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ABSTRACT
The_Givetién—(?)lFrasnian Haré Indian and‘Rahparts
fogmatibns are superbly exposed in_the Mackenzie‘Mountains,
Northwest Territories. Héré‘Indiaﬁ.shaleé,‘siltstones and
limestones and Ramparts limestones collectivély represent

basin-fill, platform and reet'debelopment in the area.
The Hare Indian and Ramparts étrat% consist ot

shallowing upward cycles on at least three scales. The

cycles are thouyht to have resultea trom acceleratea rates .

of relgtive sea level rise. 7Two major tirst-order cycles
{each greater . than two hundred metres thick) can be
discerned. The lower cycle consists ot proyradational
basin-fill strata (basf:al and c¢linothem tacies) ot the
Hare Indian Formation and the immediately overlying lower
"ramp" member of the Ramparts Formation (ramp tacies). A
rapid deepening terminated clastic wedgélprogradation and
led to widespread deposft@on of the orgyanic-rich shaly
Carcajou subfacies. The Ca;cajou Marker (base ot Carcajou
subtaciés) marks a first-order cycle break as the
basin-f£ill conditions revertéd to mainly agyyradational or
backsteppiny, cyclic, plattorm anc reet development of the

upper tirst order cycle (upper member, Ramparts

Formation),

\



The first—order‘cycles consist of a number ot smaller .

(10-25 m thick). sécond—order.cyclesl These are best.

. o - .
detined in the shallow-water platform ana reet-complex, put
also are recognizeda in the Hare Indian clinothem tacies
andg.in ceftain locations, in basinal tacies. ln plattorm
and reef interior facies and within ramp facies, theée
second-order cycles are composed of even smailer thira-
order cycles (2-5 m thick).

Six secona order cycles make up the Ramparts buiidup.
Reef cycle libegan with local formation of reef margin and

shoal tacies on drowned highs ot the upper plattorm. these

facies are strongly progradational (800-1000 m) compared to

F

maryin ftacles in the overlying reet cycles.' Ihis may imply’

more prolonyged relative stillstanda. Succéssivé sea-level
rises tollowinyg reet cycle | resulted in backstepping or
aggradation of the reef margin tor each ot the succeeging
tour cycles. shallow-water laygoonal ana tidal-tlat

: 5
deposits continuea tv form in the reet inﬁeridr. A pulse
ot accelerated sea-level vrise terminated reet c?éle 5 and
"led t; the formation ot an areally restricted shoal Yfacking
reet margins. Open marine conditions with good water
circulatioh prevalled Auring deposition ot the shoal
sediments. Aﬁothep~répio rise ot sea level céused the

-~

ultimate drowning of the Mackenzie Mountains reet complex,

.
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Second-order platform ana reet cycieé in the Mackenzie
Mountains buildup can be correlated to.the time-equivalént
subsurface buildup at Norman wells, based on similar.
thicknesses relative to a.regional marker, and on
consistent style of reet and plattorm margin development
(progradation, aggradation, backstepding). However, reet
cycle 5 and the culminating shoal Eycle ot the Mackenzie

Mountains buildup are evidentiy‘not represented in the

Norman Wells buildup.
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GENERAEL INTRODUCTION



1.1 LOCATION OF STUDY AREA

The study area is situated along the Mackenzie Mountains
front, 110-150 km west of Norman Wells, N.W.T. (FIG. l-la).
Twenty-nine ?tratigraphic sections (1-25; 28-31), totalling
in excess of 3000 m thickness, were examined along a
discontinuously-exposed escarpment during the coufse of
three field seasons (1982-84). Rocks of the escarpment
(stippled area, FIG. 1-1b) are accessible in a\humber of
stream cuts and ridge exposures between the Moungain and,

ras |
Gayna River areas (65°18'N, 124°21'W - 65°14'N, 128/35'W). O

N
Supplementary data were obtained f?om selected well 1%gs
(FIG. 1-2) and reconnaissance of ' exposures at Ramparts
Narrows (section 26 - 66°14'N, 129'41'W3, East Mountain
(section 27 - 65°42'N, 128°45'W), and _the Norman Wells
limestone quarry. These additional data helﬁ to define

regicnal lithestratigraphic distributions.

N

1.2 SCOPE AND SIGNIFICANCE OF PRESENT STUDY

The general objectives of the project were to document
and interpret lithofacies and biofacies associations in a
superbly exposed, Middle Devonian, basin-fill, platform ana
reef sequence,. Detailed stﬁdy%of closely spaced sections
along the Mackenzie Mountains front permitted documentation

-~

of Facles relationships that usually are difficult to
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subsurface and outcrop location sites outside
study area, used for supplementary data.

1.
2.
3.
4.
5.
6.

7.

8.
g.

10.
11.
12.

13

14.
15.
16.
17.
1s.
19,

Union McPherson B-25

I.0.E. Nevejo M-05

I.0.C. Clare F-79

Shell Tree River F-57

Shell Tree River East H-57

R.0.C. Grandview Hills No. 1

At. Little Chicago No. 32

Mobil Manuel Lake J-42

Decalta Rond Lake P-=75

Ramparts Narrows outcrop. (section 26)

- Amoco B-1 Cranswick
Amoco A~1 Cranswick

Candel South Ramparts I-77

Candel North Ramparts A-59

Candel Mountain River A-23

Arco Mountain River H-47

At. Shoals C-31 °

McD. Maida Creek F-57

East Mountain outcrop (section 27)
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ascertain in subsurface studies., The following aspects of

the project were examined in particular detail:

(1) The lithostratigraphy and conodonflbiostratigraphy
of the Hare Indian, Ramparts, and Canol Formations.
Reconnaissance studies only were conducted in the
underlying Hume and overlying Imperial Formations.

(2) The depositlonal environments and the nature and

controls of c¢yclic basin-£111, platform and reef

development during EKare Indian-Rampartg time.

Facies meodels were generated through integrating

Paleocecological and sedimentological studies.

(3) The Middle Devonian paleogeography of the study
area. i}

The Ramparts Formation in the Mackenzie Mountains
incorporateé well-preserved ramp, platform, and reef facies
which are superbly exposed along the escarpment (FL. 1-la).
Its study is significant because:

(1) Surface exposures of the reef and sub-reef facies
are essentially unstudied in detail apart from
reconnalssance work. An unpublished study of the
Ramparts Formation by James (1972) was primarily a

v petrographic and diagenetic study.

(2) Surface studies permit a wealth of information to

be integrated directly with subsurface information.

This larger database enhances the reservoir model

I g



(3)

(4)

(5)

6
fof the hydrocarbon-producing Ramparts Formation in
fhe Norman Wells fieid (Muir et al., 1984, 1985).
Faunal and sedimentological studies of the Ramparts
Formation are ﬁertinent to reef model étudies in
Western Canada.” In particular, these studies
contribute ﬁo the understanding of less
well-exposed and more dlagenetically altered
Devonian reef complexes, such as .the dolomitized
Upper Devonian Leduc Formation 1in the Alberta
Basin. _

Study of the Hare Indian and Ramparts Formations
reveals distinct cycles of sediment;tion in the
time-equivalent Mackenzie Mountains and Norman
Wells buildups (Muir and Dixon, 1984, 1985; Wéndte
and Wong, 19813). Successful correlation of these
cycles between the two widely separated reef
complexes (110 km) indicates that this may be more
widely applicable and aid in understanding the
evolution of other Devonian carbonate provinces
(Muir et al., 1984, 1985, 1986; Viau, 1984).
Non-reservoir units such as the Hare Indian énd
Canol Formations are rarely cored durinq
hydrocarbon exploration/ekploitation programs. In
this study, data from the enclosing rocks are
critical to interpreting the initiation,

development, and. termination of the Ramparts reef



-
compléx. This methodology differs from that
generally used on Canadian Devonian reefs, most of

..+ Which are knoﬁn only through subsurface study.

(6) Systematic lithostratigraphic and biestratigraphic
studies of the Hare Indian, Ramparts, and Canol
Formations have fevealed stratal and temporal
relationships that differ from previous
interpretations. Some a&%hors {e.q. Warren and
Stelck, 1962: Bassett and Stout, 1968; Gillbert,
'1973; Braun, 1966, 1977, 1978) have suggested that
a significant unconformity separates the Cancl and
Ramparts Formations. This study, in contrast,
reveals that the Canol Formation is partly
time-equivalent to, and partly post-dates, fhe

Ramparts Formation.

1.3 MEiHQDQLQQX

Stratigraphic sections were divided into field units
averaging 1-3 m in thickness. Each unit is a sedimentary
package composed of one or more lithologies, that represents

a distinct set of depositiocnal conditions. These units were

described on unit cards modified from ones developed' by

J.D. Altken of the Geological Survey of Canada. The unit
card facilitates rapid recording of field data using

numerical codes, and the data can readily be stored on



8
computer file. Qualitative data that could not readily be

entered on a unit card were recorded by section and unit
numbers in a field notebock.

At least one lithic sample was obtained from each unit.
In addition, 177 samples were submitted to Dr, T.T..Uyeno,
Geological Survey of Canada, for conocdont separation and
identification. The conodont  zonatilon provides  the
biostratigraphic framework for the study. Organic carbon
analyses were conducted by Dr.. F. Honnier, Canterra
Exploration Ltd., by means of flame photogs&;y.

Approximately 1100 oriented 1lithic aampleé were cut,
pelished, and examined.under binocular microscope. Nearly
300 thin sections and 200 acetate ©peels ©provided
supplementary information, particularly from ' the
finer-grained lithic samples.

Detalled stratigraphic logs of all measured sections are

on flle with the Department of Geology, University of

Ottawa.

1.4 GEQLOGICAL SETTING

The eastern margin of the Cordilleran Orogen in northern
Canada has a prominent salient directed towards the Canadian
Shleld (FIG. 1-3). The field area 1s situated within this
sal/ent, in the Mackenzie Foldbelt. En echelon fold bundles

and associated strike-slip faults characterize the Mackenzie

\
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Foldbelt (Norris, .1985). The fold pattern typically
disp;éys broad, flat-topped anticlines and steep, narrow
synclines up to 2ﬁ5 km long parallel to the Mackenzie
Mountains front (Aitken et al., 1982). The exﬁosed strata
in thé study area are bart of the northern flank of one of
these broad anticlines (Stony Anticliné) in the vicinity of
the Gayna Flexure (see Aitken et al;, 1982). The Mackenzie
Foldbelt was formed during the Late Cfetadeous-Paleocene
Laramide evolution of the northern Cordillera (Norffs and
Yorath, 1981) during which open folds and zones of complex
folding and thrusting were produced by northeasterly
dirécted’ compression (Cecile, 1982; Norris, 1985). Norris
and anéth (1981) suggested that the arcuata'form of the
fold )bundies may reflegt the initial curvature of the
eastern margin of the chfénzie-Rocky Mountains micgeocline.:
Shortening due mainly to folding was calculated to be 12.3%
in.the wider portipns of the foldbelt (Aitken et al.,, 1982).
Geological studies in the area. of the Misty Creek Embayment
approximately 250 km west of the thesis area, indiéate
minimum northeasterly—difected shortening and minor or no
northwésterly strike-slip fault movement (Cecile, 1982).
The;ggore palinspastic reconstruction would result ig little
change in the representation of basin-platform geometry.

Ragional Devonian paleogeography in’ the Mackenzie

Mountains-Norman Wells area has been summarized by numerous

_hgktiifg (e.g. Hume and Link, 1945; Bassett, 1961; Bassett



and Stout, 1967; Tassonyi, 1969; Law, 1971;: Gilbert,‘ig75;
Norris and Ypraﬁh; 1981; Aitken et al., 1982; Pugh, 1983).
The reader is referred to those papers for mofe detailed
accounts than that presented below.

FIG. 1-4 delineates the . major Middle Devonian

-
paleogeographic features near the field area. Shallow water

carbonates of LowerTMiddle Paleczoic age predominate in the.
areas of the Mackenzie and Porcupine platforms. From Late
Cambrian to Middle Devonian time, these_ crafonic shelves
were tectonically stable (Pugh, 1983). Near;tﬁe beginning
of Givetian time, clastic wedgés, represented now by the
Hare Indian Formation, prograded westward and aggraded
towards sea level on the Mackenzie platform (Muir and Dixon,
1984). Carbonate deposition took place locally in
relativély shallow, clear water (lo;er portion of the
Ramparts Formation). Isolated platform-reef complexes of
the Ramparts Fdrmation developed on paleotopographic highs
of the Hare Indian mudbanks (Muir angd Dixon, 1984, 1985).
These platform-reef compléxes were terminated by méjor
drowning events during the Late. Givetian-Frasnian(?) and
onlapped.by.Canol basinal shales or downlapped by Imggrial
clinothem shales (Muir et al., 1984, 1985, 1986). Carbonate
sedimentation did not resume during deposition of the

remaindgr of the Mackenzie and Porcupine platform sequences
-~ i .

(FIG. 1-5).



12

5 [
¥ BEAUFORT SEA 5
5 0 50 - {jj;\\\vo'n
I S ry
KILOMETRES //\/)
ALASKA / UKTOYAKTLI( ;
y DISTRICT OF
/ MACOKENZIE
- « m
. L] 0
. o
. . =)
R « O
R Y '
. = * 5
PORCUPINE . MACKENZIE . "
PLATFORM LPLATFORM . '
’ NORMAN
STUD
AREA
65" N
FIG. 1-4 Map showing regional Middle Devonian

paleocgeography - (modified from  Pugh, 1983;

Williams, 1983; Norris, 1985). Delineation of

platform margins 1is uncertain in the Aklavik
Arch area. Th~ Aklavik Arch complex embraces a
number of smaller uplifts and structural
depressions intermittently active during the
Middle Paleozoic to Early Tertiary (Norris and
Yorath, -1981).



13~

=
N
/‘, [
-"/
PLATFORM ‘ BASINAL ‘MIS5ING
FACIES FACIES SEDIMENTS
w _ . E .
, Porcuplne Plalform [Rnchardson Aulacogen | Mackenzie Platform o
b s et e S N ‘T'_'”’“"‘**frf Lutte fi':féé%z%;;;%.::}:%;fﬁﬁ;_&?f;;j:
x M= Ca"?' 1iig Impﬁrlal Lol TE
={m — ‘ T AR “ﬁmﬂ
] v 'La"dg,,//‘”—“mﬂf
Arnica Amica
alL | TaileLLLL Tatsieta SRR
u Peel LL [ Peel ‘l\\l
§— Mount Kindle - = NN " ' v
Elm Road River el |
| . -
i transitional Mount Kindle "‘—\,_“MJ‘“‘\
L L
i
- AL
s o
) .
SIM Franklin F}anklin Mountain
. ogcr-ﬂ Mountain - \\.\:\ .
QL
f
FIG. 1-5 ordovician-Devonian platform and basin facies

distribution in the  Mackenzie Mountains-
v Richardson Mountains (modified from Pugh, 1983).



14

The platforms are separated by a narrow, north-south,
structurally-controlled depression known as the Richardson
Trough.' Rocks in thié structural basiﬁ range in age from at
least Late’Cambrian to Middle Devonian (fugh, 1983; Norris,
1985). 'Thick basinal facies of the ,Koad River Formation
(Cambrian-Devonlan) were deposited éohtemﬁor;neously with
shelf carbonates of the Mackenzie aid Porcupine platforms
(Pugh, 1983). The platform margin migrated back and forth
ﬁhrough Jime (FIG. 1-5) but these relatlonships ‘have not .
been sﬁudied in detail. The Richardsop Fault Array 1is a
.system of mainly vertical qtrike-slip faults‘.which were
periodically'actﬁﬁe from Late Helikiaﬁ to beginning of the
Carboniferous. Tha faults can be t;aced 1000 km from the
Beaufort Shelf south of Banks Island, to the southefn end of
the Richardson AnﬂQSEEDJQium. Norris and Yorath (1981)
suggested that 'the Richardson Fault .Arra; contrélled, tﬁe
position, timing, and life span of the Richardson Trough.
Because it is a fault-bounded intracfatonic depression that
persistgd forl%F least 200 ma, the Richardson Trough may be
regarded as in ‘aulacogen (Pugh, 1983; Norris, 1985).
Southward, the trough. opens into the Sélwyn Basin (FIG.
i-4). The Selwyn Basin encompasses a large area of Lower
ard Middle Paleozoic basinal facies that overlie thick
successions of Proterozoic sedimentary rocks. (Cecile, 1982).
Nortaiward, the Richardson Trough widens so that the eastérn

edge of the Porcupine platform is approximately in the
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‘positiqn,of the Aklavik arch complex (Norris, 1985). fThe_
western edge of the M:ckenzie platform (eastern  trough
margin) appears. to follow a northwést-trending curvilinear
fault trace onto the Holocéne shelf (Norris, 1985). Some
duthors have suggested that the Richardson Trough was once
linked to the northeast-southwest trending Hazen Trough of
the Arctic Archipelago (Miail, 1376; Norris and Yorath,
1581; Pugh, 1983; Norris, 1985). Upper bevonian Canol and
Imperial turbidite sequences have been recognized on the
northern mainland east of the Mackenzie Delta (Norris,
1985). Coeval nearshore equivalents of the Melville TIaland
Group are exposed on Banks Island. During the Late
Devonian, thick basin-fill sequences of the Imperial and
Tuttle Formatiops (FIG. 1-5) prograded southward and
southwestward {Pugh, 1983) acrogs the Mackenzie énd
Porcupine platforms, and a reéional south-dipping paleoslope

was established. «t

’

1.5 -REVIEW OF STRATIGRAPHIC NOMENCLATURE

Studies of the Hare Indian and Ramparts Formations are
too numerous to documeﬁt fully here. This section
summarizes the development of stratigraphic terms applied to
the studied sequences. More comprehensive reviews of the

stratigraphic noménclature can be found in Caldwell (1964),
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Tassonyi (1969), Crickmay (1970), Pugh .(1983), and Johnson
et al. (1985). -

RKindle and Bosworth (1921) first useg the name Hare
Indian in'; sf;atigraphic aensé.as the "Hare Indian River
Shale'. Thef déscrihpd the uppermos£ 30 m of the clastic
séquence at the nqrth end of the Rﬁmparts Narrows on ﬁhe‘
Mackenzie River. Unfortunately, the formation is
heterogenecué (Muir and Dixon, 1984) and therefore reference

sections are required to illustrate features not exposed in
the type section. 1k

The Hare Indian sequence tends to weather 'recessively.
4

It-abruptlyj but conformably, overlies limestone of the Hume

Formation (Bassett, 1961). The lower 2-20 m of the Hare
Indian® Formation was informally;_named the "spore-bearing
member" by Tassonyil (1969) . This lower member |is
characterized by slightly calcareous, fissile, brown-black
bituminous shale (Aitkeq et al., 1982) which grades into
grey-green shale of the upper member (Pugh, 1983). Tassonyi
(1969, p. 7}) reported that "R.J. Kirker referred to this
unit [the fzwer member] as the 'Bluefish Member' in his
presidential address in 1962 to the Alberta Soclety of
Detroleunm qeologists. Unfortunately, the type section of
this member at Bluefish Creek, a tributary of the Hare---
Incian River, is a poor expdsﬁre."Moreovar, in the Norman
Wells-Fort Good. Hope area there are two Bluefish Creeks."

Pugh (1983) reinstated the geographic name for the unit by

¢ O
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proposing the Powell Creek section. He noted that because
the Powell Creek section is in the same general area as the
two Bluefish VCreeks, the name "Bluefish Member" can be
applied. However, the—pggp6§éd ﬁype section has not been
published and the'upper contact of tha?Bluefish Member is
not exposed there. ' ‘:

The upper member ("grey shale }maéber" in Pugh, 1983)
generally grades upwards from', slightly calcareous,
non-silty, ‘ green-grey shale at the base, to grey,
calcareous, silty shale and calcisiltite at the top of
thicker sectlons (Pugh, 1983; Muir and Dixon,l1984). The
tdp of the member is recognized by the following criteria,
outlined by Bassett klgel), Tassonyi (i969), and Pugh
(1983) : |

(1) Where overlain by Ramparts limestone, the upper
boundary' is gradational and diacﬂronous, and the
contact 1is arbitrarily placed where limestong
beccomes predominant up-section (PL. 1-1b).

(2) Where overlain by Canol black shale; the contact is
sharp and obvious, as the uﬁderlying Hare Indian
seéuence is calcareous and grey-green {PL. 1l-1lc).
However, Pﬁgh (1983).noted that the contact may be
difficult to recognize where the Hare TIndlan shale
is dark and slightly bituminousf

A few workers have erroneéusly based the Hare Indian

Ramparts boundary on faunal content. Braun (1978) placed
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the Hare Indian-Ramparts contact at the bottom of a

microfossil (ostracodes)*zone élightly below the beds that

contain diagnostic brachiopods of the Stringocephalus group.

chaver} lithostratigraphy must be based on rock types

.father than fossil indicators. Benthic faunas, in

ﬁarticular} can "show  marked, ecologically-controlled
distribution unrelated to lithology and are, thus, a poor
basis for regional 1ithostratigrgphic correlation.

The term "Ramparts" was first used by Isbister (1855, p.
511) to describe "the limegtone of the Remparts“ which he
néted "...appears aéain lower doﬁn [the Haﬁken;ie Riveﬁ] at
a spot called the Narrows and is continued in a weéterly
directibn to the Rocky [(Mackenzie] Mountains." KXKindle ahd
Bosworth (1921, p. 45B-46B) defined the type section of the
Ramparts limestone whera there are "...excellent aexposures
of it in the Ramparts section [Ramparts Narrows]...{lying)
between the Hare Indian River shales below “and the
Cretaceous shales above." = Caldwell (1964) and Tassonyil
(1969) amended this definition to include the limestones
lying above the Hare Indian For@ation and below the Canol
Formation. Bassett (1961, p. 492) proposed that the term
Ramparts be replaced by Kee Scarp as the former had been

used to designate a sequence of Mississippian rocks in the

”qukon—Alaska area prior to Kindle and Beosworth's (1921)

study. Bassett (1961) obtalned the name Kee Scarp from a

well-Kknown outcrop 10 km east of Norman Wells. Caldwell
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(1964) and Tassonyi (1969) rejected Bassett's proposal for
the following reasons.
(1) The Kee Scarp type section was described only in
unpublished reports (cf. 'Caldwell, 1964).

(2) The Kee Scarp section is incompletely exposed with
no formational contacts, and biostratigraphic
Zonation 1is ©poorly established. Lenz  (1961)
indicated that the Kee Scarp section is younger
(based ‘on brachiopod biostratigraphy) and more
"reefold" than the Ramparts section.

(3) There is litfle Justification for dropping the name
Ramparts because it was preoccupied. Tassoﬁyi
(1969, p. 78) suggested that the Devonian Ramparts
Formation is unlikely to be confused with the
Mississippian Ramparts group in the U.S.A. despite
the similarity of the names.

Kee Scarp has continued to be used as the infornal name
of the nearby producing Ramparts buildup at Norman Wells
(Muir‘et al., 1584). Tassonyl (1969, p. 80) recognized two
informal members within the Ramparts Formation. His lower
| "platfogﬁ member" is charactarized bfﬁ well-bedded, brown
argillaceocus limestone and shale jinterbeds. Tassonyi (1969)
recognized a 6 m thick "sequence of interbedded dark
limestone and shale on Carcajou Ridge" (ibid., p. 81) for
which he suggested the name "Carcajou Marker". This unit

separates the two informal members at that loEality and was,
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included by Tassonyl in the platform member. The Carcajou

Marker ha& not been recognized in all sections through the
. Ramparts Formation (e.g. Tassonyi, 1969; Crickmay, 1$70;
Pugh, 1983). However, Mulr et al\“£1984) recognizéd facies
changes within what is termed herein the Carcajéu subfacles
which appear to have ﬁeen depositionally controlled by
antecedent paleotopography. Thus the Carcajou Marker may
have been inadvertently missed by previous workers. Pugh
(1983, p. 36) rightly points out that a more detailed’satudy
of this marker is required to ascertain its stratigraphic
significance. Chapter 2 elaborates further on the Carcajou

Marker.

The overlying "reef member" consists "...generally of
massive, «clean, 1light grey to 1light buff limestones
characterized by digitate and tabulér corals and
stromatoporoids..." (Tassonyi, 1969, p. 80).

The lower Ramparts contact with.the Hare Indian Formation
is gradational and conformabla. Aitken et al. (1982)
observed that the platform member grades laterally into the
Hare Indian Formation in the surface and subsurface, whereas
thlis was not observed for thé reaf member. The upper
Rampérts contact has been described frequently as an
erosional unconformity formed during brief uplift and
ercsidn {(see Warren and Stelck, 1962; 32assett and Stﬁut,

196¢; Gllbert, 1973; and Braun, 1966, 1977, 1978). This

/

interprets the Canol shales as entirely post-Ramparts reef.

e

s

o
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Most of these authors cited paleontological evidence for
Cancl sediments directly overlying truncated Lower-Middle
Devonian sequences west of the study area.

Braun (1977) reported the Canol Formation resting
directly upon- the Hume Formation in the vicinify of Snake
River. His conclusion was based on missing ostracode faunal
zones which he attributed to a pre-canol erosional
truncation of the Ramparts and the Hare Indian Formations.
However, Muir and Dixon (1984) observed that Canol shale
both intertongues (PL. 1-2a). with, and onlaps (PLS. 1-2b,
2c) the Ramparts Formation in the study area and in the
Norman Wells subsurface. These relationships indicate that
the Canol Formation is partly time-equi§aient to, and partly
postdates, the "reef member" of the Ramparts. Formation.
Evidently the faunal zones reported missing by earlier
workers may imstead reflect the presence of condensed
sequences caused by slow rates of basinal sedimentation.
Furthermore, some faunal elements utilized in
biostratigraphic studies may have had ecolegic constraints
which prevented widespread distribution. Braun (1977, p.
71) noted that "...dark-colored shales were deposited over
wide areas of the Northwest Territories during the early
part of the Givetian [Bluefish Member].... No oétracodes
are to be expected in this type of facies, nér have ény been

found to date, except for dwarfed and pyritized fragments."
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Lenz and Pedder (1972), Johnson et al. (1985), and Uyeno
(pers. comm., 1g86) suggested that there is no evidence for
a major hiatus between the Ramparts and Canol Formations in
the, off-reef section at Powell Creek (0l). Thicker sections
of Ramparts Formation (Pugh, 1983) may be overlain by the
Imperial Formation (gectidhs 08,;31, 20). Howéver, there is
no evidence for s@bsefial exposure (Muir et al., 1984,'1985)
at the Ramparts—éﬁperial contact. - Furthermore, Impefial
quartz arenite’ resting on the Rﬁmparts Formation does not
contain carbonate clasts. Hills et ai. (1984) suggested
that the absence of carbonate clésts in the sandstone
indicates that 1little or no eresion took place on the

Ramparts high prior to downlapping of Imperial strata.

1.6 HARE INDIAN FORMATION

1.6.1 General Statement

The Hare Indian Formation is a detrital unit composed of
mixed siliciclastic and carbonate lithologles. Two members
are recognized (see section 1.6.3). The Bluefiéh Member
(FIG. 1-6) abruptly but conformably overlies the
limestone-shale sequence of ﬁhe Hume Formation (PL. 1-2&).
The upper part of the Hare Indian Formation, reﬁerred to

Q

here informally as the "upper member" (Muir et al., 1984,

1985), is gradational from the Bluefish Member into the
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Ramparts Formation.' The upper_contact is arbitrarily placed

where limestone becomes predominant up-sétion. ﬁowevqr,
where the Ramparts. is absent, the upper member 1s abruptly

overlain by Canol shale (PL. l-lc) or Cretaceous strata.
e .

1.6.2 Distribution and Thickness
The distribution of the Hare Indian Formation is shown in

FIG. 1-7. Regionally the formation thins (FIGS. 1-8, 1-9)

y

. westward. The Bluefish Member apparently extends westward
and southward beyond these limits of upper . member
distribution. It can be  distinguished from the younger
Canol shale by the feollowing criteria (Pugh, 1983; Muir and
Dixon, 1984, 1985):

1) Lithic characteristics ~ the shales ;re dark,
bituminous, slightly calca:aous and contain little
jarosite (a sulpﬁate weathering product after
sulphide) compared to siliceous shales of the Canol
Formation.

(2) Electric log character - typically the Bluefish
sequence gives higher, much more erratic gamma ray
and sonic log responses than the Canol shales.

(3) Faunal content - fossils are sparse in the Canol
Formation, but more abundant and diverse in the
Bluefish Member (seﬁ Chapter 3). )

Tha Bluefish Member has a probable western limit at

approximately 132°'W longitude (MacKenzie, 1972) and averages
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TERRITORY

YUKON

1-7

Distribution of the Hare Indian Formation
(modified after Williams, 1985). Fine stippled
pattern 1ndicates Hare 1Indian upper member
distribution. Coarse stippled pattern indicates
undifferentiated Hare Indian Bluefish
Member-Canol Formation distribution where Hare
Indian upper member-Ramparts succession is
absent. .
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FIG. 1-8 Stratigraphic correlation based on wells (11-18)
along an east-west transect approximately 20 km
north of study area (see FIG. 1-2).
(a) Hare Indian Formation, Bluefish Member;
thins westward to 8 m at 11 (Amoco B-1
Cranswick A-42). '

L

. (b) Hare Indian Formation, upper member.
{c) Ramparts Formation, lower "ramp" member.
(d) Ramparts Formation, upper "platform-reef"
member.

Modified after Pugh (1983) using top of Hume
Formation as datum instead of base of . Canol
Formation. Stippled pattern - siliciclastic
facies; oblique ruling - organic-rich, laminated
shale; blank area - carbonate facies.
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Stratigraphic correlation based on wells (1-9)

along an east-~west transect approximately 200 km

north of study area (see FIG. 1-2).

(a) Hare Indian Formation, Bluefish Member:
thins westward to 2 m at 1 (Union
McPherson B-25).

“(b) Hare Indian Formation, upper member; note

westward thinning.
(c) Hare Indian Formation, upper member;
quartz arenite unit.
Modified after Pugh (1983) using top of Hume
Formation as datum instead of base of Canol
Formation. Stippled pattern - siliciclastic
facies; dark pattern - organic-rich, laminated
shale; blank area - carbonate facies.
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roughly 15 m in thickness east of 131°W longitude (Pugh,
1983, p. 33). The member thins westward to 2 m at the Union
McPherson (B-25) well (1 in FIGS. 1-2, 1-9), the most
westerly indication of Bluefish beds on electric logs,

"

according to Pugh (1983).

In the study area (FIG. 1-10), the Hare Indian Formation
attaiﬁs a maximum thickness of 189 m (section 15) and th;ns
eastward to 55 m (sectlon 25) over‘a distance of 41 km
Thickness variations in the Hare  Indian Formation are
primarily a function of:

(1) depositional thinning westward and southward (Muir
et al., 1984, 1985, 1986; Chapter 2 in this
thesis).'

(2) facies change,of the Hare Indian upper member into
the lower "ramp" member of the Ramparts Formation

(Aitken et al., 1982).

1.6.13 Lithostratigraphy

The general distribution of 1lithology types. 1s shown in
{FIG. 1-11, and the Hare Indian lithofacies are examined in
much more detail in Chapter 3. ¢

The Bluefish Member consists of dark brown, slightly
calcareous, bituminous shale which tends to be more fissile
and recessive towards the top of the member with 'a

concemitant decrease in carbonate content (Mulr and Dixon,

1984) . Thin (average 2 cm .thick), horizontally-laminated
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Formation in the study area.
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calcisiltite beds and doncretions are present rarely. In
addition, 1-5 cm thick beds of fibfous dalcite (MacKenzie,
15972) showing cone-in-cone structure appear to be restricted
to the lowef portion of the4Bluefish Member. Common fossils
ihclude: Styliolina, Tentaculites, bivalves, crinoids,

ammbnoids, and plant debris including the algocysts
¢

Leiosphaeridia and Tasmanites. Basal contacts and major
lithological and faunal variations in the Blue?ish-Member
'are illustrated in ;IGE 1-12, ‘a reference section exposed on
the Gayﬁa"River. Small, coarsening-upward cycles (3 m)
composed ©f shale to silty shale with rare calcisiltite beds
and an Jverall ligh;ening-upward trend characterize the
upper portion of the Blueffsh Member at this locality (PL.
l=3a). T

The upper member of the Hare Indian Formation consists of
‘interbedded, green-grey calcareous shale, marl, grey
calcisiltite, rare calcareocus siltstone beds, and quartz
arenite. The sequence coarsens upward with increasing silt
content (Tassonyl, 1969) and a more abundant and diverse
fauna towards the top of the formation (FIG..1—13). Pugh
(1983) documented a distinct upward color Ehange for shales
from more than 30 boreholq sec?ions: from dark brown-grey
to grey, green-grey or buff-grey, and then to pale grey
shales in thicker Hare Indian sections. He noted (ibid.,
1983) that these shales tend to be non-calcarecus and

.f .
non-silty, grading to micaceous, calcareous, silty shales
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towards the top. Muir and '‘Dixon (1984) and Muir et al.

. (1984, 1985) recognized that the upper member is organized

in cydles typically 10-25 m thick (PL. 1-3b). Thicker
cycles are characterized by a thinner, shalgy lower portion
and thicker limestone upper portion. ?he calcisiltite beds
are normally 3-10 cm thick and consist of peloidal (altered'
skeletal) packstone with a high pefcentaga of clay minerals
and only rarely occurring Edentifiable skeletal constituents
(mainly a brachiopod-crinoid fauna, TABLE 1-1). Muir and
Dixon (1984) observed that these cycles -are less obvious
towards thicker lobes of the Hare Indian Formation (e.q.
sections 15, 16, PL. 1-1b) where. shale 1s more subordinate
to silty limestone and calcareous siltstone, and/ hence
'iithologic contrasts are not as marked (Pugh, /1983 =~
siltstone lentil). f:”'//

Calcateous siitstone, coquinoid 1lime rudstone, and
nodular lime wudstone and wackestone  are common towards the
top of the Hare Indian qumatioq, Pugh (1983) observed
i%ateral interfinéérihg pr ) intergrading of
siltstone-dominated facies with the lower "ramp" member of
the Raﬁparts Formation (see FIG. 1-11). Pugh (1983) noted
that these asiltstones grade northward outside the study area
into quartz arenite (FIG. 1-9). Tassonyl (1969) recognized"
this facies (maximum thickness 20 m in the Richfield'et al.,

Grandview Hills No. 1 well) in the Gossage\River area where

it caps the lower "ramp" member of the Ramparts Formation.



TABLE 1-)

‘n

Macrofossils from uppermost Hare Indian Formation.® ©List
compiled from Cook and Aitken, 1971; Pedder, 1975; Aitken et
al., 1982; Pugh, 1983; and author's own observations.

BRACHIOEODS CORALS

Tentaculiteg

| !
| Ambocoelia meristoides Alveolites 1
| Warrenella kirki Grypophyllum i
| Leiorhynchus castanea Tabulophyllum J
| Schizophoria cf. allani I
| Rensellandia CRINOIDS _ f
| "Schuchertella" : columnals and 7]
|  Atrypa ambulacral segments |
| Cyrtina |
| Spinatrypa OTHER |
|  Emanuella plant fragments, fish |
| pgoductid spines fragments, encrusting

. and branching bryozoa, |
| 08 CODES orthoconic nautiloid, |
| gastropods |
| DACRICONARIDS |
| Stvliélina |
l |
| l
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The quartz arenite unit is areaily restricted to Hare Indian
lobe isopach thicks. Pugh (1983) suggdsted that the quartz
arenite unit may be a siliciclastic facies contempdranédgg
with the lower "ramp" member of the Ramparts Formation based

on stratigraphic position and /biostratigraphic data

(MacKenzie et al., 1975). -/

!

|

1.6.4% Age

Previously, a brachiopod-coral zohal scheme was used for
Devonian rocks in the Mackenzie Mountains-Norman Wells area
(see ienz and_Pedder, 1972). Hoyever, the fact that these
faunas are commonly facies controlled 1imits their
reliability for precise, 1long range -correlation. In an
attempt to achieve more precise age information, 171%famples.
from therﬁﬂume—Hare Indian-Ramparts-Canol succession were
submitted to Dr. Tom Uyeno (Geological Survey of Canada) for
conodont identification. His cohodont faunal listings and
designated conodont zones are tabulated in Appendix A, and
fhe major bilostratigraphic zones are shown in FIG. 1-14.

