the invegtigators
cited above who suggested a primary metamorphic source for even a
portion of the Tongue River-Sentinel Butie sequence. An outstanding
cenclusion of‘the data reviewed is that the heavy mineral component
of Tongue River and Sentinel Butte sediments is very minor, and the
metamorphic minerals within this component are almost negligible.

For examplé, Sigsby reported'aktraca of kyanite from only one sample
(mamber 15) and traces of tourmaline in only two samples (numbers

10 and 12). Likewise, Tisdale (p. 29) found a "few angular grains!
of andaluesite in three samples and a "few grains" of kyanite in five
samples. Bcth metamorphic suites are most probably residual. Tis-
dale’s suite from the basal Tongue River is slightly more mature than
that of Sigsby (and others) from the Sentinel Butte Formation, but
the failure of esach of these Woékers to present complete data on
weight and number percentages (disregerding differences in analytical

technique) makes quantitative compariscon of their results impossible.




153

The best cémparison of Tongue River and Sentinel Butte zedi-
ments can be made with their lighi ﬁinerai suites; the game limita-
tioﬁs cited for comparison of heavy minerals applies to thiz zulte.
In the writer?s opinion, it can be gqualitvatively stated
River sediments are more mature than Sentinel Bulte sediments. Tongue
River sandstones contain greater percentages of stable minerals
(resistates) and fewer labile minerals. Many of the Tongue River
sandstones would classify (Pettijohn, 1957, p- 291) as protoguart-
zitic and feldspaihic; Sentinel Butte sandstones tend toward a
lithic graywacke and feldspathic graywacke compositicon. These dif-
ferences are apparent in field examination.

Reactive carbonate content.--~-Total reactive carbonate content
2

measured by the rapid tlirametric method of Herrin, and others (1958;
Appendix I), was determined for samples from stratigraphic sections

in the Tongue River and Sentinel Butte Formations. The distribuiion
of carbonate values for the two formations, reportéd as per cent weight
COB; is shown in Figure 3Z; data for iﬁdividual stratigraphic sec-
tions are given in Table 1l.

Measured velues of CO range between O and Ll per cent in Tengue

3
River and between O and 32 per cent in Sentinel Butte sediments; mean
velues are 12.1 and 6.5 per cent, respectively. The distribution of
values for both formations are unimodal, but Tongue River sampies
have a broad, rather uniform distribution whereas nearly 85 per cent
of the Sentinel Butte samples contain less than 10 per cent COB‘
The distribution of 003 values as a function of mean grain size ;

is shown in Figures 33 and 3L. Sentinel Butte samples with mean

diameters coraser than about 7 phi show a weak positive correlaiion
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TABLE 1h.-~Average carbonate valuss for siratigraphic samples from
Tongue River and Sentinel Butie stratigraphic sectionsz (nil =
ments have been omitted).

. Number of Weight CO Welght Cal04
. - < N 3
Section samples 2 (%)

Sentinel Butte

Bullion Butte 3% . 5.0 8.3
Sentinel Butte . 6L 7.8 12.9
Beicegel Creek ‘ 2L 9.2 15.3
Long Cross 57 5.9 9.8

Lost Bridge , L1 5.2 8.6

Total 219

Weighted mean 6.5 10.8

Tongue River

Bullion Butte 25 - 13.0 21.3
Medora a7 ©13.0 21.3
Beicegel Creek 19 10.6 17.6
Yellowstone 30 15.5 , 26.6
Snowden 18 14.3 T 23.7

Donnybrook 7 / 9.2 15.3

Total ; 136

Weighted
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with‘carbonate content, mean values greater than 7 phi show a marked
gecrease in carbonate content. The same trend 1s apparent in the
Tongue River distribution, but the function is spread over a grealer
range of COq values. These functions may lack significant linear
correlation, but the weak trends and the tendency to group probably
have interpretive value.

Carbonate values from the Sentinel Butte Formation greater than
20 per cent are aliefrom the stratigraphic secticn at Sentinel Butte.
Plots of carbonate content as a function of median grain size for the
various stratigraphic sections are included in Appendix II-F.

Dolomite content.--Sediments of both the Tongue River and Sen-

tinel Butte Formations contain significant amounts of dolomite. Dolo-
mite content was investigated in sixty-one freshwater limestones
collected from both the Tongue River and Sentinel Butite Formations,
in 5l samples of the basal sand of the Sentinel Butte Formation, and
in selected samples from the Medora, Snowden, and Sentinel Butte
stratigraphic sections. Because dolomite is almost certainly of
diagenetic (secondary) origin, it has less interpretive value in
the present study'than doesvtotal (primary) carbonate. Its pres-
ence was initially dnvestigated in hopes that a regional dolomite
gradient might be defined, which would contribute to an understanding
of the source, transport, and implacement of metallic ions, including
uranivm. Although no success was achieved in this attempt, data of
interestv were obtalned and these are presented below.

Weight per cent dolomite was determined from X-ray diffraction
peak-height intensities according to the procedure of Weber and Smith

(1961.). As estimated from analysis of standard samples and comparison
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of reszults with those obtained by analogous technigues (for exemzle

gulorandsen, 1960), the method has a relative accuracy within about

three to four per cent of reported valves. Although not highly‘
preclse, the method provides a good relabive index to dolemite con-
tent.

Frashwatér limestones were sampled for regional comparison of
dolomite in the two forﬁations because they are easily distinguished
from a distance in the field, have fairly uniform texture, and may

be presumed to have been equally susceptible (lithologically) to the

post—depcsitional factors responsible for dolomitization. Alsc,
they contain the greatest amounts of carbonate, which increases the
relative accuracy of the dolomite determination. All limestones are
argillaceous and average about L2 or L3 per cent CO3 (70 per cent
CaCOB). Samples were collected from various stratigraphic positions,
but the majority were taken from the upper third of the Tongue River
and the Llower third of the Sentinel Butte sequences. .

As shown by the histograms (Figure 35), the distribution of

dolomite in Sentinel Butte samples is markedly bimodal. As stated,

no regional gradient can be detected, but a stratigraphic trend of
increased dolomite content upward in the Sentinel Butie section is
suggested. Of the seven samples containing greater than 90 per cent
dolomite, three are from upper, three from middle, and only one from
Llower Sentinel Butte strata. Tongue River limestones are more con-

slgtent in dolomite content, over 70 per cent containing between 10

and 20 per cent dolomilte.

Calcite-dolomite ratios for selected stratigraphic sediment

samples (exclusive of limestones) from the Medora, Snowden, and
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Sent;nol Butte sectilons were also inspected. These ranged zetween
0.2 and 10, and averaged 1.5l in the Snowden (17 samples) znd 3.99
“in the Medora (18 samples) sections. Six samples from the Sentinel
Butte section ranged from 6.2 to 19.4 and had a mean value of 12.3.
Stratigraphic data are sporadic, and highly dolomitic lithologiss
occur in both the Tongue River and Sentinel Butte Formations. The
above data suggest that slightly greater amounts of dolomite cccur
in Tongue River sediments; howsver, this trend is counitered by large
dolomite values for the basal Sentinel Butte sand (presented in =
subsequent section; see Figure L)), and more analyses are needsd

for a confident statement as to the relative degree of dolomitization

of the Tongue Eiver and Sentinel Buite Formations.

Fossll components.--Systematic paleontology is veyond the scope

of this report, and elements of the fauna and flora of the Tongue

River-Sentinel Butte interval are tx eaied here as sediment compo-

nents. It will suffice for the present to establish three factor

regarding the fossils: (1) their general ecologic character,

(2) their occurrence in various sediment types, and (3) their

relative abundance in the Tongue River and Sentinel Butte Formations.
The megascopic'fossil assemblage of the Tongue River-Sentinel

Tte seguence consn.sts of invertebrate, vertebrate, and plant re-

mains. Plant remains are nearly ublguitous throughout the Paleocene

Series of the Rocky Mountains and Great Plains, and the fiora

(170 species) has been comprehensively revieved by Brown (1962).

All identiiiable plant remains collected by the writer are included

in the genera discussed by Brown, and no additional comments zre

Wwarranted here.
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Invertebrates consist primarily of mollusks, both clums wad
snalls, of freshwater and terrestrizl habit. The most recent accounts
of this fauna are given by Yen (19Lh6, 1947) and Tozer (1958). “eun
described 22 species of mollusks from‘Wyoming.and gouthern {ontona,
most of which were collected from Tongue River strata, The fauna
appeared to be divisible into two assemblages at the horizon of the
Wzll coal bed, which oécufs about a third of the way above the base
of the Tongue River Formation. The general ecclogy of the fauna was
stated by Yen (1947, p. 36) as follows:

The abundant cccurrence of viviparids and unlos implies
that the enclosing rocks were fiuviatile deposits. These forms

in the living fauna exist more commorly in rivers of various
silzes.

Tozer (1956) has discussed the uppermost Cretaceous znd Paleo=
cene molluscan faunas of western Alberta and offered taxonomic re-
visions. This work is perhaps the best available guide for study of
the Tongue River and Sentinel Butte in?@rtebrate faunas.

It is important, for environmental conaide?ations, to estab-
lich the lithologies in which the fossils occur and whether evidence
of transport is épparent. ‘That 1s, it is necessary to know whether
or not fosells are indigenous within the depositional environment.

It is not &lways possible to make this Jjudgment, but fossll occurrences
are most generally of one of several types. Coquina~like beds are
found which contain many well presérved shells (dominantly snéils)

in a sandy matrix. Such beds are rare and have been noted only in
Tongue River strata. Mollusks are found also in sand bodies as

lsolated clusters of well preserved individuals. Pelecypods are the

mogt common component of such assemblages and are usually entire with
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noth valves present and clozed. Such occurrences are nobt fre-
quent, but the excellent preservation of these specimens and the
ezse with which they can be removed from the ocubcrop maxes bthem
ocubstanding. Shell-hasn layers are also found but, although not
rare, are actually less common than deposits of well preserved xe-
“mains. Most commonly, mollusks are found in thin zones, several
inches thick, of limited Lateral extent, or as isolated individuals
dispersed throughout fine-grained beds. |

Conclusions regarding the relative abundance of mollusks in
various sediment types is complicated by selectlve preservacion.
The writer is of the opinion that greater numbers of fossils are
conbained in the clayey silts and silty clays, but thess are in-
variably compressed and fragmentaticn upon exposure is facilitated
by swelling Gf‘dlay minerals. Crawford (1967, p. 36) found fossils
in varied lithologiles and, although "shales" adjacent to lignite
beds appeared to have more fossils than most beds, he concluded thatv
little generalization could be made regarding fossil occurrence znd
iithology; Clark (1966); in his study of the Sentinel Butte strata
of the Sperati Point Quadrangle, found (p. 25) mollusks to be con-
fined to claystone or clayey siltstone beds. Mollusks were reported
as absent from sandstone beds.

Detailed inspection of Tongué River and Sentinel Butte beds at
many4loca1ities throughout western North Dakota has convinced the
writer that invertébrate fossils are far more abundant in Tongue

River than in Sentinel Butte strata. This conclusion is supporte

by Crawford (1967) who reported seven fossil localities in his
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§tratigraphic section of Tongue River struta, at Bullion Eutte,
but found only a few scattered pelecypcds, gastropods, plant
and fish scales in the overlying Sentinel Butte. Similarly, Ciark
(1966, p. 25) found mollusks to be rare and poorly preserved in the
Sentinel Butte strata of the Sperati Point Quadrangle. It is in-
teresting to note that the lower "yellow" bed, which as previously
noted resembles Tongue River strata, was reported by Clark as the
most fossiliferous ﬁnit in the 570 feet of strata present in the
ouadrangle. Hanson (1955) noted that, within the Elkhorn Ranch area,
fosell shells were not so abundant in the Sentinel Butte as in the
Tongue River. Hares (1928, p. 37-L0) presented an extensive faunal
list for the Tongue River Formation which was composed from 1l col=-
lecting localities. In contrast, mollusks were reported from only
one localiity in the Sentinel Butte TFormation.

Vértebrate fossils are quite rare in both Tongue River a%d
Sentinel Butte strata, but scattered remains were found in both for-
matione. These include figh scales (ganoid), vertebrae, teeth

{¢f. PLuatacodon nanus Marsh, and others), acssorted bone and spines;

crocodile and turtle scutes and bone; crocodile teeth (? Champozaurus);

amphibian tooth plates (cf. Habrosaurus dilatus); and mammalian bone

and teeth (cf. Tricentes and Claenodon). With the exception of one
locality near the base of the Tongue River Formatlon southwest of
Eullion Butte, most vertebrate material was collected from the Sen-
tinel Butte Formatioﬁa Thé basal. Sentinel Butte sand containéd

vertebrate material at several localities, but there 1s no indica-

tlon that the interval is more precductive than others in the for-

mation.
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No firm conclusions regarding the distribution of verte-
brate reﬁains in the Tongue River-Sentinel Butte interval can te
formulated on the basis of collecticns made during this study, but
the writer is left with the impression that the Sentinel Butte is
probably ﬁore productive than the Tongue River. More fossils have
been reported from the latter, but this probably reflects its
gréater geographic distribution. It 1s alsc likely, based on
studies reported to date, that Paleocene strata farther west con-
tain more vertebrate remains than are present in North‘Dakoté (see
for example, Simpson, 1928, 1929, 1936, 1937; and Jepsen, 1930,
19L0). | ‘

It seems justifiable to conclude, at least qualitatively,
that the fauna and flora of the Tongue River-Sentinel Butte interval
reflect a fluvial origin for the stratz which enclose them. Mollusks
are the predomiﬁan£ faunel component, are most common in finer-
grained sediments, and are far more abundant in Tongue River than
in Sentinel Butte strata. It appesars probable to the Wfiter that
taxonomic study of fossils, for which stratigrapnic bositions are
accurately known, will reveszl that the molluscan fauna hss blostrat-

Cigrephic wtility.

The baseal sand of the Senvinel Butte Formatlon

For comparison of texturs and composition of uppermost Tongue
River and basal Sentinel Butte strata, samples were collected 6 to 8
feet sbove and below the formational contact at many localities
throughout the study area. An initisgl objective of sampling was <o

determine whether a significant chenge in carbonate content occurs
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scross the contact; this objective wag achieved. In additicn, and
perhaps more lmportant, this sampling program resulted in recogri-
tion of a distinctive basgal unit in the‘Sentinel Butte Formaiion.
The value of this unit in recognizing the Tongue River-Sentinel Butte
conbact has been discussed, but the bed has additionsgl significance
bacause it records the first impulse of the change (whatever this
maey have been) from Tongue River to Sentinel Butte conditions of
sedimentétion.

Although the ranges of measured values for samples of basal
" Sentinel Butte sand lie within those for the formation in general
(as established by analyses of stratigraphic samples), mean valuss
are significantly different for many parameters. DBecause of its
distinctive features and its interpretative value, the basal Sen-
tinel Butte sand is described separately in this section.

CM relationships.--Figure 36 shows the CM pattern formed by

camples of basal sand. Transport types representing floodbasin
znd fine-grained floodplain dsposits are absent from the pattern,
and the sediments are considered to be largely the product of sub~
stratum deposition (Table 12). This interpretation is consistent
with the presence of large-scale primary sedimentary structures
within the unit (Figures 3-A,B,C and L-A).

The range of values of C are roughly the samebas found for
stratigraphic samples (Table 10), but the value of Cg is sligﬁtly
‘greater (about 1.25 phi as compared with 1.5 phi). G, for the
basal éand does not differ significantly from that of stratigraﬁhicA
sarples. The sorting index, In, 1s interﬁediate among the range of

values determined for stratigraphic samples. CM data for the basal
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sand are included in Table 10.

Sediment size statistics.--The distribution of mean and medlian

particle diameters (average valuss = 5.0l and L.53 phi, recpectively)
in the basal Sentinel Butte sand are shown in Filgure 37. The diz-
tributicons are similar, but the mean values tend to be finsr thzn
those for the medlan. Comparison with data for stratigrephic
samples from the Sentinel Butte Formation {Figure 10) indicates

that basal sand samples comprise a distribution similar to that

of the coarser stratigraphic samples. Samples with means and
medians finer than 7 phi are absent. These samples have been de-
fined (Figure 28) as having been transported in "pelagic" suspension
and are considered to represent floodbasin deposits; the distri-
butions of mean and median values reflect the absence of this sgedi-
ment type.

The distribution of scriing coefficients (mean value = 1.69
phi-units) for the basal sand (Figure 38) is similer to that of
stratigraphic samples from the Sentinel Butte Formation (Figure 12).
The modés and means of the two distributions are nearly identical,
but the range of values is legs for the basal sand. Comparison of
Tables 6 and 15 shows that the major difference between the two lies
in the greater percentage of very-poorly sorted, and lesser percent-
‘age of moderately and moderately-poorly sorted samples in the basal
Sentinel Butte sand.

Folk skewness values (mean value = 0.52) for basal sand
samples are all positive (Figure 39) and are dominantly very-fine
skewed. The frequency distributlon is markedly different from that

of strat;gfauhﬂc samples (Figure 15), the latter having a relatively
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FABLE 15.--Sumary of relative frequency of Folk textural measurss

for 57 samples of basal Sentinel Butte sand.
Measured Frequency
Statistic (2)
Sand 0.0
Silty Sand 36.8
Sandy Silt 3.5
8ilt 31.6
Poorly Sorted 7.0
Very Poorly Sorted 21.0
Very Fine Skewed 86.0
‘Fine Skewed 10.5
Nearly Symmetrical 3.5
Very Leptokurtic 35.0
Leptokurtic ‘ L5.6
Mesokurtic 1L.2
Flatykurtic 5.2

greater percentage of samples with a low degree of skewness. These
samples are floodbasin deposits (Figure 30), and their absence in
the bagal sand was noted above in the consideration of CM relation~
ships. The range of skewness values, their inverse correlation with
median diameter (coefficient = ~Oa?5); and the absence of floodbasin
depogits are shown in Figure LO.

Kurtosis values for the baszal sand (mean = 1.LL) have a
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distribution similar to that of stratigraphic samples, but the
basal sand contalns a greater percentage of leptokuritc and very-
leptokurtic samples (8L per cent compared to 6L per cent; Tables &
and 15). Again, it appearz that the greater proportion of mesokur-
tic and platykurtic samples found in stratigraphic samples repre-
 sents floodbasin deposits, and this sediment type is not present
inltbe basal Sentinel Butte sand.

Sediment size components.--The distribution of sand, silt,

and clay components in samples of bassl sand is shown inAFigure 1.
-The absence of silty clay and the paucity of clayey silt sediment
types, which are present in stratigraphic samples {Figure 17),
reflects the absence of fine-grained overbank (topstratum) deposits
in the basal Sentinel Butte bed. Conversely, comparison of Figures
36 and 1 indicates that samples plotting between the sand and silt
limits of the triangular diagrams are largely products of graded-
suspepsion transport; this realization aids in interpretation of the
sand, silt, clay diagrams for stratigrsphic samples (Figures 17 and
18). |

Carbonate content.--Total reactive carbonate (Herrin, and

others, 1958) was determined for 5L samples of basal Sentinel Butte
sand collected 6 tc 8 feet above the contact. These data are com~
pared with those for samples collected 6 to 8 feet below the contact
(at the same localities) Figure L2.

Basal sand samples have a narrow range of CO3 values with a
mean of 5.51 per cent and a standard deviation of 2.18; upvermost
Tongue River samples have a much broader range of values with a mean

of 11.0 per cent. The date for the two horizons are comparable"%d
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those of stratigraphic somples from the two formaticns (Figure 32)
and illustrate the sharp change in carbonate content which occurs
across the Tongue River-Sentinel Butte contact.

A plot of median diameter and per cent CO3 (Figure L3) shcws
a high degree of correlation (coefficient = 0.73) between sediment
size and carbonate content of basal sand samples. The distribution
of points is similar to that noted for stratigraphic samples (Figure
33) with mean diameters coarser than 7 phi. This relationship tends
to confirm the susplcion that the median grain size of channel and
floodplain deposits is dnversely related to carbonate content,
and that floodbasin deposgits contain only minor amounts of carbon-
ate. The marked decrease in carbonate contents of stratigraphic
samples finer than about 7 phi supports the selection of this size
as a boundary'between floodplain and floodbasin sediment tyoes in
the CM diagram of Figure 28 and the plot of Folk skewness vs. median
diameter in Figure 20.

Dolomite content.--The welight per cent deolomite was determined

from X-ray diffractograms (Weber and Smith, 196L) for 52 basal sand
samples. Results (Figure ll) show a wide range of values and their
distribution is polymodal. WNo correlation exists between dolomite
content and per cent»COB, but a weak correlation (coefficiept = 0,13)
of higher dolomite content in coarser sediments is present (Figure L5).
The high degree of scatter in Figure L5 is partly due to a decrease

in precision of the analytical technique which results from low con-
centrations of total reactive carbonate in the basal Sentinel Butte

sand. The correlation between dolomite and median dismeter is
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significant because it is inverse to that of total reactlve carbcnatb
and médian diameter (Figure L3); this suggests that dolomitization
is of secondary origin and that its formation 1s contrclied by sedi-
ment texture.

Regional distributions.--Basal Sentinel Butte sand samples

provide the only sediment data from which regional trends can be
established. These samples are nct numerous and the lateral Samp~
ling intervel is too great to reconstruct accurately the dist;ibution
of streams and interfluves which must have existed during earliest
Sentinel Butte time. The sampling distribution of the baszal zand has

been smoothed by averaging data for samples (three or fewer) within

o

single township and shifting means to the northwest corner ci the

o

srid. The number of data points was thus reduced from about 5L to

5 and the distribution of variables is somewhat smoothed; the re-

W

<

sulting maps indicating the distribution of sediment components are
correspondingly generalized. This procedure will tend to masgk local
variability, but the validity df regional trehds (if present) will
be increased. o

A per-cent-csand map was constructed (Figure L6) which shows
the regional distribution of sand in the basal Sentinel Butte unit.
Contour patterns of high and low sand content suggest areas of fluves
and interfluves. Sediments in the north contain the largest percent—‘
ages of sand, and low percentages are found along the western margin
of the map area. The distribution of mean particle size (Figure LT7)
compleménts the per-cent-sand map.

The distribution of per cent total carbonate is shown in

Figure L8. Per cent total carbonate is highest in the west and soulh,
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igure Lf.--Per cent sand map for the basal Sentinel Sutte sande
Broken line indicates boundary of western North Dakota.
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and decreases northeastward. Comparison with the distributions of
sand content and mean diameter shows that the finer-greined zediments
in the west and south contaln grealsr percentages of carbonste; this
is a reglonal namifestation of the relationship established in
Tigure L3.

Per cent dolomite (Figure L9) shows a regional distribution
paltern similar to that of sediment textural parameters. Areas of
low dolomite content correspond roughly with areas of low per cent
sand and fine median particle size. The tendency toward greater
dolomite content in coarser-grained sediments inferred by Figure L5
is thus sglsoc apparent in the reglonal distribution of these compo-
nents.

The combined regional relationship of per cent sand, mud
(silt plus clay), and total carbonate are indicated in the triangle
facies map of Figure 50. Despite the patchiness of the various
facies (which is characteristic of triangular facies maps), the trends

established above are apparent.




=t

O~

B . TR

H
H
:
i
[RTe——
S 4 e s 1 e
i e e vt ———
v - - . - -

S T 1 v 4.4 et & St 5. S 86 b+ —eore 5 oo

H

western North Dakocta.

Figure L9.~-Areal distributb
czal Sentinel Butte sand samples.

-

icn of per cent weight dolaomite in

Broken line indicates boundary of




TS s ot 3+ e 3+ e n——

e st e 5 by s

- i o,
s gy

SAND=RUD RATIO® SOLID LINE

CLASTIC- RATIO=DASHED LINE

S ——

——t e L
{

S 0 e

—

!
;
I
|
|
!
|
|
!
|
!
|
|
.i
|

s

!
|
|
i

My
£
*

Flgure 50,=-=Trizngular facies map of the basal Sentinel Butte
ca & horizon 6 feet above the Tongue River-Sentinel Butte contact.
a1
Brecken line indicates boundary of western North Dakota.