The uppermost beds (6 m) of the Hume Formation (sections

01, 03, 15). contain conodonts assigned to the Polydgnathus

pseudofoliatus zone (Johnson et al., 1985). This interval

teem L ‘:.
also coincides with the brachiopod Leiorhynchus castanea

zone snich Pedder (in Lenz and Pedder, 1972, p. 35) regarded

as Givetian.\)

i
_/
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a non-dlagnostic conodont‘fauha in the study érea {Uyeno,

1978) including: Polygnathus parawebbi. (late "form),: B.
linquiformis linquiformis, P. cf. P. xvylus, P. parawebbi,

Icriodus sp., and Belodella sp. The ammonoid Cabrieroceras

karpinskyl is present in concretions near the base of the
Bluefish Member. The ammoncld is considered to be a middle

to upper Givetian fossil by House (in House and Pedder,

1963).

The middle portion of the Hare Indian Formation (15-130 m

above base at gaections 01, 07) is barren of conodonts and
q

zonal megafos 8 in the study area (Uyeno, 1978, and this

study) . Conodonts assigned to the middle Polvgnathus varcus

subzone occur 5.5 ﬁ below the top of the 165.5 m thick Hare
Indian Formation in section 01, Powell Creek. This subzone

corresponds with the brachiopod Rensellandia Jlaevis zone

(Pedder, 1975, p. 573) approximately 2 m below the top of
the 183 m thick Hare Indian Formation at sectioh 15, Gayna
River. S

The quartz arenite unit north of the study area in the
Grandview Hills represents th; youngest Hare Indian astrata
exposed in the region. Uyeno (in MﬁcKenzie et al., 1975)

identified a Polygnathug varcus (undivided) conodont

assemblage in the unit based on the presence of: Icriodus

esluaenis, Pele&yséﬁatnus n. sp., Polygnathus pseudofoljatus,
P.. xylus, P. va;cug, P. decorosus, P. linquiformis, and P.

The Blue)ish Member of the Hare'Indian Formation contains
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Pgnnatus. However, a late Gilvetian age is sﬁggested bf a
/Brachiopod fauna representiﬁg the Stringocephalus aleskanus
;zone and Lelorhynchus hippocastanea zone (Pedder, 1975).

1.7 RAMPARTS FORMATION

1.7.1 General Statement

Two informal meﬁbers can be fecogni;ed and mapped in the
Ramparts Formation {n the study area. The lower "ramp"
(pfeviously' the "g}atform. member” in Tassonyi, 1969, and
Braun, 1978) 1s a well-bedded, argillaceous limestone
sequence &hich grades laterally into Hare Indian silty
shale, calcisiltite, and calcareous siltstone (FIG. 1-11).

In this study, the Carcajou Marker is the basal portion
of a 0-7 m thick dark brown shale-limestone unit informally
named the Carcajou subfacies (see Chapter 2). This
subfacies sharply overlies the lower member and grades into
limestone lithofacies of the upper member. The Carcajou -
Marker, as identified by Tassonyi (1962}, has been difficult
to correlate .due mainly"to the uneven distribution of
Carcajou subfacies across the 1owerd "ramp" member, and
because thelir constituent facies vary according to
antecédént paleotopography (Muir and Dixon, 1984). The
importance of recognizing the Carcajou Marker in the

Ramparts succession is elaborated upon in Chapter 2.
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The uppér "platform-reef" member. of the Ranmparts

Formation here includes platform, vreef interior, reef
margin, and reef flank facies which are typically 1less
argillaceous than the underlying lower "ramp" member.

Johnson et al. (1985) and conodont work in this study
show that there 1s no break in the conodont faunal
succession through the Hare Indian, Ramparts, and Canol
successions.

The Ramparts upper contact is abrupt and concordant where
overlain by the Canol Formation (PL. 1~3c, 1=4a). The Canol
Formation is commonly thin or absent over thicker sections
of the Ramparts; in séctions 08, 31, 20 the Imperial
Formatioﬁ sharply overlies the Ramparts Formation.
Northeast of the study area, the Ramparts Formation is

unconformably overlain by Lower Cretaceous sandstone (Aitken

-~

et al., 1982).

1.7.2 Distribution and Thickness

The distribution of the Ramparts Formation (FIG. 1-15) is
di?tinctly related to the lobate Hare Indian distribution
(cf. FIG. 1-11). The Ramparts Formation is localized on
these thicker clﬁstic wadges and is truncated eastward by
Lower Cretaceous and present day unconform}ties. The
southward extent of the Rémparts Formatioﬁ is poorly known
(Giﬁbert, 1973). Thickness variations are primarily

depositional and, to a lesser degree, erosional in origin.
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: Formation in study area.
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Thicker 'sections are typically Eeolated Rampaxts buildues
(Bassett, 1961); In the study area, the lower "ramp" member
displays thickness variation from 0 m (in off-reef sectiohs\\
both towards a Hare Indian isopach maximum west of section
11 and basinward towards section 55 to 26 m (directly under
thick‘platform-qggf'development at section 20).

The upper "platform-reef" member consists of a 1lower,
widespread, open—marine élatform sequence that attains a
maximum thickneee of 57 m_in the study area (Muir and Dixon,
1984). This compares ;Eth 63 m in the subsurface at Norman
Wells {(Muir et el., i984). The overlying, more areally
restricted, reef unit attains a maximum thickness of 160 m
in the study area, but is.only 950 m in the Norman Wells
subsurface (Muir et al., 1985)3

-

1.7.3 Lithostratigraphy

The major Ramparts lithology t}pee are shown in FIG.
1-11. The Ramparts Formation is ° so - heterogeneocus
lithologically that - no one section can be -consideEEd
representative. | LS

Comprehensive correlations based on both degcriptione and
sedimentological principles are presented in Chapters 4 and
5. It 1is generally consideréd that 1lithostratigraphy 1is
descriptive and emﬁirical, ard. should not involve use of

&
accurate correlationslcan be achieved if they are erected on

- '/ <
A / . .

genetic modelling. Hewever, Miall (1984) noted that more \
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a sound genetic model. This {is pa:ticulafly true for the

complex platform/reef (Rampa;ts) to basin A (canol)

correlations  where detailed sedimentoiogy aids in
understanding and pradicting lithological distribution. The
type section of the Ramparts Formation is restricted to ramp
and platform facies without buildup facies. The Kee Scarp
section appears to be younger (Lenz, 1961) and repfesents
the - lower portion of the buildup facies (Bassett, 1961;
Caldwell, 1964). Previous difficulties in understanding
Ramparts platform and reef development partly account for

the confusing array of stratigraphic terms (cf. Tassonyi,

1969; Crickmay, 1970 for review) that evolved over the last
Q ' \
w * 8
The lower '"ramp" member is distinguished from tie upper

/ .

6Q0 years.

"platform-reef" member on the basis of dtratigraphic
position below the Carcajou Marker (see Chapter 2) and
lithology. Bioturbated, nodular, lime mudstone and
wackestone with interbedded shale (PL. 1-4b) characterize
the lower portion of the member. Limestone bedding tends to

thicken upwards in the lower member, with a corresponding

decrease in shale interbeds and increage in faunal diversity
' 1

(Muir and Dixon, 1984). Calcareous quartz arenite and
siltstone are common in the lower member, but are also

present in the lower portiog. lower platform cycles -~

\

A

Chapter 4) of the upper "pld$fq%m-reef" member. Bedding

style and shale content (PL. l%ﬁc) clearly distinguish the

\
}.
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thinly-interbedded shale-limestone sequence from the more

massive, limestone—dominétea, upper "platfprm-reef" member.
Muir et al. (1984, 1985) recognized distinct cyelic

organization to Ramparts sﬁrata and this will be discussed

in detall in the follo#ing chapter.

1.7.4 - Age -

The age of the Ramparts Formation = based on

bfachiopod-coral biostratigraphyiis middle to late Givetian
{(MacKenzie et al., 1975). T L lower "ramp" member 1is
assocliated with the 5t;iggocegh§£ﬁs‘glesganus zone (Pedder,
in Lenz.;nd Pedder, 1972, p. 35-36; FIG. 1l-14). . However,
the top 2. m of the member\shbws a late Givetian brachiopod

fauna (Leiorhynchus hippocastanea zone) and are

time-equivalent to the Hare 1Indian quartZz arenite unit

reported north oJf the study area (Cook and Aitken, 1975).

Leiorhynchus hippocastanea has also beén reportéd in basal
beds of the Carcajou subfacles by Tassonyi (1969) who noted
that this fauna appeared to have favored a quiet (possibly
deeper) water, more turbid envirohment. Lenz and Pedder
(1972, p. ‘37) recognized the Tecnocyrtina billingsi
brachiopod zone (FIG. 1-14) in the Ramparts' |upper
"platform-reef" memper at section 01, Poweli Creek
("Allochthonous ﬁeds* in MacKenzie, 1970). |

Conodonts in the loﬁer "ramp" member belong to the middle

Polyegnathus varcus subzone of middle Givetian age (T.T.

1
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Uyeno, pers. comm., 1986; see Appendix A). The cCarcajou
subfacies cannot be dated precisely as it is devoid of
diﬁgnostic conodonts., Ufeho‘*(pers. comn. , 1986) stated
. that, "In most sectiong it falis within the gap between the

middle Polygnathus varcus subzone and the lower Palmatolepis

disparilis zone, and at section 25 (Mountain River
tributary) the Carcajou Marker may possibly be of the ﬁiddle
“to upper varcus subzones." He (ibid.) noted that at section®
01 (Powell Creek) the interval betweeL the lower disparilis
zone and the middle varcus subzone is only 5.5 m thick, and
possibly represents a condensed sequence. Uyeno (ibid.)

suggested that this is not totally unexpected since in the

Antelope Range, Nevada, Johnson et al. (1985) found "the

Schmidtognathus hermanni ~ Polygnathus cristatus zone to be
highly condensed. .

Most samples from the upﬁer "platform-reef" member are
devoid of conodonts. Only off-reef sections 07, 01 and 25
ylelded significant conodont ggllections. The youngest
diagnostic conodont fauna in the Ramparts Formation was
obﬁpined in the lower reef foreslope facies at section -01,
indicating a lowermost Mesotaxis asymmetricus zone of late
Givetian age (see Appendix A). However, Johnseon et al.
(1985) reported a %ghqdont'fauﬁa of the lower asymmet;icus
zone of early Fras;}an age in a stratigraphically higher
reef foreslope unit (possibly reef foraslop? cycle 3, in
Muir et al., 1986). Conodonts from 9.9 m above the base of

-
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the Canol Formation at section 01 probably belongﬁto the

lower aéymmetricus zone. The foungest conodont fauna, 2 m
from the top of the Canol Formation at section Oi (01-039,
Appendix A) possibly represents the middle asiﬁmetricus
zone. In section 25; approximately 11 km east of section
0l, conodonts from 25.7 m above the base of the Canol

Formation indicate the Palmatolepis disparilis ®zone. At

lthis locality, a thick Canol succession (75.1 m) -directly
overiies a thin Hare Indian succession (55 m). Muir et él.
{184, 1985, 1986) suggested that a basinal depositional
setting resulfed from accumulation of a conden;ed-sequence
distally in the Hare Indian clastic wedge. At this locality
(PL. 1-44, e), sediments derived from Ramparts.platform-reef
development appear more C&nol—like (laminated black
siliceous shale and thinly interbedded calcisiltite) than a
Ramparts-like succession. However, the Caycajou subfacies
can be identified readily (PL. 1-4d).

Although tentative at present, some additional inferences
may be drawn about the duration of Rampérts sedimentation in
the study area. It is significant that, where the Ramparts

'is overlain directly by the Imperial Formation (as in

N,

;ectibn 20), reef cycles 5 and 6 are developed. These two
second-order shallowing-upward cycles (see Chapter 2) are
not represented in the thinner subhsurface bulldup at Norman
Wells, where cycle 4 1s succeeded confofmably by Caneol shale

1

;
(Muir et al., 1984, 1985, 1986). Intermediate in position,
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the Poweli Cregk area (section 01) was probably too fFar™
removed from reef cycles 4, 5, and 6 (see Chapter 2) to
receive significant foreslope debris. However, the presence
{of these reef cycles (and a presumed topographic high) may
be inqicated instead bix\a few thin (5-10 cm) laminated
calcisiltite beds distributed through the Canol Formation at
Powell Creek. Common sharp-based contacts and rare graded
lamination suggest a turbidite origin'fo; ﬁhese beds (PL.
1-2a, 1-44).

If the six second-order ‘reef cycles of the Ramparts
Formatidn (discussed in more detail in Muir and Dixon, 1984;
Muir et al., 1984; Chapters 2 and 5 in this thesis) were of
similar durafion, then a very approximate estimate of the
duration of reef cycles 5 and 6 may be made using what is
known about ' the duration of the earlier cycles. The
Givetian and Frasnian are considered to represent time spans
of 6 ma and 5 ma respectively (Harland et al., 1982). At
Powell Creek, the first three reef cycles (units 025-033)
span the interval from the upper part of the disparilis zone
through the lower asymmetricus zone (Johnson et al., 1985,
‘f;g. 8; this study, Appendix A). If thaese cycles were of
similar duration (and they are a similar order of
thickness), then their average duration would have been
about 460,000 years. The implication,'therefore, 1is that
the 55 m of reef cycles 5 and 6 represent a significant

period of Frasnian sedimentation in part post=dating the
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middle asymmetricus zone and possibly coeval in part with

early Imperial sedimentation. The only concdont information
available is inconclusive: a -Bample from reef cycle 6,
363.2 m above the Hume Formation in gection 31, yielded the
long-ranging, non-diagnostié conodonts Icriodus difficilis,

Ozarkodina brevis, and Polygnathus xylus xylus.
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PLATE 1-1

*

\ Aerial view of principal sections.

Aerlal view of eastern portion of study area; West Powell -
Creek (section 07) in foreground. Recessive calcareous
shale and calcisiltite of Hare Indian Formation underlain
by resistant limestone of Hume Formation {left) and
overlain by resistant limestone of Ramparts Formation
(right). BHare Indian Formafion 165 m thick.

Aerial view of section 15, Gayna River. Dark brown,
bituminous shale of the Bluefish Member sharply overlie
Hume Formation and grade upwards into recessive silty
calcareous shale and calcisiltite of upper Hare Indian
Formation. Hare Indian grades upward into resistant
limestone and minor shale of Ramparts Formation.. Hare
Indian Formation 189 m thick.

Canol siliceous black shale abruptly but conformably
overlying silty calcareous shale of Hare Indian
Formation. Section approximately .30 m high, on Hume
River, 25 km west of saction 15.

Undifferentiated Bluefish-Canol shales abruptly overlie
Hume Formation near Francine Creek, south of Norman
Wells.
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PLATE 1-2

Formation boundary relationships.

\ :

Canol Formation displaying intertonguing and onlapping
relationships with Ramparts Formation foreslope facies.
Exposure approximately 40 m high in section 01 (Powell
Creek). Note thin-bedded calcisiltite bed 2 m from the
"top of the Canol Formation. Canol Formation overlain by
Imperial Formation. S
Canol Formation abruptly overlying reef interior facies
of Ramparts Formation in Norman Wells quarry. Note bed
truncation at contact (arrows). Channels floored by lag
deposit -~ discontinuous crinoidal grainstone 5-10 cm
thick. Limestone section approximatelqu m high.

Canol-Ramparts contact in Norman Wells ‘quarry. Note
apparent lack of karst features..‘Hammegils cm long.

Hare Indian Bluefish Member (dark shale sequence)
abruptly overlying shale-limestone sequence of Hume
Formation (section 03).
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PLATE 1-3°

Hare Indian Formation boundary relationships.

Hare Indian Bluefish Member reference section at Gayna
River (section 15 - see also PL. 1-1b). Note abrupt
basal contact and' gradational upper contact. Bluefish
Member 15.2 m thick. Upper portion .of Bluefish Member
and lower portion of Hare Indian upper member show 3-10 m
thick coarsening-upward cycles (recessive shale to more
resistant silty shale) which are reflected in weathering
profile.

Photomosaic of upper part of reference section 07 {FIG.
1-13) at West Powell Creek. Faciles described in Chapters
2 and 3. Hare Indian-Ramparts contact at base of 07-016.
Note cyclic organization of strata with lower shaley and
upper limestone~dominated portions in each cycle. Cycle
012-013 is 17 m thick. -

Aerial view of Canol Formation abruptly overlying
Ramparts Formation at Gayna River (section 15). Ramparts
exposure approximately 30 m thick. Canol Formation
grades upward into recessive silty shale of Imperial
Formation. '

&
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‘coeval Ramparts platform-reef. . Scale 15 cm.

55
PLATE 1-4 L

Canol-Ramparts and Ramparts-Hare -
Indian contact relationships.

S
)

Siliceous black shale of Canol Formation abruptly
overlying Ramparts Formation at Gayna River (settion 15).
Bulbous alveolitid tabulate corals account for  "knobby"
aspect of uppermost Ramparts bedding plane. )

Lower '"ramp" member (lower and upper parts) of Ramparts
Formation at Bell Creek (section 08). Note thin, nodular
ljme mudstone and wackestone passing wupwards into

ker, biostromal beds. Sequence (26 m thick) abruptly
overlain by Carcajou subfacies. A

Aerial .view of Bell Creek (section 08) exposure sho n
PL. 1-4b. \Note recessive nature of Hare Indian Formation
underl{inglRamparts lower "ramp" member. Shaley Carcajou
subfac

more massive upper "platform-reef" member.

Aerial’ wview of section y25 (Mountain River tributary).
Hare Indian Formation 55 m thick. Note well-exposed
Bluefish Member, Carcajou subfacies, and thick (75 m)
Canol sequence. Rare, thin-bedded (5-10 cm), laterally
persistent . calcisiltite beds are present through the
entire Canol succession.

Interbeddéa " laminated siliceous black shale and

calcisiltite !of Canol Formation at section 25,

Calcisiltite beds interpreted as turbidites derived from

W

ie

es,tb m thick) separates lower "ramp" member from

T
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SHALTOWING-UPWARD CYCLES IN THE
HARE INDIAN-RAMPARTS SUCCESSION:
A METHOD OF CORRELATING
A DEPOSITIONAL FACIES
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2.1 INTRODUCTION

¥ - 4

.o2.1.1 Recognition of Cyclicity in Strata

Cyclicity in stratigraphic successions has been well
documented (e.g. Duff and Walton, 1962; Wilson, 1975; among
others). A'cfcle is a repetitive group of rock units_that
¥eflects a predictable series of depositi&nal events that

freﬁurns to a starting point (Schwarzacher,  1975). Dott
(1983) warned that, because the ancient rock record results
primarily from episodic deﬁoéition, episodic discontinuities
should be considered as the norm in developing facies modéls
and subsequently interpfeting palecenvironments. Wilson
(1975) recognized. that most carbonate sections are not the
result of continuous deposition, but éonsist of
shallowing-upward cycles  common1y separated by sharply
defined nondepositional surfaces. At a ,cycle boundary, the
rocks overlying the surface represeﬁ£ more offshore‘ or
deeper water facies than the underlying rock, irrespective

-
~

of environmental position.

Most carbonate’ depositional cycles are asymmetric, with

, °F without thin basal segments, representing deposition

during transgression (Goodwin et al., 1985). This is caused
mainly by retainment of sediments landward during
transgression. The bulk of the cycle consists of an

upward-shalldying succession of 1lithofacies, 6 reflecting

(

kY 4
progradation 3} aggradation of shallow-water faciles over
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-

more seaward deep water sediment. Carbonate sediments

accumulate at rates much greater than the usual rate of
sub51dence of " platforms on which they are depesited (Wilson,

1975; Kendall and Schlager, 1981; Jamgs, 1584). Thus the
cycliec nature of carbonate successions implies episodic
changes in relative sea level. The initiation of each cycle
corresponds to accelerated relative sea-level rise and
copcurrently greatly reduced carbonate production. Pﬁrser
(1969) suggested that because of very slow  sedimentation
during these rapid sea-level rises, submarine cementation
maf occur and result in laterally extensive hardgrounds
along the tops of some cycles. Shallowing-upward éycles
reflect lower fates of sea-level rise, or stillstands, as
carbonate deposition equals or exceeds the rate of rise
(Wendte, 1974; Kendall and Schlager, 1981). Progradation
and aggradation continue .until the cyble is terminated,
either by subaerial exposure caused by a relative fall in
sea level, or by rapid sea-level rigi (Wendte and Stoakes,

1982).,

2.1..2 Hierarchy of Cycle Organization

Shallowing-upward carbonate "cycles can be recognized at
many scales. Anderson and Goodwin  (1978) documented 1-5 m
thick shallowing-upward cycles (punctuated .aggradational

cycles) in a Middle Ordovician carbonate succession (Black

River-Trenton Group, New York). This succession was shown
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to represent stratigraphic accumulation of cycles in
successively "deeper" or "more offshore" setﬁings‘during a
marine transgression. Busch - and Rollins (1983, 1984Y)
obs ed Upper Pennsylvanian cycles of similar thickness in
the JAppalachians, and noted that gréups of twoc to six:cycles
are commconly arranged to form larger cycles or'cyclothems.
Typicaliy, these cyclothems (400,000~450,000 years duration)
are ofganized into yet larger cycles (1-10 ma duration),
which resemble third-order depositional cycles outlined ﬁy
vail et al. (1977).

In this study, the cyclic stratigraphic succession can be
discussed in terms of a hierarchy of three orders of cycles
(TABLE 2-1) similar to those documented by Busch and Rollins
(1983, 1984) and Wendte and Stoakes (1982): y

Firsg-order cycles are the largest, and are regionally

correlatable. These first-order cycles consist of several
depositional cycles of smaller scale (second-, third-order
cycles). In the lower portion of a first-order cycle,
gggradation and backstepping of the carbonate platform, or
‘reef (i.e. shift of reef margin facles toward the reef
interior), as well as copdenséd sedimentation in the basin,
can be attributed to rapld sea-level rise (Wendte and
Stoakes; 1982). . Wendte and Stoakes (1982) were able to
correlate Givetian and . Frasnian first-order cycles
throughout the Western Canada Sedimentary Basin. They

(ibid.) observed that the upper portions of first-order

s

. (’
N
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TABLE 2-1

Hierarchy of shallowing-upward cycles in the study area.

e

FIRST-QRDER CYCLES

100's m thick. o

Regionally correlatable (100's km).

Lower part:

- Condensed basinal strata :

- Carbonate platforms show upbuilding and backstepping
style of evolution.’

B Upper part:

—~ Prograding basin-fill strata and forestepping
carbonate ramp facies.

SECOND—-ORDER CYCLES

10~-25 m thick.
Regionally correlatable (10's to >100 km) .
Identified in platform-reef and basin-fill facies.

THIRD-ORDER CYCLES

2-5 m thick.
Locally correlatable (100's m to few km).
Identified in reef interior, ramp, and platform facies.

2anA
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cycles tend to be characterized by prograding basin-fill
strata and forestepping ramp faclies as carbonates built

towards sea level with slowing sea-level rise or stillstand.

Second-ordex cycles (10-25 m thick) and third-order

cycles (2-~5 m thick) are typicaily'below seismic resolution,’
but are readily recognizable in outcrops, cores and,
commonly, wireline logs (see section 2.3, Application of
Cycle Analysis, below). Second-order cycles ére more widely
correiatable than their component third-order cycles (TABLE
2-1). Third-order cycles .are mainly restricted to
platform-reef interior settings. Wendte (pers. comm., 1983)
suggested.that smaller sea-level rises which.may, in part,
be responsible ‘for third-order cycles, produce no
discernible depositional response in faster growing reef or
platform margin environments, but can initiate new bfaes.of

sedimentation on sheltered reefs and in platform lagoons.

2.1.3 Significance of Shallowing-Upward Cycles

Cycle boundaries result from accelerated relative
sea-level rise. The- wide, lateral persistence of
second-order and first-order cycles arques for extrinsic or
gllocyclic contrbl on sea-level fluctuations. Because of
basinwide influence of accelerated relative sea-level rise,
cycle poundaries can be considered time-synchronous (Wilson,

1575) -and, as such, show the following:

7
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* (1) Normal lateral disposition of facies beneath a

e

cycle contact with appropriate bathymetric

constraints (Wendte and-- toakes, 1s82). The

proportion of "deep" waﬁer faciés within the cycle
increases basinward. ’

(2) Parallelism to marker beds (e.q. synchronous storm
deposits) in the underlying-éycle;

(3) Correlation at similar stratigraphic heights. above
or below a given datum for those cycles that built
to sea level. ‘

(4) Depositional topography consistent with the type of
facies beneath the cycle contact (e.g.¥ a sloping
cycle boundary in a basin-fill éuccession).

Cycle thiéknesses are mainly a function of the magnitude
of relative sea-level rise, depositional setting and
topography, and rate of sediment suppiy. The rate of
sediment accumulation will vary according to the interaction
of the following variables:

(1) Bathymétry and hydrography - higher carbonate

production rates characterize shallow water
* environments (<10 m) (Schlager, 1981).-' However,
the rate o¥%f sediment accumulation depends largely
on ﬁydrography and topographlic relief. For
example, some cycles from current-swept "highs"

thicken into adjacent paleotopographic "lows".

Conversely, some cycles thicken in‘areas of good



(2)

(3)

(4)

Tor
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ﬁater: circulation (Q{g. platform-reef margins),
but thin due to slowér carbonate producpion in
areas. of poor watér exchange, such as platform

interiors.

Source potential of extrabasinal terrigenous

‘material - the rate of siliciclastic input is

greater in depositional settings proximal to a
terrigenous soﬁrce. This will have an adverse
effect on carbonate production rate (Wilson, 1975).
However, extrabasinal terrigenoﬁs> supply will be
significantly reduced b} acceleratéd sea-level rise
(Wilson, 1975; Stoakes, 1980).

Magnitude and direction of relative sea-level
change - carbonates w}ll prograde, aggrade, or‘be
drowned, depending on the interaction of relative
sea-level rise with the variables outlined in (1)
and (2). Erosion (karsting; soil development)
during relative falls of sea level would result in
a significantly reduced supply of carbonaéh\
detritus® to basinal settings due to early
cementation (James and Mountjoy, 1983).

glimatic changes - salinity variations can result

-

from excessive evaporation during arid conditions,

or from fresh water input during humid, wet

conditions. This, and increased siliciclastic

input, could lead to reduction in benthic growth
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potential and consequently ‘inhibit carbonate

production (Cook, 1983).

)
L

2.2 IMPORTANCE OF CYCLE CORRELATION

‘ Second-order cycles are thin (10-25 ﬁ thick), regional,
time-stratigraphic units bounded by isochronous surfaces
and, as such, offer a potentia} for very. detailed
.chronologic correlation at least on a baéinwide scale (Muir
et al., 1984; Goodwin et al., 1985). " .In contrast,
correlations based on 1ithostratigraphic units can be less
accurate for esﬁablisﬁing a stratigraphic framework. .
Formations tend to be much thicker than typicai second-order

cycles, éSd formation boungari s are'commonly diachronous.
. r‘/ 4

- . o :
Goodwin et al. (1985) St;E%d/that biostratigraphic control,

”~

based on evolutionary ch ée{ may be lesé'prepise than cycle -
co;relat;on by perhaps an order of magnitude; Miall {1984)
suggested that cycle correlation can be particularly useful
in poorly understood areas where biostratigraphic control is
meagre. -

With their potential for precise and detailed defiqition
of a time-stratigraphic framework, these shaliowing—upward
cycles also provide a more reliable base for
paleoenvironmqptal. and paleoecological analysis. Cycle

analysis can help in unravelling the evolution of éarbonatel

successions in frontier areas (e.g.” Muir et al., 1984, .

-~
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1985, 1987): " The diééé}nment of cyclicity helps to predict
o : . :
facles distribution according to Walther's Law within each

cycle, &lthough'thé relationships do not extend across cycle

lbqpndaries.

. -

At present, there is .a need in paLe@ehvironmenﬁal
ipterpretafion fdr'precise definition of paleobathymetry of

sediments and their contained fossils. Previously, fossils

'
- .

were. utilized as relative paleobathymetric indiﬁators
becausé depth-related factors such as "pressure, éhergy;
iighﬁ, ) subgtrate, etc., appear to control fahnal.
distributionﬂ However, estimates of ;hé,relative depth of a
given facies ﬁh a stratigrgphic.cycle (see'ﬂénz, 1982) are
complicated by the fact that fdséil.distfibution can also be
affected by other factors such as water circulation,-
temperature’ varﬁatiéns, nutrient supply, and tufbidity
levels. Wendﬁé ~and Stoakes- (1982) éhowed - how the
correlation 6f second-order gycle boundaries in the Devonian

Judy Creek Reef Complex (Swan Hills Formation) permits

semi-quantitative paleobathymetric estimates to be made’

(FIG. 2-1}. Palececologic reconstructions of benthic

communities, therefore, could benefit significantly from

.‘integrating the three.following components:

(1) Cycle analysis of étratigraphic successions to
establisﬂ spatial and temporal relafionships during

deposition of component lithologiles.

2
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L L '
\\ (2) Careful systematic and taxon?mic analyses of the

b fossils éreSeht.g i

(3) Paleoecological interpretation based on

| tmethodological uniformitarianism (Podd and Stanton, .
1981) in ._which grotvth forms are considered
inherently advantaggous or disgdéantaééous in

various depositiona settings (?&erstedt and

N

Feldmann, 1985). , . e

Cycle analysis also has iﬁportant econonic implications.
Wendte and Stoakes (i982) utilized cy&lé'cofrelationﬁip the
Judy Creek reef reservoir to - help’ determine
facies~controlled reservolr continuity and . dénse
permeability barrierf. This: perqitted more complete and
efficient field development ' using an infill pattern
waterflood recovery scheme and later a tertiary miscible
flood. ° Cycle analysis also has important potential éor

exploration in frontier basins (Muir et al., 1984; Miall,

1984) .

2.3 APPLICATION OF CYCLE ANALYSIS

2.3.1. General Statement *

Although members in the Hare Indian and Ramparts
Formations c¢an easily be recognized, they' are less
signi%icaﬁt for detailed sedimentologic study than their

. ~

»
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contained sequence of shallowing-upwérd‘ cycles (Muif and
Dixon, 1984; Muir et al., 1984).% Cycle correlation was used
in this study to build a time-stratigraphic framework that
contributes to more complete understanding of the
depositional evolution of . the Hare Indian-Ramparts
succession. An objection to the- usé.'of qgnventiohal
lithostratigraphic methods in reconstructing a depositional
framework is the common failure to recognize énd accoﬁmodate
the episodic nature of the stratigraphié record (Ager, 1973;
Dott, 1983).

The remainder of this chdpter outlines the use of cycle
- analysls to establish a more réfined depositional facies
framework for the Hare Indian-Ramparts succession. The
nature of relative sea-level fluctuations and their imprint

on cycle development will be discussed briefly.

2.3.2 Selection of Regional Geologic Datums

The accuracy of cycle correlation can be verified by
relating lcycle boundaries to regional geologic datums.
Zonal biostratigraphy (Appendix A) and the establishment of
these geologic datums also pgrmit a general correlation
within the Hare Indian-Ramparts succession.

Three geologic datums (FIGS. 2-2, 2-3) were selected in
the study area. Reglonally, each datum marks an event of
accelerated sea-level rise §and, therefore, represents a

synchrdnous cycle boundary.
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Correlation of second-order shallowing-upward

cycles in the Ramparts upper "platform-reef"
member, 1-6 represent reef cycles. Lower,
middle, and upper platform cycles are not
illustrated (see Chapter 4) for purposes of
simplicity. Geologic datums utilized in this
study include: (1) top of the Hume Formation,
(2) Carcajou Marker, and (3) cycle boundary

. between reef cycles 3 and 4.
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The top of the Hume Formation (PL..é—la, b, ¢) islthe
primary datum used in this study. It is ' readily
identifiable regionally, as carbonate facies of the hHume
Formation are abfuptly overlain by deeper water biack
laminated shales of the Hare Indian Bluefish Member (Muir'
and Dixon, 1984). A datum chosen beneath the cycle of
interest avolds errors in cycle correlation introduced by
differential compaction ’(Stoakes, 1980). Furthermore,
except for localized buildups, the top of the Hume platform
in the study area 1is taken to be nearly planar, and to have
forméd essentially.parallel to sea level in a few 10's ﬁ of
water (Muir and Dixon, 1984). However, because of possible
errors 1in measuring these thick stratigraphic successions
(maximum 370 m thick) and the detailed nature of cycle

analysis, two secondary datums were chosen at higher levels
o N

to verify cycle correlations.

The Carcajou Marker (PL. 2-2a, b, c¢) at the base of the
Carcajou subfacies 1s the léwer secondary datum. Its
significance in the «cyclic evolution of the Hare
Indian-Ramparts succession .is presented ’;ﬁ' section 2.3.4,
aﬁd Chapter 4 contains a more detailed account of the
sedimentology of th;“wCarcajou subfacies. Evid;nce for
abrupt deepening and termination of a shallowing-upward
cycle is as follows:

(1) Shallow water "nearshore" benthic communities are

abruptly replaced by ‘“offshore" deeper ones.
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Analogous change to deeper water communities can be
recognized at a similar stratigraphic horizon
(middle to upper varcus subzones) in basinal areas.

(2) Lighter colored coarse-grained limestone and
siltstone are abruptly overlain’ by argillaceous
limestone and dark grey calcarecus shale. The
Carcajou subfacies tends to be pyritiferous with
high +total organiec carbon values (1-8 wt¥, see
Zhapter 4). LocalizedrhArdground development marks
the top of tﬁe Rampafts lower "ramp" member at
section 20, and is overlain By the Carcajou
subfacies.

(3) The Carcajou subfacies represents slow
sedimentation associated with 'marked deepening.
The subfacies 1is a condensed cycle (0.537.0 m
thick) that falls between the middle varcus subzéne

and the lower disparilis zone. Because the

subfacies spans a 1long period of time, it is
important +o correlate the base of the cycle
(Carcajou Marker), which represents synchronous
regional initiation of transgression.. The Carcajou
subfacles gradés upward into limestone facies of
the Ramparts upper "platform-reef" member, and the
boundary may be markedly diachronous;

The boundary between reef cycles 3 and 4 (FIG. 2-3) is

. the final secondary datum used in this study. A significant
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backstep of the reef margin (reef cycle 4) towards the reef
interior is é;p;essed as an abrupt lateral ghift of facies

across the entire complex (FIG. 2-3). Significantly, the

cycle boundary separates tidal flat facies in reef cycle 3

from open lagoonal facies in reef cycle 4 in all measured
sections (08, 31, 20) through the reef interior. The

presence of intertidal facies at the top of reef cycle 3 in

these sections implies a near-horizontal depositional

surface approximately at sea level immediately before the

regional deepéning event. The datum is apparently at the

same distance above the top of the Hume Formation in the
i

different sections, which serves +to corroborate the

- stratigraphic control. ‘ 1

2.3.3 Construction of Depositional Facies Framework

The 'coFrelation of shallowing-upﬁard cycles and
construction of a depositional framework can be accomplished
through a series of steps (TABLE 2-2) as follows:

(1) Determine zonal biostratigraphy and regional
geclogic datums to establish a general correlation.
Conodonts, at present, provide the best resoclution
for biostratigraphic zonation in <the ' Devonian
(average zonal dﬁration of 0.5 ma; Johnson et al.,
1985). Samples are selected and located with
respect to a regional geologic datum or cycle

boundary (see Appendix A). ©One limitation of
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CONSTRUCTION OF DEPOSITIONAL FACIES FRAMEWORK
Determine zonal.bilostratigraphy and regional datums
to establish general correlation.

Identify cycle boundaries.
Correlate cycle boundaries.