DISCUSSION AND INTERPRETATIONS
Paleocurrents and Fluvial Deposlts

Paleostream velocities

Values of C_, determined from the CM diagrams (Figures 28
and 29), can be used in conjunction with empirical curves for crit-
ical erosion velocity to determine a measure of paleocurrent velo-
city. Such curves have been presented and discussed by Hjulstrdm
(1939, p. 10), Inman (1949, p. 56), Sundborg (1956, p. 218), Allen
(1965¢c, p. 109), and others. The critical erosion velocity may be
expressed in terms of several different parameters, including mean
stream velocity, stream velocity one meter above the bed, and the
friction velocity. The principle assumption involved in determining
stream vélocity from CM data in the present study 1s that the particle
gize Cg 1s equal not only to the coarsest particle in suspension,

but that it also represents the finest size in the bed load. As such,

CS is a critical particle size, and the velocity required to place it

in suspension is the critical erosion velocity. If the critical

i\'

diameter (Cq) is known, a corresponding value of stream velocity

RN

can be read from a "Hjulstrém-type" diagram (Figure 51). Average
values of Gy for Tongue River and Sentinel Butte samples (Table 10)

: are nearly the same, 2.32 phi (0.20 mm) and 1.85 phi (0.28 mm) re-

RO,

spectively, and correspond to stream veloclties one meter above the

188
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(After Sundborg, 1956).
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bed of about 38 to LO centimeters per second. The corresponding
veloclty 10 meters above the vottom {which may approzimete the
mean stream velocity) is about L5 to L7 centimeters per second.

These values of stream velocity are only approximate and are

subject to the relative error involved in formulating both the CM

Toﬁgue River and Sentinel Butte sediments is a limiting factcor in

determining the relative difference in velocities of the streums

‘which deposited them. Although thelr respective values of Cg differ

by about 0.5 phi-unit, both diameters intercept the critical velocity
curve near its point of inflection where the slope of the curve is
very low. Thus velocity values, as interpolated from the curve of
Figure 51, are nearly the same. The conclusion aépears werranted,
however, that velocities of Sentinel Butte streams were greater (on
an average) than those of Tongue River streams.

A brief discussion is warranted regarding the tyoe of stream
velocities measured. Values of C are the finest diameters in the
coarsest one per cent of sediment samples and represent what may be
regarded as a "minimum stream compztence”. The greatest values of
C determine CS which i1g thus an upper limit of the minimum streom
competence. If the coarsest particles a stream could carry are not
available to it, values of C represent a lower limit of competence.
In such instances, however, streams wlll generally adjust their
"wash~locad" so that stream capacity is satisfied and the system is
in equilibrium. That is, if finer material is available for trans-

port, dynamics are adjusted in such a way that stream compestence

is always satisfied by the coarsest mabterial available to the system.
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This process of exchange, in which the calibre of the stresam load
decrecases bub the total lead remains conctant, i1s common 1o strewms

exitonding from mountainous reglons onto Llowland plains and haz teen

discussed by Mackin (19L8). It appears probeble thabt values of

CS for Tongue River and Sentinel Butte sediments give a fair approx-
imatlon of the competence of streams which deposited thenm.

Most coarse’sediment is transported and deposited by streams
during flood stage when stream velocities are greatest, and the range
of velocities assoclated with values of Gs are assumed Lo represent
minimum floodvvelocities in or near stream charnnels. Tals range is
quite low in comparison to present sireams of slzes comparable to
those postulated for Tongue River aand Sentinel Butte streams. ZFor

example, the Mississippil River has mid-channel velocities of about

-
H

122 centimeters per second (4 ft/sec) one meter above the botiom and
aboub 183 centimeters per secornd (6 ft/éec,‘lo meters above the
bottom near Mayersville, Mississippi (Passega, 1957, Figure 3). Thus
the Paleocene streams in wesiern North Dakota must have been extremely
siow and sluggish.

Values of Cg for Tdngue River samples are unique because they
fall within a range of particle sizes for which the settling velo-
‘cities and threshold velocities are nearly equal (Inman, 1949, p. 59).
Such particle sizes, about Z.75 to 2.3 phi (0.15 to 0.20 mm) for
spherical grains of specific gravities near 2.65, are easily placed

in suspension and readily deposited with only slight variations din

stream velocity. This property psrmits them to be easily transported
at low velocities by processes of surface creep, szltation and

suspeneion (Inman, 1949, p. 60). "As stated by Sundborg (1956, p. 219)
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this is the finest particl which may be transported zz bed lozd.

In a discussion on sediment sorting and fluld mechszhics, Inman

- {19L9) discussed the affect of progressive sorting on sediments. IHe
considered a hypothetical case of unidirectional flow in which ran-
dom fluctuations and the mean stream velocity decrease dowastream. In
the ﬁpper gtream reaches, the currents are capable of moving <1
bottom material; downstream the threshold (eritical erosion) velocity
decreases and there 1s a corresponding decrease in median diameter

of bottom samples. Near its source, the stream load would ccnsist
predominantly of coarse material and would be poorly sorted and pcs-
itively (fine) skewed. At a point farther downstream, where the
threshold velocity fluctuates between that for very coarse sand and
granules, the bed load would consist of very coarse sand with de=-
creasing amounts of granules and pebbles. Fine sizes would also be‘
present in bobttom sampleé, thelir amouncs decreasing with decreaze In
particle size. Such samples would be better sorted than those up~
sﬁéeam, but the skewness would be nearly symmetrical. Bottom samples
collected from the Mississippl River by the U. S. Waterways Experiment
Station (1935) show that samples with median diameters near O phi

are predominantly negatively (coarse) skewed (Inman, 1949, Figure L-B),
whereas those with median diameters between O phi (1 mm) and 2.5

phi (0.18 mm) are nearly symmetrical or slightly negatively skewed.
rarbher downstream, where the average friction velocity fluctuales
between the threéhold veloclty for fine and coarse sand, bottom
roughness would be sufficient for suspension of material as coarse

as fine sand. The fine sand would be most easily transported, coarser

material would tend to lag behind, znd botiom samples with median
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jiameters near 2.5 phi (0.18 mm) would result. Such samples would
be well sorted and have symmetrieal size diztributions (Traszk skew-
- ness equal to one; Inman, 1949, Figure L-C).

As a final‘hypothetical case, and of greaiest importance Lo
this discussion, Inman (1949, p. 6L) considered the character of o
bottom sampie at a point where the streum has a friction veloclty
near, but not exceeding, that of fine sand. Mabterial coarser than
finc gand is too large for transport and must therefore be sbzent.
Bottom material transported by creep would consist predominantly of
fine sand with lesser amounts of finer material. Fine sand would
produce sufficient bottom turbulence to place finer material in
suspension; however, the decrease in friction velocity would require
a large percenbtage of fine sand per unit area of bottom surface o
meintain a suspended load. Thus bottom deposits would consist pre-
dominantly of fine sand with decreasing amounts of finer materiszl.
Sediments would have median diameters less than 2.5 phik(O.IB ) ,
would be less well sorted than those immediately~upstream, and would
show a pronounced fine skewness. These characteristics are typical
of gamples reported from the\Miss’ssippi River (Tmman, 1949, Figure
LT) 2t "mile 1057 beLow Cairo, Illinois" (downstream from New
Orleans). Channel samples from the Tongue River Formation are pre-
deminantly strongly-fine skewed and have mean‘diameters finer tﬁan

2.5 phi (0.18 mm). Sentinel Butte samples show a comparable range

of skewness but have slightly coarser median values. If an analoegy
with the Missiséippi River is desired, it can be stated that the

texture of the Tongue River channel facies is similar to that of the

iselippl only in the general vicinity of New Orleans. The Sentinel
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'Butte channel facies is slightly coarser and ig more similar o

Mississippl sediments somewhat farther upstream.

Fiuvial facies

The proposed sediment classification (Teble 12) 1s useful
in explaining the distribution of textural measures previously pre-
sented. The distributions of mean, median, and skewness (Figures
il and 15) in Tongue River sediments are envirommentally sencitive
znd thelr bimodality reflects the relative abundance of sediment
types (Table 13). The modal classes correspond to chanmel and
flcodbasin depesits and the Intervening range of lower Ifrequency
corresponds to the less abundant floodplain and transitional classes.
Textural measures for Sentinel Butte samples (Figures 10 and 15)
are more uniformly distributed and reflect a more equal distribution
of depositional types within this wndt (Table 13). The relasive
- differences in abundance of sediment types in the Tongue River
and Sentinel Butte Formations are gignificant, and their considera~
tion is essential in evaluating Tongue River and Sentinel Butte
fluvial regimes. |

The present state of knowledge of the sedimentary charac-
teristics of fluvial deposite is largely the result of studies of
Wolman and Leopold (1957); of Sykes (1937) and McKee (1938, 1939)
on the Colorado River and delta floodplain; of the U. S. Army
Corps of Engineers (1935), Fisk {194k, 1947, 1951), and Frazier znd
Osanik {1961) on the Mississippi alluvial valley; of Grover and

Meinland (1938), Happ, and others (1940), Jahns (1947), Lorens and

Taronson (1955), Harms, and others (19462), and Bernard and Major




195

(1963) on other North American floodplains; and of Shanteser (1951),
Kruit (1955), Sundborg (1956), NEDECO (1959), Anderson (1961), and
poeglas (1962). TInterpretation of ancient fluvial deposits has

been significantly advanced by the work of Allen (1962a,b,c,; 1963a,b,¢;
196La,b; 1965a,b,c) and by Allen and Narayan (196L) and Allen and
parlo (1963).

In order to interpret the depositiocnal environment of ancient
fluvial deposiis, the characteristics of modern floodplain deposits
must be reviewed (Allen, 196Lc, 1965c). Recent fluvial deposits
may be classed among five genetic types: (1) veriical accretion
or bopstratum deposits which extend from the natural levee to the
backswamp area; (2) channel-fill deposits; (3) crévassa—splay
depbsitss (L) laterel accretion deposits, which include point-bars
and chamnel-bars; and (5) channel-leg deposits. Topstratum deposits
form as the result of overbank flow and contribute ﬁo,sedimentary
deposits by vertical accretion of the ﬁatural levee, floodplain, and
floodbasin. Such dsposits are fine-grained and consist predominantly
5f suspended sediment, carried high in the water column. Levee de-
weits near the channel are coarser grained than those of distant

ackswamps. DBecause levees are exposed much of the time, they

upcort vegstation and roois and plant debris are common in the
yposite. The high porosity and permeability promotes groundwater
reulotion and oxidation halos around plant debris are common. In
der localities, desiccation features may form, particularly in the
ner sediments. The vertical sequence ccmmonly contains alternately

wrse and fine layers which are generally thin-bedded and show only

|
i
|
!
|



Smajj_,sc;zzlé primary structures; invertebrate remains are usually
‘SP&"% or absent.
 Ghommel-fill deposits are the result of filling of channel
segﬁentg apandoned by meander cutoff or avulsion. Most of the fill

is intrgduced by overbank flow and the deposit is relatively fine-
i grained- Such deposits were termed "clay plugs" by Fisk (19L7).
! Crevasse-splay deposits are fan-like accumulations of material
gspersed onto the floodplain through a breach in the natural levee.
'- thamels incised in the levee may reach depths sufficient to tap

the stream bed load; in such instances they may be qulte cocarse grained.
: In general, they are slightly coarser than the assoclated levee
deposits.