Determine facies distribution within individual
shallowing-upward cycles.




(2)
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conodont biﬁstratigraphy in the study area is that
the conodonts are 'apparently very poorly’

represented 'In reef interior and reef margin

.depositional . settings (Uyeno, pers. comm., 1986).

This suggests some paleocenvironmental control on
the distribution of the conodont organisms.

Post-mortem downslope and episodic reworking may

‘also be problematical in displacing older faunas

basinward (Nicoll, 1984). However, the reliability
of interpretétions can be enhanced by closely
coupling conodont biostratigraphy with detailed
sedimentology. This is particuiarly important if

the conodont organisms had a depth-related ecologic

. distribution. For example, Stritzke (1986) noted

that icriodids and coaréely—sculpturgd polygnathids
favored a more proximal forereef position, while
slenderly-built palmatolepids occupiled distal
off-reef settings.

Identify cycle boundaries. The boundaries are
delineated where deeper or‘ more seaward facies
overlie shallower or more landward facies.
Generally, such boundaries are abrupt, although
some in foreslope settings are gradational.
Comprehensive facies description and interpretation

of sections (Chapters 3, 4, 5) revealed a variety
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of criteria that indicate-shallowing, as outlined

in TABLE 2-3.,

Correlate cycle boundaries. This(is perbaps the
most difficult step because the cycles will vary in.
thickness and composition with position aleng a
bathymetric profile. Correlated cycle’ boundaries
should be concordant with prominent qeologic
datums. Beneath the cycle contact, there should se
a normal lateral disposition of facies 5ccording to-
bathymetric constraints. Wendte and Stoakes (1982)
employed this technique to correlate reef cycles in

the Devonian Judy Creek buildﬁp in the Alberta

"subsurface (FIG. 2-1). Depths for specific facies

were estimated by measuring their vértical

separation from facies in the same cycle deposited

at sea level. They (ibid.) noted that these
interpreted facies depth ranges =may vary according
to compaction and environmentél factors such as
water circulation and nutrient supply.
Second-order = reef cycles, which represent
shallowing to sea level, should be correlatable at
similar stratigraphic heights throughout the reef
interior. The thickness of eagh second-order cycle
should be relatively c«constant (see FIG. 2-3)

because relative sea-level rise. across the reer

interior should accommodate equal increments. of
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SHALLOWING-UPWARD CRITERIA

Hare Indian Formation (Mulr and Dixon, 1984)

B Upward-coarsening of grains, thickening and lightening

of calcisiltite beds.

B Increased percentage of proximal fine-grained turbidi-
ties towards top of cycle with concomitant increase in

carbonate content. :

B Reworking by storm wave dctivity (upper cycles, Hare
Indian Formation).

B Increased epifaunal diversity upwards.

®m Increase of infaunal diversity, burrow size, and bio-

turbation intensity upwards.

¥

Ramparts Formation (Mulr et alq& 1984, 1985) .

\,

B Textural parameters and grainﬁéize variations which
reflect strength and persistence of current and wave
action. This is manifested by upward-coarsening of
grains, decreased mud content, increased sorting to-
wards tops of cycles.

B Sedimentary structures which can be related to flow
regime (e.g. proximal calciturbidites versus distal
calciturbidites).

B Biogenic features; particularly stromatoporoid and

- coral morphotypes (e.g. “wafer forms in deeper, less
agitated depositional settings versus thick, tabular
forms in shallow, agitated depositional settings).
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- gediment. Finally, correct cycle'. correlation

' shﬁuld result in.cycle'boundarieslbeing paraliel to
‘closely associated storm deposits. Cycle
boundaries in the upper Hare Indian Formation, for
example, are @parallel to sﬁorm deposits or
temﬁestites in the cCarcajou subfacies (discussed
further in Chapter 3).

(4) Determiné facies distribution within individual

shallowing-upward cycles. This is attempted only
after detailed sedimentological study of the

succession is complete and paleoenvironmental

settings for each facies have been summarized.

2.3.4 Hierarchy of Cycle Organization

First-order cycles. The criteria used _éTABLE 2-1,
section 2.1.2) led to the recognition of two fi&st—order '
cycles in the study area. Backstepping platform development
in the Hume Formation characterizes the basal portion of the
lower f¥rst-order cycle. Reconnaissance work indicated that
the Hume Formation 1s a cyclic succession in which
shéllowing—upward cycles terminated in progressively deeper
water settings during marine transgression. Lenz (1982, p.
1924) noted that "...the basal ostracode-bearing member of
the rYormation appears to have originated in shallower waters
thén the two oveflying, richly fossiliferous members."

Unfortunately, the base of this first-order cycle could not
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be established in the study area because the
evaporite-dblostone-limestone . succession of the underlying
Bear Rock Formation (Fort Norman, Arnica, Landry Formations
in Pugh, 1983) is poorly understood. ) :

In the southern Mackenzie Mountains in the vicinity of

the Liard Arch, a widespread, eafly Eifelian unconformity f@ﬁ

-

separates the Arnica and lLandry Formations (G.K. wilkgyﬁ;
pers. comm., 1986). - Similarly, in the Fort Nelson area,
northern British Columbia, ' the Dunedin Limestone is
separated from the Stone Dolomite by an unconforﬁity most
widespread during earliest Eifelian timé (Lenz, i982). More
data 1s required to determine the significance and
correlation of this possible first;order cycle break.

The upper portion of this lower first-order cycle records
slowing sea-level rise during early Givetian time (Lenz,
1982; Muir ot al., 1984; Johnson et al., 1985). This
resulted in progradation of the Hare Indian clastic wedge
and forestepping of the ramp facles. The ramp facies are
succeeded by a deep-water, céhdensed cycle, the Carcajou
subfacies. A first-order cycle break is indicated by the
abrupt change from basin-fill'sediments, representing marine
regression to backétepping Ramparts platform~reef facles and
a condensed basinal cycle (Canol Fofmation). The top of the
uppe; first-order cycle was not determined. Hd@ever, the

rapid rise in relative sea level eventually was followed by

stillstand and prograding ©of Imperial siliciclastic
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basin-fill sediments into the study area during the Frasnian
(Muir and Dixon, 1984).

If the proposed lower first-order c¢ycle break is of
earliest Eifelian age, then this lower cycle would be of
8-10 ma duration (base of Eifélian to Givetian-middle varcus
subzone). Busch and Rollins (1983, 1984; documented similar
time spans for large Upper Pennsylvanian cycles in the
Appalachians.

The Carcajou Marker, separating the lower and upper
first-order cycles, probably corresponds to the Taghanic
onlap event recorded by Johnson (1971) in western North
America. Brett and Baird (1985) noted that evidence of
widespread regression preceding the Taghanic onlap has long
been recognized in North America. The lowermost unit
(Leicester Pyrite) of the late Middle Devonian Genessee
Formation in western New York State (ibid.) is a dark brown
pyritiferous, argillacéous condensed cycle similar in age

(hermanni-cristatus conodont zone), and geoclogic éetting to

the Carcaijou subfacies. Johnson et al. (1985, p. 578)
suggested that the Taghanic onlap represented the inception
of a major transgressive-regressive cycle where the basg
".,.is best dated in the middle varcus subzone. Within the
limits of available accuracy, the initial deepening event is
"evident 1in all five study areas (ﬁestern Canada, Iowa,

southwestern Ontario, Ohio, New York)."
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It appears that the potential‘to correlate first-order
cycles over significant distances (100's kh) may be limited
in the future only by the available database. ' Seismic '
stratigraphy land blostratigraphy, iR conjunction with
detailed sedimentology, will help to extend t§9 regionél
correlation of first-order cygleé.

Second-order  cycles. The Hare Indian basin-fill’

succession comprises second-order cycles'that successively
terminate in shallower water facies (FIG. 2-2). These
cycles (10-25 m thick) demonstrate that regression was not
continuous, with the rate+ of sediment supply exceeding
relative sea-level rise, put rather eplsodic, with pulses of
accelerated éea-level rise followed by periods of stillstand
in which most sedimentation occurred. Cycle boundaries
representing sea-level falls were not observed in the study
area; no evidence of subaerial exposure was observed in
either basin-fill or platform-reef cycles.

While basin-fill cycles can be correlated for 10's of km
in the study area (FIG. 2-2), their boundaries are difficult
to discern in certain depositional settings. In basinal
settings, accelerated rise in sea level would have little
sedimentologic effect. Similarly, for some basin-fill
cycles, a substantial and a more proximal source of silty
sediment may mask the effect of abrupt deepening.

Nonetheless, some Hare Indian shallowing-upward cycles can
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be correlated in the subsurface using gamma ray and sonic
logs {(FIG. 2=-4) to recognize coarsening-upward trends.

Sécond-qrder cycles in the Ramparts Formation (PL. 5-3)
show thicknesses (average 10-30 m thick) comparable to those
in the Hare Indian Formation. The cycles can be correlated
across the platform-reef complex. Muir et al. (1984, 1985,
1986) correlated these depositional cycles over 100 km, from
the study area to the time-equivalent Ramparts buildup in
the Norman Wells subsurface. They (ibid.) noted that, in
cross—-section comparisons (see Chapter 5) through both
complexes, only those subsurface second-order cycles with
the greatest shift in facies could be recognized in the
study area. Muir et al. {1984) suggesfed that this
reflected no real difference in the cyclic evolution of the
complexes, but rather that the discontinuous nature of
surface exposures permitted the delineation only of more
prominent cycle breaks. Second-order cycles in the Ramparts
upper “platforﬁ—reef" member correspond to second-order
cycle seté in the Norman Wells subsurface.

In any case, reef cycles 1-6 (FIG. 2-3) show remarkable
parallelism and little variance in cycle thickness (average
25 m thick) regionally. K¢

Third-order cycles. Third-order cycles (2-5 m thick) are
recognized only in ramp and platform-reef interior facies of
the Ramparts Formation. Some ramp cycles appear to be

correlatable over a few km (PL. 2-4), but reef and platform
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interior third-order cycles cannot be correlated rggionallyL
Cyclicity may be generated both by allocyclic relative

sea-level changes and by autocyclic varying carbonate

production (James, 1984).

£

Wong and Oldershaw (1980) suggested that in areas whefe
carbonate sedimentation outpaced relative sea-level rise, a
reduction in subtidal areas would occur, As a. consequence
of poor circulation, reef interior .waters would become
inimical to marine organisms and carbonate production woﬁld
decrease. This would permit relative sea-lével rise to
exceed sediment accumulation and subtidal conditions to
replace supratidal and intertidal conditions. This
autogenic model applied to a reef interior "island" mosaic
could explain the difficulties in correlating third-order
reef interior cycles. However, in the Ramparts Formation,
each successive third-order reef interior cycle in a
second-order cycle appeafs to show a greater proportion of
more restricted lagoonal facies (see Chapter 5). Thus, it
would also appear that relative sea-level fluctuation
silgnificantly affected third-order cyclicity.

Interestingly, third-order reef interior cycles are not
expressed in the reef margins (Muir et al., 1984). Wendte
and Stoakes (1982) suggested that smaller increments of
sea~lavel rise would produce no discernible response on the

faster -growing reef margins, but could cause  abrupt
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deepenings of the sheltered reef interiof, thus initiating
new cycles of sediﬁentation.

Each secscnd-order reef cycle typically consists of six to
nine third-order reef interior cycles. The latter would
represent durations of 51,000-77,000 vyears based on an
average 460,000 year second-order cycle (see Chapter 1).
The scale (2-5 m thick) and duration of these third-order
cycles compare favorably to the punctuated aggradational
cycles (l-5 m thici, 10,000's years) reported in Eusch and

Rollins (1983,.1984) and Goodwin et al. (1985).

2.3.5 Depositional Topography and Major Degésitional

Environments

Because successive correlated cycle boundaries are taken
to represent synchronous horizons, they reflect depositional
topography at varlous stages of basin-fill and platform-reef
development.  In other words, each cycle boundary
approximates the paleotopography prior to a cycle of
deposition. |

The regional correlation of second-order cycles in the
basin-f1i11 'succession of the Hare Indian Foirmation and
Ramparts lower "ramp" member | indicates three broad
depositional environments (FIG. 2-5). These correspond,lfn
general, to the undaform, clincform, and fondoform

physiographic zones defined by Rich (1951). Undathem

facies, as originally defined, represent sedimentation under
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BASIN . CLINOTHEM RAMP
SEA SURFACE
T T T raiiin ¥ ey oy o
——————————— PROFILE
}Z SéEUND
CEPTH DF STORM i mmE-
WAVE BASIN CYCLE
BOUNDARIES

- AREA OF SLOW - AVERAGE GRADIENT B.4m/he = AVERAGE GRADIENT |.3a/ka

1
I
I
I
|
|
|
= AREA DF MOST RAPID SEDIMENTATION | - AREA AFEECTED BY STORM
I
I
I
|
|

|
SEDIMENTATION |
RATES: |
CONDENSED | (FREQUENT TURBIDITY CURRENTS) AND WINNOWING AND ACTIVE
SEQUENCES | HIGHEST RATES OF ACCUMULATION SEDIMENT BYPASS
I - INSITU CARBONATE
| PRODUCTION
_______ l_______.._..___.___.__________.__.__.____.._
FIG. 2-5 Depositional facies associations in the Hare *

Indian Formation - Ramparts lower '"ramp" member
basin-£fill succession.
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constant.wsve agitation. 1In this study, the ramp facies
association approximates undathem facies, even though it was
deposited between storm and fajrweather wave bases, and does
not show evidence of constant wave reworking (see Chapfer
3), The ramp faciés'association shows irreguiar to vaguely
concentric facies belts that follow}the isopach contours of
the associated basin-fill suéces§15n (FIG. 2-6). Mixed
siliciZlastic-carbonate ramp facies west of the study area
grade basinward into interbedded shale and biostromal
limestone. Shallowing-upward t;ends in the vicinity of the
quartz arenite unit show limestone and shale passing'upward
into quartz arenite, and rarely bioclastic 1limestone
(MacKenzie et al., 1975). The dual occurrence may reflect
progradation of siliciclastic shallow marine-shoreface -
facies accompanying outbuilding of a carbonate ramp. This
will be discussed in more detaillin‘chaptér 3.

The top of 'the ramp facies associatlion was a shallow,
gently dipping surface (average 1.3 m/km; maximum 2.3 m/km
or 0.1°) from section 18 to section 07. Precompaction
values were probably much higher. Stoakes (1980) estimated
gradients of 0.5 m/km for the Upper Devonian Ireﬁon platform
facies in southern Alberta.

The clinothem facies of Rich (1951) are represented in
the study area by sediments laid down mainly below storm
wave base on a sloping surface. An average dgradient of

5.4 m/km or 0.2° was obtained for clinoform cycle boundaries



FIG.

89

MAJOR RAMP LITHOLOQUES

QUARTZ ARENITE UNIT - MIKOR /
BIOCLASTIC LIMESTONE

INTERREDDED $ILICICLASTIC - '
LIMESTONE SEQUENCE -~

LIMESTOKE WITH MINCA INTER!EDDEU'L.
CALCAREQUS SILTSTONE (10-40%) /-’

LIMESTONE WITH RARE INTERBEDDED (
CALCAREQUS SILTSTONE {< 10%)

i
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2-6

Distribution of major ramp lithologies
superimposed on an 1scpach map (m) for the
basin-f£fill succession between the top of the
Hume Formation and the Carcajou subfacies.
Stratigraphic cross-section through wells A37qg,
D72 and H47m, shown 1in FIG. 2-4. Ramp facies
are dominated by siliciclastic lithologies (Hare
Irdian Formation) or carbonate 1lithologies
(Ramparts lower "ramp" menmber) depending on
proximity to sites of siliciclastic input and
radistribution by major currents (see Chap. 3).
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\betweeﬁ sections 07 and 25. Williams t1977) documented
westard-dipping (é-a m/km) clinoform iog markers within\the
Upper Dévonién (Frasnian) Hay Fiver Formation in northern
Alberta and southérn Northwest Territories.

The fondothem facies of Rich (1951) are referred tqnas
the basin faéies assdciation in this study. This portion of
the Hare Indian succession shows thin second-order cycles
(PL. l—2d) in condensed cycles 'resulting from slow
sedimentation.

Cycle boundaries in the basin-fill succession are broadly
sigmoidal (FIG. 2-2), és indicated by seismic data from the
Norman Wells area (G. Klose, Esso_Resourées Canada Ltd.,
pers. comm., 1983). Seismic reflections can be generafed
from stratal surfaces that appear to represent former
depositional surfaces. Second-order cycles are imbricate
towards the Basin (FIG. 2-2), demonstrating the
progradational néture of the basin-fill succession. |,

Four majo£ environments of deposition can be recognized
in the Ramparts upper "platform—reefﬁ member, These
depositional settings are di;tinguished: on the basis of

detailed sedimentology (Chapters 4, S) and their positions

relative to enclosing second-order cycle boundaries (FIGS.

(1) Piatform or reaf interior environment. Third-order

cyclicity is common in these environments and

cycles ar® bounded by depositional surfaces which
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are _Subparallél to sea' level (FIG. 2-=7). In
contrast to platform interior facies, reef iﬁterior
facies contain restricted lagoonal and tidal flat

sediments (Muir et al., 1984).

-Platform or reef foreslope environment. cCycle

boundaries in this setting indicate post-compaction
depositional dips of 1-2°. Facies consist of both
allochthonous rubble and  dark, ‘mieritic

L

autochtheonous limestones (Muir’et al., 1984, 1985).

Platform or reef margin environment. The margin is
the physiographic shelfbreak between (1) and (2),
as defined by geometric inflection of enclosing
cycle boundaries. Reef margin facies in reef
cycles 1-5 (FIG. 2-3) are characterized by
interbedded reef rubble and boundstone of in situ
thick, tabulér, stromatoporoids (Muir and Dixon,
1984). Platform margin facies are not as clearly
defined. Howaver, second-order cycles tend to
thicken in the wvicinity of the platform margin,
presumably due to conditions favoring in situ
carbonate production.

Basinal environment. Dark, bituminous laminites

are deposited in deeper, oxygen-depleted waters
downdip from the platform, reef and foreslope

depositional environments (Muir and Dixon, 1984).

\
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2.3.6 Nature of Relative Seé-Level Elpctuations and the

Development of Cyclicity

3

First-order and second-order shaliowing—upward cycles in
the Hare Indian—ﬁamparts succession indicate fluctuating
water depths that can be related to allogenic and/or
autogenic  mechanisms (TABLE 2-4). Sediment supply
variations, eustatic sea-level fluctuations, and subsidence
probably interacted in a cyclical manner. However, there is
substantial evidence to suggest that eustatic sea-level
fluctuation was the primary driyiﬂg mechanism producing
cyclicity in the Hare Indian and Ramparts Formations.
Different‘ cycles terminate at different points in their
shoaling~-upward cycles. Complete shoaling to sea level was
not always expressed, demonstrating that an autogenic
mechanism such as the Ginsburg (1971) model did not induée
each submergence and cycle break. Furthermore, autogenic
mechanisms should account for different numbers of éycies at
different locations. In contrast, allogeni¢ mechanisns
-would result in a constant number of cycles, correiatable
regionally (cf.l FIGS. 2-2, 2-3, 2-4). éécond-order reef
cvcles were correlafed across the entire reef complex (10's
of km)_;;d to time-correlative cycles in the Norman Wells
buildup 100 km east of the study area (Muir et al., 1984,
1985, 1986; Chapter. 5 in this study). The levrgar the
distunce that synchronous cycles can be correlated, the less

likely that cvelicity was controlled by local patterns of

4
o
i
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— —TABLE. 2-4

1

(.

|
|
I
I
I
|
|
I
I
|
I
I
|
|
|
I
I
I
I
|
|
l
|
|

CAUSES FOR CYCLICITY

Allogenic Mechanisms:

Autogenic Mechanisms:

i

‘External to the depositional
‘basin, and with a net effect on
depositional processes across the
basin. i

Examples: (a) tectonic subsidence

(b) eustasy
(c) climatic changes.

Internal and inherent within the
depositional basin, independent
of external influences or
variations.

Example: Tidal flat progradation

(Ginsburg 1971; Wong &
- _Oldershaw, 1980) with
variations in supply of

sediment to tidal flats.

i
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.éediment supply (e.g. autogenic delfg lobe switching that
could  explain cyclicity in the Hare Indian Forﬁation).
Finally, the .10-25 m thick second—érder cycles are also
persistent ’ temporally and‘ can be recognized through the
entire Givetian succession (6 ma) despite local facies

variatiens.

. J
It is unlikely that varying rates of subsidence could

provide such regular, laterally. extensive shallowing~upward
cycies. Basin subsidence rates are more typically smooth
and decay with time (Watts et al., 1982). Third—efgérfcycle

periodicity (10,000's of years) was unlikely due to tectopic
subsidence 1n an epicontinental basin. According to Bayer
et al. (1985), epelrogenic movements are not rapid enough to
account for minor cycle development.

The causes of eustatic sea-level va;iation haQe' been
summarized by numerous authors, ineluding Hays and Pitman
(1973), Pitman (1978), Turcotte and Burke (1978), Hallam'
(l9s0), and-Guidish‘étxgl. (1984). Some ﬁechanisms are not
considered here because they  produce cyclicity of
inappropriately long duration or are unknown in the Devonian
{Johnson et al., 1955); The ones discussed below are more
pertinent to Hare Indian;Ramparts cyclicity in having
potential for sea-level changes  that are relativgly rapid in
geclogicai terms. Much work remains to be done to verify

the various hypothesés:



(1)

(2)

: ‘ \
Plate movement and first-order cvcles. Volume

o

large vpllumes\of water (300-5C0 m), but only at
/ ' -
rates 6f 1-2.5 cm/1000 years (Miall, 1984; Guidish

et al., 1984). This may account for first-order

:and larger cycles (10-100 ma) of the scale of " the

g

unconformity-bound cratonic cycles recognized by
Sloss (1963, 1972). Johnson (1971) showed that the
Antler, Ellesmerian, and Acadian orogenies of North
America c%incided with the mqjér transgression of
the Kaskaskia cycle (585;325hma). Highstands of
sea leve;' accbmpaﬁy episodes of rapid sea-floor
spreading and generation of® hot oceanic
lfthogphere. Miall . (1984) suggested (that tﬁese

periods of orogeny\ were followed by episodes of

slow spreading and post-orogenic reordering of

spreading axes, which resulted in widespread

unconformities associated with falling sea level.
However,.this mechgﬁism cannot explain the greater
frequency of sea-level 'éhanges associated with
second- and third-a;der cycles (10,000-100,000's of

years) .

Milankovitech Insolation Theory: second-.and

third—order¢ cyclicity. Variation in stored’ ice

volume within therpolar ice caps 1is probably the

only known mechanism capable of causing rapid

O
&

changes of mid-oceanic ridge systems could displace

o

Y
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fluctuations in eustatic sea level. Increase or
decrease of land-based ice sheet.volume can account
for rapid sea-level fluctuations (probabie maximum
rate = 1000 cm/1000 Yyears; Pitman, -~ 1978).
Pleistocene glaciation at iﬁs maximum is considered
to haQe resulted/££ sea-level fali of approximately
150 m, reduced to 100 m by isostasy (Donovan and
Jones, 1979). However, the tim;ng and nature of
glaciétion in thé Paledzoic are poorly known. Many
authors such as Anderson and Goodwin (1978),
Johnson et al; (1985), and others, suggest that it
is difficult to attribute eustatic sea-level
changes to fluctuating polar ice budget during
periods of equable climate. However, Harland
(1981) cautioned that the absence of geqlogicai
évidence for ice action (e.g. from periods'suéh as
the Cretaceous) does not necessarily indicate the
absence of 1ice worldwide for these prolonged
periods, during which cyclicity may be developed.
Small—écale {1-100 m) shalléwing-upwafd cycles are
frequently attributed to climate-controlled
eustatic changes at Milankovitch orbital
periédiciﬁies (Imbrie and Imbrie, 1980) .
Third-order cycles of 51,000—77,060 years duration‘
in the Ramparts Formation fall within the range

(21,000-95,000 vyears) of the shorter dominant
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periods of'Eérth's orbital cycles (TABLE 2-5) that
the Milankovitch insolation theory postulates as
controlling the Pleistocene ice ages.

The Milankovitch theory may be tentatively applied to
second- and third-order «cyclicity in the Ramparts
succession. Periodicity of third-order cycles is similar to
the cycle of the obliquity of the earth's axis with a
present period of 41,000 years. Second-order cyclicity in
the Ramparts Formation (estimated to have an average 460,000
years duration) may be contreclled by the cycle of the
eccentricity of the earth's orbit with the’present period of
413,000 -years. '

Thus it would appear that eustatic sea-level fluctuations
associated with climatic changes brought on by variations in
the earth's orbit could have played a role in the cyclic
@evelopment of the Hare Indian-Ramparts succession.
However, corroborative evidence 1s required from other
Devonian samples to substantiate the relationship between

cyclic sedimentation and orbital parameters.

2.4  MODUS OPERANDI

The recognition of shallowing-upward cycles is critical
to interpreting, in detail, the evolution of the Hare
Indian-Ramparts succession. The cCarcajou Marker separates

two first-order shallowing-upward cycles. The upper portion
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MAJOR EARTH ORBITAL CYCLES
(after Imbrie and Imbrie, 1980; Moore et al., 1982)

Precession of the equinoxes with a period averaging
21,000 years.

Obligquity of the .ecliptic with a period averaging
41,000 years,.

Eccentricity of the orbit with three dominant
pericds: ‘

(a) 95,000 years

(b) 123,000 years

{c) 413,000 years.

I
|
|
I
I
I
|
I
|
|
|
I
|
|
I
|
I
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of the lower cycle (Hare Indian Formation and Raﬁparts lower
"ramp" member) is a basin-fill éuccession that represents
forestepping and marine regression. Chapter 3 examines the
depositional interrelationships of the basin-clinothem-ramp
facles associations making up this portion of the cycle.

The lower portion of the overlylng first-order cycle, the
Ramparts upper "platform-reef" member is a distinctly
different backstepping cycle representing marine
transgression. The nature of c¢yclic platform and reef
development in this member is documented in Chapters 4 and
5. Finally, ih Chapter 5, an attempt is made to'co;relate
second-order shallowing-upward Ramparts cycles regionally

between two isolated buildups 100 km apart.
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PLATE 2-1

Hume-Bluefish contact relationships.

Top of Hume Formation abruptly overlain by dark brown,
laminated shale of the Hare Indian, Bluefish Member.

Exposure at Gayna River (section 15). Bluefish Member is
15 m thick.

Lowermost 30 cm of Bluefish Member is a condensed
styliolinid-tentaculitid-fish fragment lime packstone. .
Note abrupt contact with underlying Hume Formation marked

by base of 15 cm scale. Exposure at Gayna River (section
15).

Close-up of Hume-Bluefish contact (above 15 cm scale) at

section 15. Note common lLeiorhvnchus values in the Hume
shale.
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PLATE 2-2
Carcaijou subfacies.

. ™
Carcajou 'subfacies (0.6 m thick) at section 15. Note
that basal portion of Carcajou subfacies is more
argillaceous, pyritifercus, ,and less fossiliferous than
the upper portion above the 15 cm scale.

Carcajou subfacies (6 m thick) at section 03. Base
(Carcajou Marker) at contact with thick limestone bed
(uppermost ramp facies). 1.5 m long scale.

Carcajou subfacies (7.7 m thick) at Mountain River

tributary (section 25). Hare Indian Formation 55 m
thick.

{
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PLATE 2-3

Second-order reef cycles in g
the. Ramparts Formation.

Second-order reef cycles (Ramparts Formation) in the
vicinity of West Powell Creek (section 07). FIG. 2-3
diagrammatically illustrates the position of these cycles
in the Ramparts platform-reef complex.
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PLATE 2-4

Third-~order cycles in the
ramp facies d?sociation.

!

correlation of third-order cycles in the ramp facies
association (Ramparts Formation). Note shaley lower
portions of cycles and abrupt cycle boundaries.



PLATE 2-4



IT1
SEDIMENTOLOGY AND PALECENVIRONMENTAL
RECONSTRUCTION OF A BASIN-FILL SUCCESSION:
HARE INDIAN FORMATION AND

RAMPARTS FORMATION (LOWER "RAMP" MEMBER)
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3.1  INTRODUCTION _

Systematic lithostratigréphic anﬁlysis should deal with
several aspects of basin-fill geolog¥, particularly:

‘(1) The framewérk of the basiﬁ, including its size,

| shape, probable range of waterﬂdepths, and major
sediment sources, and S ﬁ: ”

' (é) Principal depositional unit% (éf. depo-units in
Stoakes, 1979, 1980) and analysis of their
'depositional architecture.

Shallowing-upward cycles make up the Hare Indian-Lower
Ramparts succession (see Chdptar 2) and the recognition of
cyclicity permits constfuctionlof a dynamic wmodel for the
evolution of thié Hiddle Devonian basin-fill package. There

are only a few detailed accounts of ancient basin~fill

- successions in the 1literature (e.qg. Woodrow and Isley,

1983). This may be due to the apparent monotony and limited
exposure of many suéh successions. Lithologic heterogeneity
of the Hare Indian-lower Ramparts sequence has not been
widely appreciated. Consequently, the major objectives in
this chapter are the following: '

N i
(1) To determine the origin, mode of transport, and

7
depositional environments of the fine-grained
sediments which comprise most o&th_e basin-£ill
succession. '

(2) To understand the significance of shaliowing-upward'

cycles in the succession.
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{3) To construct a depositional model consistent with
the cyclic evolutfbn- of the Hare Indian-lower
Ramparts stratal assemblage.

Three major facies associations (ramp, clinothem, basin)
are recognized in the basin-fill suécession using criteria
outlined in CcChapter. 2. The ramp and clinothem facies
assoclations afe each subdivided into upper an8l lower facies
using both lithologic attributes and stratigraphic position
with respect to certain geclogic markers. Finally, the
smallest lithofacles groupings, or subﬁacieé, are described
and interpreted in the broader context of the facies or.
facies associations to which they belong. |

Study of the Hare Indian-lower Ramparts succession
contributes to two areas of research in which little work
has been done. ﬁechanisms for sediment-transport across
ancient shelves are still poorly understood, particularly
for storm-influenced sequences. In this chapter, it will be
shown that storm~deposited: carbonates in both the ramp
facies association and upper clinothem facies show evidence
for spatial and temporal variations in flow conditions with
varying watar:aepths. Finally, the nature of transport and
deposition of fine-grained carbonate turbidites is a
relatively new field of research (see Stow et al., 1984).
Most conceptual models interpret carbonate turbidite
sequences by analogy with modern canyon-fan turbidites.

However, the fine-grained turbidites that comprise most of
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the Hare Indian c¢linothem facies association do not - show
evidence for point sources. This also will be addressed in

relevant portions of this chapter.

3.2 FACTES ANALYSIS OF THE RAMP FACIES ASSOQOCIATION

3.2.1 General Statement

Differences betweén the upper and lower ramp facles are
outlined in TABLE 3-1. Four subfacies were recognized in
the lower ramp facies, and four in the upper ramp facies
(fIGS. 3-1, ;—2). These subfac;es' ; are  described
individually below. .

References are made to common shapes or growth forms of
corals and stromatoporoids in some subfacies. These growth
forms reflect both phylogeny and the adaptation of shape to
environment. While a sound taxonomy should be established
wher?vei possible, this study emphasizes the palececological
cause-and—effect relationship | betwean environmental
conditions and organism growth forms. Bjerstedt and Feldman
(1985) considered grogth forms +to be adv;ntageousq or
+ disadvantageous in particular palecenvironments. Howevar,
uﬁlike their study,'&n which paleoecolpgic interpretations
were based on methodologlcal -uniformitarianism, this study,

‘using cycle concepts, helps to provide more precise

depth-related palececologic information. Definitions and
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TABLE 3-1

- shale interbeds.

LOWER RAMP FACIES CHARACTERISTICS

Mainly interbedded shale and dark, nodular lime
mudstone, wackestone. :

Common evidence for storm reworking and depositién
(Muir and Dixon, 1984).

Sparse, low diversity benthic fauna dominated by a
brachiopod-crinoid assemblage; moderate bioturbation
(Chondrites, Teichichnus, Planolites, Rhizocorallium).'

UPPER RAHPIFACiES CHARACTERISTICS

Mainly light colored, coarse-grained limestones which
tend to be thickly bedded (30-50 cm) with only minor

Evidence for storm deposition, poorly preserved due to
intense bioturbation (Muir -and Dixon, 1984).

High benthic faunal diversity and abundance,
particularly for the stromatoporoid-coral fauna.




rFIG.
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Facles distribution in the Hare Indian-lower

Ramparts basin-fill succession. Subfacies in
the lower and upper ramp facies have been
grouped together for purposes of simplicity.
Lower portion of basin~fill succession shows
tentative cycle correlations and facies
distributions due to 1lack of exposure. See

FIGS. 3-2, 4-4, for continuation of Ramparts
facies distribution.
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CARCAJOU
SUBFACIES

UPPER
RAMP
FACIES

LOWER
RAMP
FACIES

UPPER
CLINOTHERM
FACIES

LOWER
CLINOTHEM
FACIES

BASIN
FACIES
ASSOCIATION

| FACIES KE
PLATFORM FACIES ASSOCIATION

ARGILLACEQUS, PYRITIFEROUS MUDSTONE; STORM-DERIY
MINOR RAMOSE CDRALNFLDATSTONE '

RAMP FACIES ASSOCIATION

SUBFACIES 1 :
CYLINDRICAL STROMATOPOROID-RAMRSE CORAL RUDSTONE

SUBFACIES 2, 3, 4
WAFER-TABULAR STROMATOPOROTID - RAMOSE CORAL RUDS

~RAMOSE CORAL RUDSTONE:, FLOATSTONE {SUBFACIES 3);

SUBFACIES 1. 2, 4

RAMRSE CORAL RUDSTOMNE, FLOATSTONE (SUBFACTES 1),
WACKESTONE (SUBFACIES 4)

SUBFACIES 3

SLIGHTLY NODULAR PELOIDAL CALCISILTITE WITH COMM
SILTY SHALE

CLINOTHEM FACIES ASSOCIATION

240% PELOIDAL CALCTSILTTITE; GREY -QLIVE CAlCAREQU
WACKESTONE, PACKSTONE

SUBFACIES 1
GREY CALCAREOUS SHALE; 15-40% PELOIDAL CALCISILT

SUBFACIES 2
DARK GREY CALCAREOUS SHALE; RARE PELQIDAL CALCIS

DARK BROWN-BLACK LAMINATED SHALE ; VARIABLE CARBOI

™~
\\

MAJOR CYCLE BOUNDARY

FACIES OR SUBFACIES BOUNDARY

: ™
VERTICAL EXAGGERATION 83X
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S MUDSTONE: STORM-DERIVED CALCISILTITE:; DARK NODULAR LIME MUDSTONE, WACKESTONE ;
TONE ' .

CIATION
D)-RAMOSE CORAL RUDSTONE, FLOATSTONE

JID - RAMOSE CORAL RUDSTONE. FLOATSTONE. BOUNDSTONE (SUBFACIZS 2),
JATSTONE (SUBFACIES 3); SKELETAL LIME WACKESTONE—PELOIDAL CALCISILTITE (SUBFACIES 4)

JATSTONE (SUBFACTES 1); LIME PACKSTONE (SUBFACIES 27,

NMODULAR LIME MUDSTONE,

CALCISTLTITE WITH COMMON CRINCID-BRACHIOSOD COQUINITES: GREY-OLIVE CALCAREQUS,

ASSOCIATION )
J
" GREY-CLIVE CAICAREOUS STUTY SHALE . SUBORDINATE NODLLAG LIME MUDSTONE,

40% PELOIDAL CALCISILTITE

i RARE PELOIDAL CALCISILTITE

SHALE : VARIABLE CARBONATE CONTENT, RARE PELOIDAL CALCISILTITE

IUNDARY

S

83X



FIG. 3-|
FACIES DISTRIBUTION IN THE

HARE INDIAN - LOWER RAMPARTS
BASIN-FILL SUCCESSION

STRATIGRAPHIC CROSS SECTION.
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FIG.

3-2

116

[
Facies distribution in the uppermost Hare Indian

to « mid-Ramparts succession. Subfacies
(numbered) are listed under their facies
groupings. See FIG. 3-1 for continuvation of
Hare Indian facies distribution, and FIG. 4-4
for continuation of Ramparts facies
distribution.
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REEF FACIES ASSOCIATION

SUBFACIES 1
AMPHIPORA RUDSTONE, FLOATSTONE; LIME MUDSTONE,

. WACKESTONE

SUBFACIES 2
BULBOUS -ENCRUSTING-CYL INDRICAL STRGHATUPDF?DID
RUDSTONE, FLOATSTONE .

SUBFACIES 3 & '
ABRADED STROMATOPQROID RUDSTONE: ROBUST CYLINDRICAL
STROMATOPCROID RUDSTONE '

SUBFACIES 1
THICK TABULAR STROMATOPQRQID RUDSTDNE BDUNDSTONE
MINOR ABRADED STROMATOPOROID RU?STONE

SUBZFACIES 2 (
ROBUST CYLINDRICAL STROMATOPDRDID RUDSTGI\E; MINOR
ABRADED 'STROMATOFCORQID RUDSTONE

SUBFACIES 3
LTME GRAINSTONE

N , .
SUBFACIES 1,

ROBUST CYLINDRICAL STROMATOPORGID RUDSTONE; WAFER-
EYLINDRICAL STREMATOPOROID FLOATSTONE, RUDSTDNE
BOUNDSTONE , WAF STROMATOPOROID- F?AMDSE CORAL
FLOATSTONE ., RUDSTONE

UPPER PLATFORM FACIES

SUBFACIES 1, 2

ABRADED STROMATOPORC]ID RUDSTONE; THICK TABULAR
STROMATOPOROID~ALGAL BOUNDSTDNE

SUBFACIES 2

ROBUST CYLINDRICAL STROMATOPOROID-RAMOSE CORAL
RUDSTONE, FLOATSTONE: MINOR LIME WACKESTONE

SUBFACIES 3

WAFER STROMATOPORQID-RAMOSE CORAL FLLDATSTONE,
RUDSTONE, BOUNOSTONE

WIDDLE PLATFORM FACIES

»

SUBFACIES 1

BULBOUS -ENCRUSTING-CYL INDRICAL STROMATOFOROID
FLOATSTONE . RUDSTONE, BOUNDSTONE

SUBFACIES 2 )
o) ABRADED STROMATOPOROID RUDSTONE

b) ROBUST CYLINDRICAL STROMATOR UDSTONE .
FLDATfTONE OPGROID RUDSTO

¢) ROBUST CYLINDRICAL STRGMATC CORAL
RUDSTONE . FLOATSTONE OPORGID-RAMOSE

<
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- FACIES KEY
MIDDLE PLATFORM FACIES ( cONT'D)

-

SUBFACIES 3
NAFER-CYLINDRICAL STROMATOPOROID FLOATSTONE, pyupSTONE. BOUNDSTONE

SUBFACIES 4
LIME PACKSTONE

LOWER PLATFORM FACIES

SUBFACIES 1 .
BULBOUS-ENCRUSTING*CYLINDRICAL,STROMATOPOROID RUDSTONE, FLOATSTONE

SUBFACIES 2
MASSIVE (HEMISPHERICAL,

BULBOUS) COrAL FLOATSTONE ; MINOR RAMOSE
CORAL RUDSTONE

SUBFACIES 3
RAMOSE CORAL RUDSTONE, FLOATSTONE ,

MINOR WAFER-RAMOSE CORAL
FLOATSTONE ; MINOR LIME WACKESTONE,

PACKSTONE

SUBFACIES 4

ol ROBUST CYLINDRICAL STROMATOPOROID RUDSTONE; BULBOUS-ENCRUSTING-
CYLINDPICAL STROMATOPOROID RUDSTONE., FLOATSTONE

b) SMALL CYLINDRICAL STROMATOPORDID RUDSTONE

-

c] LIME GRAINSTONE; MINOR LIME PACKSTONE

d} CYLINDRICAL STROMATOPORCID-RAMOSE CORAL RUWDSTONE, FLOATSTONE

CARCAJOU SUBFACIES
NCOULAR LIME MUDSTONE

DARK GREY CALCAREQUS SHALE: LIME WACKESTONE ;
RAMOSE CORAL FLOATSTONE

-

UPPER RAMP FACIES

SUBFACIES 1 ,
CYLINDRICAL STROMATOPGROID-FRAMOSE - CORAL FLOATSTONE ,

a

SUBFACIES 2 :
NAFER STROMATOPOROID-RAMOSE CORAL FLOATSTONE. RUDSTONE ,

CIG TONE

- BOUNDSTONE

SUBFACIES 3
RAMOSE CORAL RUDSTONE. FLOATSTONE
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UPPER RAMP FACIES ( CONT'D) ¢

~— SUBFACIES 4

[T — a} PELOIDAL CALCISILTITE

IR 27T y :

S ”1\\‘*‘ b] SKELETAL LIME WACKESTONE
1~ - ll

LOWER RAMP FACIES

SUBFACIES 1 . N
RAMOSE CORAL FLOATSTONE. RUDSTONE: NODULAR LIME WACKESTONE

SUBFACIES 2
PELOIDAL LIME PACKSTONE

SUBFACIES s
SLIGHTLY NODULAR, OUARTZOSE PELOIDAL CALCISILTITE WITH COMMON
CRINCID-BRACHIOPOD COQUINITE; GREY-OLIVE CALCAREOUS 3HALE

: SUBFACIES 4 '
e e e s NODULAR LIME MUBSTONE WACKFSTONE , PACKSTONE : MINOR CALCAREQUS SHALLE
AND SKELETAL WACKESTONE

UPPER CLINOTHEM FACIES

>40% ‘SLIGHTLY NODULAR PELOIDAL CALCISILTITE; GREY-OLIVE CALCAREOUS
SILTY SHALE .

LOWER CLINOTHEM FACIES.

SUBFACIES 1 .
19~40% PELOIDAL CALCISILTITE; GREY CALCAREQUS SHALE

BASIN FACIES ASSOCIATION

ODARK BROWN LAMINATED SHALE s VARIABLE CARBONATE CONTENT ; KARE
PELG;DAL CALCISILTITE

FACIES OR SUBFACIES BOUNDARY
MAJOR CYCLE BOUNDARY

4[:}=TIDAL FLAT LITHOFACIES

¥ TEMPESTITE LITHOFACIES RAMPARTS FM

VERTICAL EXAGERRATION |45X HARE INDIAN FM



FIG. 3-2
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éemi-quantitaﬁiﬁe measures ,0f the various shape classes —

utilized - in this study are summarized in TABLE 3-2. »
3.2.2 Uppexr Ramp Facies
3.2.2.1 Upper ramp subfacies 1

Subfacies 1 consists typically of planar-beddéd (15-45 cm
thick) cylindrical stromatoporoid—ramose'éoral rudstone and
floatstone. It 1is restricted to paleotopographic highs on
the ramp (see FIG. 3-2) where it occupies the upper portions
of third-order shallowing-upward cycles in .sections 20 and
31. It represents the uppermost ramp facles in section 20
_ (unit 009) and sectioﬁ“Bl (unit 007B) .whexre it is 1.0 and
2.6 m thick, respectivély. It isﬁ%nterbedded ét the base
with upper ramp subfacies 2 and sharply overlain by the
Carcajou subfaciea. A 20 cm thick bed of criﬁéid—atrypid
brachiopod gréinstﬂne forﬁs the topmost‘part of units 20-009
and 31~007B in both sections. This bed shows upward-fining
of Qllochems, high quartz content (10-20% silt-sized quartz
grains) and d’scoured basal contact, evidently representing
prior deep scouring of the underlying rudstone-floatstone.
A brachiopoad coquinité occurs at the base of thg bed and
‘thickens ‘into  erosional scours. Most  valves are

disagticulated, but unbroken, and have no preferred

orientation. The fining-upward nature likely represents

Al
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STROMATOPOROID

Wafer

.
Tabular

Hemispherical

Bulbous

Encrusting

4

Cylindrical,
Robust

Cylindrical,
Delicate

1

AND' CORAL GROWTH FORMS AND DEFINITIONS

flat, plate-like; width:height ratio
>10:1, height (thickness) generally
<l cm :

flat, plate-like; width:height ratio
>10:1, height (thickness) generally
>1 ¢cm

broad, flat base; convex upper surface
convéx upper surface tapers down to
small base; vertical and horizontal
growth axes approximately equal

eplbionts take the form of the obiject
they encrust

elongate, cylindrical forms having
subcircular eross-sections >4 mm in
diametar '

elongate, cylindrical forms having
subeircular cross-sections <4 mm in
diameter

o

£

AR
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depositioh during a waning storm event (cf. Kreisa, ishl;
Brenchley 'and Newall, 1982). Because this bed occurs

/ immediately beneath a prominent cycle break (éarcajou
Marker), its correlation over the 4.6 km separating sections
20 Aqdlal suppcfts the hypothesis that cycle boundaries can
be used as synchronous time planes in 1lithostratigraphic
éorrelatibns. |

The cylin@rical stromatoporold-ramose coral rudstone and
floatstone making up most of subfacies 1 typically have a
matrix of Eeloidai-packstone to wackastone that is coarser
than in subfacies 2. A diverse and open-marine assemblage
of fossils is present in subf;cies 1 (TABLE 3;3, PL. 3-1b).

A variety of evidence collectively_@uggests that the;:\
sediments were deposited in slightly agjtated,
well-circulated waters with periods of Eigh sediQent influx.
Robust cylindrical stromatoporoids are common and sométimes
form aggregate grains bound by calcarecus algaé. Micritic
envelopes occur on many of the allochems. Current-oriented
thamnoporoid corals occur in section 20, unit 009. Thick,
tabular stromatoporeids are commonly overturned.
Sediment-shedding digitate and high extended hemispherical
and hulbous growth forms p;;dominate in the
stromatoporoid-coral assemblage. The thick, ¢tabular, and
hemispherical forms commonly shoyh ragged edges where
sediment periddically encroacheﬁﬂﬁbn the growing surface.

This suggests fluctuating sedimehtation rates possibly

!

' \

o : )
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MACROFOSSILS OF UPPER RAMP SUBFACIES 1

Common Constituents

robust cylindrical stromatoporoid: Stachyodes
thamnoporoid tabulate coral: Thamnopora
crinoid columnals: robust, 5-10 mm diameter

Rare Constituents

delicate cylindrical stromatoporoid: Amphipora
tabular stromatoporoid

encrusting stromatoporoid
hemispherical stromatoporoid: actinostromatid?
bulboug stromatoporoid: clathrodictyid

hemispherical Alveolites: max. diameter 40 cm; height

25 cm, max. height. 25 cm
solltary rugose coral: thick-walled; deep calice

bulbous Alveolites

brachioreds: atrypid; Stringocephalus
encrusting bryozoa

encrusting algae
sponge spicules
fish fragments
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aésociated with’varying current strength. The absence of

wafer forms, which are more readily smothered by sediment

(Kershaw, 1984) further substantiates variable sedimentation .

rates. _However, turbulence was probably not high. Bulbous
and hemispherical forms are generally less tolerant of high

turbulence and the arglllaceous matrix precludes constant

winnowing.
P

4
3.2.2.2 Upper ramp subfacies 2

Subfacies 2 <consists  mainly of wafer and tabular
stromatoporoid-ramose coral‘ floatstone, fudstone, .and
boundstone. It is generally res}stant, thickly~-bedded
(30-50 cm), and weathered medium-grey. Stratiform units
0.7-4.1 m thick form the topmost parts of ramp third-order
cycles (PFIG. 3-2) except where overlain by subfacies 1.
Subfacies 2 is much more extensive laterally (10-15 km) and
occurs at paleotopographic positions lower on the ramp than
subfaclies 1. Interastingly,égt section 15, subfacies 2 1is
abruptly capped by a storm deposit, similar to that
oveg}ying subfacies 1 in sections 20 and 31, "but

topographically lower on the ramp (see FIG. 3—2)1 Units of

. subfacies 2 thin westward toward the isopach maximum of the

Hare Indian lobe (FiGS. 3-1, 3-2) and eastward toward the
basin (sections 08-0l1) as upper ramp facies pass laterally

into lower ramp facies. . *

—

w3
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The subfacies is gradationally interbedded below with

upper ramp subfac;es 3 and less commonly with 1ower‘ramp
subfacies 3. The uﬁpef' contact- is either a sharp cycle
boundary or gradational with overlying upper ramp subfacies
1. The .matrix in subfacies é ranges from .a. fragmented.
skeletal liﬁe wackestone .to peloidal packstone, but tends to
be.darker, ﬁuddier, and more.pyritiferous than in subfacies
1.

Bedding contacts are generally stylonodular, and thin
(3-5 cm), dark ca}éareous shale interbeds containing a low
diversity thamnoporoid coral fauna locally characterize the
basal portion of subfacies 2. -

The fossil assemblage 1s as diverse and abundant as in
subfacies 1 (TABLE 3-4) although cylindrical étromatoporoids
are much less common and wafer to tabular strométoporoid and
coral growth forms predominate. |

Subfacies 2 was apparently deposited in slightly
agitated, open-marine water. A small proportion of wafer
and tabular stromatoporoids have baen disoriented and
periodic movement of allochems 1is suggested by the

'.éccurrence of skeletal fragments completely encrgsted by
\corals or stromatoﬁoroids. Tabular stromatoporoids rarely
show ragged peripheral margins, possibly indicating periodic
changes in sedimentation rate.

y

However, conditions were probably less turbulent than for

subfacies 1. Allochems are commonly pyritizad and supported
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TABLE 3-4 = | .

*

MACROFOSSILS OF UPPER RAMP SUBFACIES 2

Common Constituents

thamnoporoid tabulate coral: Thamnopora
tabular stromatoporoid: max.“dlameter 40 cm
wafer stromatoporoid ’ = '
tabular alveolitld coral: Alveolites

crinoid columnals: zrobust, 10-20 mm diameter

Rare Constituents

Coenites
bulbous alveclitid coral

encrusting stromatoporoid
robust cylindrical stromatoporoid: more abundant toward
‘ top of cycles

brachiopods: stringocephalus
ostracod

encrusting calcareous algae

solitary rugose coral: short septa; both thick~ and
sponge spilcules thin-walled varieties
auloporid coral :

fish fragments

encrusting bryozoan

delicate cylindrical stromatoporoid: Amphipora
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in a darker, muddier matrix in subfacies 2. A high ratio of

fragmented to whole'fossils, and predominance of wafer to
éabularjstromatopbroid and coral growth, forms are suggestive
of low sedimentation rates. Branching and curved growth
forms were not required as .an adaption for efficient
sedimen: removal, Despite the fragmented nature of most
allochems, there 1is 1little evidence for abrasion (see PL.
3-1c). Furthermore, allochems sﬁaw no evidence for current
orientation and tend to be less intensely micritized than in
subfacies 1. Epibionts commonly encrusted allochems :&ther'
than the surrounding, probably unstable, muddy substrates
(PL. 3-2a). Presumably low sedimentation rates permitted-
successions of eplbionts to colonize suitaﬁle hard suffaces
(PL. 3-2b) such as skeletal fragments.

However, autocﬁthonous wafer stromatoporoids also occur
in muddy sediments where appropriate hard surfaces were
lackiﬁg. , Apparently the wafer stromatoporoids could
colonize soft, muddy sediments during times of 1little
sediment influx _(Kersqﬂg; 1984). The organisms spread
laterally with Qery little upward growth, achieving maximum
sediment support ' with minimal skeletal weight and thus
stabilizing the substrate. Bassett and Lawson (1984) noted
that most stromatoporoids, with their high initial porosity,
would have been lgss dense than other skeletal materials.
In addition, the stromatoporoids were probably sedentary

rather than sessile in this depositional enviromment since

2
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therae 1is no .evidence of ‘attachhent- to tha’  substrate.
Thergtore, even slight perturbations in. current energ§ could
have disoriented the wafer stromatoporoids. Kershaw (1984)
reported that'in_flume studies, wafer-shaped forms tend to
be flipped over by currents, whéreés heavaei equidimensional
domal forms are more stable. Periodic ;%orm'activity may
have been sufficient to disorient somé wafer stromatoporoids
in subfacies 2 (PL. 3-2c). Woodley (1981) observed that
Hurricane Allen (1980) was capabie of physical disturbance
to depths greater than 50 m off Jamaica where plate-like

colonies of ggar;cia'werg damaged.

3.2.2.3 Upper ramp subfacies 3

Subfacies 3 1is fypified by ﬁedium-dark grey, planar to
slightiy nodular-bedded (average 20 cm thick), ramose coral
rudstqqe, floatstone, and interbedded dark grey calcareous
shalg. Lensoid (average 50 cm long, 8 cm thick) rudstone
beds of crinoid-thamnoporoid coral—brachipsd coquinite occur
rarely in subfacies 3 along a paleotopographically high
portion of +the ramp (éection 20; FIG. 3-2). Several
thamnoporoid corals are preserved in upright positions.
These Eeds were likely deposited rapidly by storms. The
first stratigraphic appearance of this upper rémp subfacies
is at the same paleotopographic high near sectiqn 20 (FIG.
3—5). These are time—equivalen£ to lower ramp subfacies 4

(mainly dark, nodular, lime mudstone and shale).
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Subfacies 3 is the most extensive uppef ramp subfacies
'(10;25 km) and commonly is Interbedded above with subfacies
2. In the study area, subﬁacies 3 typically occupies the
'basgl portion 6f upper ramp third-order cycles (FIG. 3-2).
Units'ofksubfacies 3 are 1.3-2.8 m thick (average 1.6 m),
and thin towards the basin (section 11, FIG. 3-1).

Lithologies are predominantly mud-supported, with a dark
brown, microstylolitized carbonaceous skeletal wackéstone
matrix. Fossils Aare commonly .pyritized peripherally and
show little evidence of abrasion. Rounded, dark brown lime
mudstone intraclasts (average 1 cm diameter) 6ccﬁr rarely in
section 08 (unit o008).

A diverse, open-marine fossil. assemblage charagperizag
subfacies 3 (TABLE 3-5), but is -distinguished from subfacies
2 by the following: .

(1) K more diverse and abundant assemblage of corals;

stromatoporoids occur rarely.

(2) More abundant ramosé corals.

(3) Lower overall faunal'divérsity.

At saction 08 (FIG. 3-2), much of subfacies 3 -appears to
be allochthonous based on the following evidence:

%l) Cycle correlations in FIGé. -1, 3-2, show that

ramp facies in section 08 were deposited in a
paleotopographic low. Interbedded shale is thicker

there than in other sections.
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TABLE 3-5

MACROFOSSILS OF UPPER RAMP SUBFACIES 3

Common Constituents

thamnoporoid tabulate coral: Thamnopora
crinoid columnals ;

Rare Constituents

wafer stromatoporoid: actinostromatid, commonly bored
encrusting stromatoporoids
brachiocpods

tabular alveolitid coral
encrusting alveolitid coral
auloporid coral

Coenites

Hexagonaria

Billingsastria?

solitary rugose coral: thick-walled, commonly encrusted

‘)

sponge spicules by stromatoporoids and corals
bryozoan more abundant at section 08
high=-spired gastropod -

fish fragments \B

ostracod
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(2) Wafer stromatopordids and alveolitid corals are

commonly overturned and oriented parallel to

bedding. Lime mudstone  intraclasts are present
rarely. )
(3) Epibionts (alveolitids, stromatoporoids) show

evidence for rapid Vasediﬁentation (invaginateﬁ
margins) and redirection of. growth. This .is
sﬁggestive of variable sedimentation ‘rates and
episodic toppling and movement. .

.The mode of emplacement of this allochthénous material is
xnclear. There aré' no indications of massive sediment
gravity £lows. Possibly many of the allochems were
pericdically moved by storms and rolled dawnslope. 'Perkiﬁs

and Enos (1968) observed that thickets of the ramose coral

Acropora cervicornis suffered extensive fragmentation and

redistribution in the Florida-Bahamas area after the passage
of Hurricane Betsy in 1965. .Apparently many of the living
fragments survived and, because of their larger size, would
have had’ a greater chance of survival than small, newly
settled planulae (Randall and Eldredge, 1977; Neigel and
Avige, 1984). The distribution .of thamnoporoid corals into
deeper waters may have been analogous.

The dark Dbrown, nmuddy sadiments of subfacies 3
accumulated mainly in calm, open-marine waters. The

predominance of corals possibly reflects conditions adverse

to stromatoporoids. Isaacson and Curran (1981l) suggested
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ﬁhaﬁ low water turbulence aﬁd high turbidity 1levels coﬁld
have 1limited 'stromatoporoid' growth\-in calm, deep water
settings. Storms can resuspend fine sediments .in éuch
environments and, together with mud intréducgd by current
action from shalldwer ramp settihgsi could have created more
persistently turbid conditions for subfacies 3 than for
subfacies 1 or subfacies 2. Smosna and Warshauer (1979)
suggested that thamhoporoids were sulted to turbid waters
and they postulated that the open-branching structure could
have facilitated removal of mud by currents. '
. _ A
3.2.2.4 Upper ramp subfacies 4
Subfacies‘ 4 1is restricted to the basal portion of an
upper ramﬁ‘third—ofder cycle in%sections 18 and 20 (FIG.

3-2). Units of this subfacies are 1-2 m thick at both

. localities and include a basal ,dark brogp, calcareous shale

(20-40 cm thick}. The'cycle containing-this subfacies 1is
topographically higher at section 20. Subfacies 4 |is
typically coarser‘and siltier (admixed quartz and carbonate
grairns) in section 20 than in sectidn 18.

At section 20 (unit 008), the sgubfacies consists of
slightly nodular, interbedded peloidal calcisiltite,
crinoi@sl’_lime grainstone, and calcareous shale. The

grainstone beds have erosional basal contacts, and fine

upward. The peleidal caleisiltite beds commonly contain

- discontinuous, 1lensoid, packstone coqufnites representing
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1ag deposits of fragmented crinocids and brachiopods. The.
calcisiltite beds are- intensely bioturbated except near.
their bases, where they show graded horizontal laminae (2-10
mm) . The sequehce mainly repres;nts storm deposits tﬁaﬁ
were laid down in’ relatively deeper water than subfacies 1
to 3. The sparse epifaimal assemblage (TABLE 3-6), common
interbedded shale, and strat%graphic position within the
ramp cycle support this paleob;thyméiric interpretation.

Evidende for storm reworking and deposition in the
topographically lower facies equivalent at section 18 (unit
021) 1is 1less readily detected. Interbedded shale and
nodular skeletal lime wackestone become siltier towards the
top of thé unit. Common.epibionts{ céﬁp;etely encrusting
allochems, suggest periodic movement. Wafer stromatoporoids
are commeonly disoriehted. Allochems afe commonly pyritized
Subfacles 4 at this l;EE&ity was depos;red in calmer, deeper
waters than at section 20 and, therefore, sediments were

less frequently stirred by storm waves.

-

3.2.3 Lower Ramp Facies

3.2.3.1 Lower ramp subfacies 1

i

Ramosa coral rudstone, floatstone, and interbedded

nodular lime mudstone and wackestone characterize this lower

ramp subfacies. Subfacies 1 occurs only at the top of a
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MACROFOSSILS OF UPPER RAMP SUBFACIES 4

Common Constituents

crinoid columnals

Rare Constituents

at brachlopod: - disarticulated,
thamnoporold tabulate coral

encrusting bryozoan

solitary.rugose coral: thin-walled
encrusting stromatoporoid

wafer stromatoporoid

fragmented

§e
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lower ramp -cycle in the vicinity of a paleotopographic high
(section 20, upper ﬂnit 004). Beddinq;thickens (10-20'cmf
and nodular mudstone and wackestone diminish upsectibn.
Allochems are typically kfragmented fossils and many are

pyritized. The contained fossils are similar to those in

_ upper ramp subfacies 3 (TABLE 3-7) except that

stromatoporoids are nearly absent in the lower ramp fac{;s.
The nature of the interbedded nodular 1lime mudstone and
wackestone ié discussed in section 3.2.3.3 - lower ramp
subfacies 3. ' |
Subfacies 1 likely represents local ramose coral thickets

established on a topographic high (e.g. vicinity of section

20). Elsewhere in the study area, the ramp was tco deep to e

support an in situ coral-stromatoporoid fauna, as subfacies

1 passes laterally into lower ramp subfacles 4 (FIG. 3-2).

3.2;3L3 Lower ramp subfaciles 2
Similar to subfacies 1, subfacies 2 was apparently
controlled by paleotopeographic relief near section 20 (unit

005) and the unit 1s restricted to the upper portion of a

roeleap  third-order cycle. The subfacies ghins eastward

(section 31) and ‘westward (section 18) as it passes into

subfacies 4 on }ower portions qf the ramp.’
Subfacies 2 is composed mainly of peloidal IIme packstone

with mino;'interbedded nedular lime mudstone and wackestone.

4 .
Lenticular bedding (10-%? cm thick) characterizes the lime :

-
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TABLE 3-7

MACROFOSSILS OF LOWER RAMP SUBFACIES 1

Common Ceonstituents G

thamnoporoid tabulate coral: max. diameter .10 mm,
: rarely encrusted by

‘ stromatoporoid

crinoid colunmnals '

Rare Constituents }////

-

#

encrusting stromatoporoid: stromatoporid
robust cylindrical stromatoporoid
atrypid brachiopod

hemispherical Hexagonaria

tabular alveolitid coral

solitary rugose coral

ostracod

high-spired gastropod.

1 < ’—_\



2

——

135

-packstone. Contained'fossi;s are broken and abfaded with
sm&llar.allbqpems comnmonly ﬁ;pritized. Er&sional‘écours’are
filled rarely by dispontinuaus brachiopod-crinoid-coral
coquinite. The peloidal packstone (rouﬁded pelolds, average
0.2 mm diameter) shows common disseminated pyrite. “The
macrofossil aséemblage in subfécies 2 (TABLE 3-8) tends to
be more diverse in section 20 tpan in th% topegraphically
;lower neighboring sections.

The depositional model for these sediments 1s probably
much akin to that of upper ramp subfacies 4 at section 20.
The effect of storm events in the vicinity of thié shoal
diminished with increasing depth, hence the thickest
presérved record of storm deposits was at section ~20.
Because the intensity of storm activity and the potential
for storm ’deposits to be preserved 'in the stratigraphic -
record inéreases with shalloying, the evidence for storm
deposition 1s more areally'extensive to;;rds the top of the

ramp cycle between sections 18 and 31. - -

3.2.3.3 Lgyg§dgggg subfap;es 3

Subfacies 3 consists of s8lightly nodular-bedded peloidal
calcisiltite with comﬁ?ﬁﬂhlenses of crinoid-brachiopod
coquinite and interbedded grey-qlive, calcar s,

silty-shale. This subfacies is restricted to sections west

of section 08 and thickens over local topdgraphic(highs on
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MACROFOSSILS OF LOWER RAMP SUBFACIES 2

Commeon Constituents

A

brachiopods: Stringocéphalus, atrypiad
crinoid columnals

Rare Constituents

tabular alveolitid coral: disoriented
dbulbous alveolitid coral: very rare
thamnoporoid coral

hemispherical Hexagonaria

solitary rugose coral

fish fragments

sponge spicules

trilobite fragments

gastropod ’

Fauna observed in section 20

wafer stromatoporoids: disoriented; max. diameter 10 cm,
' ‘height 1 cm; actinostromatid and

; clathrodictyid
bulbous stromatoporoid: very rare
encrusting stromatoporoid: very rare,

~ /
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the underlying clastic wedge (e.g. "section 2¢, FIG. 3-1),

and towards *tha isopach maximum of the Hare Indian lobe.
subfacies 3 is interbedded with upper clinothem subfacleus

1 and lower clinothem subfacies 1. The uppermost portion of
2 . : :

A

subfaciéé 3 passes downslope into lower ramp subfacies 4 at
sectionﬁ 18 and 31. A prominent ﬁycle break ‘separates
subfacies 3 from overlying darker, more calcareous.sediments
of lower ramp subfacles 4. Exposures of subfacies 3 range
in thickness from 4 m (section 18) to 11l m (seétionﬁ 11 and
20) . | ?

nger' ramp subfacies 3 shows textures and. composition
grossly similar to the more carbonate-rich lower ramp
.subfacies 4. However, in subfacies 3, peloidal calcisiitite
tends to be more qua%tzose (20-40%) and shows

.

lenticular-planar bedding rather <than nodular bedding..
Tucker (1923) observed that lower carbonate content appears
to inhibit nodule formation with the ?esult-that nodules
appear to be more layered and widely spaced.

The macrofosgils of lower ramp subfacies 3. are
predominantly a low diQersity brachioped-crinoid assemblage
(TABLE 3-9). |

Because lower ramp subfacies 3 and 4 are similar, their

palecenvironmental settings will be discussed separately

following section 3.2.3.4.
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MACROFOSSILS \OF LOWER RAMP -SUBFACIES 3

Common Constituents

brachiopods:

‘1

Stringocephalus, Rensselandiga, Spinatrypa,
Atrypa, productid brachiopod and spines;
fragmented and disarticulated valves
commonly in current unstable positions,
common geopetal structures

crinoid columnals

'

Rare Constitue

3

nts

nautiloid
fish fragments

dacriconarids:

. trilobite fragments .

Stylolites, Tentaculites Jc\

Coquinite macrofossils:
solitary rugose coral
tabular alveolitid coral
encrusting alveolitid coral
thamnoporoid coral
encrusting bryozoan

gastropod
Hexagonaria?
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3.2.3.4 Lower ramp subfacies 4 '

Subfacies 4 1s composed of nodular lime mudstone,
wackestone, and packstone, with minor planar-bedded skeletal
wackestone and calcg;eous shale. The interbedded .shale
becomes subordinate ta limestone upsection. Subfacies 4 is
the most extensive subfacies in the ramp facies association
within the study area (FIGS. 3-1, 3-2).

Subfacies 4 thins westward towards the Hare Indian
isopaéh maximum (FIG. 3-1). Sediments thef; show much
higher quartz contént (10-20%) and grade into lower ramp
subfacies 3- of thé Hare 1Indian Formation. Typically,
limestones in subfacies 4 show less ﬁhan 5% éuartz content
in sections east of section 15. Subfacies 4 also thins
basinward (eastward) towards section 01, where it passes
latefally into upper clinothem subfacies 1 (FIG. 3-1).
Subfacies 4 is thickest (18 m) in a palecdepression (FIGS.
3-1, 3-2) near section 08. At this locality, upper ramp
facies constitute only 18% of the ramp faciles association,
compared to 30% in the adjacenf section 31. Coeval
sediments near section 31 ware deposited on a
topograbhically higher (20-25 m) portion of the ramp (FIG.
3-2).

Subfacies 4 is most cparacterized by nodular bedding

_(average 10-20 cm thick) which tends to be continuous in the

basal -portion (PL. 3-3a). Nodules are more discrete in the

upper part (PL3. 3-3b, 3-4a) giving the sequence a mottled

B
\
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appearance in outcvop. These uppqg\ifdiments typically show
few primary sedizmentary structures due to intense
bloturbation, although discrete ‘E%aceé) are well-preserved
and abundant. The nodules are generally "BaﬁsaQe“—Shaped to
ellipsoidal, and are coﬁmonly Vinterconnected (PL. 3-4b).
They are composed mainly of peloidal mudstone to péckstone,
and are more carbonate-rich Fhén the 'surrounding dark grey,
calcareous shale matrix. Nodule roundaries vary from sharp _

.to gradational as-the clay-rich matrix pinches and swells
around the nodules. &

The nodular limestones likely formed through differential
early cementation and later pfessure solution (TABLE 3-10).

Attached organisms including Hexaqonaria, Thamnopera, and

crinoids, only rarely - utilized the nodular topography as a

sultable substrate (PL. 3-5a). The nodules_ do not show .(\_/

borings or staining, and this'demonstrgtes that they were
never exposed for extended periods at the sediment-water
interface (Baird, 198i). 5

Macrofossils are geheraliy.sparse in subfacies 4. The
lower portion of subfacies 4 contains a 1low diversity

crinoid-brachiopod assemblage  that also, characterizes

subfacies 3. However, a ramose and encrust%ng-coral fauna
occurs towards the top of subfacies 4 (TABLE 3-11). The
common encrusting  habits, low faunal diversity and

abundance, and abundant evidence of current agitation are
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TABLE 3-10

(1)

(2)

(3)

(4)

NODULE FORMATION IN LOWER RAMP SUBFACIES 4
- EVIDENCE FOR EARLY LITHIFICATION
FOLLOWED BY DIFFERENTIAL COMPACTION

Abundant preservation of burrows and unpatterned
bioturbation structures in nodules. Burrows appear

to be more flattened  in surrounding argillaceous
matrix.

Rarely occurring shale-. and spar-infilled, "v"-

shaped intrastratal fractures within nodules (e.q.
PL. 3-=4a).

rientation of some horizoptal burrows in the’
sutrounding matrix is controlled by the nodular
pattern of the limestone (PL. 3-4b).

Skeletal material in the nodules generally exhibits
less compaction. Nodule-matrix contacts commonly

abrupt (solution seams) and the matrix exhibits a
lower carbonate content.

]
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MACROFOSSILS OF LOWER RAMP SUBFACIES 4
. ' +

Common Constituents

crinoid columnals: ' robust in;
productid brachiopecd and spilnes
atrypid brachiopod

‘Rare Constituents

rhynchonellid brachiopod

Stringocephalus 7 . ' o
thampoporoid coral. rarely show micritized rims

Coanites

wafer alveolitid coral

encrusting alveolitid coral
auloporid coral

indeterminate disphyllid rugose coral

. solitary rugose coral: thin-walled; long septa

Rengselandia
nautileid
trilobite

sponge spicules: ubiquitous in interbedded shale

gastropod: high spired; thin-shelled
tentaculitid

encrusting bPydzoan

ostraced g

Hexagonaria

Billingsastrea
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suggestive of environmental conditions stressful for benthic*

-organisms.

3.2,3.5 _Depositional setting for lowgr';amp subfacies 3
and 4 *

The - depositional setting for these subfacies is best
exenplified by subfacies 3 and the lower portion of
subfacies 4, ﬁhich show lass pronounced nodularity. qgjor
characteristics of these subfacies are ;ummarized in TABLE
3-12. Paleobathymetric: estimates (see Section 3.3.2)
indicate that' subfacies 3 and 4 were Eoth deposited 'in
similar depths of water. These show similar macrofossils,
trace fossils, and.composite litholegy, althou@h éubfaciés.3
is more quartzose and typically contains less limestone.

Interbedding of medium to -dark olive~grey shale with
lenticular peloidal calcisiltiﬁe and calcirudite suggests
Yluctuating depositional conditions. Hummocky
cross-stratification was recognized in lower ramp subfacies
3 but rot in subfacies 4, although tha prevalent-;odular
character of subfaéieé 4 probably precludes recognition of
these large scale bedforms. Hummocky cross-strata (HCS)
have been repofted in many ancient storm-influenced shelf
sequences (e.d. Hamblin and Walker, 1979; Leckie .and
Walker, 1982) but have not been recorded on modern sﬁelves.

HCS in subfacies 3 are typically calcisiltite bed sets

{10-30 cm thick)~showing antiformal hummocks and synformal



144
TABLE 3-12

]

c ‘ - l
DIAGNOSTIC CHARACTERISTICS OF LOWER RAMP SUBFACIES 3 & 4 !