A Lateral accretion deposits form in meandering streams by point-
§ tar migration or by down-current and lateral "foreset! accumilation
. of channel vars in braided sireams. The deposits consis*’c largely of
{ bed load and coazrse suspended load material and are formed below the
:general level of the levee and floodplain. Evidence of subaerial
i‘expesure is generally lacking except in the up;ﬁermost strata of

"lateral accretion deposits. Primary sedimentary structures may in-
Kiclude both large- and small-sacle cross-bedding resulting from ripple
f”igration, flat-bedding due to aggradation, scoured surfaces, and
“"Our—fille These structures imply transport on or near the stream-
bYd (Milen, 19634; cited in Allen, 196lc). Drifted plant remains

;&I‘e the major component of lateral accretion deposits, but vertebrate

t«m@s and fragmented mollusk shells may also be present.

Channel-~lag deposits represent the coarsest materizl available
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to the stream and represent two sources of material: rockg from the
source area of the drainaze basin, and cohesive sediments from the
alluvial plain itself. Lag deposits ususlly occur near the base of
a floodplain sequence and interfinger with lateral accretion deposits. ,
Tney may form planar deposits representing e:osion pavements cor len-
ticular pockets formed by accumulation in the deeper parts of the
stream bed.

The terminclegy of fluvial deposits is essentially morpholo-
gical, as is apparent in the terms channel, levee, crevasse-zplay,
point~bar, floodbasin, etc. Lateral relationships are comuonly
masked or concealed in outcrops of ancient sediments and the three-
dimensicnal form of individual deposits often cannct be determined.
For this reason, a major porticn of the burden of envirocnmental re-
construction is placed upon measurements of textural properties,
observations of primary sedimentary structures, bed forms, fossil
'occurrences, and similar factors.

. It is apparent that fluviel deposits are heterogeneous, but
collectively they form a depositional continuum from the stream
channel to the backwater swamp. This continuwum is particularly well
established by the CM patterns of Figures 28 and 29. The trans-
itional character of the pattern, however, permits recogmition of
only three bagic depositional types: channel and channel-proximal
deposits, floodplain or fioodplain-related deposits, and floodbasin
deposits. There is no sharp demarcation between these classes,
pa:ticularly between floodplain and floodbasin types (a transitional

class is indicated between these classes in Table 13). Detailed

field study of the morphology of strata from which samples for this
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investigation wers collected mizht aid in refining the general
classes here recognized for Tongue River and Sentinel Butie sedi-
ments. For exz&ple, it might be possible to differentiale crevasse-
splay, levee, point~bar, and chamnel-bar deposits on the basis of
morphologic and stratigraphic relationships, whereas textural data
alone permit recognition only of channel-related or channel-proxi-
mal. deposits. The classification utilized in this study does, how-
ever, ald in establishing the fluvial regime of Tongue River and
Sentinel Butte deposits.

Table 13 indicates that-charmmel-type deposits compose nearly
50 per cent of the samples analyzed from(both the Tongue River and
Sentinel Butte Formations, but flocdbasin deposits are more abundant
in Tongue River strata. The reported percentages are subjec£ to
comment; they represent number frequencies of ccllected samples and
are not precigely weighted to the volume frecuencies of strata. How-
ever, in view of the fact that both formations were sampled in a
gimilar fashion, the data chould be acceptable for comparison. These
data indicate that floodbasin deposition during Tongue River time
?revailed over topstratum deposition on the floodplain. The con-
verge is true of Sentinel Butte streams, the floodplain was the
principle enviromment of topstralum deposition.

A necessary requisite for floodbasin development is gtream
stabllity. Stream channelsAmust be confined to well established belts
from which sediment escapes to protected backwater areas only during

periodic episodes of flood. Such a system is indicated by Tongue

River deposits, which are largely of chamnel and floodbasin types.
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Stream channels achieve stability with incrsased maturity when mar-
ginal "clay plugs" énd other fine-grzained, cohesive deposics; which
are resistent to erosion, restrict lateral channel migration. The
process 1s somewhal paradoxical inasmuch as channel stability is
partly dependent upon the presence of fine-grained deposiis, and
accumulation of fine~grained deposits depends in part upon stable
stream chammels. Such mutual dependence suggests that stabllily

is approached slowly during stream evolution and, because it 1L

(U]

a
Limiting condition, is indicative of a mature fluviél regime. Ver-
tical accretion and overbank flow must be minimal to protect flood-
basins from influxes of cozrse material. The Llower Missisaippi River,
where it approaches its deltaic plain, 1s characteristic of the maturs
system described; the effects of fine-grained sediments on the con-
trol of channel activity have been discuésed by Fisk (19L7).

The greater proportion of floodplain deposits in the Sentinel

tte sequence suggests the depositing streams were rapidiy aggrading,
lateraliy'migrating, znd less sgtable waterways than those of the
preceding Tongue River episode. The sediments are slightly coarser
grained and better sorted than those of the Tongue River Formetion,
and floodbasin deposits are minor coriponents.

Supporting evidence for the difference in Tongue River and
Sentinel Butte fluvial regimes? suggested by the. relative abundance
ot sediment types, is indicated by the distribution and persistence
of lignite beds. These are thicker and most persistent in the Tongue

River sequence and appear to reflect stability of the backwsater

swamps in which. they were deposited. Adlthough a few thick lignites
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“are found in Sentinel Butte strata, the majority are thin, silty,

carbonaceous beds of local extent and indicate frequent invasiocn
of floodbasin aresas by ccarser material.

A near terminal fluvisl environment of depositicn for Tongue
River‘sediments is also suggested by the abundance of floodplain
deposits in the sequence. The size, shaps, and relative pegiticn of
floodbasins depends in paxrt upon their proximiiy to the stream
mouth. Floodbasins generally increase in area and thickness, rela-
tive to levees and channels, in a downstream direction. For example,
Fisk (1947, p. L5-L6) noted that backswampvdepOSits are absent along
the present course of the Mississippi River between Calrc, Illinois,
and Helena, Arkansas. Between Helena and Vicksburg, Mississippi,
they are coﬁfined to patchy areas of restricted extent., South of
Vicksburg, floodbasin deposits are more common, thelr area increasing
downstream at the expense of‘channel and levee deposits (Fisk, 1947,
Figure 7). NEaxﬁDonaldsohyille, Louwisiana, fine-grained, fioccbasin
giluvium constitutes more than 25 per cent of the bank material at
eroded river-bend poisitons. South of Donaldsonville, backswamp
deposits are replaced by deltalc plain deposits. A similar distri-
bution of floodbasin deposits has been shown by Anderson (1961l; in
Allen, 1965c, p. 12L) for the Rufiji River alluvisal valley, Tangan~
yika.

The thickness of Misslssippi floodbasin depeosits also dncreases
downstream, although considersble Llocal varlations occur. Near the
northern limit of these deposits, an average thickness of LO feet
has been re&orded from borings. At Yellow Bend, Arkansas, thick-

nesses vary from 25 to 50 feet and at Millikens Bend, Louisiana, from
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60 to 80 feet. The moximum thickness noted was at White Casztls,
Loulsilans, where 1L0 feet of backswamp deposits have been penetvrated
in borirgs (Fisk, 1947). By analogy, the relative abundance oI
Tongue River sediment facies is similar to that of the lower reaches |

of the alluvial valley of the present Mississippl River.

Carbonate content

Carbonate occurs, both as interstitial filling and asz fresh-~

"

water limestones, in much greater abundance in Tongue River sedi-
ments than in those of the Sentinel Butie sequence (Figures 3L and
42). Limestones probably formed in restricted evaporite ponds on
the floodplain and floodbasin and ia abandoned or cut-off sections
of stream channels. Dunbar and Rodgers (1963, p. 33) suggested
abandoned chennels and floodplain depressions as probable sites of
limestone depositlon in areas where the climate is sufflciently axrid.
The resﬁlting deposits were described as leﬁticular bodies enclosed
in fine-grained strata and contalning molde of indigenous plants and
gparse invertebrate remains.

Freshwater limestornes have been widely reported from continen-
tal deposits; such beds occur in the Dunkard Group (Permian) of
West Virginla and Chio (Cross, and others, 1950), the Newark Group
(Triassic) of Comnecticut (Xyrnine, 1950, p. lOl~lll), the Morrison
Formation (Jurassic) and related rocks of Colorado and Wyoming (Baker,
and others, 1936, p. 195), the Eocene Wasatch (Eardley, 1932) and

Wind River (Tourtelot, 19L6) Formations, and the Oligocene White

River Formation of the Dekotes and Nebraska (Wanless, 1922, p. 194-195;

Hansen, 1953). Not all of these limestones are fluvial deposits and
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only part of them are productz of chemical precipitation. Same
:Shdw algal and other plant structures which suggest blochemical
processes of deposition. Together they demonstrate the frequent,
although not necessarily zbundant, occurrence of limestone in re-
stricted terrestrial environments.

Interstitisl carbonate is most abundant in Tongue River silts
(about L.5 to 7.5 phij Figure 33) which largely represent floodplain
deposits. Low carbonate content in fine-grained (finer than about
7.5 phi) fioodbasin sediments indicates that penecontemporaneocus
carbonate was not formed extensively in this environment.

Due to repeated exposurs, floodplaih deposits are‘subject to
desiccation and oxidation and, in drier regions, downward mocVement
of the water table, coupled with high evaporation rates, may result
in formation of calcretes and ferrcocretes. Bernard and Major
{1963, p. 350) have observed numerous soil zones and calcarecus and
ferruginous nodules from "floodbasin" deposits of the Brazos River
in Texas, and Lorens and Thronson (1955), have reported concentra-
tions of carbonates in the fine-grained alluvial sediments of the
Sacramento Valley of Califofnia. Allen (1964c, p. 180), in the
absence of more direct’evidence, considered abundant carbonate ("race™)
az indiréct eviderice of subaerial exposure during deposition of ver-
tical accretion deposits of the Dittonian cyclothem (Lower Devonian)
in Glouchestershire, Great Britain.

It is suggested that interstitial carbonate was formed in
Tongue River sediments as the result of evaporation of ground water
brought to the surface by capillary action in the permeable sediments

of the levee and floodplain. Such a mechanism appears feasible for,

et
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as will be discussed, western North Dakova was a major lowlind curing
Paleocene time, and such lowlands are universally areas of ground-
water discharge. If the climate wzs subtropical or warm temperate
(Dorf, 19L2; Brown; 1962; Hickey, 1966) net flow of ground water
would have been high and carbonate would constitute a principle
dissolved solid.

It is difficult to demonstrate that all carbonate in Tongue
River sediments formed peneconbemporaneously with sediment accumu-
lation. A correlation of increasing carbonate contént with decrease
in grain size of floodplain sediments might be predicted from the
mechanism of carbonate éep@sitien suggested above. A weak corre-
lation of this type was noted in Figure 3L for sediments coarser than
about 7 phi. The high degree of scatter of plotted points may ia-
dicate fluctuations in the degree of carbonate deposition in the
floodplains of various ages which are complled in the composite
plov. A better test is offered by the basal sand samples, which in-
ciude only chammel and floodplain facies and waich may be assumed
to represent a néarly isochronous surface of deposition. These
samples (Figure L3) show a femarkable inverse correlation between
carbonate concentratlon and sediment size. Interpreted in terms of
primsry carbonate deposition, the inverse relationshilp suggests
thaﬁ finer sediments distant from active channels (excluding back-
swamp 'deposits) were the most favorable host for carbonate accumu~
lation. If the carbonate originated secondarily by concentration
from migrating groundwater, it seems probable that the coarser, more

permeable sediments would contain the greatest concentrations of

carbonate and a direct correlation between carbonate concentration
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snd grain size would exdst. Although the possibility that soms
carbonate has been dntroduced or removed from sediments of ihe
poloscene Serles by post-depositional processes cannot be dizcounied,
distributions of Figures 33 and 3L indicate a probability that such
processes have had minor effect.

The greater limestone and interstitial carbonate content of
Tongue River sediménts, compared with those of the Sentinel Butte
Formation, can be explained in terms of fluviel regime. The sta-
bility of Tongue River streams and the siow rate of topstratum depo-
sition allowed more time for carbonate accumulation. The much
greater vertlcal accretion rate of Sentinel Butte streams resulted
in lower carbonate concentrations in their deposits. Stability
may have been achieved several times during the Sentinel Buute
episode, as reflected in the presence of the upper and lower "yeliow!
beds in the vicinity of the North Unit of Roosevelt Park. These
units are notably high in carbonate, resemble Tongue River straia,

and, as previously stated, appear to represent a brief return to

"Tongue River conditionsy.