Rhizocorallium

craterion

E

——

A

Quartz Content - average'<'%~fﬁ\\ - average 20-40%
Common - crinoid columnals = crinoid columnals P
Macrofossils brachiopods . brachiopaods —
Common - nodular lime mud- ~ gquartzose peloi-
Lithologies stone to packstone dal calcisiltite:
‘ {peloidal calci- interbedded grey-
siltite); minor olive calcareous

skeletal wackestone shale

!
Lower Ramp Lower Ramp - [
Subfacies 4 Subfacies 3 [
‘ ' I
Faciles | - stratiform - stratiform-
Geometry _ lenszsoid |
|
Thickness - thickens towards = thickens over |
Variations » Paleodepressions local paleotopo- |
on ramp graphic highs |
.(e.g. section 08) (ea.g. sections |
i 11, 20) |
|
Bedding Style ightly nodular - slightly nodular |
- to mottled : to lenticular |
Limestone/ >1 < {
Shale |
- |
Estimated - ~25-50 m ~25-40 m
Palecbathyme- |
tric Range | _,
|
Trace Fossils - moderate to high - low to moderate |
: biloturbation bioturbation |
- Cruziana -~ Chondrites !
. Chondrites Teichichnus ]
. Teichichnus Planolites ]
- " Planolites ‘Paleophycus
“ - !
|
|
|
l
|
|
[
!
l
|
|
|
and calcareous shale ' |
i |

/
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; . " '
\\swales spaced 1l-3°' m  apart. Internal stratificaticn is
' : }
defined by horizontal to. broadly convex lamination with dip

w
"

—,
angles and truncation angles less than 15°. HCS occur

mainly above crinoid-brachiopod coquinite beds and ﬁass
upwards into horizontally lamingted peloidal calcisiltita.
Hamblin and Walker (1579) postjlated that HCS iay represent
sediments rapidly deposited rom waning stprm~generated

\\\,
curraents.

The peloidal calcisiltiﬁe-is more commonly arranged in
graded 2-5 cm thick beds éPLS. 3-5b,‘3—6a) which generally
show ho;izontal laminae to “low angle cross-laminae that Ehin
upwards (i.O mm to 0.2 mm). .The beds shdw sharp plaﬁar.to
broadly concave Dbasal cont&cts, and are increasingly
bioturbated toward éhe'tops. These fgatures, and the common
occurrence of water escape structures (PL..3—6b) and escape
‘burrows,- indicate events of rapld deposition. ~ Rarely
occurring lenses of the gregarious brachiopod Bensse;andia
{PL. 3-7a) and current-aligned c;inoid pluricolumnals (PL.
3-7b) were probably preserved in =situ by pulses of high
sedimen£ influx. _

Lentigéiar calcirudite beds in subfacies 3 (FIG. 3-3) are
comﬁcséé of muady, poorly sorteé, brachioped-crinoid-
gastropod coquinite which thickeps into erosional sgcours
(PLS. 3-8a, 3-8b). Some are graded ‘and a few show basal
gutter casts and aligned crineid \plﬁricolumnals that

indicate a NW-SE trans?ort direction. Brachiopods are

v

-

'}
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PROXIMAL STORM

DEPOSIT

OBSERVATIONS

CALCAREDUS SHALE
BIOTURBATED UPPER CONTACT

HORIZONTAL AND LOW
ANGLE CROSS-STRATIFIED
: PELOIDAL CALCISILTITE

i  RARE ESCAPE BURROWS AND
pmiEt)  WATER ESCAPE STRUCTURES

BRACHIOPOD-CRINOQID-
GASTROPOD COOQUINITE
(CALCIRUDITE ) s RARE
IMBRICATE PELOIDAL
CALCISILTITE
LITHOCLASTS

RARE TOOLMARKS AND
GUTTER CASTS

COMMENTS

NONSTORM INTERVAL

POST. STORM INFAUNAL
L GOLONIZATION

DEPOSITION FROM SUSPENSION
UNDER WANING FLOW
CONDITIONS. GRADED BEDDING
(FINE SAND TO SILT) SHOWS
LAMINAE (COMMONLY GRADED),
WHICH THIN TOWAROS TOP

OF STORM DEPOSIT

REDEPOSITION OF STORM
SUSPENDED ALLOCHEMS AS
SHELLY COOUINITE:
COMMONLY GRADED : GENERAL
TAXONOMIC CORRELATION
BETWEEN COCUINITES AND
NONSTORM INTERVALS

FIG.

3~-3

Idealized proximal tempestite in the lower ramp

facies and wupper clinothem - facies. Distal
tempestites are thinner bedded, lack graded
shelly coquinite, and are usually more

bioturbated throughout.
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commonly disarticulated with valves occurring. in both
current-stabig and unstable positions (PL. 3-9a). These
units of coquinite -typiéally pass upwards into graded,
laminated, peloidal cdlcisiltitg'(PL. 3-9b), suggesting that
the latter was deposited under lower energy conditions. A
complete ‘'sequence is shown in FIG. 3-3.

Subfacies 3 and 4 wefe deposited in a calm, distai ramp
setting at depths of 20-50 m, where the b;ckground shale
deposition was periodically intérrupted by storm de?osition.
Evidence for storm deposition iaisummarized in TABLE 3-13,
and 'ﬁhese 'features compare closely to characteristics of
modern storm deposits (TABLE 3-~14). Proximal tempestites
(FIG. 3-3) can be distinguished from distal tempestites in
this study. The latter are thinner-bedded (average 3-5.cm
thick), finer-grained, aﬁd lack a basal shelly cogquinite.
They commonly are  more bioturbated than  proximal
tempestites. The proportion of proximal to -distal
tempestites decreases from lower ramp subfaciés 3 (sections
11, 15, 20) downslope into lower ramp subfacies 4 (sections
20, 31, 08). |

The use of storm deposits as paleobathymetric indicators
assumes that storm-induced turbulence and oscillétory
current motion dechldeases as depth increases (Kreisa, 1981;
Aigner, 1982, 1984, 1985; Seilacher, 1982). The presence of
common erosional scours and coquinites is evidence that

strong bottom currents deposited proximai tempestiges in the
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TABLE 3-13

CRITERIA INDICATIVE OF STORM DEPOSITS IN LOWER RAMP
SUBFACIES 3 AND @

(1) Lenticular bedding ~ plan&£ to undulatory, erosional
bases and non-erosional tops. Some bed tops
. reworked by wave action.

(2) Calcirudite cogquinites - represent winnowed shell
lags as storm-generated currents stirred bottom
sediments. General taxonomic comparison with non-
storm intervals indicates nearly in situ reworking
of coarse-grained sediments. .

(3) Evidence for high energy conditions and rapid
‘sedimentation - upward fining in skeletal coquinite

and peloidal calcisiltite (PLs.
3-10a, 3~10b).

- rarely occurring tool marks and
gutter casts. .

- ascape burrows. w

- water escape structures.

- - horlzontal stratification and low
angle cross-stratification in
peloidal calcisiltite.

- amalgamated sequences with common’
"erosional surfaces indicate episodic

|
|
|
|
l
|
|
I
E
J
|
|
l
l
l
| .
|
i
|
|
|
|
l
!
|
}
high energy depositional events. |
: : |
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TABLE 3-14

COMMON CHARACTERISTICS OF HOLOCENE STORM DEPOSITS
(AFTER KREISA, 1981) ‘

Sharp bases; burrowed or diffuse upper contacts.

Common occurrence as couplets of shell. or gravel lag
and laminated sand/silt.

Most sands. and silts are weakly graded and typically
laminated ("graded rhythmites"™ in Reineck and Singh,
1975). '

Common occurrence of escape trace fossils.

Sand and silt layers typically decrease in thickness
and abundance away from shoreline, .
Horizontal stratification and-low angle cross-

stratification (gentle discordances less than 10°) are
common.

. . .
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ramp depositional setiing\nypdEWn‘proximal tempestites at

German Bay in the Nortﬁ Sea (Aigner, 1985) are prically
néarahore; although some occur in deeper water :(to 30 m
~depth) due to exceptionally strong or long-lasting storms.
. The tempestites show sharp, erosicnal bases; common
horizontal stratificatidh, low angle cross-stratification,
and rare wave :ipple. cross—sératification in coarse
sand-size sediment (Aigner, 1985).

Distal tempestites and interbedded muds have been
reppfted in waterldepthg as much a2s 40 m in the Busum area
of the North Sea (Reiﬁeck and Singh, 1975). These storm
deposiés are graded rhythmites (Relneck and Singh, 1972) and
show many features in common with the distal tempestites of
the ramp facies association (PL. 3-10a). Graded rhythmites
1-5 cm thick at German -Bay (Aigner, 1985) display
coarser-grained and thicker laminae of fine-grained sand
that grade upwards to thinner laminae of silt. Distal
tempestites show water escape structures (Reineck and Singh,
1975) and wave ripple cross-stratification occurs rarely.

Reineck and Singh (1972) suggested that graded rhythmites
were likely deposited from storm-generated density currents.
During the waning of each storm, suspended fine sand and
silt rapidly drop <from suspension. Evidence for wave
reworking decreases with depth and waning storm conditions

(decreased orbital veloclties).
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Low angle crésa-stratification at the bases of some
distal tempestite sequences Lcould. have resulted from the
irregqular pattern of residual storm wavefgenerated”currents.
These currents can create "hummocky" bedforms at various
scales, depending on grain size and the orbital diameter of
wave motion (Kreisa, 1981). Storm turbulence eventually .
decreases ‘to the point whére wave-generated currents no
longer "touch" sea floor. Horizontally stratified sediment
deposited from waning currents shows thinning- and
fining-upwards of laminae (graded rhythmites of Reineck and
Singh, 1972) as the storm abates. Reineck and Singh (1572,
1975) suggested that silt layers in Hdlocene shelf sediment
cores,!recovered from water depths down to 300 m, could have
been deposited by storm-generated, low density, turbidity
currents. The implications of this observation will be

examined later in this chapter.

3.2.3.6 Nodule formation in lower ramp subfacies 3 and 4

Tha nodular limestones were apparently formed between
storm and fairweather wavebaseas. Early éelective
cementation and differential compaction acted upon
storm-emplaced calcisiltite and calcirudite beds. These
relatively permeable sediments were introduced into an
qtherwise low energy muddy environment below fairweather
wavebase. Post-storm raworking by burrowing organisms could

have further enhanced -water flow through the coafser
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sediments. Prbgrassive stages of cementation can be
inferred from characteristics of the contained biogenic
structures. Escape burrows show diffuse boundaries and
compacted structure indicating_thelinitial softness of the
substrate. Other trace fossils, including Rhizocorallium,

Planolites, Dipibcraterion, and Teichichnus, display more

distinct outlines suggestive of a firmer substrate. These
burrows predate a final phase of burrowlng that resulted in

compbsite burrows. Small (average 1 mm diameter) circular

Chondri?es commonly show peloidal calcisiltite infill and
disseminated pyrite. These were probably formed as the
"nodules" were being buried to a depth near the infaunal
thresho%g. Savrda et al. (1985) suggested that infaunal
activity is limited mainly by oxygen content in interstitial
waters. |

Selective cementation and pressuré solution processes
continued to act upon the nodular limestones as they were

buried. Cementation was likely terminated as interstitial

‘water flow decreased. Thereafter, compactional processes
could have continued to act upeon the sequence (e.q. PL.
3-10¢).

Mullins et al. (1980) attributed the distribution of
nodular sediments presently forming on the Bahamian platform
foreslope to depth-controlled processes. Similar processes

could explain apparent bathymetric constraints on the
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occurrenca of widespread nodular limest_onels- in the 1lower
ramp deéésitional setting, as follows:

(1) Bioturbation and lack of persistent bottom currents
could have inhibited widespread hardground
formation below fairﬁeather wavebase. However,
storm;generated currents and active bioturbation
were evi@ently sufficient to initiate early
cementation and nodule formation before it was
terminated by post-storm mud deposition and reduced
permeability associated with burial.

(2) Currents below storm wavebase apparently were not
competent to erode the muddy sediments covering the
permeable layers. Furthermore, turbidites in these
environments tend ﬁo be finer-grained and
presumably were less permeable for interstitial

water.

3.2.4 Synthesis of the Ramp Debositional Environment
i

3.2.4.1 Cyclicity in the ramp facies association

The ramp Fécies assoclation was cyc}ic in development
(see FIGS. 3-1, 3-2). Abrupt deepening initiated each cycile
and was followed by shale deposition. The return of

carbonate sedimentation was gradual, as evidenced by the

increasing carbonate:shale ratio towards the top of each
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cycle (FIGS. 3-4, 3-5). Thesa c&cles are 2-7 m thick, and
ara similar to thicknesses of third-order. reef interior
cycles  in thé Ramparts upper "“platform-reef" member. The
third-order ramp cycles could not be correlated into thé
clinothem facies association, However, second-order upper
clinothem cycles that could be correlated into the ramp
faclies association appear to be time-equivalent to groups of
two or three third~order ramp cycles. In contrast,
second-order Ramparts reef cycleéj(see Chapter 5) contain
six to eight Fhird-order raef Lﬁterior cycles. Because
conodonts are sparse in the -Hare Indian Formation, it is
unknown if clinothem second-order cycles had the sane
periocdicity as Ramparts reef second-ofder cycles. .

Ahr (1973) noted that wedge-shaped, thickening-seaward

deposits characterize ramps except where modified by local

topography. This characteristic has probably been obscured

in the study area by sediment compaction, particularly in-

muddy, mixed sgiliciclastic-carbonate facles of the lower

ramp-upper clinothem transition. Third-order ramp cycles do

thicken slightly intq ﬁhe paleodepression at section o8
(FIG. 3-1) from neighboring paleotopographic highs (e.qg.
sections 31, 20). Thig demonstrates the progradational
aspect of the ramp succession. Ramp sediments accumu;ated
in paleodepressions at higher rates_ than on topographic

highs where sediments were more actively winnowed by storms.

—_—
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Lower ramp third-order cycle. Shallowing-upward

trends indicated by limestone beds becoming
thicker - and coarser-grained up section.
Bioclast diversity and abundance, and trace -
fossil diversity, increase towards top of

shallowing-upward cycle. Apparent amalgamation
of storm layers up section with more abundant

erosional contacts. Key for lithology symbols
in FIG. 3-2.




156

IDEALIZED SHALLOWING - UPWARD, THIRD - ORDER
CYCLE IN UPPER RAMP FACIES

S

SHARP CYOLE AK
./ BRE

ol

|| 2 o ol <|]

o

&0&|< 2N

| SUBFACTES i = CYCINDRICAL
STROMATOPOROID-RAMOSE
| CORAL RUDSTONE. FLOATSTONE.
£ RARE CRINOIDAL GRAINSTONE
Y w BEDS TOWARDS ToP OF
; SUBFACIES

__.______..___...___._

7]

SUBFACIES 2 - WAFER
BT STROMATOPOROID-RAMOSE CORAL
' FLOATSTONE, RUDSTONE,
BOUNDSTONE

RUDSTONE . FLOATSTONE: MINOR

)
INTE‘RBEDDED SHALE TOWARDS
% * VY T.E BASE

2 || 2|28 |< opp

\49
& g
:
E

%‘"

A

"N gise cvoe  [COMMON FOSSILS |

SREAK RAMOSE CORAL £ E ENCRUSTING CORALS
CRINOID COLUMNALS T TABULAR CORALS
" BRACHIOPGDS 8 BULBOUS CORALS
Rt WAFER Y HEMISPHERICAL
STRCMATG POROIDS CORALS
Y CYLINDRICAL an H HEMISPHERICAL
STROMATOROROIDS STROMATOPORO10S

FIG. 3-5 Upper ramp third~order cycle. Bedding thickens
up section. Stromatoporoids more diverse and
abundant towards cycle top. Limestones lighten
and coarsen—upwards with interbedded calcareous
shale restricted to basal portion of cycle. Key
for lithology symbols in FIG. 3-2.
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3.2;4.2 Paleobathymetrjc constraints
The correlation of thitd-order cycle boundaries in the

Y

ramp facies assoclation provides some constraints for
paleodepth estimates for each subfacies. Unfortunately,
none of the cycles shoaled to sea level, so that water depth
for upper famp subfacies 1 must be estimated differently.
The abundance of lime mudstone and interbedded shale
indicates a depth below falrweather wavebase. However, the
occurrence of algae-encrusted allochems suggests photic
conditions, and upper ramp subfacies 1, therefore, was
deposited probably in water depths of 10-20 m.
Paieobathymetric estimates for the remaining subfacieg
making up the ramp facies assoclation are shown in TABLES
. 3-15, 3-16.

These values are uncorrected for subsequent differential
compaction. According to Stoakes (1980); application of a
single compaction curve to a heteroéeneous assemblage of
lithofacies 1likely .results in dubious estimates of
paleobathymetry.

Upper ramp facies were dééosited apparenE}y in water
depths of 10-30 m. The significant ovarlaps oé paleoéepth
ranges for the upper ramp subfacles probably reflect only
slight changes in environments as the sediments shoaled
upwards. |

The lower ramp facieé are dominated by nodular limestones

of subfacies 4. These evidently were deposited mainly in



158

1. ALL .
PLANGLITES, OHONDRITES.
TEICHIOHNS

TS OEPOSITED BY
CALM, TURBID WATERS

TABLE 3-15 , )
Paleobathymetry and major characteristics of the lower ramp
facies.
f Fal
\
N
~
"SUBFACIES LITHOLOGIES ¢ EXTENT AND ,
mu FOSSLS DEPOSITICNAL BETTING PALEODEPTH ESTIMATE
37" | RAMOSE comaL Ruos - RESTRICTED TO
1 % B L e THAMNOPORID CORALS PALEDTOPOGRAPNIC HIGHS
NOOULAR LIME MUOSTONG ON THE RAMP 20 - 28 e?
ARG MACESTONE CRINOLDS
- CALM. TURBID WATERS
T PALEDTGPOGRABHIC RIGHS
2’. mo#wzmsmc WITH BRACHICPODS o e R .
LIMC MOSTOR AND N - 2% w2
WADKESTOME CRINOIOS Mmﬂmolﬁtmg‘amms
DEPOSITED BT CALH. TLRSID
MATERS
' voicn R e
Y MOOULAR CUARTZOSE | CRINOICS
3 |EEMERAEER | S RS e
oss , )
GREY -OLIVE oxmawnré;'i?aiuwc - STOPM 178 8 - 410w
CALCARE(JJS SILTY SHALE AMITOCORALL TUN. [NTERBEDOED WITH SEDIMENTY ,
PLANCLITES, OHONDRITES. DEPOSITED BY CALM, TURSID
TEICHICHLS WATERS
BRACHICPOOS
- EXTENSIVE, ITRATIFORM
4 | SHeeRdBodiee | cmoms voen o o N
: TRACE FOSSILS [NCLUDE, - COMMOM STORM DEPOSITS ¢ .
MINGR INTERDEDOED SKELS vo. T8- 40 w)
WACKESTONE e SHALE oA RHITOCORALL [UN Pl L P e -




Palecbathymetry and major‘characteristics of the upper ramp “*--

facies..
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water depths of 25-40 m, but could have extended to depths——

of 55 m within ramp paleodepressions (e.g. section 08).
Lower ramp subfacies 1, 2, and 3 are local \shoal fa_cies
deposited 1in slightly shallower waters (20-40 m) over
topographlic highs.

Stoakes (1980) estimated palecdepths of 35-55 m for upper
foreslope nodular limestone facies within the Upper Devoniaﬁ
Ireton Formation in Alberta. They include calcareous green
shale and lenses of brachiopods and other skeletal allochems
typical of a platform environment. The latter are likely
tempestites interbedded with <calm water argillaceous
sediments. The nodular limestone-lithofacies is juxtaposed
with muddy platfoza skeletal rudstones, packstones, and
bioturbated mudstones. The relative positioning,
composition, and estimated paleobathymetry of facles are
remarkably similar to those.of lower ramp subfacies 4 in
this study. No modern analogue of nodular limestone
formation in a ramp depositional setting is known. However,
texturally eimilar sediments (skeletal muds) are presantly

accumulating in the Persian Gulf at 20-50 m water depths

(Read, 1985).
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3.2.5.h Ramp Depositional Hodél

~

3.2.5.1 , ngega; statement . | v

The ramp facles association Qas deposifed on a gentle
slopc (0.08-0.18°). The presence of intraramp deprassionsl
(e.g. section 08) and‘shoals'(e.g. ‘section 20) directly
reflects constructional felief of the underlying Hare Indian
clastic wedge. The apparent 1lack of continuous reef or
grainy shoal trends demarcating a slight break in slope, and
the absence of channal—fiil.and,gravity flow fan facies,
argues against a distally steepened_ramp.‘ The ramp faciles
association is more similar to Read's (1982) homoclinal ramp
model in which deeper ramp facies typically display an open
marine fauna,  nodular bedding, and may contain
storm-generated deposits. Déepar ramp facles pass inté
shallow ramp biostromes and mudstones, then finally into

coastal silliciclastics. These characteristics typify the

Rampérts ramp facies association (TABLE 3-17).
Y '

3.2.5.2 Sediment distribution patterns

The distribution of ramp facies both within the study
area and regionally (FIG. 2¥6) suggests that carbonate rémp
facies developed away f;;m input sites of Hare ,Indian
siliciclastic sediments. An analogous modern depositional

.setting is in the Arabo-Persian Gulf where Purser (1982)

noted that deltaic input of terrigenous detritus down the

P

—
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TABLE 3-17

COMMON CHARACTERISTICS OF THE RAMP FACIES ASSOCIATION

(1) Geometry

gently sloping ramp profile (1.3-3.0 m/km or
0.08-0.18") ‘

intraramp depressions and shoals mainly reflect
prior constructional relief of Hare Indian
clastic wedge

carbonate ramp facies thin basinward and towards
the isopach maximum of the Hare Indian lobe.

(2) Facies Distributions

vaguely concentric facles belts follow
bathymetric contours of the Hare Indian lobes

significant siliciclastic compohents in .
interpreted nearshore environments (e.g. west of
section 11)

absence of continuous reef trends

absence of apron and fan facies containing major
channel-£1i11 and gravity flow deposits.

»
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structural axis of the basin exciudes carbonate-produciné
orgahismé. However, carbonates are presently being
deposited distal to the source of siliciclastic sediments.

Ginsburg et al. (1983) observed thaf. mixed
siliciclastic=-carbonate assemblages are rare beéauée
eﬁisodic sedimentation, high turbidity, reduced salinity,
and shifting substrates generally make siliciclastic
depositional environments unsuitable for carbénate—prgducing
benthos. |

Although the occurrence of fine-grained -terrigenous
facies and carbonate facies are generally mutually exclusive
in the ramp facies associatiog, there is some evidence for
mixing in the study area.

-
Facies mixing has resulted in a diffuse transition

between siliciclastic~dominated ramp facies (mainly in Hare
Indian isopach maxima) and peripheral carbdnate—dominated
ramp facies {(see FIG. 2-6); Approximately 100 km north of
the study area (Lac Charrue area in FTG.‘Z—G), the ramp
facies association 1is a carbonate succesaipn that shoals
upwards into a quartz arenite unit in an intertonguing
manner (MacKenzie et al., 1975). This repeated
intertonguing probably raflects episodic nearshore
siliciclastic sedimentation that accompanied the repeated
outbuilding of the carbonate ramp facies 1in response to
fluctuations in rates of sea~level ri;e. Downs (1983)

observed a similar relationship in the Mississippian Pitkin
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Formation in northern Arkansas, where each_shallowing-upward
platform‘éycleishows carbonate facles dominating the iower
portion and quartz sand culminating the upper portion.

In the stﬁdy area, siliciclastic and carbonate ramp
facies are m;xed in lower ramp subfacies 3, which'thickeﬂs
towards the Hare Indian isopach maximum near sections 11 and
15. At these 1qcali£ies, the carbonate ramp facies tend to
be more quartzose (16—40%), thin k;ﬁ m thick), and display
an impovérished coral-stromaﬁopordid assemblage compared td
the carbonate ramp facies to the east (basinward of. Hare
Indian isopach ﬁaxihum). Stromatoporoids are particularly
rare and apparently were much less tolerant to siliciclastic
influx than corals (Bassett:and Lawson, . 1984). In situ
upper ramp facies are only 2 m thick at section 15 {compared
to 6 m at section is, 8 km east of section 15). These
facies are characterized by a ramose thamnoporold coral-
crinoid-brachiopod assemblaga. Siliciclastic input also
influenced the naturq of the overlying loqer platform

sediments, as discussed in Chapter 4.

Punctuational mixing played an important‘ role 1in
transferring siliciclastic sediments into the carbonate ramp
settiﬁg. Because they lack protective reef belts, famps are
pa;tioularly affected by sforms-(Aigner, 1984, 1985). Storm
depusits in the carbonate ramp facles contain various
propertions of siliciclastic components (<5%-40%) which

could vreflect different proximities of storm-generated
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cﬁrrents to a siiiciclasti? source. _These storm'deposits
are particularly common towards the top of ramp third-order
cycles. Jones and Dixon (1976)_postulated thét if storms
occur randomly over long periods of time, then the freqﬁency
of storm  deposita should increase upwards in a
éhallowing-upward succession. With progréssively lowered
effective wavebase, even minor storms could leave an imprint
in the stratiéraphic record. Topographic relief on the ramp
and upper platform (e.g. in section 20) could alsoc have
served to localize the effectsloﬁ étorm events (e.g. lower
raﬁp subfacies 2). |

Altgéugh there 1is evidence for storm reworking and

deposition in the upper ramp faclies, it is much more
commonly preserved in the lower ramé facies., fempéstites
are less commgn ip the upper ramp setting, possibly due to
the following factors: . )

(1) Dilution resulting from rapid recolonization and
proliferation of carbonate-producing benthos.

(2) Admixing of tempesﬁites by intensive infaunal
actfvity and conseqﬁently reduced preservation
potential.

A(3) Increased recycling of storm deposits by later

'storm events in depths closer to fairweather
wavebase.

(4) Localiéation of storm surge'ebb deposits seaward of

rip channels (e.g. Fenton and Wilson, 1985) and,

T
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hence, - greater difficulty of reéognition in the

upper ramp facies. Tzuil (1985) observed;that storm

surge generatéd by Hurricane Eva (1982) off Oahu,

Hawéii, was dispersed radially, particularly

between patch reefs.

Conversely, several factors could have contributed to

increased tempestite occurrence in the lower ramp

depositional setting:

(1)

(2)

Lower oxygen content at the water-sediment

interface could have had the dual effects of:

a) restricting colonization by epifauna, thereby
reducing '"background" carbonate sedimentation
and serving to emphasize the importance of
tempestites, and

b) feducing infaunal activity, thereby decreasing
bioturbation and enhancing the preservation
potential of tempestites.

Preservation potential could have increased

downslope, with cohesive mud deposited duriﬁé

fairweather conditions (Kreisa, 1961), protecting
tempestites from erosion by subsequent storms.

Increasing water depths with less recycling of

storm-depbsi;s also favors a more complete record

of storm deposition (Aigner, 1985). However, with

increasing water depth, fewer storms are capable of



167

i3

affecting the sea floor and producing storm

s

deposits.

3.2.5.3 Ramp processes

Ramp'facies distribution was controlled significantly by
several factors, including antecedent topography, rates of
relative sea-level rise, and current dispersal patterns.

Antecedent topography' aided in localizing upper- ramp
facies development du?ing the initial rapid sea-level rise
(e.g. on a local.high in the vicinity of section 20; FIGs.
3-1, 3-2). Paieotopography was probably a combination of
constructional relief (e.q. lower ramp subfacies 3) and
differential compaction on top of the Hare Indian 1lobes.
Examples of the effect of local relief in determining the
occurrence of carbonate facies can be seen in mixed
carbonate—siliciclastic settings in lagoonal areas of both
Belize and Great Barrier Reef tracts. Ginsburg et al.
{1983) noted that the positions of reefs in these areas were
probably determined by local relief (e.g. channel banks,
bars, deltaic lobes) of underlying siliciclastic deposits.

Variable rates of relative sea-level fluctuation
evidently also partly determined ramp facies distribution.
During pronounced rises in relative sea level, siliciclastic
input was reduced from Hare Indian source areas, as
terrigenous detritus was trapped along shoreliﬁes and in

coastal plain complexes. Shallowing-upward cycles show
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evidence for expaﬁsion of the carbonate—siliciclastic mixing-
zone as siliéiclastigs spread out onto the carbonate ramp.

The inner 15 km of the West Florida shelf is fringed by a
quartz sand that grades seaward into carbonate sand. Doyle
(1981)Isuggested that during Pleistocéne low stands of sea
level, this ~quartz sand belt expanded seaward. He
postulated  that tﬁis was accomplished  largely by
increasingly effective transfer of storm wave energy to the

§
shelf with lowered relative sea level.

Finally, current dispersal patterns influenced éamp .
facies distribution. siliciclastic sediments partly make up
the Hare Indian clastic wedge and are mainly restricted to
axial areas of the lobes (FIG. 2-6). The adverse effect of
siliciclastic sediment on carbonate production resultéd in
develcpment of carbénate ramp facies peripheral to these
input sites.

The siliciclastic facles in the ramp facies association
are poorly understood (see MacKenzlie et al., 1975) and have
been studiedlonly on a reconnaissance basls. Processes that
possibly were responsible for movement of siliciclastic
sediments from the Hare Indian paleoshoreline through the
"littoral energy fence" té the ramp depositional setting,
include the following:

(1) Offshore currents generated by prevailing

northeasterly winds (see Chapter 5). i
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(3)
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River mouth bypassing during progradation, in which
sediment was transferred to the -ramp elther by
ebb~tidal Jjqts or flood-stage jets '(Rice, ‘1984;
Turner and Conger, 1984). The lobate nature of éhe
Hare Indian clastic wedge (FIG. 2-6) suggests  that
the former process‘iﬁ combination with (1) was more
significant.
ﬁypass resulting from storm surge ebb flow; Along-
shore and obliquely onshore winds from the
northwest, generated during storms, may have caused
wind-drift currents and wave 'set—up along the
coast. This, 4in turn, <c¢ould have generated
powerful gradient and geostrophic currents
oblicuely offshore. Coast-to-ramp sediment
dispersal codld have resulted from. qffshore
currents returning storm-piled water downslope in
coastal areas (Algner, 1985) or downslope from the
axes of the Hare Indian progradational lobes.
However, once the sediments were moved into deeper
waters on the ramp, both waves and geostrophic
currents could have redistributed.the siliciclastic
sediment parallel to theApaieobéthymetric contours,
This possibly explains the shore-parallel
distribution of the quartz arenite unit near its

wagtern limit (FIGS. 2-6, 3-6). \~
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FIG. 3-6 Schematic palecenvironmental reconstruction of
the ramp facies association based on data from
study area.and regional studies of Mackenzie et
al. (1975) and Pugh (1983). FIG. 2-6 shows the"
regional distribution of ramp facies.
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The ramp facles association in ther.study area was
deposited mainly in a low energy environment below
fairweather wavebase. However, the common occurrence of
tempestites suggests that eplsodic storm-induced erosion and
downslope resedimentation were significant processes in
deposition of much of the lower ramp facies and some of thé
upper ramp facies. Epiéodic storm winnowing would ‘have
effected hydraulic bypassing of both | carbonate and
siliciclastic sediments into adjacent lower-lying
depositional settings such as tpe lower ramp and upper
c¢linothen. Sparse paleocurrent data (gutter casts;
gully-£ill structures; aligned allochems) ?n the ramp facies

association tentatively .indicate southward to southeastward

offshore transport perpendicular to the axis of the Hare

Indianilcbé maximum (FIG. 3-6). Storm-generated, shallow
water buildup probably resulted in offshore;directed,-bottom
return flows.l Sédiment could haver been transported
downslope by mechanisms such as storm surge ebb currents and
combined storm-wave density currents. Aigner {1985)
documented offshore paleocurrent indicators in proximal

tempestites of the Upper Muschelkalk, southwest Garmany.

Stirring of the. seafloor by both violent oscillatory wave

motion and unidirectional storm surge ebb currents likely
suspended fine sediments (fine sand, silt; McCave, 1971)
which were then carried offshore as low density turbidity

currents.
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"Hurricane parla (1961) piléd;§.5 m of water landward Sﬁ
tﬁe Texas Gulf shoreline (Hayes, 1967). Mortoq (1951)
suggested that the .resultant seawafd ebb current was- a
diffuselgravity flow thch deposited a graded‘bed of fine
sand to silt (1-9 cm thick) ove;-ah area of at léast 1000
 xo? and extending at least 23 km offshore into waters a£
least 36 m deep. o - |

Hamblin and Waiker (1979) presented evidence that storﬁs
triggered turbidity currents in the JurassiC'Fernie—Kooﬁenay
transition in British Columbia, These turbidite éacies are
commonly interbedded with sandstone facies shéwing hummocky
cross-stratification, indicatihg deposition abowve storm
wavebase.

Aigner (1985) notéd that.the pgrcentage of sand decreases
offshore (producing g'"graded shelf") in German ﬁay in the
North Sea due to the diminished capﬁcity of storm-induced
flows to transport sands towards deeper .offshore water;{
Proximal tempestites become. subordinate to distal
témpestiﬁes in an offshore directicn. Nelson (1982)
documented'éimilar pro#imality trends for storm deposits on
the Baring Shelf. Sswift and "Rice (1984) proposed that
geostrophic storm flow in the direction of the wind can
transport éediment efficiently in distal wmuddy shelf
settings. aigner (1985) postulated that most distal
f

tempestites in the Upper Muschelkalk of southwest "Germany

formed in this way.
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Sparse pglaocurrent data and thé west-to-east "grading"
or proximality trends of tempaestites in lower ramp sgbfacies
3 and ¢ indicafe. that offshore sediment htransport,
perpendicular to the axis’ of the Hare Indian isopach
maximum, - predgminatad in the study area (FIG. 3-6).
Although no large scale (several meters thick) channel-fill§A
are evident in the ramp f;éies association, small gully-fill
structures are present rarely in the lower*kaﬁp facies and
ﬁppermost clinothem facies (PL. 3-11). These guliy—fill
structures are 1-2 m thick and 20-40 m wide 1in
cross—secfion. They are oriented perpendicular to the axis
of the iscpach maximum of the Hare Indian lobe. The
guliy-fill sequences show no evidence of lateral migration
and are composed of distal and‘proximal tempestites. This
indicates that small scale, storm-generated.gullies éerved
to direct subsequent ebb flow from episodic storm strges.

In summary, the ramp depositional -sequence is a storm
wave-dominated succession that shows evidence for active
sediment bypassing down the ramp. Sediment tranqurt was
mainly non-channelized except for small ‘gullies oriented
perpendicular to the axis of the Hare Indian lobe.
Accumulation rates increased | downslope, resulting in
thickening of second-order cycles as the frequency énd
velocit? of storm—generated currents ({and 5elat£d storm

winnowing) decreased towards storm wavebase. Sediments were

introduced into this setting by traction currents and %gw

\
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density ﬁurbidity currents. The shallow slcoing ramp
probably facilitated the ' downslope movement of

storm-generated turbidites. b

3.3 FACTIES ANALYSIS OF THE CLINOTHEM FACTES ASSOCIATION

3.3.1 General Statemeht

'Fine-grained rocks of the .clinothem facies association
comprise mainly peloidal «calcisiltite and dark grey
calcareous_sha}e. The latter beéomes subordinate towards
the top. of tle Hare Indian Formation (PL. 3-12a). Most
limestone beds are thin-bedded (average 2-15 cm thick), show
great lateral continuity -({>100's of m, beyond outcrop
_scale),'have sole marks rarely on sharp basal contacts, and
show upward fining similar +to Bouma DE sequences
(predominantly silt-size fraction). Muir et al. (1985)
suggested that most limestoneé in the clinothem succession
were emplaced as fine-grained turkidities on a gently
sloping (average 0.2-0.6°) clinoform.

The recoqsi:ion of éycliéity and the observation that
calcisiltite £urbidites predominate towards the top of each
cyzle (see Chapter 2) resulted in an initial’ two-part
division of the clinothem facies association: Upper

clinothem facies (>40% limestones) are distingquished in this

facies analysis from lowar clinothem  facles (<40%
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limestones) in an attempt to document downslope (basinward)
sgdimgnto}ogical and palececoldgical changes. The detailed
facies analysis distinguished three subfacies in: thé
clinothem facies assaciation (FIG. 3-1), and these are
described below. ‘ |

3.3.2 Upper Clinecthem Facies

-

The upper clinothem facies 1s distinguished from thé
lower clinotpem subfacies in having a higher proportidé
(>40%) of quartzose peloidal calcisiltite interbedded with
grey to .olive calcareous shsle. The 1lithofacies also
includes minor interbedded nodular- skeletal lime" wackestone
and packstone. -

The facies is restricted té the upper third of the
clinothem facies association where it forms the upper

portions of clinocthem second-order cycles (see FIG. 3-1).

Units of this facies tend to be thicker higher in the Hare

~ .~

Indian Formation and to thin down lop?. Thicker
accumulations appear to have been deposited iﬁmediately
downslope of the ramp facies association, associated yith
marked steepening of the clinoform (see sections 20, 31, o8,
07 in FIG. 3-1). The facies ranges in thickness from 2-15 m
in. individual second-order sh;llowing—upward cycles and

shows lateral continuity for tens of km (FIG. 3-1). The

facies 1s typically gradationally interbedded (upward
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decreasing shale content) with underlyiﬁq lower clinothem .
subfacies 1 and less commonly clinothem subfacies 2.

Thin bedding (2-5 cm) is typical and beds are commonly
amalgamated iﬁto laterally extensive (PL. 3-12a), planar to
slightly nodular units (20-30 cm thick), interbedded with
grey to olive calcareous shale. [Basal contacts of beds afe
commonly planar-sharp, but locally show load (PL. 3-12b) and
scour structures. Rarely occurring tool marks (mainly pred
marks and groove casts) indicate southwestward transport
(PL. 3-13; Appendix B). Bioturbation ‘is sporad{éf}ih
oécurrence, but commonly more pervasive near tops of beds
(PL. 3-l4a).

Beds typically fine-upwards . (fine calcarenite to
calcisiltite) and show lenticular laminae rarely near the

base and graded, slightly convolute to planar laminae which

‘thin and fine upwards towards the top (PL. 3-14b). Laminae

commonly have sharp basal contacts, and sharp or gradatiocnal
upper cont§Ets. Microfaults, microsceurs, and microloading
structures are common (PL. 3-1l4c).

Crinocid-brachiopod coquinite occupies local scours near
the clinothem=-lower ramﬁ’ transition in section 18. This
indicates that storms only rarely reworked the upper
clinothem seafloor. The scarcity of wave-formed structures

a

suygests that much of this upper clinothem facies was

deposited below storm wavebase.
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Many allochems are pyritized, and pyrite is ubiquitous
within the 1ithofacies, mosﬁly disseminated as framboidal
grains and less frequently, as nodules and filaments. The

dark grey calcareous shale shows high € values ranging

org
from 0.59 to 2.15 wt.% (Monnier, writ. comm., 1986).
Infaunal diversity and burrow size 1in the facies

increases towards the top of the Hare Indian Formation.

Chondrites burrows (average 1-2 mm diametef) occur

throughout the facies, but Planolites, Rhiéoborallium,
v

Diplocraterion, and Teiahichnus were observed only in the

-

uppermost Hare Indian sediments.w In sections more proximal

to the Hare Indian maximum (sections 15, 16), substrates
X

were evidently able to support a sparse epifauna, as

indicated by meandering feeding trails,'possibly Cruziana

(PL. 3-15a). Macrofossils® ‘occur rarely "and  are
‘predominantly a low diversity brachiopod-crinoid assemblage
in both shale and limestone (TABLE 3-18). | However, at
section 25 (FIG. 3-1), intarbédded shales are barren of
macrofossils. Severe ecologic stresses are interpreted for
this depositional environment. Dysaercbic conditions are
indicated by:

(1) scarcity of macrofossils

(2) dominance of trace fossils by small horizontal

burrbws .
(3) low level of bioturbation and partial preservation

of laminae

\
(\) e



e e e e e e e —— — e e e  t — — —— —— — — e e e e e b — — — — —

v
TABLE 3-18

178

MACROFOSSILS. OF UPPER CLINOTHEM FACIES

Common Constituents

none

Rare Ccnsfituents

brachiopeds: atrypid, lingulid, and orbiculoid

brachiopods; productid brachiopod and
spines (Spinulicosta?); Schuchertella?
(breoad, flat valves with long hinge up to
5 em); Pugnax; rhynchonellid brachiopod
- (heavily ribbed, prominent sulcus and fold,

Cassidirostrum?)

crinoid columnals: 3-15 mm diameter

Components Subordinate to Crinoids and Brachiopods

dacryconarids: probably styliolinids
plant fragments: broken, elongate

fish fragments

sponge spicules

gastropod

bivalve: elongate burrower?, 4.5 cm long
branching and encrusting bryozoa

solitary rugose coral
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(4) ubiéhitous occurrence of pyrite (mainly
' r&issemiqated): common pyritization of alloechenms:
abundance of organic'carbqp

Low oxygen content in the bottom waters would pfobably
have prevented colonization by téka with calcitic shells.and
high metabolic requirements (Byeré,“1979; Cluff et al.,
1981). - |

The substrate alﬁo could have been too unstable for most
epifauna, although the presence of distinct burrow outiines
in calcisiltite beds ihaicaées that the muds were not
thixotropic. The more Eommonly ocbserved epif;unal types are
known to have beén better adapted for such muddy
environments. Rhizoid crinoidal holdfasts wotild have
provided stability. for the otrganisms. Pfoductid brachiopod
spines are thought to h.ave served in distributing weight
over a larger surface area. Other brachlopods occupy
coquinites and represent an allochthonous assemblage.

Another‘stresé factor that probably ligited macrobiota in
this facies was high turbidity resulting from episodic
influx of suspendedl sediments. The paleocecologilc
disﬁribution. of stromatoporcids appears to have been not
only depth—éontrolled (generally in wafefs shallowef than
25 m; see Chapter 4 in this study), ‘but also adversely
affected by turbidity aﬁd' rapid sedimentation A(e.g. sée
Isaacson and Curran, 1981; Kershaw, 1984; Bjerstedt and

Feldman, 1985).
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3.3.3 Lower Clinothem Eacies

3.3.3.1 . Lower clinothem subfacies } .

Lower clinothem subfacies 1 indludes those parts of the
clinothem facies containing 15-40% -peloidal calcisiltite.
Interbedded, medium-grey, calcareous shale _ﬁakes up the

yremainder of the subfacies.

Units of subfacles 1 are restricted to the upper poftion'
of the Hare Indian Formation and are interbedded at the base
with lower c¢linothem subfacies 2 (FIG. 3-1). Units of .
subfacies 1 in shallowing-upward cycles range in thickness
from é-l? m. They resemble the upper cliﬁothem facles in
thickness variation (see previous section) and this suggests
common processes of sediment distribution for both.

Beds are generally planar (2-5 cm thick) and arranged in
émalgamated, laterally extensive units (average 10-20 ‘cm
thick) interbedded with =shale. Basal —contacts are
predoﬁinantly planar-sharp to slightly undulating. Beds
commonly fine upwards, and internal lamination is generally
horizontal and accentuated by alternating silty/shaly
laminae. These laminae also commenly fine upwards and have
sharp, locally micro-loaded, lower contacts. Their upper
contacts are gradational or sharp. Silty lamimae are
tyrically progressively thinner higher in each Eed (12-2 mm

thick) and remarkably continuous laterally (at least several

maters) .
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fﬁoaﬁ\iﬁterbeﬁs of grey calcareous shale ara devoid of
fossils and éhﬁw wispy to even lamiﬂation (2=-3 mm) ‘which is
also feflected by varying carbonate content. These shale
beds tfpically show gradational lower contacts'aﬁd abruept. -
planar ﬁpper conﬁacts with pelbidal calcisiltite beds.
Bioturbafion is more pervasive towards the tops of the
calcisiltite H;ds. s Burrow outlines are diffuse and
preliminary examination indicates a characteristic 1low
diversity trace fossil assemblage. Small (1;3 mm diameter)
Chondrites ‘burrows are ubiquitous in 1lower clinothem‘
subfacies 1. The average diameter of thé Chondrites
burrows, trace fossil diversity (witﬁ the addition of‘

Planolites burrows and rare Teichichnus), and intensity of

bioturbation,“all increase toward the tops'of second-order
shallowing-upward cycles in the vicinity of the Hare Indian
isopach maximum (sections 15, lé in FIGg. 3-1). However,
- trace fossil and macrofossil diversity is substantially
’lowef than in the upper clinothem faqies. Framboidal
disseminated pyrite is common, particularly in shalier
lithofaéies, and pyrite nodules are common in the shale.
Two shale samples from section 07 ylelded total organic
carbon values of 3.2 and 3.8 wt.% (Monnier, writ. comm.,
1986) .

Apparently dysaérobic, turbid waters characterized the
depositional setting for lower clinothem subfacies 1 for

reasons similar to those previously outlined for the upper
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¢linothem facies. The macrofossils (TABLE 3-19) are much
less diverse than in the upper clinothém facles, and are
mainly an allochthonous assemb;age restricted to 'the

peloidal calcisiltite beds.

3.3.3.2 Lower c¢linothem subrfacies 2 ¢

Subfacies 2 consists of dark grey, calcareous shale, with
less thén 15% peloidal calcisiltite. Field.gnits tend to be
poorly exposed due to the recessive weathering nature of the
shales. Subfacies 2 makes wup the lower portion of the Hare
Indian "upper member", and the lower contact is gradational
with horizontally laminated black shale of the Bluefish
Member (PL. 1l-3a). Second-order shallowing-upward cycles
thicken upsection (3 m to 25 m) towards the middle of the
Hare Indian Formation and then thin siightly.(zs m to 10 m
in FIG. 3-1) towards the top of the basin;fill succession.
Most of lower clinothem gubfacies 2 is restricted to the
lower portion of the Hare Indian Formation, charaqterized by
the thickening-upward cycles. If these second-erder cycles
represent approximately similar time periods, subfacies 2
shows increasing rates of net accumulation upsection, with
maximum rates of accumulation near mid-clinoform position on
the ramp ¢to basin profile. At mid-clinoform position,

/Bukfacies 2 usually grades upwards (with decreasing shale
content) to lower clinothem subfacies 1. Subfacies 2 is

conspicuously absent in upper cycles in sections 20, 31, o8,
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TABLE 3-19

MACROFOSSILS IN ILOWER CLINOTHEM SUBFACIES 1

Common Constituents

none

Rare Constituents

brachiopods: preoductid brachiopods and spines, linqulid
brachiopod; Emanuella?, Schuchertella?;
most are disarticulated and commonly  in
current unstable positions

crinoid columnals: 1-3 mm diameter
fish fragments

plant fragments

ostracod

ammonoid

styliolinids: more common towards the depositional basinj
tentaculitids in the vicinity of section 25;|
sponge spicules dacriconarids rarely current- |
: oriented - |

|
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07. In this area, correlated cycle boundaries indicate
progressively steeper clinoform preofiles. The significance
of clinoform geometry and ‘subfacies distribution will be

discussed in section 3.3.4, belpw.

Thin, peloidal lcalciéiltite beds (2-5 cm thick) are
arranged in amalgamated, laterally extensive units (>1 km;
average 10 cm thick) that typicaliy occur towards the tops
of second-order shallowing-upward cycles. Basal Dbed
contacts are typically blanar-sharp (PL. 3-15b) and upper
bed contacts are sharp to gradationa;. '

peloidal calcisiltite beds show fining-upward trends and
internal 1§mination defined by alternating silty and shaly
laminae. However, these beds overall display gfeater
afgillaceous contents than in the other clinothem facies.

Regular, parallel éilty laminae (average 1-5 mm thick) are

. progressively thinner, less distinct, and less continuous

towards the top of each bed (PL. 3-16a). ‘Basal contacts of
laminae are typlcally sharp and show mic;o-load structures
rarely. fhe silty laminae grade upw;rd info.shaly laminae.
The dark gref to grey-olive calcareous shale manifests
wispy to even lamination defined by variable carbonate
content as in lower clinothem subfacies 1. These shale beds
are barren of fossils\ and contain ubiquitous disseminated
framboidal pyrite and \pyrite nodules. Two samples 1-2

meters above the Bluefish Member in sections 15 and 25



- yielded 1.7 and 2.9 wt.3% total organic carbon, respectively
(Monnier,*writ.“comm.,.lsae).

'Biéturbation in peloidal calcisiltite beds is moderate to
intense, and mainly restricted to bed tops. Trace fossil
diversity 1in subfacies 2 ié the 1lowest in the c¢linothenm
facies association. Small (average 1 mm'diameter), discrete

Chondrites burrows wera the only common trace fossil

observed in the subfacies. Macrsfossils, represented by
pyritized fossil fraguents (TABLE 3-20), are very rare in
subfacies 2 and confined to the peloidal calcisiltit; beds.
The fine-grained litholegy irn 'subfacies 2, high organic
content of interbedded grey shale, pyrite, absence of an in
situ epifauna, and predence of a lcw diversity trace fossil

assemblage suggest poorly oxygenated waters at the

'sediment-water interface.

3.3.4 Synthesis of the Clinothem Deposfﬁional Environment

3.3.4.1 Introduction
j.

\, A discussion of the clinothem depositional environment- _

must attempt to resolve two major prdblems to help establish

a cogent  ramp-clinothem-basin ﬁodel for the Ramparts (lower

"ramp" member) - Hare Indian succession. )
(1) Sedimentation on the clinoform in general terms

comprised calcisiltite and shale dapSsi;ion. How

!
[

!

o
‘
i
f
\
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TABLE 3-20 1 L

MACROFOSSILS IN LOWER CLINOTHEM SUBFACIES 2

(-
Common Constituents

none

Rare Constituents

productid brachiopod spines:

crinoid columnals
fish fragments
plant fragments

dacricunarids: pyritized

zmall (average 1-3 mm
diameter), observed only in
upper cycles at section 18

l
|
l
I
|
!
l
I
|
|
|
|
|
I
l
|
I
| -
|

.
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did these sediments accumulate and how are their
‘ facies related in a depositional model?
(2) ° The characters of infauna, epifauna, and enClosing
| sediments indicate poorly oxygenated waters at the
depositional interfaéa. ‘_ How 'didl water
stratification influence faunal and sediment
distribution in the Hare Indian depositional basin?
. <
3.3.4.2 Evidence for a stratified water column in the
Hare Igd%an depositional basin

Isolation, of bcﬁtom waters from oxygenated surface
waters, and resultant basin stagnation, can be produced by
water density stratification (Rhoads and Morse, 1971; Byers!
1977; Ettensohn and Elam, 1985). Wa;ﬁ, tropical
epicontinental seas'are thought to have characterized much
of the Laurasia landmass during the Middle to Late Devonian
(Ettensohn and Elam, 1985). As) a consequence, well
deveiqped thermoclines could havgﬁ been the principal
controls on contemporary water density stratification
(Hallam, 1581). Inability of warm surface waters to sink
and displace coclder bottom waters could have led toc reduced:
vertical mixing and replenishment of bottom waters and,
thus, to éstablishment of a thermocline and stratified water
column (Cluff, 1980). ,f

Bottom waters in stratified basins become oxygen-daepleted

as oxygen is- consumed during organic decay (Rhoads and
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Morse, 1971; Curtis, 1980). Ettensohn and Elam (1985) noted

that “ water stratification may be enhanced by a salinity
gradient in nearly-enclosed seas with lafge fresh-water
influx. Lighter, fresh-to-brackish surface waters above
denser,. more -'salirne bottom waters can further hinder
vertical circulation (e.g. in the Black Sea).

There 1s evidence that waterldensity stratification in
the Hare Indian depositional basin caused oxygen depletion
with depth. These oxygen levels can be interpreted from
c¢color, sedimentary structures, and fossil content of
sediments (Byers, 1977; Ettensohn and Elam, 1985).

Rhoads and Morse (19?1) defined three depth-related zones
in oxygen-depleted basins. They noted that metazoan
populations are extremely sensitive to oxygen levels in sea
water and categorized- faclies in the different zones, as
follows:

(1)  Aerobic Zone - well-biocturbated, fossiliferous

| sediments Pocr in organic carbon; oxfgen contents

in sedimenﬁ%'are typically greater than 1.0 ml/l.
(2) Dysaerobic éone- moderately bioturbated sadiments
lécking ¢alcareous fossils and characterized by
intermediate organic carbon contents; oxygen
contents in sediments 0.1 to 1.0 ml/1.
(3) Anaerobic Zone - nonbioturbated sediments lacking

calcaredus fossils and characterized by high
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oréanic carbon contenté; oxygen contents in
sediments typically less than 0.1 ml/1l. | .

Three analogous broad facies can be;reCAgnized_in the
Hare  Indian-Ramparts . basin-fill = succession. The
significance of organic carbon content is discussed briefly
in section 3.4 (basin facies association).

The aerobic 2zone is generally well-oxygenated by Qind—
and wéve-generated currents. Typicai sediments formed are
fossiliferous, light-colored | in | situ c;rbonates, and
intensely burrowed muds. A diverse, normal marine benthic
fossil assemblage and an abundant and diverse trace fossil
assemblage in the ramp facies association suggesté that it
formed in the gerobic zone. Low total organic carbon

.cohtent'(generally <0.5 wt.% 1in ramp shales; Monnier, writ.
comm., 1986) and loﬁ_ pyrite content (allochems rarely
pyritized), in addition :3 abundant evidence . of storm
current raworking, indicate that much of the ramp
depositional setting was weil oxygenated. However, the
preéence of dark grey, faunally impoverished, pyritiferous.
shale at bases of lower ramp cycles (PL. 2-4) is evidence of
slightly lower levels of oxygen in waters over the lower

ramp during pulses of acceleratad sea-level rise.

The dysaerobic zone, or pycnocline, is a Dbroad

oxygen-depleted layer between the aercbic zone and an
‘anaercbic zone. The dysaerobic zone shows a marked density

gradient between warm surface waters and cool, more dense
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bot-,tém waters (Ett}naghn and . Elam, 1985). This dlens'ity_--
stratification prevent;‘ vertical turnover, and oxygen
content in the pycnocliﬁg consequentiy.rapidly declines.
While there is evidence to suggest that the
aerobic~dysaerobic boundary éxtended up into th; lower ramp
during periecds ofjaccelerated sea-level rise, the boﬁndafy
appears to have been more typically near the ramp-clincthem
transition in 40-50 m of water (lower ramp subfacies 4-upper

clinothem subfacies 1; see FIG. 3=7 for method of palecdepth

estimate}). Low oXxygen levels apparently excluded most in

situ epifauna from the clinothem facies, association.

Etténsohn and Elam (1986) point out that the top,of the
paleopycnocline can be difficult to delineate precisely due
to other factors that adversely affect macrobiota (e.q.
higﬁ sedimentation rates, unstable substrates, high levels

of turbidity). Stoakes (1979, 1980) recognized the

following down-slope trends in Ireton basin-fill sediments,

presumed to have been deposited in the dysaerobic zone:
{3} decrease in shelly benthic fossils
(2) decrease in trace fossil divefsity and bioturbation

J
intensity

(3) incréése in proportion of pelagic fossils.

Facies deposited in the dysaerobic ‘zona can also be
subdivided accérding to the ichno{ossil characteristics at
diffverent oxygen levels (Rhoads and.Morse, 1971; Savrda et

al., 1985; Savrda and Bottjer, 1986) as follows:
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FIG. 3-7 Paleobathymetric reconstruction of the Hare

Indian-Ramparts lower "ramp!" member basin-fill
succession at the time of the Carcajou drowning

event.
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(1) Burrow Size - Thé average diameter and range in
* diamet;r decreases with depth. and decreasing oxygen
levels in oxygen-deficient. california borderland
b;sins (Savrda et al., 1985),. Rhoads and Morse'
(1971) suggested that larger organisms with higher
oxygen requiremdnts are excluded from oxygen-
depleted environments.

(2) Trace Fossil Diversity -~ Savrda and Bottjer (1986)
noted that certain produéers of trace fossils are
lass tolerant of low oxygen-levels.

Higher organic carbon and pyrite contents in most
clinéthem facies, compared to the ramp facles, presumably
.reflect more reducing conditions in the dysaerobic zone
(e.g. Curtis, 1580; Thickpenny, 19384). The entire
dysaerobic zone probably ranged from ~45 m to 185 m water
depth (FIG. 3-7). Two groups of subfacies that formed in
this zone show evidence (FIG. 3-8) that oxygen levels were
slightly higher in the upper portion of the clinothem

succession (dysaercbic zone A) than in the lower clinothem

facieas association, or lower Hare Indian Formation

(dysaercbic zone B). Poor exposure of the recessive lower

portion of the Hare Indian Formation makes delineation of
the A-B zone boundary impossible: Lower clinothem subfacies
2 grades downward 1into laminites of the basin facies

association throughout the study area. The evidence of
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FIG. 3-8 Distribution of fossils, lithologles, and

sedimentary structures in the clinothem facies

associatioen.

illustrated in FIGS.

Turbidite

subdivisions
3-10 and 3-11.
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slightly greater oxygenation in the upper portion of ' the
~ clinothem succession includes the following:

(1) Coarser-grained sediments predominate in this
portion of the succession and crinoids and
brachiopods rarely occur.

{2) Burrows are typically smaller, tracq fossil
diversity lower, and total organic carbon and
pyrite contents higher in lower clinothem subfacies
2 than in sediments deposited under dfsaerobic zone
'A coﬁditions. Sediments less intensely bioturbated
in dysaercbic zone B.

The anaercbic zone in a density-stratified water column

contains little or no oxygen. Sediments deposited there are
predominantly evenly laminéted, pyritiferous,.oréanic-rich
(>5 wt.% total organic carbon; cCurtis, 1980) black shale
with common pelagic faunal elements (no benthic epifauna or
infauna). Jones (1983) noted that bioturbation by deposit
feeders 13 largely restricted to bottom waters with oxygen
contents above O.SIml/l.

The basin facles association (Bluefish Member) represents
anaeroblc depdsitiohal conditiona (Muilr et al., 1984, 19855.
The depositional‘ environment for the basin facies
association 1s discussed in more detail in section 3.4

below.
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A model for the sediment transport and deposition of the

clino;hem facies aéébciation must take into account several

cbkservations:

(1)

(2)

(3)

Cycle correlation (FIGS. 3-1, 3-2) shows no
evidence for a sharﬁ‘ break in, slope in the
ramp-clinothem transition. However, 1in eastern
exposures of the Hare Indian Formation (section 20
to section 25), upper Hare Indian second-order
cycle boundaries‘ show the most change 1in slope
(0;2' to 0.6° over several kilometers) and nuddy
sediments of lower clinothem subfacles 1 are thin
or absent. This suggééts tﬁat the eastern area was
a site 'for active bypassing of fine~-grained
sediments.

Upper sequences of upper clinothem facies contain
evidence of storm activity. The €lose association
of scours filled by. érinoid-brach10pod coquinite

with calcisiltite turbidite beds indicates a common

| genetic relationship. The thickest accumulation of

calcisiltite {(upper clinothem facies) 1s on the

proximal slope close to the storm-winnowed lower
ramp subfacles 3 and subfacies 4.

Slump and channel features are absent and
gully-£1ill structures rare towards the top of the

basin-£ill succession (PL. - 3-11). Laterally
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extensive (10'5. of kﬁ) second-order 'shallowing-
upward bycles generally display upward thickeniﬁg
and coarseninq trends. - There is, therefore, little
‘evidence for channelized flow on the clinoform.

“(4) Peloidal calcisiltite.beds.are remarkably similar
in each clinnthem subfacies. Bedding is typically
2-5 cm thick, although beds are slightly muddier
‘and thinner in lower clinothem subfacies 2. The
fine-grained nature of the calcisiltite turbidites
along the entire clinoform (10's of km) argues for
extensive, non-channelized flow from a fine-grained
source along the storm-winnowed ramp. The lack of
coarse, sand-size components suggests that these
were low density turbidity currents. This could
e#plain the near-absence of sole markings 1if the
muddy sediments were too firm to be sculptured by
iow density turbidity currents.

(5). The peloidal calcisiltite beds are generally
amalgamated into units 10-30 cm thick. Intervening
shales are typically unfossiliferous except in the
upper clinothem facies. Evidently the basin-fill
succession was deposited in a density-stratified
basin, and most of the clinothem facies association

was deposited under dysaerobic conditions.

The above

~
3
§

lobservations suggest that calcisiltite beds

were periodiéally emplaced below storm wavebase onto a
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surfac:‘that nofmally receiyed hemipelagic c&lcareous mud.
Turgid clouds of silt- and clay-sized grains, stirred by
storm activ;ty on the ramp would have been dispersed into
thé basin ﬁainly by gravity flow. This mechanism more'aptly
‘explains the non-channelized flow and linear source for the
turbiditegj; Because the incidence of storm influence
increased during - deposition of ramp shallowi;g-upward
cycles, there was a cofrésponding igFrease in turbidite
generation (coarsening-upwardA trends). Silt and clay
introduced to the ramp-clinothem transition could also have

s

been subjected to resedimentation (FIG. 3-9) not related to

.storms. Remobilization of fine sediments could have been
aided by increased bioturbation accompanying
shoaling-upwards into more oxygenated waters. Biogenic

f%working of sediment would increase water vpﬁume and make
i

the sediments more prone to resuspension (Baird, 1981).
Higher rates of sedimentation associated withfshoaiing would -’
also promote slope instability, although slump features were
not cobserved in the clinothem facies association. Sediments
could have been remobilized by turbidity currents generated
by internmal waves propagated along the top of the dysaerobic
zone (FIG. 3-9). 1Instabilities along this density boundary
couldlhave been caused by tilting of the pycnocline from
horizontal (Brenner, 1980). For example, oxygenation events

associated with turbidite emplacement along the upper

cliﬁoforP could depress the pycnocline (Ettensohn and Elam,

N

rf.-/‘
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FIG. 3-9 Transport and depositional processes in the
clinothem facies association. Model based on
field observations and the works of Stanley
(1982), Woodrow (1983), and Stow (1985).
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1985) and generate internal waves along it that would
influence the ramﬁ—clinothem transition. Woodrow.and Isley
(1983) suégested--that; this proéesé .could have been
significant iﬁ resuspending sediment in epicontinental seas.
They noted ‘that these sedimenté would likely move downslope
across the clinoform as dilute, velocity flows capable
of eroding only surficial, incohesive sediments.

However, density stratification within the.water cblumn
could also impede on’&éfieqt downslopd fléw. A portion of
the low—concéntratio suspension cloud can be seéarated from
the clinoform and transported in strdtified layeré-within
the dysaerobic zone (Stanley, 1982, 1985).

'Large plumes of muddy sediment have been observed moving
off the Bahama Banks after winter storms (Heath ana Mullins,
1885). These plumes can be transported in surface layers or
sink and spread out in denser, mid-water 1ayers.f Heath and
Mullins (1985)  noted that some material also continues
downslope as low density turbidity currents.

Second-order cycle thicknesses 1in the Hare 1Indian

Formation indicate that the highest rates of sediment

accumulation were approximately mid-clinoform in positioen.

Similar observations were made by Stoakes (1979, i980) for
the Upper Devonian Ireton Formation in Alberta. The‘upper
clinoform was | a site of more  temporary sediment
accumulation; some of these sgediments were remobilized and

transported further downslope. Stanley (1982). noted that
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the Mediterranean basin-margin is charaEter;zed by
" turbid-layer bypassing.‘ He viewed these slopes as activeé
Iéurfaces‘ typified by high sedimentation rates, but low
accumulation rates. Progressiv;.redeposition downslope was
probably due to a number of factors, including high
sedimentaticn rates, earthquake +tremors, and 1increased
offshelf spillover during periods of falling sea level. His
gravity-transport model predicts fining grain size downslope

‘towards the Hediter;anean basin.

Finé—grainad sediments of lower clinothem subfacies 2 are

2
characterized by rare occurrence of predominantly pelagic
fossils hear the base of the clinothem succession.
Second-order cycles in this portion of the basin-fill

sequencea are duite thin (3;5 m) and are probably condensed

. )
sequences (see PL. 1l-3a).

Evidence for episodic current activity was observed in
both the basin facies association (alignéd allochems, see
section 3.4) and 1lower clinothem faclies (PL. 3-13a).
Paleocurrent data (Appendix B) revealed westward current
flow mainly perpendicﬁlar (east to west) to the bathymetric
contours of the;ﬁare Indian lobes. Evidence for contourites
(see Stow, 1985) and persistent current activity are absent
from the basin facies association (see section 3.4) and
progradation was mainly perpendicular to the inferred

paleocoastline.
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3.3.4.4 Nature of calc%;urbidite emplacement

- In an excellent ravie;Jof processes affecting deep sea
transport and depositicn of fine4gréined sediments, Stow
(1985) outlined common chargéteristics of low density
turbidity currents. He.noted that turbulent autosuspension
is maintained while there 1is excess density of suspended
sediment to propel'the flow. Flow generates both friction
and flow turbulence, and it is the latter that maintains
sediment in suspension (Allen, 1970). The loss of energy by
friction for the storm~generated turbidites on the
ramp-clinoform profile could have been. compensated somewhat -
by gravitational energy as flows travel}ed great distances
downslope. \\“

.Limited research has bean conaucted on recent
fine—grained calciturbidites. The peloidal calcisiltite
beds in the study area resemble Late Quaternary fine-qrained
(silty muds) carbonate turbidites reported in the Gulf of
Aden (Faugéres et al., 1984). These recent turbidites show
sharp, erosional basal contacts and typically consist of
horizontal, sometimes graded, laminae: The plane lamination
results mainly from the alternation of silt- and clay-rich
laminae. |

Stow (1985) outlined a structure segquence mecdel for
fine-grained turbidites. An average unit was observed to be
7 cm thick and composed of nine subdivisions (To_s). He

suggested that the grading and sequence may be explained by
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ﬁaning current velocities during passage 2f a single flow.
Proximai fine-grained turhidites were distinguished from
those more distal on the basis of a higﬁer silt/clay ratio.
Furthérmore, partial sequences typify downslope tﬁrbidity
current evolution in an analogous manner to the model
invoked for partial Bouma sequences (Stow et al., 1984);
Top-cut-cut segquences are genérally more proximal} while

base-omitted sequences tend to be more distal (Stow et al.,
1584) . ) |

Calcisiltite beds in the clinothem facles association

 show proximality trends. Proximal fine-grained turbidites

(FIG. 3-10) are abundant in the upper clinothem facles.
These are top-cut-out seéuences (T0_45 accordiﬁg to the
fine-grained turbid}té model of Stow and_shanmugan (1980) .-
Proximal calciturbidites in the clinothem facies association
‘more typically disélay T,., Sequences. In the alternating
graded silty and shaly laminae, the calcisiltite shows
thinning-upward trends from irregqular, thick laminae (T,) to
thin, discontinuous laminae (T4).

The cause of this arrangement of laminae is unclear.
Becausa of the overall graded natzre of the calcisiltite
laminae, the lamination is unlikely to be due to a series of
thin, turbid flows. Stow and Bowen (1978) postulated that
altarnation of silt and clay laﬁinée can result from

deponitional sorting of silt grains from clay flocs due to

increasing shear in the bottom boundary layer of a turbidity
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PROXIMAL CALCISILTITE TURBIDITE

-HEMIPELAGIC, BIOTURBATED SHALE

-THIN, DISCONTINUOUS SILTST
LAMINAE LTSTONE

-REGULAR, PARALLEL, SILTSTONE
COMMON [ AMINAE COMMONLY GRADED

-IRREGIL/Z, THICK, GRADED SILTST
LAMINAE . UPPER CONTACTS OF SILT%’%P‘E
— LAMINAE SHARP TO GRADATIONAL

-CONVOLUTE SILTSTONE LAMINAE
RARE

-FADING, LOW ANGLE CLIMBING RIPPLE
LAMINATION THICKENS INTO SCOURS. RARE

SHALE CLASTS ORIENTED PARALLE
BEDDING L0

SHALE
-SHARP, PLANAR CONTACT; RARE MICRO-

SCOURS LOAD CASTS AND LIGHT
SILTSTONE MARKINGS 1oHT SoLE

FIG.

3-10

Idealized proximal fine-grained carbonate
turbidite. Data obtained from upper clinothem
facies. Subdivisions (T, _,) taken from Stow and
Shanmugam (1980). Note 2rdt subdivisions-T., T
are not common. Most turbidites in this f3cied’

- are top-cut-ocut sequences. . .
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current. They (ibid., p. 326) suggested that as the

clay-silt slurry settled, the clay flocs were broken up

while the larger silt grains continued tofsettle to form a

silt lamina. As.more sediment was supplied to the top of

Ethe boundary layer, the clay concentrdtion would increase

until reflocculation'occurred. These clay flocs could have

been large enough to resist shear break-up and be deposited

rapidly as a "blanket" over the coarser silt lamina. The
.process could then repeat ﬁit? formation of successively
finer silt layers. Variations from this thinning-upward,

graded aspect to the calcisiltite beds may reflect temporary
disturbance o©f the boundary layer (e.q. due to velocity
fluctuations).

Peloidal calcisiltite beds comprise less than 15% of
lower c;inothem subfacies. 2, and show features that
distinguish them as mainly distal calgiturbidites (FIG.
3-~11). These beds are thinner.and display higher clay/silt
ratios than the proximal _calcisiltite ~turbidites. Basal
contacts are sharp ana rarely show evidence for scouring.
The beds are typically base-omitted sequences (Tq_.) which
fine upwards. Alternating silty-shaly laminae define

'internal stratification. The calcisiltite laminae thin
upwards (T3_5) much as in the proximal turbidites. A weakly
1§minated, nonbioturbated shale (TG, 4) caps the sequence.

Much of the ,sequencé was deposited probably from tprbid

flows in well-defined, density-stratified layers in the
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DISTAL, CALCISILTITE TURBIDITE

-HEMIPELAGIC, BIGTURBATED SHALE
CHONODRITES COMMON, PLANOLITES RARE

-NONBIOTURBATED, WEAKLY LAMINATED SHALE
~WISPY SILTSTONE LAMINAE

-INDISTINCT, DISCONTINUOUS S
AR ILTSTONE

-REGULAR GRADED SILTSTONE LAMINAE
THIN-UPWARDS IN BED; RARE WAVY
SILTSTONE LAMINAE

-RARE CURRENT ORIENTATION OF !
UPPER CONTACT
- TACTS OF SILTSTONE LAMINAE
ARE SHARP TO GRADATIONAL

-SHARP, PLANAR CONTACT, R M -
LOAD CASTS AMD ESCAPE BL!QRBEGVSICRO

SHALE

SILTSTONE

FIG. 3-11 Idealized distal fine-grained carbonate
turbidite. Data obtained from lower clinothenm
subfacies 2. Turbidite subdivisions (T,_.)
taken from Stow and Shanmugam (1980). ﬁo;t
turbidites in this subfacles are base-omitted
sequences (T generally absent) capped by
bioturbated Hémfpef%gic shale. O TN

-
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' pycnocline (Stanley, 1982)' and from distal,_ clay-laden

turbidity currents which had lost most of their silt

fraction on the upper portion of the clinoform (base~omitted

sequences) .

3.4 FACTES ANALYSIS OF THE BASIN FACIES ASSOCIATION

3.4.1 General Statement

The basin facies assoclation is represented by the
Bluefish Member of the Hare 1Indian Formation. The

distribution and contact relationships of this sequence were

briefly discussed in Chapter 1. The ‘main Bluefish lithology

is black to dark brown, organic-rich, laminated shale, with

. rare 1limestone concretions. Minor intercalated beds of

medium brown ca;cisiltite and fibrous calcite (see section
3.4.3.3) are present in the Bluefish Membar.

The shale in the basin facies association is calcareous
immediately above the Huﬁe-Hare Indian formational contact,
but 1s increasingly argillaceous and less caléareous towards

the gradational upper contact with lower clinothem subfacies

2 (Hare Indian "upper member"). The weathering profile of

the Bluefish Member reflects this compositional trend by
becoming more recessive upwards. Detailed examination of.
hand specimens and thin sections shows several lithofacies.

These will be elaborated wupon following a detailed
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discussion of the nature of the upper Hume succession in the

study area.