Primary sedimentary structures

Both the types of sedimentary structures present and thelr

relative abundances in Tongue River and Sentinel Butte strata are

useful in palecenvironmental reconstruction. Although the data ars
gualitative, it was concluded that large~scale structures consist
predominantly of xi-cross-stratification (Figure 19-C) and are most
abundant in the Tongue River Formation. With the exception of.the

~

basal and upper sands, large-scale cross-beds are rare in Sentinel
*
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Butte strata. Omikron-crosg-strat
is present in both formations and predominates in the upper Senvinel
-Butte sand.

| The origins of xi-cross-stratification are nct cleariy under-
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stood and 1t is doubtful that studies to date permit the type

defined completely. McKee (1957) demonstrated the presence of such
structures in the backshore deposits of scme beaches. Allen (1963b)
suggested the structure results from cheets of sand of local extenv
being thrown up 50 as to partly overlap. He polnis to the work of
‘Reiche (1938), McKee (19L0), and Bagnold (19L1) which suggests that
xi-cross-stratification can be formed under wind action by migratvion
of lbngitundinal dunes. Recent work by McKee (1967) on dunes in
White Sands Nabticnal Monument, New Mexico revealed no structurss of
xi-crogs-stratification. A fluvial origin for this structure in
Tongue River strata is cénsidered beyond question. It 1s assoclated
with chamnel sends and is presumed to be related to point-bar depo-
sition. No observatlons of this sfructure in modern fluvial en;
vircmments are know to this writer.

Omikron—cross~stratifica$ion, according to Allen (1963b, p. 110},
is most probably the product of migrating trains of large-scale
ripples. Hillsemann (1955) demcnstrated that such riéples are intern-
ally stratified and Allen (1963a) demonstrated that omikron-cross-
stratification results from the migration of large-scale asymmetrical
ripples with esséntially stralght crests. This structure is found
both in channels and in the open sea and cannot be used as an index
to water depth. The criterion for sediment supply has been discussed

by Allen (1963a), who found that, in advancing its own length, each




ripple must receive a volume of sediment le;s than the volume of
+ne ripple body. Thus the ripple must underzo erosion on the SLoss
_side, giving rise to an erosionsl surface between sets. The greaier

abundancé of omikron-cross-sgtratification in Sentinel Butte strata

might be used to infer that the erosional energles of those streams

were greater than those which deposited Tongue River sediments;

Small-scale cross-stratification is found in both formations,

and consists predominantly of kappa and lambda types (Figures 20-B

and 20-C). The origins of these types appear ﬁo be gimilzr, the
first is formed by migration of asymmetrical linguoid ripples and

the second by asymmetrical ripples with straight crests. Kappa-
cross-stratification has been reported from the Colorado delta (McKee,
1939) and was discussed by Sorby (1508) who referred to it as ripple-
drift bedding (Allen, 1963b). Allen (1963a) demonstrated that both
types of ripples will form when sediment supply received from sus-
pension during the time required for the ripple to advance its cun
length is greater than the volume of the ripple body. Under these
conditions, the ripple bodies are not eroded, but are aided to on
both the lee~ and stoss-sides. Formation of these structures would
require a copious supply of suspended material and low, uniform flow
rvelocities. Such structures are common in topstratum deposits of the
TonguehRiver and Sentinel Butte Formations, and were probably also
produced in shoal, protected backwaters of/major channels.

Nu-crogss-stratification (Figure 20-C) is also formed by the

migration of small-scale linguoid ripples (Hamblin, 1961). The
correctness -of this interpretaiion has been verified by Allen (1963a)

who also demonstrated that the sediment supplied from suspension during
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- the interval of time required for a ripple to advance itz own

length must be substantially less than the volume of the rippls

- pody. As each ripple advances, it erocdes a trough on its concavs
side which is subsequently filled by ripples in the advancing train,
the ripples being arranged in a scale-~like pattern. According ©o
Eamblin (1961, p. LLO) such structures can conceivably form a numoer

of environments but always indicate a low level of mechanical enerzy.

In the upper Keeweenawan sedimenté studied by Hamblin, the structures

were accompanied by rain imprints and mud cracks. The predominance
of kappa~ and lambda-cross-stratification types over nu-cross-sirat-
ification again suggests that Tongue River streams were well charged
with material in suspension and that erosion,reven on the scale of

small ripples, was not prevalent. In this regard, it might be noted

-that the large-scale analiogue of nu~-cross-stratification, pl-~cross-

stratification (festoon vedding), was not observed in either Tongue
River or Sentinel Butte sitrata.

Observation of primary sedimentary structures and bedding
surfaces show no evidence'that an upper (rapid or shooting) flow
régime was ever achieved by Tongue River or Sentinel Butte streams.
The structures discussed are all products of the lower (tranquil)
flow regime and are formed at Froude numbers less than one. Flat
bedded sandstones (Figure 19-A) are the only bedding type that might
be suspected of plane~bed formatiocn during transition between flow
regimes, but the absence of current Lineations on bedding planes
and the presence of fine-grained sediment at bed boundaries dis-~
counts the possikility of such formation. They are probably pro-

ducts of vertical accretion on levees and point-bars.




‘Paleochunnel form

The greater cobundance of lurge-ccule gbructures in Tounguc
River strata appears to be related to its fluvial regime. ZLargsz-
scale structures are products of subsiratum depositlon and; z2 In
the case of point-bar deposits, cosets of cross-bedded or mMuSSLVeE
strata may attain thicknesses equivalent to the maximum water dapth.

Point-bar deposits in the Mississippi Valley are typically LO to &0

feet thick (Fisk, 19LL, 1947) and daposits up to 55 feet thick are
recorded from the Brazos River (Bernard and ﬁajor, 1963). As em-
phasized by Allen (1965c) not all streams form vertical accretion
deposits, but lateral accretion (substratum) deposits are common

to all fluvial sequences. Because the combined acti%itie$ of Llateral
migration and vertical accretion, perhaps accompanied by subzsidence,
produced the fluvial deposits of the Tongue River-Sentinel Butte

sequence, the relative amounts of substratum material present in the

sequence should reflect both the activity of the streams and the

depth of their channels. Thick sands and coarse silts, portions of

which are conspicuously cross bedded, are locélly prominent in the
Tongue River sequence. They attain thicknesses, as at Wind Canyon

! in the South Unit of Roosevelt Park, in excess of 100 feet. Similar
bodles, with the exception of the upper and lower sands, are absent

t in Sentinel Butte strata. These relationships Indicate that Tongue

River streams flowed in deeper charmels than those of Sentinel Butte

time and that their lateral migration was restricted.

The magnitude of large~scele cross-stratification affords

e 8 e Pt

additional qualitative data on paleostream depth. Under steady flow

conditions the height of large-sczle ripples is directly proporsional
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.to wabter depth, the height ronging from approximately 10 to 20 per
cent of the depth (Allen, 1965c, p. 110). Large structures in the
Tongue River Formation have maxdimum exposed thicknesses averaging
about 2 feet; true maximum thickness should be greater. Thus, iF

at least a portion of the structﬁres studied represent bed forms,
minimum water depths of 10 to 20 feét are indicated. Maxdmum depths
were probably much greater. The paucity of large-scale cross-strat-
ification and thick sand bodies within the bulk of the Sentinel

Butte sequence suggests shoal, perhaps more diffuse, channel systems.

The presence of thick sand bedies and 1arge—§cale cross—

stratification suggests thainongus River stream channels were ceeper
than those of Sentinel Butte streams, but thelr relative widths must
2lso be considered in an evaluation of channel form. The texture

of the Tongue River and Sentinel Buite channel facles support an
inference thatiTongue River streams had greater depth-width ratios
than Sentinel Butte streams. Schumn (1960) demonstrated that the
width—depth ratio of variocus stable streams is inversely proportional
%0 the mean per cent silt-clay content (finer than 0.07hL mm) in the
bed and banks. That is, streams with high silt-clay content in
sediments of their welted perimeter are relatively narrow and deep;
the converse is true of streams with sandy beds and banks. The
explanation for this relationship is found largely in the cchesiveness
of the sediments and thelr resisitence to bank erosion and caving.

Inspection of the sand, silt, clay contents of Tongue River and

Sentinel Butte samples (Figures 17 and 18) shows that the clay content

is zppreclably greater in the channel facies of the Tongue River

Formation. Likewise, the Tongue River deposits are finer grained
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(Figure 11), less well sorted (figure 12), and contain a greater
proportion of fine-grained, floodbasin deposits (Taﬁle 13), cn an
. average, than Sentinel Butite deposits. These facis lead to the con-
clusion that the bed and bank materials of Tongue River streams,
whether depositional or erosional, were finer-grained than those
of Sentinel Butte streams, and that their wldth-depth ratioc should
have been considerably smaller.

Schummsts (1960, p. 18) "mean per cent silt-clay!" value is
weighted by factors of stream width aﬁd depth (i.e., a weighted
‘mean for the wetted perimeter) and is impossible to compute for
ancient sediments. If 1t could be computed, approximate width-depth
values might be'read directly from>his plotted curve of width-depth
ratio versus weighted mean per cent silt-clay. However, if it is
assumed that stratigraphic sampling was sufficiently random to cbtain
a weighted average of channel {loor and bank material, and that
streams were alluviating (not eroding previously deposited material),
- an gpproximation of the relative width-depth ratios of Tongue River
and Seﬁtinel Butte streams can be made. Tongue River and Sentinel
Butte channel samples average zbout Tl and 58 per cent silt plus
clay (finerfthan .063‘mm) respectively and, utilizing the data of
Schumm (1960, Figure 8), represent width-depth ratios of about 2.5
and 3.3, respectively.

The similarity of these ratios is disappointing in view of the
greater differences in Tongue River and Sentinel Butte charmel forms
indicated by primary sedimentary structures and sedimentary criteria.
Considering the uncertainties involved in using unweighted values

of per cent sili-clay and the assumptions regarding other varisbles,




voth the absclute values and the relgtive difference of the rutios
cannot be regorded as more than gross indicatorz. As noted uy Zchumn
(1960, ?. 17), aggrading streams gencrally have higher width-denth
ratios than are indicated by thelr silt-clay percentages, whereas
degrading streams have léwer ratios. Beczuse both Tongue River and
Sentinel Butte streams were undergoing significant aggradatiocn, the
ratios obtained above are likely to be low. The lower silt-clay
content of Sentinel Butte ‘sediments dceé, however,.indicate that the
streams which deposited them constructed less resistantvchannels

than did Tongue River streams.
Basin Analysis

Sediment dispersion and paleocslope

Directional measuremesnts of large-scale cross-gtratification
provide information about sediment dispersion within the Paleocene
Williston basin. During Tongve River time, sediments entered the
basin from the west (Figure 23) and were dispersed uniformly inran
eastward direction. Sentinel Butte deposition was initiated by an
influx of sandy materizl from the northwest (Figure 2l) which spread
southward and eastward across the basin. This trend of dispersal
was apparently maintained during the‘ensuing Sentinel'Butte episode
(Figure 25). The dispersal pattern was modified near the close of
Sentinel Butte time by an influx of upper Sentinel Butte sand
(Figure 26) which was distfibutad from west to east in much the same
pavtern as Tongue River sediments. The disperssl directions of

Tongue River and Sentinel Zatte sediments, although not greatly
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different, have statistical significence (Table 9).