3.4.2 Nature of. the uppermost Hume strata

. The upper Hume Formation is a tran§greésive cyclic.
limestone sequence in which each successive shallowing;
upward cycle terminated in relatively deeper .water (see
Chapter 1). Preliminary work in the vicinity suggests that
the carbonate platform built to sea level (PL. 3-16b) dﬁring
ﬁiddle Hume time. Unfortunately, .the uppermost 40~-50 m of
the Hume strata are poorly exposed in this area.

The topmost 5 m of the Hume are typical{y nodular lime
mudstone and wackestone, with intervening medium grey
calcareous shale beds (PL. 3-16c). The shaie pinches and
swells about the nodular bedding. Pyrite is ubiquitous as

’
spheroidal aggregates of microcrystallites (framboids) and
as mineralized replacement of allochems (PL. 3-17a}). The
‘iimestones are Dbiloturbated and show small, discrete

Chondrites (1-2 mm diameter) burrows. These' sediments

generally contain a sparse, low diversity macrofossil
assemblage (TABLE 3~21). However, the brachiopod
Leiorﬁznchus castanea is locally abundant in the uppermost
2 m in some sections.

The Bluefish-Hume contact 1is sharp and pyritized,

although evidence for hardground development was not

I
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TABLE 3-21

é

MACROFOSSILS IN THE UPPERMOST HUME FORMATION

Common Constituents . .

Leiorhynchus castanea: maimly disarticulated and valves

commonly ih current-unstable
positions

dacriconarids: styliolinids; tentaculitids .
crinoid columnals .

Rare Constituents

other brachiopods: Oxbiculoidea; lingulid, productid a§d
strophomenid brachiopods
ostracod ' /

nautiloid ' /
sponge splcules - -
fish fragments

ramose bryozoan

low-spired gastropod

long, tapered bivalve: 1low convexity, gape
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observed. This pyritized sgrfaée is overlain by a 15-30 em
thick skeletal grainstone ‘in all sections in the study area
except section  03. .The skelétal grainstone contains
abundant- .styliolinids and rare tentaculitids, fish
fragﬁents, and small crinoid columnals. P&rite is common
both as disseminated grains and replacement of allochenms.
Indeterminate black to brown (phosphatic?) spheroidal grains‘

(0.1-0.2 mm) are ubiquitous in the skeletal grainstone.

03.4.2.1 &;*Depositiona; environment

The fine grain size of the interbedded nodular limestone

and shale, and lack of current-induced sedimentary
structures, suggest calm water below wavebase. The
formation of pyrite commonly as finely disseminated
framboids and as selective replacements of allochems
possibly indicatesqslow deposition in 6xygen-depletgd waters
(Carstens, 1985). Most sedimentary pyrite results from the
slow decomposition of organic matte£ (bacterial decay) in
environments with  poorly circulated, oxygen-depleted
seawater (Hallam, 1981; Blome and Albert, 1985). Relatively
slow sedimentation permits wholesale bacterial sulphate
reduction where sulphate ions in pore'water are replenished
by diffusion from seawater (Curtis, 1980).

Fossils are ‘the best indicators of oxygen deficiency.
Low infaunal and epifaunal diversity in the uppermost Hume

Formation suggest that dysaerobic conditions prevailed. The
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brachiopod Leiorhynchus, according to other workers (e.g.
Stoakes, *1979; Boucot and Perry, 1981), persistently
occupied soft -substrates in lo&-eqergy, moderately
deep-water environments. Concentrationgj_of théir- shells
possibly represent condensed sediménta;y sequeﬁces (e.qg.
see Kidwell and Jablonski,. 1983). Remains of pelagic
organisms 6fish fragments,~q§criconarids, nautiloids) are a
significant portion of e uppermost Hume macrofossil
assemblage, and‘ a coral-gtromatoporoid assemblage is
lacking.

.In the study ar;a, the uppermost 5 m of Hume strata were
deposited probably in several tens of meters of water.
Accelerated sea-level rise terminated the Hume platf .
The 15-30 cm thick, skeletal grainstoné sharply overiigig
the Hume Formation probably_represents proleonged decreased
sedimentation with little or no clastic input. The rain of’
planktic styli;iinids and other pelagic shelled forms
produced a condansed sequence of relati;ely pure carbonate
preceding the black laminated shale typical of the remainder
of the Blugfish Member. F;gtt and Baird (1985) doéumented
similar condensed carbonate units in the Frasnian Genundewa

Limestone in New York.l -
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3.4.3 \Basinal Faciles

3.4.3.1 Black laminated shale
This 1lithofacies consists of dark brown to black

laminated shale, with a high total organic content ranging
from 1.7 to 7.lwt%h\ The shaleé is black and calcareocus at
the base of the Bluefish Member, and increasingly
argillaceous and lighter-colored (olive-brown) towards the
top. Horizontal laminae (average 1-2 mm thick) are
typically_undisturbed, éontinuous (PL. 3-17b), and defined
mainly by slight changes in content of fine-grained orgénic
matter. Papery fissility on weathered surfaces appears. to
‘arise from lamination. |

Pyrite contents in the shale vary from 2-15% (visual
estimates). Pyrite is most common as finely disseminated
framboids (average <0.1 mm diameter), and as mineral
repladements:of dacriconarids and crineid columnals. The
fine-grained pyrite is ubiquitous in the shale, although
some also occurs as scattered blebs and”laminae. |

A well-preserved, low-diversity macrofossil assémblage
(TABLE 3-22) 18 restricted mainly to the more calcareocus
basal portion of the Bluefish Member. The assemblage is
more impoverished (rare dacriconarids,.plan£ fragments) in
the more argillaceous higher portions of the basin facies
association. Burrows were not observed in the basinal

lithofacies.

3
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TABLE 3-22

o‘L l
MACROFOSSILS IN THE BASIN FACIES ASSOCIATION

Common Constituents

*styliolinids: including Styliolina fissurella; may be
weakly aligned in some beds

tentaculitids: 1including Nowakia; may be weakly aligned
in some beds

Rare Constituents /

|

|

|

i

|

I

|

I

I

|

|

lingulid brachiopdd |
plant fragments: 'elongate; average 4x20 mm; finely |
striated parallel to long dimension |
(Psilophyton?) |
I

I

|

|

I

|

I

|

I

l

I

fish fragments
crinoid columnals: average 1.5 mm diameter, stems rarely
up to 10 cm long display current
orientation
ammonoid
thin-shelled bivalves: including Leptodesma, Buchiola and
indeterminate tapering bivalve

Leiorhynchus castanea: present in basal 2-3 cm of
' Bluefish Member
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3;4.3.2 ﬁgcgicdgagig g;aiﬁstone

Thin-bedded (1-2 cm),. sharp-based packstone to grainstone
units (PL. 3-18a) occur rarely in the basal 3.0 m of the
basin facies association. The soles of these beds commonly
.disp;;y aligned allochems which provide paleocurrent data
(FIG.I3-12). Thesg indicate westward palaocurrent flow.

The dacriconarid grainstone beds commonly display an

upward transition from grain-supported to mud-supported

fabric, and less commonly show poorly ‘'developed
fining-upward (PL. 3-18b). Thicker units (3-4 cm thick)
exhibit two distinct subdivisions (e.g. PL. 3-18a): a

lower: dacriconarid grainstone or packstone bed (1-2.5 cm
thick) 1s abruptly, but not erosionally, overlain by an
apparently unfossiliferous, structureless, 1lime mudstone
(1-2.5 cm thick). ﬂ

Some™ dacriconarid grainstone/packstone beds display
gradational lower and upper contacts with black laminated
shale, and show no evidence of current-aligned allochems.
Their fossils are predominantly styliolinids with
subordinate crinoid 6;1umnals, tantaculitids, fish

fragments, and bivalves.

3.4.3.3 Ealoida;'calcisi;tite
Slightly quartzose (<1%) calcisiltite beds (average 2.5

cm thick) og¢cur rarely throughout the basin facies

assoclation. These beds typically exhibit even,'horizontal;

A

\\
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éontinuous lamination (1~-2 mm thickf defined by variations
in pyrite and organic content. Low - angle
cross-stratification|andhpossible convolute lamination occur
rarely “near the bases of the calcisiltite units. Beds
generally display gradational to planar-sharp basal contacts
and more gradational upper contacts (PL. 3-18c). .

The peloidal calcisiltite shows weak fining—upw;;d and a
macrofossil assemblage that is similaf to, but less abundant
than, that in the dacriconarid grafgstone beds

(styliolinids-plant fraghments~ammonoids~crinoid columnals-

-~

~fish  fragments). Several calcisiltitegf beds contain
concretions at various developmental stages {(e.qg. PL.
3-19a). However, other carbonate coniéggions“are completely

enclosed in black laminated shale, and may not have
originated from calcisiltite beds.

The qoncretionary zo;e typically occurs 3-6 m abo*e the
top of the Hume Formation in the lower, more organic-rich

calcareous sediments of the Bluefish Member. The

concretions are rggular ellipsoids (long axis parallel to

bedding), and probably developed proximal to a carbonate

and/or organic source during compaction. Bacterial decay of
organic material under anaerobic conditions could have
providéd d}he alkaline environment and carbon dioxide
necesgary for carbonate concretion development (Blome anqg
Albert, 1985). The fact that concretions initially grew

preferentially along bedding planes indicates that ions‘wgre

-

e
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transpbrted primArily along layers permeable to pore water
(Carsfens, 1985). Concreﬁions continued to deﬁelop duriﬁg
compaction of the sediment. Uncrushed macrofossils within
these cdngretions indicate that early cementatiqgn ané
carbonate content were significantly greater in the cores
than along concretion peripheries. Blome and Albert (1985)
suggested that this- variability , of ‘carbonate content
supports the idea of continued concretion growfh during
compaction. 'Tpe carbonate content would be directly;related
to the porosity of the surrounding sediments at the time of
concretion formapion. Decreasing values towards the
concretion margins would reflecf_qgowth as sediments were

progressively compacted (Marshall, 1582). Laminae in the

more argillaceous concretion peripheries are slightly draped

about the carbonate-rich ceoncretion nucleus. The black

¢
shale laminae are fufthe: compacted, wrapping around the

carbonate concretions (PL. 3~-19b),. and displaying crushed

macrofossils.

3.4.3.4 Fibrous calcite veins

Fibrous calcite veins (average 2-6 cm thick) are confined

mainly to the basal, more calcareous, zan2 organic-rich

L

sediments of the basin facies association. They are usually
distinct layers paralkel to bedding (PLS. 3-18c, 3-19b) and
extend for several meters to beyond outcrop scale. Their

o

fibrous structure is manifested by the internal organi;ation

Y
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jof cone-%n-cone structurés‘(PL. 3-20a), Conical apices arn
{commonly demarcated by black shale inclusions. Apical
.angles usualiy range from 30-60°, and the sides of the cones

are ribbed or gfooved due to differential height
terminations of‘fibrous Crystals., Manx of the velns show a
crude two-part subdivision (PL. 3-20a). The lower portion
is thicker (60-70% of vein) and characterized by narrow,
cone~in-cone  structures. Crystal fibres do not cross the
near planar growth discontinuity separating the lower and
upﬁér portions. This juncture is'harked by a concentration
of shale inciﬁsions. IThe ﬁpper‘*portion is darker and
rcharacterized by smaller, broader coné-in-cé%e structures,
and more abundant shale inclusions than in the lowé%
portion. The darker color probably reflects a Thigher
percentage of microscopic opaque inclusions.

Cone structure 1is shown both by crystallographic
boundaries and shale inclusions so that fibrous calcite
veins must ha&e been primary growth ‘featﬁres and not
recrystallization features induéed by tectonic strain
(Marshall, 1982). Evidence that partiab%y consolidated
sediment was displaced by the growing calcif; crystals 1s as
follows:

(1) Rupturing of shale laminae ipto\félded plastic

shale ‘"hats" or conicali\ﬁb;ms indicates the

L ,
displacive pressures exerted}by the growing calcite

;- \
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crystals (Franks, 1969; MacKenzie, 1972; Stoneley;—
1983} .
(2) The outermost surfaces of fibrous calcite. veins
show raised circular areas which 1likely reflect

. growth continuation of some of the 9oﬁés (Marshall,

' g
1982).

\ The. intgrpenetrative cone-in-cone structures and the
" common two-part division of the veins demonstrate episodic
growth, possibly during periods of maximum pore water flow
and supply ogﬂbicarbonate. Determination of the chemical
envi;onment inTWhich these veins were precipitated is beyond
the scope of this study, and 1s the subject of ongoing
research by Dr. Ihsan Al-Aasm at the University of Ottawa.
The timing of fibrous calcite growth is also unclear.
Marshall (1982) conducted carbon (C) and oxygen‘(O) isotope
work on fibrous calcite veins and determined a relatively
late diagenetic origin after a few tena to hundreds of
meters burial. The shale was étill relatively plastic when
the fibrous calcite veins displaced bedding in the Bluéfish
Member, and possibly ?receded concreticnary growth (see PL.
3-19b). The extensive 1lateral continuity of the veins
(MacKenzie, 1572: this study) along bedding planes indicates
that pore water flow was primirily parallel to
Btratification, and perﬁeability was  much greater
horizontaily than vertically. Displacive fibrous calcite

also occurs rarely immediately above the basal contact in:
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~

presumably slightly more permeable, upward-fining
) : o .

calcisiltite beds (PL. 3-20b). '

‘The formation of fibrous calcite veins is problematic.

~ Somehow, bedéing planes ware forced' apart against' -

lithostatic pressure to ﬁl}ow episodic fluid migration and
calcite precipitation. Stoneley (1983) suggegted that if
hydrostatic pressure approached 1lithostatic overburden
pressure (overﬁ;eésurinq), then this could have caused
increased plasFicity in the sediments. Pore waters would
have been capable of holding apart the two surfaces of the

‘bedding plane to permit displacive crystal growth. Periodic
b -

overpressure of shales in the Bluefish Member could hdve

resulted from periods of rapid sedimentation associated with
progradétion of the Hare Indian clastic wedge. Marshall
(1882) suggested that effects of overpressure are common in
shales undergoieg rapid burial where the hydraulic
conductivity of the sediment cannot éope wiﬁh the expulsion
of the pore waters.

Furéhermore, multiple epiéodes of fibrous calcite growﬁh
could be generated as impermeéble fibrous calcite veins are
incorporated in shales (Stoneley, 1583). Temporary
overpressuring could have occurred until these limestone
units were fractured. .

The apparent restriction of thick fibrous caﬁbite veins
(2-6 qg,\thick) to the basal 6 m of .the Bluefish Member

, \ _ i .
probably reflects proximity to an available source of
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from calcareocus shale, HCO3 from

suitable ions (Ca
connate waters) and'poor vertical permeability (basal beds

are more organic-rich and less silty than upper sediments of

the Bluefish Member).

3.4.4 Synthesis of the Basinal Depositional Environment

3.4.4.1 Facies intérpretation

The basin facies kiésociation was deposited in water”
deéths in excé?s of 185 m (FIG. 3-7). Bottom-water oxygen
concentrations were sufficiently low to prevent iﬁfaunal‘
activity (FIG. 3-13) and "preserve lamination. Other
indicators of oxygen-depleted depositiocnal <conditions
include:

{1) Rarely occurring fossils representing planktic,

epiplanktic, and nektic organisms only.

(2) High levels of pyrite (up to 15%) and organic
matter (section 3.4;4.3) compared té normal marine
shales (see -Curtis, 1980) . This suggests
deposition in a reducing O, -starved envirconment.

(3) Good preservation of‘plant fragments as carbon

impressions. ,

These observations are similar to those outlined by Authur
et al.i (1985) as diagnostic of facies deposited under

anaerobic conditions (FIG. 3-13).
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The lamination in the basinal shale could have .several
‘'possible origins, but typically reflects variations in
contents of organic carbon and clastic sediment.
Organic-rich layers normally accumulate by settling of
hemipelagic materials— from suspension. This organic
accumulation can be diluted periodically in a number of
ways, as follows:

(1) Pelagic "mass kills" (Brower et ai., 1978; Wetzel,
1981). Short~term toxicity in normally productivg
surface waters could have resulted in catastrophic
mortality and deposition of the thin dacriconarid
grainstone beds in the =study area. vai (1980)
documented Epin beds rich 1in styliolinids in
Devonian pelagic limestones- in the Southern Alps.
He suggested that turbid surface waters (storm-
genergted?) caused local mass mortality.

(2) Variations in organic productivity (Hallam and
Bradshaw, 1979; Hallam, 1980; Wetzel, 1981). These

, authors suggested that laminae of organic matter
can be produéed seasonally and arranged in rhythmic
couplets with slightly thicker clay interlayers. -

(3) Deposition from unidirectional flows (Carey and
Roy, 1985; Stanley, 15B2, 1985, 1986; Helvin,
1986). Carey and Roy (1985) showed in flume
studies that intermittently laminated mud can be

depog%ted from steady unidirectional flows carrying
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- suspended clay and silt. Analogous deposition in
the Study area could have occurred both from turbid
layer flow'Githin the stratified watér column or
directly from low density turbidity chrrents.

In addition to intermittent Iamination developed in shale
(e.g. PL. 3-17b), there is evidence of lamination: produced
by pulsatory sedimeritation in the basin facles association.
Several thin dacriconarid grainstone beds show sharp basal
contacts, weak fining-upward trends, and current-aligned
allochems. These beds are abruptly overlain by
structureless lime mudstone 1lacking fossils (e.q. PL.
3-18a) and either grade upwards, or are abrﬁptly overlain by
black laminated shale. Stanley (1985, p}h$98) noted that
sedimenf dispersal downslope through a stratified water
column in the EHellenic Arc region of thé ﬁediterranean,
resulted in compésitionalI seé‘regation of terrigenocus silt
and clay facles from planktic tests. This combined gravity
flow and hemipelagic' settling appears to have been operant
during most of the basinal sedimentatiog in the study area.
Stanley (1986) postulatéd that laminar Qariations in organic
content can also reflect episodic release of sediments from
turbid layer flows and low concentration turbidity currenﬁs
in the basinal setting. Dilution effects on total organic

carbon contents in the basin-fill succession will be

discussed briefly in section 3.4.4.3.

v
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It is difficult ¢to distinéuish units deposited from
detached turbid layer' inWB at interfaces in the water
column from those deposited by low concentration turbiditf
currents flo;ing,directly downslobe, Peloidal calcisiltite
bedé\bbserved rarely iﬁ the basin facies association Eould
have been deposited by low density sediment gravity flows on
the basis of/ the following evidence: .

(1) Sharp pasal contacts, gradational upper contacts.

(2) Current-aligned allochems rarely on bedding soleé.

(3) Fining-upward occurring rarély.

(4) Slight thinning-upward of indistinct laminae (T

5~6
in Stow, 1985).

Bergman (1983) reported oriented cfinoid pluricolumnals
and tentaculitids in the Silurian Slite Marl of Sweden. He
(ibid.) suggested that orientation and preservation of
crinoid pluricolumnals indicate rapid emplacement and burial
by low density turbidity currents. Preliminary observations
mainly from aligned fossils (Appendix C; FIG.'3-12) indicate
that paleccurrent directions in the basin facies association
were neFrly perpendicular to the depositional strike of the
Hare Indian clastic wedge. Although data is sparse, this is
conslstent with the few péleocurrent data from the clinothem

facies association (Appendix C). These transverse turbidity

currents were not deflected longitudinally possibly because

of gentle slopes, as postulated elsewhere by Lundegard et

al. (1985). - They noted that homogeneous transverse

t
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paleqcurreﬂt patterns are rare and typically delta-
associagéd, and cited examples in the turbidite succéssion
of the Upper Devonian Catskill clastic wedgé.

In summary, the basin facies association.accumulated in
oxygen-depleted waters about 185 m. ($10's of m) deep.
Prevailing tranquil conditions of hémipelagic sedimentation
wera periodically interrupted by low concentration turbid
water floﬁ‘ and turbidity currents. These environméntal

constraints permit a brief comment on the paleocecology of

the basin facles association. ' “
3.4.4.2 Palececology

N

The basinal facles association is characterized by a low
diversity, high dominance fossil assemblage typical of
stressful environmental conditiéﬁb during deposition.
Depressed oxygen levels precluded‘ bioturbatioﬁ. Lingulid
brachiopods occur in the basinal facies, but do not appear
to occupy'bufrows. Thelr persistent association with plant
remains suggests that they were possibly epiplanktic.
Bassett and Lawson (1984) made a similar suggestiéh for
lingulids in Ludlovian basinal sediments in Wales. They
postulated that lingulids and other invertebrates lived on
Sargassum~like rafts because of their close association with
graptolites. The thin-shelled bivalves\ (including

\
Leptodesma and Buchlola) similarly could have been

epiplanktic. An allochthonous origin is suggested as none
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are in infaunal positions, and most are disarticulated
'despite' the general absence * of currént features and
bioturbation.

Opportunistic fauna, as well, could havé settled on the
“Lasin-floor during  turbidity current évents. . These
infrequent, sediment-laden, oxygenated currents could have
temporarily ameliorated bottom ceonditions sufficient for
colonization of the substrate by organisms tolera;t of
reduced oxygen levels. Crinold pluricolumnals oriented on:
the soles of these turbiditieé could have been preserved due
togﬂ}gh sedimentation rates. 1In the Devonian, some crinoids
aré; reported to have attached to floatiﬂg plént debris
(Brett and Baird, 1985). Rarely occurring, diminutive
.(averaée 2 mm stem diameter) crinoids in the Bluefish Member
could have been dispersed in this manner.

A large percentage of fossils identified in the Bluefish'
Member (TABLE 3-22) cléarlf represent planktic organisms
(styliolinids, thin-walled tentaculitids) or nektic
organisms (ammonoids, fish). The remaining fossils
evidently represent either allochthenous epipelagic

organisms or epifaunal opportunists exploiting short-term

amelioration of bottom conditions.

3.4.4.3 Preservation of organic matter

Organic matter in the Bluefish Member consists of mixed

kerogen types (Monnler, written comm., 1986). Recycled,

A
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refractory, terrestrial, organic mattef‘“1yieldinq Type
III/IV kerogenj was likely transported'by deitaicffluvial
systems into the Hare Indian depositionél basin.i‘ Marine
organic matter was suppliedl by primary biological
pfoductivity in surface waters (yielding Type 1II Xerogen).
Normally terrestrial organic matter would be highest at a
point of fluvial discha{gg and steadily diluted by aquatic
material with increasiﬁé distance from shore. Furthérmore,
the growth of marine aquatic organisms would be stimulated
locallylby nutrients brought in by fluvial discharge.

Basinal shale in the Bluefish Member 1is unusually
eariched in organic matter compared to shale near the top of
the basin-fill succession (Appendix:ac, FIG. 3-14). The
black laminated basinal shale aléo shows much higher organic
contents (1.7-7.1 wt%) than is G?pical of an "average"
shale. The modal content’ of total organic carbon (TOC) in
Devonian gedimentary rocks in the North American and Russian
Platforms ranges from 0.3-0.6 wt% (Barker, pers. comm.,
1983). cCurtis (1980) detegmined‘the average TOC for 800
shale samples‘from Norfh America to be 0.33 wts.

The following factors c¢ould have influenced the TOC
abundance in,_the basin facies association: |

(1) Source of organic matter. The influx of

terrestrial materials replenishes nutrients in the

~
ocean and enhances planktic productivity._
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(2) _Protection of or ganic matter from physioal

kY

oxidation and biological consumption.

[

Rapid sedimentation effectively incorporates organic

o;;ter into’ the sedimentary record removing it from.zooes
of bioturbation, oxic decomposition and sulphate reduction
(Authur -et al., 1985). Hoyever, increased sedimentation
rates wo@iﬁ also Fesult in excessive clestic dilution, and
it is unlikely that much of the ‘organic matter in the
Bluefish Member weo deposited rapidly.

Water density ﬁetratification and the deveiopment of
anaerobic condicions in the Hare 1Indian basin were
apparently the prime ‘reasons for preservation of orgaan
matter . in the\“ basin facies association. Oxygen
cghcentrations of less than 0.2-~0.5 51/1 "inhibit the
activity of epifaunal and. infaunal organisms (Rhoades and
Morse, 1971) and oranic matter has Better preservation
potential with.reduced\physical oxidation.

In the basin facies associatio;, the presence,;of an -

anoxic sediment/water interface, slow sedimentation rates,

and high organic productivity resulted in the accumu%ation
of organic- rich sediments of the Bluefish Member. N\

The dep051tlonal model for the basin~fill succession has
several ramifications. Shallowing-upward,cycles could not
be ascertained ;n the basinal facles (see . Chapter 2).:
However, the mooel predicts that clastic input associated

\hy
-
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. with shallowing should dilute TOC values. In FIG., 3-14, the

following trénds were obserfed:

(1) TOC values are highest near the base of the basin
facies associa;ion ‘and deérease towards the
transition into the lower clinothem faciea. The
amount' of 'organic matter, thereforg, varies'ﬁlr
inversely with clastic supply during basin-fill
conditions. Low values of organic content in the
ramp facies assoclation probably reflect a
combinatiop of increased clastic dilution, physical

; oxidation, and biorbgiéal degradétion.'

(2) TOC values within the Bluefish Member appear to be
cyclic and most simply explained by variations in
sedimentation rates. Episodic progradation of the
Hare Indlan clastic weaedge (shown by stacked
Ehallowing—upward sequences in the clinothem and
ramp facies associations) would have increased
saedimentation rates and, hence, diluted TOC wvalues

¢ ' in the ?asin. The basinal cycles are not as
s oﬁviously agymmetric aé the ramp and clinothem
shallowing-upward cycles, and this could reflect
. the mare% subtle responée- of basinal’ﬂaggerggic
environments to .fluctuations in sedimentation
\rate's. Variations in Tb@ values in the off-lobe

section (25) show %nly slight’ change, reflecting a

]

S ) .
[ ‘o
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basinal setting more distal from Hare Indian
clastic input than sectioﬁs 15';nd 17.

Cycle thicknesses of 5-7 m in the baéin‘ facies
assoclation, based on TOC cyclicity; are comparéble to
thicknesseé of second-order cycles near the base. of the
lower clinothem facies.

3.5 SU]VIMAR}’,_. Lo

- The Hare Indian Formation and the overlying lower "ramp"

' member of the Ramparts Formation are the result of episodic

progradational basin-fill. General stratigraphic
cpnsiderations suggest that the clastic wedges represent
reiatively high stands of sea level. Composite facies
agsociations (ramp, clinothem, basin) can be distinguished,
can indicate different degrees of oxygenation, aﬁd cdn point
to density stratification in the overlying water column.-
The ramp facies association 1is a cyclic assemblage of
storm-influenced strata which accumulated under aerobic to
slightiy dysaerobic conditiops (palecbathymetric rang%)
~15-45 m). Carbonates wefe deposited on a low angle' slope
(0.1;0.2')&peripheral to main sites of siliciélastic input
along the axis of the Hare Indian lobe maximum: The ramo
éuccession shows evidence)forwactive sediment bypassiﬁé down
the ramp mainly by storm winnowing‘and by gquratibnéof low

aal N

density turbidity currents.

P
i,
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The clinqtﬁ;% facies assodiation accumulated under
dysaerobic conditions (paleobathymetric range -45-185 m).
Peloidal éalcisiltite beds were e%placed by non-channelized,
low density turbidity currents and are particularly abundant
ﬁowards the top of second-order, shallowing-u?ward cycles.
Back%rouﬁa hemipelagic sedimentation - resuléed in -the
depésition of typically unfossiliferous, clive-grey
cileareous shale. Cycle thickness trends indicate maximum
yaccumulation rates albng the mid-clinoform_position, with
more condensed sequences.characterizing the lower clinoform
to basin profile.

The basin facies assoclation 1s represented by sedimen:s
of the Hare Indian Bluefish Member. Black, organic-rich,
laminated shale and minor pgloidal célcisiltite and
dacriconarid grainstone accumulated under anaerobic
éonditions (paleobathymetric range ~185 10'5 of m) on top
of the droqped Hume carbonate platform. The basin facies
assoclation represents slow hemipeiagic sedimentation that
was ‘infrequently infgkrupted by fine-grained gfavity flows.
Cyplié variation of total exygen content in the Bluefish
Member 1s apparently a product of repeated dilution by
clastic sediments during prograding of shallowing-upwar ~
ramp-clinothem cycles. These basinal cycles are similar gii-‘

AN

thickness to cycles in the lowermost clinothem spccesgion.
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o PLATE 3-1 N

Ramp facles association -
-and typical macrofossils.

Thin-bedded nodular lime mudstone and interbedded shale
of lower ramp facies pass upward into thicker bedded
limestone of upper ramp facies (section 31). Ramp facies
assoclation 18 m thick.

Positive print of acetate peel of typical macrofossils in
upper ramp subfacies 1 (section 31, unit 007). Robust .
cylindrical stromatoporoids (A) are commonly encrusted by
stromatoporoids and algae. Thamnoporoid corals (B) are
fragmented, but show little'evidence for abrasion..

Encrusting stromatoporoid (A)-thamnoporoid coral (B) -
solitary rugose coral (C)=-Stringocephalus (D) assemblage
in upper ramp subfacies 2 (section 31). Note the dark,
micritic nature of the enclosing matrix. Positive print
ol acetate peel. -
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' PLATE 3-~2 )

Macrofossils in upper ramp subfacies 2.

) M
Encrusting stromatoporoi /?Kf.and alveolitid. coral (B)
upon thamnoporoid cora fragments (C) (settion 20).
Positive print of acetate peel.

Encrusting stromatoporoid (A)-alveolitid coral (B)
composite allochem (section 18). Note evidence for
episodic movement and colonization. Positive print of
acetate peel. :

Disoriented tabular and wafer stromatoporoids in

floatstone (FL), underlain by graded crinoidal grainstone
(GR) (section 18, unit 023). Scale is 15 cnm.

j‘_\
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PLATE 3-3 . ) :

Lower ramp subfacies 4.

'

Continuous, nodular, 1lime mudstone interbedded with
calcareous shale in lower portion of subfacies (section
01, unit 016). Scale is 15 cn.

"Mottled" nodular lime wackestone in. upper portion of
subfacies (section 07, unit 017). Hammer is 20 cm long.






239
PLATE 3-4

Lower ramp subfacies 4.

’ 3
Shale- and calcite spar-infilled "v"-ghaped fractures
within lime mudstone nodule (section 03, unit 015).

Bedding plane of "mottled" nodular limestone illustrating
interconnected nodules (section 15, unit 014). Note that
horizontal burrows in shale infill meander around nodule
topography. Scale in cm. '
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PLATE 3-5

Macrofossils and distal storm
deposits in the lower ramp facies.

Nodular limestone bedding plane in lower ramp subfacies 4

(section 31, unit 006). Fossils include Hexagonaria (&),
Thamnopora (B), and crincid columnals (C). Scale is 30
cm, . : '

Fining-upward peloidal calcisiltite beds show broadly
concave, sharp basal contacts and bioturbated tops.
Lower ramp subfacies®3 (section 18, unit 015). Scale is:

J
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PLATE 3-6

Storm deposits in lower ramp subfacies 3.°

Graded quartzose peloidal calcisiltite bed (3 cm thick)
(section 11, unit 001). Silty laminae thin upwards in
bed. Positive print of acetate peel.

‘Closeup of PL. 3-5b. Note.water escape structure and
upturned, deflected laminae along the margins of the
structure.
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PLATE 3-7
Macrofossils in lower ramp subfacies 3.
In situ ‘cluster of the. brachiopod Rensselandia (section
15, unit 013). Scale ig 15 cm.

Current-aligned crinoid .pluricolumnalé (section 15}.
Slab is 20 cnm long. :

1
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'Proximal‘storm-débdgfts‘in lower ramp facies.
a‘ Lenticular = brachiopod-crinoid-gastropod coquinite
occupying erosional scour. Note the fining-upward

peloidal calcisiltite beds adjacent to scale. Lower ramp
subfacies 3 (section 15, top of unit 013). Scale is 15

cm.

b Crinoid coquinite occupying erosional scour in
bioturbated <calcisiltite. Lower ramp subfacies 4
(section 18).  Positive print of acetate peel.

)
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PLATE 3-9

Proximal storm depoéits in lower ramp subfacies 3.
Current unstable brachioped valves in coquinite. Note
geopetal structure and incomplete mud~infill (arrows)

(section 15, unit 012). Scale in cm.

Crinoid coguinite (A) and graded laminated peloidal
calcisiltite (B) (section 15, unit 012). Scale is 15 cm.
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PLATE 3-10

Nodule formation in lower ramp facies.

. Interbedded distal tempestites (graded, horizontally
laminated, peloidal calcisiltite) and grey-olive, silty
calcareous shale. Note sharp basal contacts. Lower ramp
subfacies 3 (section 18, unit 008). Scale is 15 cm.
Nodular limestone from lower ramp subfacies 4 (section
18, unit 013). Early cementation localized along more
permeable calcirudite. Nodule wrapped by silty shale.
Positive print of acetate peel.

Continuous nodules formed about a proximal tempestite.
Note that sediment laminae can be traced from adjacent
nodular protuberances through intervening marl. This is
indicative of pressure solution phenomena. Lower ramp
subfacies 3 (section 15). Scale in cm.
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PLATE 3-11

Oblique view of section 01, Powell Creek
(units 013-039).

[

Gully-fill sequences (arrows) in the lower ramp facies,
Ramparts Formation and uppermost clinothem facies, Hare
Indian Formation. Unit 025 is 3.5 m thick. A, B, and C
are localities for other plates cited in this study.
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PLATE 3-12 _ '

Upper clinothem facies at section 01.

-

Upper clinothem facies association (field units 008-015)
at section 0l (locality ¢ in PL. 3-11). Dark grey shale:
is subordinate to limestone towards the top of the
association. Vertical bars indicate second-order,
shallowing-upward cycles. Cycle comprising units 012-Ql4
is 15 m thick. Note lateral continuity of thin (average
5-10 cm thick) limestone beds.

Interbedded  peloidal calcisiltite and dark grey
calcareous shale in upper clinothem subfacles 1 (section
0ly. Note sharp, planar, basal contact for lower bed and
loaded, basal contact in upper bed. Scale is 20 cm. ’

1
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PLATE 3-13
Sole markings in upper clinothem subfacies 1l (section 15).
Scale is 15 cm in both photographs.
a Up-paleocurrent directions indicated by abrupt

terminations of groove casts.

b Light sole markings (arrows) und bulbous load casts.



3
\
\
\
152 O
_ c0LX06 = d .
gz'6l = 1
0z = u |
Z10 LINM 'SZ NOILDO3S N I $310V449nsS
: ‘S310v4d WIHLONITD H3ddN

NI YLvQd LNIHHNO03TVd m

.

S1SYJ IA00HD




259
. " PLATE 3-14

Calciturbidites in upper clinoform subfacies 1.

Amalgamated, graded, laminated beds (3-5 cm thick) show
bioturbation concentrated near muddier top (light color,
arrows) of each bed (section 07, unit 012). Scale in cm.

Thick, basal, lenticular siltstone laminae pass upwards
into - thinner, slightly convolute, siltstone

{section 16). Note sharp basal contact with
fining-upward trend. . :

Regular, graded, parallel laminae of siltstone
{resistant) and mudstone (recessive) (section 15).

Siltstone laminae display microlead and microscour
structures rarely (arrows). Scale is 15 cm.

iz

laminae ™
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PLATE 3-15

Trace fossils and calciturbidites
in clinothem facies association.

Meandering feeding trails {(possibly Cruziana) and
indeterminate u-shaped burrows on top of bedding plane in

upper clincthem subfacies 1 (section 15). Scale is 15
cm. .

Peloidal calcisiltite beds (amalgamated unit) arranged iny
"doubly" graded fashion with siltier (lighter-colored,
2-3 cm thick) beds occurring in mid-unit. Note sharp,
basal and upper contacts, and horizontally laminated

nature of enclosing shale. Lower clinothenm. subfacies 2
(section 25). Scale is 15 ecmn. :
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PLATE. 3-16

Sedimentary structures in lower clinothem subfacies 2.
Cycle contacts in Hume Formation.