The vectoral data of Figures 23 to 26 are not entirely ude-
guate for pin-~pointing précisely the sources of Paleocene sedimsntis,
but it can be confidently stated that they entered the Williston
basin frqm the west and northwest. This appears to exclude the
Black Hills (Tisdale, 1942; and others) and the Big Horn Mountains
of north-central Wyoming as probable source areas. The possibility
that uplift along the Cedar Creek anticline and Poplar dome, which
form the southwestern and western margins of the Williston basin in
western North Dakota, exerted primery control on sediment entry into
the basin cannot entirely be discounted. The Tongue River zand
Sentinel Butte intervals thin on the flanks of these struciures,
and post-Paleocene uplift and erosion on the Cedar Creek anticline
hasg exposed rocks cf Cretaceous éga. It is Llikely, however, that
Tongue River and Sehtinel Butte deposition was continucus across
these structures and that they were not effective barriers to sedi-~
‘ment dispersion durlng the ?aleocene.

| Theidegree of variability of cross-bedding may be (quali-
tatively) useful in making inferenées sbout strezm morphology, atreanm
gradient, paleoslcope, and tectonic stablility. The type of inter-
pretations possible are dependent upon the nature of the data. TFor
example, if data are from a single depositional unit in a small
Locality, their dispersion méy reflect thé degree ofbsinuosity of
the depositing streams. The more complex the meander pattern, the
greater will be the deviation of Local stream vectors to the mean
direction of flow. The degree of sinuosity in turn reflects the

general gradient of the stream. Hamblin (1958, Figure 28; in Potter
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cand Pettijohn, 1963, p. 87) {found the standard devialion in cevercsl
nodern streams to vary from 20 degrecs to as high as 63 degrues,
depending on their amount of meandering and thelr gradient. B2y

analogy, he concluded that the Jacobsville Sandstone, for which the ,

standard deviation of directionel data is low, was deposited Irom
streams with fairly high gradients.

Directional. data presented for the Tongue River and Sentinel
Butte Formations are integrated over a large area and a thilck strati-
graphic interval. Such datg are likely to reflect the complexity of
. the reglonal drainage net and changes in paleoslope caused by tecton-
lsm. :If the regicnal slope is méintainad, the current flow patitera
should remain stable and dirsctional data should show a lesser degree
of variance. Tectonic fluctuations may disrupt or alter drainsge,

resulting in increased current vector deviation. The Implications

of paleocurrent variability are thus complex and subject to multiple
interpretation; the most satisfactory interpretations will utdiize

other, independent sedimentological or basinal atiributes.

S i g o RN SIS0 2

A qualitative appraisal of cross-bed data and depositional en-
vironments (Potter and Pettijohn, 1963, p. 88) indicate that the most

common variance of fluvial-deltaic deposits is in the range of LOOO

to 6000 (standard deviations betwsen 63 and 78 degrees). Marine
samples tend to have higher deviations, commonly between 6000 and
] 8000 (standard deviations between 78 and 89 degrees). Variances of

aeollan deposits are comparable to those of most fluvial-deltaic

depogite. Standard deviations of directional data from the tasal
and upper Sentinel Butte sands (65 and 62 degrees; Table 7) are thus

well within the predicted range for fluviel deposits. The standard
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deviation of composite data for the Tongue River intervual iz somevhab
nigher (7L degrees), but still within tﬁe renge common for fluvied
~and deltaic deposits. The composite data for the Sentinel Butie
interval between the basal and upper sands, however, is greater
(91 degrees) than would be expected in a fluvial system. Because
it is so much greater than that of the basal and upper sande, which

are discrete stratigraphlc intervals within the Sentinel Butie For-

mation, it seems reasonable Lo assume that much of the large devia~

tion for intervening strata results from shifting stream channels

and changes in paleoslope.

Paleocene tectonics

Further consideration of Paleocene deposition within the Will-
iston basin of western North Dzkota reguires brief consideration of
its tectonic framework. The intracratonic Williston basin was dni-
tiated'during the Ordovician and underwent slow deposition during
most of Paleoczoic time. It functioned as an autogeosyncline during
much of this time (Sloss and Hamblin, 1942; Perry and Sloss, 19L43),
accumulating substantilal thicknesses of carbonates and evaporites.

With the advent of the Laramide orogeny the basin developed
an exogeosynclinal aspect (Sloss, 1956), accumulating and preserving
a representative portion of the mass of clastlic debris shed eastward
from the Rocky Mountain arch. ZLate Cretaceous sediments form z
transition from marine and brackish-water to continental deposits.
The latest of the marine deposits were dispersed in the "relict®
Camnonball sea during early Paleocene time. treams transporting

and depositing sediments of the transgressive Tongue River Formation
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Jocumenbabion of Ui pabtly hiews beon oot by cromions ol Togoe v
aﬁd Cannenball sediments, but directionel measurementc from czisiiag
Tongue River strata (Figure 23) suggest it extended southeasztwerd.

Discussions of basinal deposition invariably require consider-
ation of three factors: (1) subsidence.within the basin, (2) tec~
tonism in the sedimentary province, and (3) changes in base level.
For lack of evidence‘to the ccontrary, the Paleocene base level 1is
considered ﬁo have been constant or undergone negligible change.

A relatively slow and constant subsidence within the Williston basin
is indicated by the continuity of the stratigraphic record of late
Mesozolce and early Cenozolc rocks. TFailure of basinal subsidence to
keep pace with sedimentation is suggested by expulsiog of the Cammon-
ball sea. The Laramide orogeny was in progress to the west, and 1t is
probable that its pulsations were responsible for the most profound
changes recorded in the Paleocene stratigraphic sequence of the
Williston basin.

The great thickness of the Tongve River-Sentinel Butte sequence
{greater than 1000 feet) and the increase in total stratigraphic sec-
tion toward the center»af the North Dakota portion of the Williston
bagin indicate significant basinal subsidence. At many localities
where it 1s in contact with the Ludlow Formation, the base of the
Teongue River Formation is a scour Surface, but throughout the remainder
of Fhe unit and in the.overlying Sentinel Butte, no major erosional
surfaces have been ldentified. Lignite beds are seldom trunca%ea,
even where overlain by chamnel déposiﬁs, and the Indications are that

deposition was conbtinuous in response to basinal subsidence.
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The Tongue River epilsode
Deposition of the Tongue River sequence began with zn indlux
Aéf basal sand over brackish-water sedimentes of the Ludlow and moring

% e

sediments of the Carmonball Formabion. Loczl scour surfaces beneaih

the base of the Tongue River indicate a minor state of depositional
non-equilibrium, presumably caused by tectonism which increased the
paleoslope and sediment supply. The source of sediment lay to Shs
west, but cannot be specificelly identified. The relatively mature
character of Tongue River sediments suggests that thé SOUrce arss

may have been a low arch of older sedimentary rocks, and that 1little

or no extrusive volcanism accompanied deformation. Dispersion across
the basin was eastward, and the low variance of paleocurrent datva is
interpreted as indicating constancy of the paleoslope, and thus of
the source ofﬂsediments and the system of streams which transported
them seaward.

Depositional equilibrium was achleved early in Tongue River
time through aggradation of the basal sand, and the remainder of the
episode was characterized by a ;table fluvial system. The streams of
this system were confined to relatively deep channels with low gra~
dlents; thelr velocities were low and insufficient to transport ssd-
iment exclusively as bed load. Extensive backwater swamps formed
between the walerways and were seldom invaded by overbank flows or
by channel avulsion. Thick deposits of plant debris, derived pri-
marily from local stands of vegetation on the levees and floodplains,
accumulated in these swamps. Floodplains of restricted exient existed
between the active stream channels and backwater swamps. Subasrial

exposure of the floodplain deposits during extenslve periods of Llow
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stre am~dlscharge, coupled with capillary rise of ground W srd
evaporation, resulted in carbonate enrichment of topstratun deposits.

*r isolated depressions, filled periodically with surface water,

calcareous ooze Was deposited which subsequently lithified to fresh-
water limestone.

Floodbasins are a favorable habitat for freshwalter inverie-
Brates (#1len, 196, Table 1; Fisk, 1947, p. 57, Plate 66, Figuzre 1L),
and the great extent of this env1ronmeni (and the associated stream

stability) may account for the greater abundance of mollusks in

.Tongue River strata as compared to those of the Sentinel Butte For-

natlon. .

The fine texture and relative abundance of the various ssdi-
ment facies suggest that western North Dekota was near the texrminus
of a reglonal drainage system, but the character of the basslievel
is problematical. It is presumed that the paleoslope was contin-
wous across the Williston basin and that streams continued in a
general eastward and southeastward direction. ‘Diécharge into a
remnant of the Cannonball sea during a significant portion of Tongue
River time is possible, but‘such a re_ationship can only be inferred.

The accumulation of Tongue River sediments was relatively slow,
as indicated by thick floodbasin deposits and freshwater limestones,
and deposition was probably equal to basinal-subsidence. Deposition
waned near the close of the Tongue River episode (perhaps reflecting
leveling of the source area), stream drainages deteriorated, and a
vast sWemp formed in response to continued basinal subsidence. With-
in this swamp, organic debris of the HT Butte bed accumulated. Net

accumelation was greater in some areas than others, but the reguisite
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conditions for ultimate formation of lignite or lignitic shale were
'regionally persistent. Lignitic shales formed in areas where fine
sediment filtered into the swamp, as evidenced by the HT Butte tsd
ot Snowden and along the Garrison Reservoir (Figure 8-C). Thus,
Ultimate Tongue River time waé a period of minimal deposition and_

widespread quiescence.

The Sentinel Butte episode

Deposition of the Sentinel Butte sequence began abruptly with

transgression of a sandy basal unit across the HT Butte swamps.
Streams of higher gradient than those of the Tongue River episode
carried sediment in from the northwest and dispersed it in a fan-like
pattern (Figure 2L) across the swamp. TDeposition into a body of
standing water is suggested oy large-scale inclined beds (Figure L-L),
which resemble delta foresets, and the unit probably fransgrassad

the swahp in deltaic fashion, sediment being supplied by a system of
distributary streams. This ordgin is in accord with the absence of
fine-grained floodplain and floodbacin sediments (Figures 36 and LO)
and explains why Sentinel Butte strata rest everywhere conformably
upon the HT Butte bed with no evidence of scour, channeling, or
srosion.

Although vertical accretion‘was great, and may have exceeded
basinal subsidence during much of the Sentinel Butte episode, a
degree of basinal control on sediment dispersion is indicated by
several scalar properties measured in the basal sand. Although the

trend is interrupted by a number of local reversals (presumed to

indicate distributary channels) the basal sand is coarsest in the
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northern and eastern portion of the study area, near the axdz of
the Williston basin, and becomes finer westward an@ southwerd slong
the basin margin (Figures L6 and L7). Carbonate content showis an
inverse relationship with grain size (Figure L3), being smellest in
the north and increasing westward and southward (Figure LE). These
relationships suggest that basinal subsidence influenced the lo-
cation of major streams, znd thus sediment dispersion, as well‘as
the total accumulated thickness of deposits. Such influence can be
demonstrated with certainty only during the initial phase of the
Sentinel Butte episode. |

A‘change in the source area of the basal sand 1s suggested

-

by its less mature sedimentary composition and by the cross-bed

readings from the unit, which differ with statistical significance
(Tablef9) from those of the Tongue River beds. The scurce areaz of
Sentinel Butte deposits ley northwest of western North Dakota, and

extrusive volcanism probably accompanied tectonism. The low degree

of dispersion (Table 7) of dirsctional measurements in the basal

sand indicates that a single, dominant sediment source and a stable

paleoslope direction prevailed during the initial phase of Sentinel
Butte deposition.

Subsequent deposition of strata above the basal sand was more
variable.. The great variance and polymedality of cross-bed measure-
ments (Figure 25) suggest shifting river courses and possibly
changing or multiple areas of sediment supply. The‘ drainage pat-
tern was generally much less stable than that of Tongue River time
but, as previocusly menticned, the upper and lower "yellow" beds

suggest that stability was attained several times during the Sentinel
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Butte @?isode. Stream chonnels were probably shoal and diffuce oul
no direct evidence is available to indicate they were braided. The
terminus of the fluvial system appears to have shifted eastward
during Sentinel Butte time, but streams still transported sediment
primarily as suspended load. Freéuent overbank deposition can ve
postulated on the basis of sparse floodbaéin deposits and low car-
bonate content of topstratum sediments. This system created a
habitat less favorable to freshwater mollusks than that of the
preceding Tongue River episode.

Late in Sentinel Butte time, increase of the paleoslcpe caused
deposition of an upper sand throughout much of the basin. This sand
is cleaner and coarser than any sediment previously introduced inwuo
the basin and apparently represents a significant rejuvenation to
the west; Cross-bed measurements zlthough available from only a
portion of the study area, are unimodal and have a low standard
deviaiion (Figure 26). The maximum extent of this unit has not been
defined, but it is believed to be widespread. It is of particuliar
economic significance where it overlies lignitic strata, as nsar
Belfleld and Gorham, for 1ts high permeability has faclilitated uran-
iam enrichment of these beds. The absence of similar sands else-
wnere in the Sentinel Butte Formatilon suggests that such enrichment
is not likely to be prevalent throughout the entire Sentinel Butte
sequence.

Sentinel Butte deposition terminated shortly after deposition
of the upper sand, apparently in response to reduction of sediment
supply. Non-deposition, and perhaps minor local erosion, appear to

have ensued throughout much of western North Dakota. TIn the axizl
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portions of the Williston bagin syncline, sediments of presumed
lacustrine origin (Benson, 1952; Hickey, 1966) were deposited con-
formably upon Sentinel Butte stratz; in basin marginzl arezs, Sen-
tinel Bulte strata are overlain (in erosional unconformity) by
Oiigocene sediments of the White River Formation. Thus, terminz-
tion of the Sentinel Butte episode concluded a long-lived epoch of

continuous fluvial sedimentation in the Williston basin of western

North Dakota.




SUMMARY OF CCNCLUSICNS

The stratigraphic and sedimentologic relationships presented
herein appear to justify thé following conclusions.

1. The contact between the Tongue River and Sentinél Butte
units can be distinguished by three criteria; the presence of the KT
Butte bed at the top of the Tongue River sequence, a basal sandy unit
in the Sentinel Butte sequence, and a change in grose color frcm
buff~yellow below to somber gray above the contact. |

2. The Tongue River-Sentinel Butte contact is the most distinc-
tive and persistent marker horizon in the Tongue River~Sentinel Butte
interval; It can be traced throughout the drainage of the Little
Missouri River and {(where exposed) along the Missouri River from
the Montana-North Dakota state boundary to the mouth of the Little
Missourdi. The eastward extent of the contact has not been defined,
but outcrops in Morton éounty indicate that itvis persistent across
the'Williston basin.

3. The Seﬁtinel Butte sequence is a distinctive and mappable
lithostratigraphic unit in western Norﬁthakota'and should be’regarded
as a formation. Use of the term "Tongue River" should be restricted
to its original definition; in western North Dakota this definition
includes the stratigraphic interval between the Ludlow and Sentinel
Butte Fbrmations, and includes the HT Butte bed.

L.  The Tongue River-Sentinel Butte sequence thickens toward
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the center of the Williston basin, indicating that sediment ccowia-
lation was influenced by basinal subsidance.

5. Tongue River sediments are finer grained and lesc well
sorted, on an average, than are those of the Sentinel Butte rFormatlion.
The renge of skewness values for samples from the two units is zimilar,
but the distribution of skewness for Tongue River samples is merkedl;
bimodal. The distribution of kurtosis values is similar for both
formations, but Tongue River samples display a narrower range and
a stronger mode. The distributions of all size statistics reflsct
the relative abundance of sediment types, but median diameter and
skewness appear to be most environmentally sensitive.

6. Silt is the most abundant sediment type in Sentinsl Butte
strata, followed by clayey silt and nearly equal amounts of sand,
gilty sand, sandy silt, and =3ilty clay. Tongue River sirata are
cemposed predominantly of clayey silt, with decreasing (but cub-

gual) amounts of silt, sandy silt, silty clay, and silty sand; sand
and sand-gilt-clay classes are sparsely represented. Tongue River
sanples contain greater percentages of clay, on an average, than do
those of the Sentinel Butte ?ormaiion.

7. CM patterms for Tongue River and Sentinel Butte strata are

very similar and illustrate the flutial origin of units. They in-

dicate a depositional continuum frémbstream channels to backwater
swanps, but products of graded, unifoim and "pelagich suspension can
be differentiated. As a first approximation, these transport types
can be considered equivalent to channel, floodplain, and floodbasin

enviromments.
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8. The abundance of thick sands, large-scale cross-sedding,

1]

thick lignites and other Iloodbasin deposits, limestones, znd ths
high carbonate content of Tongue River strata indicate a more stable
fluvial regime than that which existed during Sentinel Butte time.

9. CM diagrams, used in conjunction with empirical curves
for critical. erosion velocities,Acan be uged to approximate palso-
current velocities. Sentinel Butie streams had higher velocities
than those of Tongue River time, but the magnitude of both was small
and maximum mid-depth velocities of LO to 50 centimeters per second
are estimated. Sedimente o£ both formaticns were transported pri-~
marily as suspended load, and all transport occurred in the lower
flow regime.

710. Tongue River sediments were dlspersed eastward across the
Nerth Dakota portion of the Paleocene Williston basin from a low
gsource area postulated to have existed to the west. The paleoslope,
down which streams flowed, appears to have been quite stable, and
sedimentation graduslly waned as the elevation of the éource area
was reduced by eroslion. Continued basinal subsidence exceeded depo-
sition, and a vast swamp developed in which‘the HT Butte bed accumu-
lated.

11l. Sentinel Butte deppsition was hefalded by an influx of
sand which spread in deltaic fashion southeastward across the HT
Butte swamp. OSubsequent deposits came from the west and northwest,
and the high variance of the dispersion pattern suggests variability
of the paleoslope and possibly multiple sediment sources.

12. The Black Hills can probably be discounted as a source arca

of any significant portion of Tongue River or Sentinel Butte deposits.
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3 APPENDIX I
Analytical Procedures

Sediment size analysis
Sampling.--All samples were split by cone-and~quarter tc obtain
subsamples fbr; (1) chemical analyses,y(Z) size analysis, and (3) de-

partmental reference collection. A quantity of sediment estimated to

ié contain 12 to 15 grams (dry weight) of material finer than L phi was
taken for size analysis, up to a maximum weight of about 28 to 30 grams.
Twelve to 15 grams of sediment per liter was considered an optimal con-
i centration for pipette analysis, and approximately the same weight is
maximum for the 3-inch sieves used to size material coarser than L phi.
About 100 grams of ssdiment was retained and ground to fineness for
chemical aﬁalyses. A portion of the last quartersd cone was retained

and catalogued as a reference sample.

Pretreatment.-—many Tongue River and Sentinel Butte samples con-
" tain large amounts of reactive carbonate. Both field and laboratory

observations indicate that the carbonate minerals are authigenic and
diagenié, and were not part of the allogenic sediment transported into
the Paleocene Williston basin. For this reason, all reactive carbonate
was removed by acid leaching prior to size analysis.

Sampies were placed in screw~top Jars and permitted to react
with an excess of dilute (0.5 to 0.75 N) sulfuric acid at room temper-

ature until effervescence slowed, Samples were then heated to 70 to

i ' ‘ 238
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80 degrees Celsius in a water bath, agitated frequently, removed from
§ thé baih, and allowed to equilibrate with room temperature. When

;ool,«samples were centrifuged (10 minutes at 1600 rpm), decanted,

twice rinsed with distilled water, centrifuged,and decanted. Centri- !
fugation Was‘extremely efficient, permitting removal of all super-

natant liquid with negligible losg of lithogenous material.

Two hundred milliliters of Merasperse-N (sodiumlignosulfonate;
stock solution 0.1 grams/200 milliliters) was added to each leached
and washed sample, the sample was agitated thoroughly and allowed to

“stand overnight. Disaggregation was essentially completed for most
samples during removal of carbonate, but some fine-grained, carbonate-~
free samples required additiénal agitation for complete disaggregation.

This was accomplished by periodic agitation (10 to 15 minutes) in an

auﬁomaiic shaker; between these periods, samples Were scaked for several
hours. With the exception of lignitic shales and a few clays, a high
degree of disaggregatibn was achieved for all samples.
Wet‘sieving.usnisaggregated samples were dispersed 8 to 10
minutes in a malt mixer and rinsed through a new, L-phi siéve(U. S.
Standard No. 230) into a one«liter cylinder. Sediment retained on the
screen was thoroughly washed with distilled water until the liquid
volume in the cylinder reached one liter. For samples which required
more than one liter of water for complete washing, the excess-liqnid
was removed from the cylinder (or other container), centrifuged, de-

canted, the sediment returned to the cylinder, and the volume brought

to one liter with a working solution of Merasperse~N (0.l grams/liter).
Sediment retained on the screen (usually a small amount) was rinsed

onto filter paper, dried, and set aside for sieving.
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Dispersion efficiency was checked by thoroughly mixing the sed-
‘iment in the cylinders and allowing them to sit overnight. Samples
which flocculated (fewer than 10 per cent) were decanted into jars,
- centrifuged, decanted, rinsed back into their cylinders, and the fluid ‘

volume returned to one liter with fresh dispersing solution. This

procedure effectively inhibited flocculation of most samples; those in
which flocculaticon persisted were discarded and a new (smaller) sample
was prepared.

- Pipette analysis.--Particle-size analysis of the silt-clay

fractions was made by removal of aliquots at times and depths selected

according to the Wadell modification of Stokes?! law for settling
velocities. The schedule established for withdrawal of allquots is

shown in Table 16.

TARLE 16.--Time of settling computed according to Wadellls law. -

?é{?ﬂ?:h::; | i(f«;l;g:’gf | ( gn) Hours Minutes. Seconds
L 116 0.223 20 0 1

| 5 1/32 0.0558 10 0 2 59

| 6 1/6L  0.013%3 10 0 1 59
7 1/128 0.003L9 10 0 L7 51
8 1/256 10.00087 10 3 12 -
9 1/5L2 0.0002L7 7 8 58 -
10 14024 © 0.00008, 5 25 13 -

Analyses were begun with homogenization of the mé.terial' in the

cylinders by mixing with a plunger for one minute. Cessation of mixing
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wasitaken as time zero. One minute was allowed for reduction of tur-
- bulence before removal of the firsﬁ aliquot. Subsequent aliquots
were drawn at times and depths shown in Table 16. All aliquots were
taken with 20-milliliter pipettes with attached suction bulbs, drained
into tared beakers,vand evaporated to dryness at 80 degreés Celsius.
The aid of three assistants in removal of initial aliquots permitted
analysis of 30 to 4O samples in a single run; one or two runs were
completed per week.

Precautions taken to increase the accuracy and reproduclbility
of results included; (l) automatic maintenance of room temperature,
(2) consistent use of the same operators, (3) inducement of a simi-
lar state of turbulence in each cylinder at time zero, (L) slow (5
seconds) insertion and removal of pipettes, (5) uniform rate (20
seconds) of aliquot withdrawal, (6) maintenance of pipette depth
during withdrawal, and (7) delivery of exact aliquots.

Dried aliquots were cooled in a desiccator, welghed to the
neareét milligram, and the phi-class weights determined by successive
subtractions and multiplication of differences by a factor of fifty.
Results of duplicate analyses'of samples with negligible coarse frac-
tions (i.e., those for which the entire size distribution was deter-
mined by pipette analysis) indicate that the phi mean and phi deviation
statistics have a minimum reproducibility of about 0.2 phi and 0.3
phi-units respectively. Reproducibility is, in large part, a function
of the particle-size distribution, and sediments with coarser means
and larger coarse fractions will have a higher degree of reproduci-
bility.'

Sieve analysis.--Dry coarse fractions wers sieved (15 minutes)
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through new, calibrated, U. S. Standard sieves, arranged in a single
phi-unit progression from O to L phi, in an.automated Tyler Portable
Sieve Shaker (220 cycles/minute, 6.8 centimeter displacement). Size
ffactions were weighed to the nearest 0.02 gram.

McManus (1965) showed that the maximum load forbj—inch sieves
is related to the number of near-mesh particle sizes. This number
decreases, for a fixed sample - size, with decrease in the sieve class
interval. For screens in a single-phi progression (not considered by
McManus), the maximum sample size permissible for efficient sieving
was estimated to be about L, 3, and 1 gram respectively for the 2-,
3~, and L-phi screens. If these weights were exceeded, the sample

was split and sieved in two or more parts.

The effect of overloading the screens was considered for several
samples. For example, sample 19 from the Yellowstone section initially
retained 7.62 grams of sediment on the L-phi screen. After splitting
and resieving, an additional 0.5, grams of sediment passed through
the écfeen.v The error due to oﬁerloading in this sample émounted to
7 per cent of the fraction weight and 2 per cent of the total weight.
The potential effect of such érror on the size statistics is variable,
but in all cases it is quite small.

Results of duplicate analysis indicate that sandy samples have
phi mean and phi deviation measures reproducible within about 0.05
phi and 0.05 phi-units respectively.

Computation of size statistics.--Pipette analysis provided values

for sediment weights in each size class from 5 to 10 phi. This range

‘was sufficient to accumulate greater than 95 per cent of the total

weight of most samples; however, a minor number of fine-grained samples
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were too open-ended for direct measurement of the phi diameter at the
95 percentile. For these samples, the value was ‘approsd.mated by
' straight-line interpolation between the last measured value (10 phi)

and 13 phi, the latter value being assumed a practical lower limit of } .

lithogenous particle sizes. Two factors lend strong support to this
‘procedure: (1) interpolated phi values at the 95 percentile usually

occurred between 10  and 1L phi, which means that the interpolation,

‘with its associated indeterminant error, was usually minor; and (2)

nearly all the sediments are markedly fine skewed, which justifies

[

use of a stralght-line interpolation in the fine taill..

Particle-size statistics were computed bs; an' IBM System/350
according to a revised vei‘sion (Reinhold Fischer, University of North
Deakota Computer Center) of the University bi‘ Missouri Fortran progran
for evaluation of size analyses (Kame and Hubert, 1963). Revision in-

volved; (1) modification of input form to accept any class interval

over any range of phi values, (2) a change from linear to exponential
interpolation (subroutine) of critical phi values, and (3) modifica-
tion of the print-out to include sand, silt, clay percentages and in-
terpolated phi values (Table 17). Sample input included only sample

] . identii‘iéation and the sediment weight in each size class. The output
accuracy, in the ‘size ‘ranges measured, is consistent with that of the

input data.

Carbonate analysis
Carbonate contents of samples were determined by the method of
Herrin and others (1958) in which a known weight of sediment is allowed

to react with a measured quantity of standard HoS0). The milliequiva~-

lents of COB liberated, which equal the milliequivalents of acid
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TABLE 17.-~Sample print-ocut of sedimenti-size data.

SAMPLE NO. C~1 : DATE

LOCATION SECC ‘IWPO RNG’. CO. . : [

SAMPIE TYPE

MOMENT MEASURES NOT COMPUTED

CALCULATION OF FOLK STATISTICS FOLK'S TEXTURAL mSCRIPTIONS
MZ = 6.359 SILT

SORTING = 1.619 POCRLY SORTED

SKEWNESS = 0.377 PLATYXKURTIC

KURTOSIS = 0.86L - STRONGLY FINE SKEWED
CALCULATION OF INMAN STATISTICS

M PHI = 6.513 -

SIGMA PHI = 1.629
SKEWNESS = 0.272

XG (INMAN) = 0.629
ALPHA TWO PHI = 0.78Y4

DATA FQR DRAWING A FREQUENCY DISTRIBUTION CURVE

PHI o FRACTION ’ FRACTION CUMULATED
SIZE WEIGHT PER CENT PER CENT
5.00 1.10 27.50 27.50
6.00 . 0.85 : 21.25 48.175
7.00 0.70 , 17.50 66.25
8.00 0.65 : 16.25 82.50
9.00 0.35 8.75 61.25

10.00 E 0.15 : 3.75 © 95.00

11.00 0.1L ‘ 2.75 97.75

12.00 0.09 , 2,25 - 100.00

PHT SIZE AT PER CENT LEVEL OF

5 16 25 50 75 8l 95
4.69 1.88 L.98 6.07 7.50 8.1L 10.00
. GRAVEL | SAND SILT CLAY TOTAL

0.00 0.00 82.50 17.50 100.00
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utilized, are measured by back titration with standard NaCH. The

ﬁrocedure is outlined below.

Reagents.--Standard reagents are prepared as directed.

1. Standard sulfuric acid, O.L N. K
g - One liter - dilute 12 ml of pure concentrated
| | H,S0, (density = 1.84) to 500 ml with distilled
water. Mix thoroughly, cool, and dilute to one
liter. Mix again. '
2.- Standard sodium hydroxide, O0.L5 N.
| One liter - dissolve 19 grams of sodium hydroxide
in 500 ml of distilled water, cool, and dilute
to one liter. Mix azain.

The acid is relatively stable and need not be checked against
newly standardized base more than once a yeér, but the base reacts
slowly with glass and CO, and must be standardized at least one a
month.

Standardization.~-Standardization of both acid and base were

made in triplicate. About 0.8 grams of potassium acid pthaléxe was
wéighed to the nearest milligfam, dissolved in a flask with 150 mill-
iliters of distilled and deionized water; and titrated with standard
base to a polentiometric end-point of 7.0. vThe normality of the

base was calculated by the equation:

wt. KH pthalate
(0.2042) (mi NaQH)

Normality (NaCH) =

The acld was standardized against the base. Twenty five milli-

liters of acid were added by volumetric pipette to zbout 100 milliliters

of distilled-deionized water and titrated with standard base to a pd
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of 7.0. The normality of the acid was determined by the relationship:

. _ (ml NaCH) (N NaCH)
Normality (H280h> Wl F550)

The reagents were standardized to the same potentiometric end-point

(pH = 7.0) used in the analysis (if phenopthalein is used as an in-

dicator, reagents must be standardized to the phenopthalein‘end—point;
pK = 8.3). |
Procedure.--Each sample was ground to fineness with a mortar
and pestle, dried to constant weight, homogenized, and one gram por-
tions weighed to the nearest 0.02 gram for analysis. Fifty milli-
liters of standard HpS80), was pipetted into each sample, reacted at
room temperature until effervescence'slowed, and heated in a water
bath to 80 to 90° Celsius for twenty minutes. Samples were cooled
and checked with indicator paper; if the pH exceeded 2 or 3, addi—
tional acid (25 milliliters) was added and the samples re-heated for
10 minutes. Samples were cooled, diluted with approximately 200 mil-
liliters of newly distilled water, and titrated potentiometrically to
a pil of 7 (caution: use glass-bead or plastic stopcock burette) with
constant stirring with a magnetic nixer. |

Calculation of results.-~The number of milliequivalents of acid

waich reacted with one gram of sample 1s equivalent to the milliequi-

valents of 602 in the sample:

(mL Hp30),) (W Hp50),) - (ml NalH) (N NaCH) = meq. GO,

; This difference multiplied by the milliequivalent weight of the car-

bonate compound ti i
| imes 100 gives the per cent weight of the compound

Per gram of sample: .
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of 7.0. The normality of the acid was determined by the relationship:

. _ (ml NaCH) (N NaQOH)
Normality (Hgsoh) WL Hz50)

The reagents Weré standardized to the same potentiometric end-point
(pH = 7.O)Vused in the analysis (if phenopthalein is used as an in-
dicator, reagents must be standardized to the phenopthalein'end-point;
pK = 8.3). |
Procedure.--8ach sample was ground to fineness with a mortar
and pestle, dried to constant weight, homogenized, and one gram por-
tions weighed to the nearest 0.02 gram for analysis. Fifty milli-
liters of standard HZSOh was pipetted into each sample, reacted at
room temperature until effervescence'slcwed, and heated in a water
bath to 80 to 90° Celsius for twenty minutes. Samples were cooied
and checked with indicator paper; if the pH exceeded 2 or 3, addi-~
tional acid (25 milliliters) was added and the sémples re-~heated for
10 minutes. Samples were cooled, @iluted with approximately 200 mil-
liliters of newly distilled water, and tlitrated potentiometrically to
a pi of 7 (caution: wuse glass-bead or plastic stopcock burette) with

constant stirring with a magnetic mixer.

Calculation of resuits.--The number of milliequivalents of acid

which reacted with one gram of sample is equivalent to the milliequi-

i

]

;

!

% valents of CO, in the sample:
¥

k (ml HpS0)) (N HpSO}) - (ml NaCH) (N NaCH) = meq. COp
i

i

This difference multiplied by the milliequivalent weight of the car-

bonate compound times 100 gives the per cent weight of the compound

per gram of sample:.
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(meq. COy) (meq. wt. of compound) (100) = per cent weight of
the compound in one
gram of sample

It is possible to express results as per cent COp or 003 in

any sample, but a decision as to the proper cation is necessary be-

fore the amount of carbonate mineral (calcite, dolomite, siderite,

etc.) can be determined.

Use of sulfuric acid gives lower and more reproducible results
than does hydrochloric acid. This is so because. of the large number
of components which can be put into solution by hydrochloric acid;
these include oxides of iron, aluminum, manganese, titanium, and
silicon. By this titration method, the only sediment components that

will contribute to the results are those which will form volatile or

inscluble products by reaction with dilute sulfuric acid. Except for

carbonates, sulfides are the only common components of Tongue River

and Sentinel Buite sediments which might occur and react in this
fashion. The error caused by reaction of the transition metals, which
are common in rocks and sediments, would be miﬁor because, by back-
titration to a pH éf seven or greater, the sulfates formed by reaction
with the acid would be precipitated by an equivalent amount of base.
Considerable.contrcversy exists among sedimentologists concern-
ing the relative accuracy of various methods of determination of car-
bonate in rocks and minerals. The titrametric method outlined above is
subject to particular criticism because it measures hydrogen ion uti-
lization rather than direct evolution of COZ‘ Objections to the tech-~
nique are based largely on the fact that some hydrogen lons may be

adsorbed by or exchanged with clay minerals, or be utilized in decom-

position of non-carbonate compounds. Gasometric methods, involving
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entraimment of gases, scrubbing with a strong base, and measurement
of the amount of 002 evolved are often considered superior to titra=-
metric procedures. Because of the large number of samples to be
analyzed, the rapid method of Herrin, and others (1958) was preferred,
and a comparative étudy was made to'deﬁerminerits accuracy and pré-
cision relative to gasomeiric analysis. |

Four samplés of Tongue River sediﬁent, with CaCO3 contents
ranging from 3 to 80 per cent, and sténdard samples of sodium carbon-
ate were analyzed in triplicate both by the method outlined above
and by the gasometric technique of Shapiro and Bram;lock (1962). Car-
bonate was evolved by hydrochloric, suifuric, and phosphoric acids.
Statistical comparison of results showed no significant difference
between use of hydrochloric and sulfurié acid, but phosphoric acid
gave an indistinct end-point and sporadic results. No difference, at
the 99 per cent level of significance, was detected between the two
methods, utilizing either hydrochloric or sulfuric acid, for samples
with carbona?e contents less than 50 per cent by welght; the gaso-
metric techniqpe gave higher results for samples with calcium carbon~
ate contents greater than 50 per cent. Because, with the exception
of freshwatér limeétones, nearly all Tongue River and Sentinel Butte
samples contain less than 50 per cent CaC0yq (3L per‘cenﬁ 003)’ the
titrametric method should give the same results as. those of gasametric

analysis. The reproducibility and accuracy of the method employed

in this study are within one per cent of reported values.
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Supplementary Data for Stratigraphic Sectlons

Appendix TT-A

Plots of sorting vs. mean for stratigraphic samples
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Appendix II-B

Distribution of Folk skewness values in stratigraphic samples
from the Tongue River and Sentinel Butte Formations
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Appendix IT-C

Plots of skewness vs. median for stratigraphic samples
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Appendix IT-D

Sand, silt, clay relationships of stratigraphic samples
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Appendix IT-E

CM patterns for stratigraphic samples
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Appendix II-F

Plots of carbonate Vvs. median for stratigraphic sanples
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