-Horizontal, discontinuous lamination in graded peloidal
calcisiltite beds (section 18). Laminae are weakly
graded and mudstone laminae (dark) thicken towards top of
each bed. Note small, discrete Chondrites burrows (Ch).
Positive print of acetate peel. -

Cycle break (arrows) in Hume Formation ~40-50 m below
Hume top (vicinity of section 09). Tidal flat sediments
abruptly overlain by subtidal peloidal packsteone. Note
tidal flat intraclast (In) above discontinuity.

Uppermost 2 m of Hume Formation showing nodular 1lime
mudstone, wackestone beds and interbedded shale (section
15, wunit 002). Top o©of 15 cm scale marks the
Hume-Bluefish contact.
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PLATE 3-17

' Nodular lime wackestone, Hume Formation.
Horizontal lamination in basin facies
association (Bluefish Member).

Nodular crinocid-brachiopod 1lime wackestone 2 m below
Hume-Bluefish contact (section 15, wunit 002). Note

pyritized . allochems {crinoid columnals, brachiopod
fragments - arrows).

Undisturbed horizontal lamination in shale from the basin
facies association (section 15). . Dark laminae are
organic-rich compared to light laminae.
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PLATE 3-18

Major lithofacies in basinrfadies association.

Sharp-based. dacriconarid grainstone (section 17, unit
004). . Note that wupper portion of bhed 1is ' more
matrix-supported. Other fossils include crinoid
columnals and fragmented bivalves. Positive print of

acetate peel.

Sharp-based, graded dacriconarid grainstone to wackestone
(section 15). Positive print of acetate peel.

Black, horizontally-laminated, calcareous shale; fibrous
calcite vein; and peloidal calcisiltite bed (section 15,
unit 005). Note gradational contacts of horizontally
laminated calcisiltite bed. Scale is 15 cm.
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PLATE 3-19

Concretion development in basin facies association. ;

Farly stage of concretion developmerit in peloidal
calcisiltite bed (section 15). Maximum thickness of
concretion is 8 cm. Note compacted shale between
concretion and underlying calcisiltite bed.

Carbonate concretien (section 03). The underlying shale
and fibrous calcite vein have been displaced by
concretion growth during compaction of the enclosing
sediments. Scale is 15 cm.
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PLATE -3-20 "

Fibrous calciﬁe veins‘inwbasin facles association.

v

Fibrous calcite vein with ‘crude two-part subdivision
(section 15). TLower portion shows fewer shale ihclusions
and narrow, longer cone-in-cone structures. The upper
part 1is more inclusion-rich with smaller, broader
cone-in-cone structures. Positive print of acetate peel. .

Displacive fibrous calcite ‘developed. along base of

fining-upward calcisiltite bed (section 15, unit 005).
Scale in cm.

L
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PLATFORM EVOLUTION IN
THE RAMPARTS FORMATION

(UPPER "PLATFORM-REEF" MEMBER)

~



4.1 INTRODUCTION

f
broadly inta/a platform facies association and a reef facies

The upper member\of the Ramparts Formation can be divided

association (Muir et al., 1984, 1985). The platform
associatiéh is a 1atefa1;y' extensive ‘' cyclic assemblage
(FIGS. 2-3, 3-2) of shaliow water limestones and minor
shale. It can be  divided into three second-order,
upward-shoaling cycles. The lower platfofm cycle, up to 45
m thick, 1s the thickest and most grtensive, énd typically
conta;ns a corul—dominatedlfaunal assemblage (Muir et al.,
1984; Muir and Dixon, 1385). The middle and upper platform
cycles are more areally restricted ésee FIG. 3-2) and
contain stromatoporoid-dominated faunas but no evidence of
. shallow, restricted marine deposition (Muiﬁ et al,, 1984,
1985) . ‘

The platform cycles had topographic relief and more or
less -abrupt margins marked 5y increased slopes (see later
sections) and by typical occurrence of platform buildups
(Muir and Dixon, 1987). Sequential platform backstepping
resulted in bathymetric variations across the platform that
became more pronounced through time. The platform was not
flat-topped like many others (e.g. in Wilson, 1975:; Flugel,
1%82; Hine, 1983), but was an undulating surface with up to
15-35 m naleotoﬁograph%c relief in the platform interior

(fIG. 3-2).
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Few workers have documénted..time—synchronous growth
stages in platform evolution (e.g. Wendte and Stoakes,
1982; Muir and Dixon, 1987). Correlation of cycle contacts
permits construction of a more accurate time-stratigraphic
framework and fﬁrth%;§ anderstanding of the evolution of
platform deposition. ' 

Chapter 4 follows, in format, evolution of the platform
facies association. Each platform cycle consists of several
subfacies which are descri;éd individually below. Platform
margins are marked by local thickening of buildup subfacies
1 and 2 in each platform cyéle. The eagtern plaﬁform
margins are exposed in the vicinity of section 23 (FIG. 1-1)

and the western platform margins between sections 11 and 18

(FIGS. 1-1, 3-2).

4.2 FACIES ANALYSIS OF THE LOWER PLATFORM CYCLE

4.2.1 Ganeral Statement

The lower platform cycle was initiated by accelerated
rise in sea level which terminated basin-fill sedimentatioﬁ.
‘This upwafd-shoaling, second-order cycle «consists of a -
number of subsidiary third-order cycles averaging 3-5 m
thick. However, these were difficult Fo correlate between
outcrop sections mainly due to the subtlety of facies change

across each cycle boundary.
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The lower platform:cycle is the most laterally extensive
secdnd-order cycle ih the platform succession. In the
vicinity of <the uh&erlying ramp-clinothem transition
(sections 23,-03), the lower platform cycle thickens to 45 m
(FIG. 441) comparga toilo-lé m. thicknesses in the platform
interior (sections 18, 20, 31_in F;G. 3-2). The cycle also
thickens to 24 m towards section 15 beforé thinnihg westward
to 10 m in section 09. _ -

%ive main subfacies are distinéuished in the lower
platform cycle, and afe described and interpreted below. A
concluding depositional synthesis documents their spatial.
and temporal interrelationships within the stratigraphic
framework definéd by second-order cycle boundaries, namely

the Carcajou Marker and the lower-middle platform boundary.

4.2.2 Carcajou Subfacies and Termination of the Hare

Indian-lower Ramparts Basin-Fill Succession

4.2.2.1 Description of the Carcajou subfacies .

;he Carcajou subfacles is 1.0—;.6 m thick and composed
mafhly of dark grey, pyritiferous, calcareous shale, ramose
coral floatstone and nodular lime mudstone andlwackastone.

Peloidal calcisiltite and calcarenite beds are also present,

primarily near ramp topographic highse (e.g. section_zo,
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FIG. 4-1 Platform~lower reef facies distribution in the
Ramparts Formation, eastern portion of the study
area.
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REEF INTERIOR-

FACIES

REEF MARGIN/
SHOAL FACIES

REEF FORESLOPE
-FACIES

-

R NEvE R

REEF FACIES ASS CIATION

SUBFACIES 1-3
AMPHIPORA RUDSTONE, FLOATSTONE; LIME MUDSTONE;
BULBOUS-ENCRUSTING-CYLINDRICAL STROMATOPOROID
RUDSTONE, FLOATSTONE; ABRADED STROMATOPOROID °
RUDSTONE -

SUBFACIES 1 :
THICK, TABULAR STROMATOPOROID RUDSTONE,
BOUNDSTONE; MINOR ABRADED smommoponom
RUDSTONE

SUBFACIES 1

ABRADED STROMATOPOROIWD RUDSTONE; MINOR ROBUST
CYLINDRICAL STHQMATOPOHOID RUDSTONE

SUBFACIES 2

a) WAFER-CYLINDRICAL STROMATOPOHOID FLOATSTONE
RUDSTONE,BOUNDSTONE
b) WAFER STHOMATOPOHOID RAMOSE CORAL
' FLOATSTONE, RUDSTONE

SUBFACIES 3
a) LIME GRAINSTONE

b) PELOIDAL CALCISILTITE

SUBFACIES 4
NODULAR LIME MUDSTONE, WACKESTONE, PACKSTONE

UPPER PLATFORM FACIES

SUBFACIES 1
THICK TABULAR STROMATOPOROID-ALGAL BOUNDSTONE;
MINOR ABRADED STROMATOPOROID RUDSTONE

SUBFACIES 2
a) ABRADED STROMATOPOROID RUDSTONE; MINOR THICK
TABULAR STROMATOPOROCID-ALGAL BOUNDSTONE
b) ROBUST CYLINDRICAL STROMATOPOROID RUDSTONE,
FLOATSTONE

SUBFACIES-3
WAFER STROMATOPOROID-RAMOSE CORAL FLOATSTONE,
RUDSTONE; BOUNDSTONE

SUBFACIES 4

a) LIME GRAINSTONE
b) PELOIDAL CALCISILTITE

MIDDLE PLATFORM FACIES

SUEFACIES 2
a) ABRADED STRNOMATOPOROID RUDSTONE

SUBFACIES 3
a) WAFER-CYLINDRICAL STROMATOPOROID, RAMOSE CORAL
RUDSTONE; FLOATSTONE
b) ROBUST CYLINDRICAL-WAFER STROMATOPOROID
FLOATSTONE, RUDSTONE, BOUNDSTONE
¢) WAFER STROMATOPOROID-RAMOSE CORAL
FLOATSTONE, RUDSTONE, BOUNDSTONE; MINOR SHALE

SUBFACIES 4
a) LIME GRAINSTONE, PACKSTONE

b) NODULAR LIME MUDSTONE, WACKESTONE, PACKSTONE
¥ ;



SOCIATION
TSLONE LIME MUDSTONE;

JRICAL STROMATOPOFIOID
‘A ED STROMATOPOHOID

IHOID RUDSTONE,
D STROMATOPOHOID

!UDSTONE MINOR ROBUST
lD RUDSTONE

FIAT_OPOFIOID FLOATSTONE,
IAMOSE CORAL

WCKESTONE, PACKSTONE
M FACIES

0iD-ALGAL BOUNDSTONE;
'ROID RUDSTONE :

J RUDSTONE; MINOR THICK
>-ALGAL BOUNDSTONE
MATOPOROID RUDSTONE,

10SE CORAL FLOATSTONE,

M FACIES

} RUDSTONE

\TOPOROID, RAMOSE CORAL

R STROMATOPORQID
JUNDSTONE

AMOSE CORAL
JUNDSTONE; MINOR SHALE

NE
YACKESTONE, PACKSTONE
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LOWER PLATFORM FACIES

SuU

CYLINDRICAL STROMATOPOHOID RAMOSE CORAL

ACIES 1

{ RUDSTONE, FLOATSTONE

SUBFACIES 2
‘MASSIVE' (HEMISPHERICAL, BULBOUS, TABULAR) CORAL

. RUDSTONE, FLOATSTONE; MINOR RAMOSE CORAL

RUDSTONE

SUBFACIES 3

RAMOSE CORAL HUDSTONE FLOATSTONE MINOR LIME
PACKSTONE -~

SUBFACIES 4

-

~

a) ROBUST CYLiNDRIéAL STHOMATOPOHOID FIUDSTONE

FLOATSTONE

h) LIME GRAINSTONE

‘CARCAJOU’ SUBFACIES
NODULAR LiME MUDSTONE, SHALE; LIME WACKESTONE,
RAMOSE CORAL FLOATSTONE

UPPER RAMP FACIES

'SUBFACIES 3 o
. RAMOSE CORAL FLOATSTONE, RUDSTONE

LOWER RAMP FACIES

SUBFACIES 4
a) NODULAR LIME MUDSTONE, WACKESTONE; MINOR

b) SKELETAL LIME WACKESTONE

UPPER CLINOTHEM FACIES

PELQIDAL CALCISILTITE

SUBFACIES 1
a) NODULAR LIME MUDSTONE, WACKESTONE; DARK GREY

BASIN FACIES ASSOCIATION

b) PELOIDAL CALCISILTITE, SUBORDINATE GREY-OLIVE

CALCAREOUS SHALE
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FIG. 4-2) and downslope from the ramp-cliﬂothem transition
(section 25, FIG. 4-2). ' |

The qucajou subfacies is  a distinctive,. reglonally
correlatable unit in the study area. Preiiminary conodont
studies (Uyeno, writ. comm., 1986) .suggest. that the
subfacies was deposited in the time igéerval between the
middle. varcus subzone and the lower part of the disparilis
zone (see Appendix B). Pedder (1975) stated that any hiatus

'betwéen platform {ramp in this . study) ‘and reefs
(platform-reef - in this study) waé of minor significance
since 5oth were in the hermani-cristatus conodont zone.

The Carcajou subfacies onlaps topographically pigher
portions cf the basin-fill succession. It is as thin as
1.0 m in section 15, 3.2 m thick in sectioﬁ 20, and thickens
int¢é paleodepressions on the ramp, for example, reaching
6.2 m in section 08. It also thickens downslope from the
position of the un@erlyi%g ramp-clinothem transition,
reaching 5.6 m in section Og)and 7.6 m in section 25 (FIG.
4-2; PLS. 4-1, 4-2).

The Carcéjou subfacies abruptly overlies the ramp facies
assoclation. Hardground development at the contact appears
to be restricted to topographic highs on the ramp (PL.
4-3a). The suﬁfacies .grades sharply into more massive
limestones of thé lower platform cycle and the boundary is

probably diachronous (PL. 4-3b).
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) The average total organic carbon. content of 17 shale
samples from the Caréajou subfacies was 2.88 wt% (range
| 1.12-8.27  wt¥). Preliminary chromatograph analyses
(Monnier, writ. comm., 1986) suggested that much of the
organic matter was derived from a marine source. Pyrite
content is also high in the Carcajou subfacies_(l*z% visual
estimate) mainly as fromboid aggregates (PL. 4-4a) and
replacement mineralization of allochems. Pyrite occurs
rarely as filaments in nodular limestones or is disseminated
(<0.5 mm) particularly within shale leminae. |
rFo;eils in the Carcajou-subfacies are listed in TABLE
4—i. They appear to be more diverse and abundant in the
vicinity of the underlying ramp-clinothem transition (FIGS.
4-2, 4-3). Most allochems in the subfacles are highly
fragmenﬁed, but show 1little evidence of abrasion.
Furthermore,‘meny iﬁFletal allochems are intensely bored and
are commonly mud-supported in current-unstable positions.
Graded, erinoid-brachiopod, coquinoid grainstone interbeds
| are restricted mainly to paleotopographic highs, such as the

area near section 20 (FIG. 4-2).

4.2.2.2 Interpretation

Marked deepening terminated ramp development in the study
area. The following sedimentolegical and paleocecological
evidence, in the immediately overlying Carcajou subfacies,

substantiates this deepening:
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MACROFOSSILS OF THE CARCAJOU SUBFACIES

*

Common Constituents

Thamnopora: robust; up to 1 <m diameter, 15 cm long
crinoid columnals ‘

Spinatrypa

indeterminate atrypids

Rare Constituents

solitary rugose corals: more abundant at section 03
branching and encrusting bryozoa

sponge spicules ' '

fish fragments

dacriconarids

Stringocephalus
Coenites

Amphipora

wafér stromatoporoid

encrusting stromatoporcid

robust cylindrical stromatoporoid
trilobite

productid brachiopod

Leiorhynchus

ostracodes

gastropods

oo
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Hardgrounds and nodular liméstqnes occur rarely
above paleotopographicallf higher portions of the

ramp (PL. 4-3a). This restriction of submarine

‘lithification to paleotopographic highs may reflect’

its development only with particular sediment
types. ‘Puréer (1969) noted that hardgrounds fecord
incipient deepening and typically occur at the tops
of regressive carbonate cycles. Early submarine
cements and hardgrounds develop almost exclusively
in calcareous substrates. Stoakes (1979) suggested
that argillaceous content of perhaps greéater than
2% may be sufficient to inhibit early cementation.
This might account for the absence of hardground
deve;opment in the "muddier" paleocdepressions on
the ramp.

A sharp transition from grain-supported limestone
fabrics tb mud-suppoftéd limestone fabrics and
interbedded shale across the Carcajou Marker
indicates an -~ abrupt shift in depositional
environment. High'values of total organic carbon
(FIG. 4-2) and abundant pyrite, 'particularly as
fossil Bteinkerns, suggest slow sedimentation under
poorly oxygenated conditions. Slow accumulation of
sediments and long residence times in the sulphate
reduction zone would have resulted in precipitation

of relatively large quantities of iron sulphides.

N

™

AN

—
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Poorly oxygenated waters and diminished clastic
iﬁflux during the cCarcajou drowning event would
have contributed to deposition of organic-rich muds
in the Carcajou subfacies.
Preliminary conodont work (see Chapter 1, Appendix
A) suggests that the Carcajou subfacies is a
condensed sequence that probably spans most of the
hermanni-cristatus conodont zone (Uyeﬁo, writ.
comm., 1986). Paleoecological studles also point
to slow sedimentation associated with the Carcajou
dfowning event. Fossils are generally
disarticulated, : fragmented, .and compressed (PL.
4-4b). Variable faunal diversity (FIG. 4=3) may
reflect discontinuities, and pessible presence of
thin subcyclés in the Carcajou subfacies.
Allochems are commonly bored and show 1little
evidence of abrasion, such as the rounding of
skeletal parts or loss of fine sculptural detail.

These likely reflect long intervals of exposure at

‘the water-sediment interface. Common occurrence of

suspension-feeding organisms, such as crinoids,
sponges, and bryozocans, that would have been
adverse;y affected by turbid conditions (Dodd and
Stanton, 1981) suggests low turbidity during

Carcajou deposition. Most fossils show evidence of

2
adaptation that allowed them to colonize soft
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substrates: epibionts are common, as are spinose

and globose brachiopods | (e.qg. productids,
Spinatrypa, rhynchonellids), and wafer
stromatoporoids and <corals. The. absence of

allochems with higher ratios of weight to unit area
in contact with - the sﬁbstrate may be due partly to
the unstable nature of the muddy sediment.

(4) Preseantion of the record of storm sedimentation
in the Carcajou subfacies. The high quartz content
of.these storm deposits (35-70% visual estimate)
suggests diminished carbonate production during
early lbwer platform time,

The tempestites are composed mainly of horizontally-
laminated calcisiltite and calcarenite beds, with rare
crinoid coquinas, and are areally restricted in the vicinity
of paleotopographic highs on the underlying ramp (see FIG.
4-2). Basal contacts with the underlying dark grey shale
are typically planar-sharp (PL. 4-5a). Upper contacts are
gr;datidnal and * rarely show trace fossils (mainly

1

Chondrites, E;aﬁolites, escape . burfows; PL. 4-5b). The

scarcity of biocgenic reworking was likely due to pooriy
oxygenatéd conditions in calm, muddy environments of
emplacement. The 5-10 cm thick tempestites " are
predominantly laminated siltstone and fine sandstone
commonly arranged as graded rhythmites (PL. 4-6), with a

typical vertical transition from horizontal stratification
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and low-angle cross-stratification to ripple
cross—-stratification. \These‘fine-grained storm deposits are

'similar to those described by Aigner 21985) at Gérman Bay,
North Sea, in 30 m of water. The tempestites 4in the
Carcajou subfacies probably resulted "from periodic storm
activity, with erosioﬁ of mixed carbonate-siliciclastic
sediments from basin-fill highé and deposition 6ff§hore.
The étacking of tempestite facles in the vicinity of a
shoaling site on the ramp (sections 18, 20, 31) probably
suggests slow background sedimentation between storm events.

As described above, the Carcajou subfacies thickens into
ramp paleodepressions and basinward from the ramp-clinothen
transition. However, it thins and contains_ substantially
less shale over paleotopographic highs and westward towards
the Hare Indian isopach maximum. Presumably towarﬁs higher
portions of the ramp, the Carcajou subfacies may be absent
due to a period of nondeposition followed by accumulation of
shallow-water facies equivalents.

Interestingly, a more abundant and diverse fauna
characterizes the Carcajou subfacies in the vicinity of the
'ramp-clinothem transition at section 03, despite initially
accumulating in relatively deeper waters than in sections
15, 18, 20, 31. Cylindrical stromatoporoids and Amphipora
are rarely, but more frequently,.:encountered in sections
west of section 03, possibly suggesting more restricted

circulation on a shallower part ~of the ramp. The
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atrypid brachiopod-coral faunal assemblage 1likely becanme

well-established ‘in the wvicinity of the ramp-clinothem
f?fwtranéition due to | improved ) circulation and
N nutrient-upwelling from the adjacent depositional basin.
Johnson and Flory (1572) described a similar Middle Devonian
"Rasenriff" fauna in Nevada, which occupled a shallow, calm
water biotope in a platform margin depositional set£ing.
Thickening of the Carcajou subfacles basinward from the
ramp-clinothem transition suggests active bypass of
sediments on the ﬂgper clinoform (PL. 4-7a) and
progressively highér, accumulation rates downslope (PL.
4-7b) . In the Carcajou subfacles at section 01 (2.6 m
thick), four graded sediment gravity flow units occupy a
broad gully as much as 1.7 m deep eroded into dark grey,
calcareous Carcajou shale. These gravity flow deposits show
broken, disoriented, mud-supported fossils similar to the
thamnoporoid coraljatrypid brachiopod—wafer
stromatoporoid-crinoid fauna in the Carcajou subfacies on
shallower portiona of the ramp. Sole markings (mainly
groove and prod casts) indicate a northerly source (azimuth
= 331°*) and attest to the erosive capacity of the sediment
gravity flows. The unit is abruptly capped by 0.9 m of dark
grey, calcareous shale which was also partly remcoved by
‘\ovarlying gully-occupied gravity flow sediments of the
mi&ﬁle platform cycle. Redeposition of Carcajou sediments

| .
may have been common in this depositional setting.

!
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Increased slope values at the ramp-clinothem transition
likely contribude to generation of gravity flows.
Furthermore, sediments with higher percentages (>4 wt%) of
6réanic carbon have a notably higher potential for sleope
failure (Stanley, 1985).

* The downslope thickening of Carcajou subfacies 1is
accompanied by a decreasing percenfﬁge of peloidal
calcisiltite turbidites, a change similar to that observed
in the Hare Indian clino;;em facies. association, and
reflecting higher mud ad%umulgtion rates'in the vicinity of
section 25. FIGURE 4-4 1llustrates the broaa.Aepositional.
trends obsérved for the Carcajou subfacies. Poorly
oxygenated wafers associated with the Carcajou deepening
event could have resulted from increased orgaﬁic
producéﬁvity in the shallow water ;g.s generated. Much of
the Carcajou subfacies in the sgﬁdy area was deposited
probably near storm wavebase in 20-40 m of wéter on the
drowned ramp. Circulation was 1likely damped by broad, -
subdued ramp paleotopoéraphy under relatively deep,
density-stratified waters. Epifauna only thrived in areas
of presumed nutrient wupwelling at the ramp-clinothem

transition and possibly élong ramp depositional highs

outside of the study area.
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DISTRIBUTION OF THE
CARCAJOU SUBFACIES
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FIG. 4-4 Distribution of the Carcajou subfacies.
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4.2.3 Lower Plat¥orm Subfacies 1

4.2;3;} Description /ﬁ

§ﬁbfacies 1 consists of planar beds, averaging 30 cnm
thick, of bulbous-encrusting-cylindrical stromatoporcid
‘rudstone, floatstone, and‘cylindrical stromatoporoid-ramose
coral rudstone. This iithofacies is restricted to the
uppermost portions of the lower platform cycle in the -
vicinity of -~ paleotopographic " highs  as defined by the
lower—middﬂe platform cycle boundary {(e.g. at section 20 in
FIG. 3-2, and section 23 in FIG. 4-1). Inithesq'localities,
the upper contact is a major cycle boundary that is sharply
ovérléin elther by 15 cm of recessive black shalé (section
20) or by crinoid grainstone (section 23). At section 20,
the lower contact grades upward from hemispherical-ramose
coral floatstone of subfacles 2. Theqlithofacies becomes
lighter and more thickly bedded upward, along with a
coarsening of the rudstone matrix of slightly pfritiferous,
skeletal packstone to grainstone. At section 23, the
cylindrical stromatoporoid-ramose coral rudétone éhows aﬁi
increaéing stromatoporoid/coral ratio towards the top of the
cycle, with tabular stromatoporoids becoming increasingly
common. This unit 1is gradational eastward into lower
platform subfacies 2, and is the culmination of a
shallowingtupward succession from the mainly ramose

Y
.coral—rudstuhe and floatstone of lower platform subfacles 3.
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At sections 20 and 23, lower platform subfacies 1 ranges

from 2.4 to 4.8 m thick. Fossils in subfacles 1 are

. summarizgd in TABLE 4-2.

P

4.2.3.2 Interpretation

Several lines of evidence suggest that lower platform
subfacies 1 was deposited in wellfcircﬁlated, agitated,
open-marine conditions: i

(1) Poorly sorted, skeletal packstone to grainstone
predominates as a matrix in the rudstone. This,
and the common&dccurrence of toppled and fragmented
allochéms, suggests deposition and reworking in
agitated waters.

(2) The diverse stenohaline fauna, including crinoids,
corals, brachiopods, and stromatoporoids, points to
normal marine salinity. ‘

(3) Subtifacies 1 is the culminating shoaling phase of
‘the lower platform cycle in areas of antecedent
relief. Oxygen availability and turbulence along
the topographic highs could have promoted
colcnization by biostrome-forming stromatoporoids.
(4) The‘predominant bulbous and ramose or cylindrical.

stromatoporoid growth forms are interpreted as
ecological adaptations tor periodically high
sedimentation (Riding, 1977 Bjerstedt'and Feldman,

1985), Jamieson (1971) observed that, in Devonian
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MACROFOSSILS IN LOWER PLATFORM SUBFACIES 1

Common Constituents

robust cylindrical stromatoporoids

small, bulbous stromatoporcids: average 2-5 cm diameter

indeterminate brachiopods: fragmented, disarticulated

Ccenites

Rare Constituents

encrusting stromatoporoids: stromatoporid,
actinostromatid

tabular stromatoporoids: more common at section 23

thamnoporoid corals '

auloporid corals: encrusting bulbous stromatoporoids

hemispherical Alveolijites

solitary rugose corals

crinoid columnals

I
I
I
I
|
I
:
I
|
I
I
I
I
I
I
I
I
|
|
I
I
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reefs in Western Canaca, small , bulbous
stromatoporoids were confined almost exclﬁsively to
platform and reef interior facies where periecdic

strong water currents apparently caused frequent

‘toppling. . .
4.2.4 Lower Platform Sgbfacies 2
4.2.4.1 Description

Subfacies 2 is typically thickly—bedded; bulbous-
hemispherical—tabﬁlar alveolitid rudstone, floatstone, and
boundstone. Subfacies 2 in the study area is more extensive
‘geographically than subfacies 1 (see FIGS. .3-2, 4-1),. but
' apparently displays similar relationships to topographic
‘highs. In the.eastern portion of the study area (FIG. 4-1);
subfacies 2 thickens to 8 m at section 03, as a thick,
tabular alveolitid Dbindstone grédationally interbedded
beneath with lower platform subfacies 3. The underlying
lower platformlsuccession }s 20-27 m thick at this locality
and, within 1.5 km westward towards the platform interior,
thins to 20 m (section 22 in FIG. 4-1). Associated with
thinning, subfacies 2 is either thin (section 28) or absent.

Subfacies 2 also thins dswnslope or eastward towards the
deporitional- basin, to 4.5 m in section 0s6. At this

locality, it consists of alveolitid floatstona with
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characteristically disoriented, fragmented, - irregqular-

encrusting colonies (PL. 4-8). Subfacies 2 1is. abruptly

overlain by deeper water sediments of middle platform

subfacies 3 near the eastern limit of the lower platform.

Within the platform interior (FIG. 3—2), subfacies 2 is

" restricted to antecedent topographic highs (e.g. section

20, PL. 4-9, FIG. 3=-2). Aligned thamnoporoid coral
fragments near the base of the subfacies indicate a
north-south current alignment. Hemispherical and thick
tabular alveolitid corals are incréasingly abundant towards
the sharp upper contact with asubfacies 1. Ramose and
hemispherical tabulate corals are commonly In contact.
Interstitial dark grey calcareous mudstone (PIz 4-9) was
possibly baffled or bound within the coral framework.
Subfaéias 2 is up to 7;5 m thick where the underlying
lower platform facies thickens to 12-16 m in the vicinity of
section'lsp However, the subfacies thins westward to 0-3 n
in section 9 and 11, as the underlying lower platform facies

thins towards the axis of the Hare Indian lobe. At section

.15, the following up-section trends were observed:

(1) Coaréening of supporting matrix from éoenites
floatstone to rudstone; grainstone-occupied,
scour-fills occur rarely.

(2) Progression of dominant alveolitids from wafer to
bulbous (PL; 4-10a) to hemispherical and irreqular

encrusting growth forms (PL. 4-10b); robust
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cylindrical stromatoporoids occur rarely at the top
of the subfacies. - '

(3) Increased frequency of overturned colonies. >

In section 15, subfacies 2 is abruptiy overlain by
basinal laminites of the Canol Formation. However, there is
no evidence for hardground development as Canol shale
appears to'drape over original microtopography of alveolitid
.colonies (PL. 4-1lla). |

In the western portion of the study area (sections
09-15), iower platform facies contain more subangular quartz
grains, averaging 0.03-0.10 mm diameter, botﬁ towards tie
top of ﬁhe léwer platform cycle, and westward towards the
axis of the Hare -Indian lobe. Thirty <om of calcareous

quartz siltstone (~60% quartz), containing the brachiopod

Lejorhynchus hippocastanea abundantly, abruptly cap

subfacies 2 in sections 09 and 10. Fossils in subfacies 2

are listed in TABLE 4-3.

4.2.4.2 Interpretation

Antecedent topography and proximity <to siliciclastic
input Qere apparently the major cohtrols on distribution of
lower plgtform subfaciés 2.‘

High turbidity in areas proximal to silicieclastic input,
possibly reléﬁed to reworking along Hare Indian highs,
prevented stromatoporoid-rich sﬁbfacies 1 from forming in

the western portion of the study area. Stromatoporoids
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TABLE 4-3 =

r

MACROFOSSILS OF LOWER PLATFORM SUBFACIES 2

Common Constituents

thick tabular alveolitid: wmaxim dimensions 50 cm long,
© 20 enm gh; common in
subfacigs 2 along eastern
lower platform margin

hemispherical alveolitid: avéfage 9 cm diameter, 6 cm

S ' ‘ high

bulbous alveolitid: common in subfacies 2 along western
lower platform margin

| I
I I
I I
I |
I I
| |
| I
I [
| |
| |
| |
I I
I |
| |
| I
| |
| encrusting alveolitid )

| |
| |
| |
| |
I |
I |
I |
I |
| I
I I
| I
| |
| |
| |
| |
I |
I |
| I

Rare Constituents

thamnoporoid coral - ,

crinoid columnals

ostracod

echinoid spines

robust cylindrical stromatoporoid: near top of subfacies
: on coral fragments

encrusting stromatoporoid :

rhynchonellid brachiopod

Cyrtina -

*solitary rugose ccral -

hemispherical syringoporid coral

nautiloid

bryczoan

trilobite
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appear to have béen -more adversel& affected by sediment
influx than:corals. Tsien (197f) noted that, in'Devonian
buildups .in Belgium, large, thick, hemiéﬁherical to
irregular alveolitids' tend to occur in challower water
facies representing more turbulent cﬁnditions.' He suggested
that stromatoporoids were more sensitive to turbidity and
were commonly excluded from more turbid depositional
environments. This may explain the 1localization of
subfacies 1 on topogrgphic highs within the platférn
interior (section 20) and behind the high enerqgy platform
-ﬁargin at - section 23. (FIG. 4-i). The predominant °
41veolitids in éubfécies 2 in the western portion of the
study area change westward from broad, hemispherical growth
forms at section 15 to small, bulbous to irreqular growth
forms at sections 09-11. Philecox (1971) suggested, that
bulbous and cylihdrical growth forms are favored in
environments with high sedimentation rates. Lateral growth,
as in tabular and hemispherical forms, is prevented, and
upward growth may be barely sufficient to avoid burial. The
irregular aiveolitid growth form, common in section 09-11,
reflects environmental changes probably asscociated with
periodic storm influx of mixed carbonate and siliciclastic
sediménts, derived from the Hare Indian lobe.

The thick accumulation of subfacies 2 aléng the easgérn
pla:form margin reflects optimal growth, probably due to

well~circulated, nutrient-bearing waters from the adjacent
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.'depositional,basin.. The local accumulation of subfacies 2
around section 15 (FIG. 3-#) lacks the .thick tabula;
~alveolitids that are so common aloﬁg the eastérn margin.
Local'buildups in this area likely formed in lower energy
settings wheré copditioné were still favorable due to
antecedent topography, and sufficient distance from harmful
slliciclastic input. Subfacies 1l and 2 are absent from the
platform interior except on depositiona; highs (e.qg. at
section 20, FIG. 3-2). Circﬁlatio; of oxygenated,
nutrient-bearing waters was generally insufficient in the
platform interior to allow the characteristic coral and
stromatoporcid faunas of subfacies 1 and 2 to develop.

Reconnaissance suggests that \subfacies 2 represents
isolated alveolitid patch reefs that coalesced as relative

sea-level rise diminished (PL. 4-11b}. The sequence shoaled

into shallow, agitated waters, possibly in depthé of 5-10 m.

g

4.2.5 Lower Platform Subfacies 3

4.2.5.1 Description

Subfacies 3 1s the most common in the lower platform
cyble. The facles typically consists of ramose coral
floatstone and rudstone, with minor interbedded calcareous
shale, skeletal 1lime wackestone, and wafer ’hlveolitid

bindstone. Subfacies 3 1is laterally extensive, thickens
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‘near the platform margins (14-19 m thick at the eastern

margin in section 03, 23; 5-7 m thick at the westein ‘margin
in section 11, 15) and thins towards tﬁé ﬁlatform interior
(2-4 m thick at section le 20, 31). The subfacies grades

into subfacies 2 (FIG. 4-5; PL. 4-12) and bedding plane

. relationships indicate deposition on shallow-dipping buildup

flanks and inter—bui%dup'regions of the platform (FIG. 3-2).
A mninor cycle boundary éeparates subfacies 3 from ‘the
underlying subfacies 4 YFIGS. 3-2, 4-1, 4-5). The . basal
5-10 cm of subfacies 3 are either d;rk brown, pyritiferous
shale or, less commonly, a dark brown, slightlf
nodﬁiar-bedded, thamnoporoid coral floatstone containing
pyritized allochems. The basal portion of the duccession is
characterized by "muddier"™ sediments compgégjng dark brown,
ramose coral floatstone (PL. 4-13a) and/interbedded shale.
Beds show upward increase in bed thickness, and coarsening
to ramose coral rudstone supported by peloidal packstone
ma}rix (PL. 4-13h).

Faunal diversity\(TABLE 4-4) ‘increases towards the top of
the subfacles and is much ﬂigher near the eastern plaEform
margin (FIG. 4-~-6). The proportion of whole fossils to
fragments decreases upward. Ramose Coenites and Ehamnogo;a-
are better preserved in lower subfacies 3" (PL. 4-14a), and
more robust, fragmented forms are typical of grainiler, upper
sediments (PL. 4-14b). Bulbous alveolitids are larger (3-7

cm diameter) and more prevalent toward the gradational upper

-
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DISTRIBUTION OF THE PLATFORM FACIES

SECTION 04
Y o,
SUBFACIES 3 —_ MIDDLE AND UPPER
; s =N Rex = ~ _ PLATFORM CYCLES
b ) [
A /) N
SUBFACIES 2 ) : | .
LOWER"
- T~ PLATFORM
= — — & | & CYCLE
SUBFACIZS 3 ?—\- R _ Ak
2 S
SUBFACIES 4 . o o a p
°o ° ) o MINOA CYCLE  ° __Z__Q______O____
CARCAJOU =
SUBFACIES " Y
— RAMP .
100m |
)
FIG. 4-5 Distribution of platform facies at section 04

(see PLS. 4-12, 4-18).
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MACROFOSSILS OF LOWER PLATFORM SUBFKCIES 3

“

Common Constituents f

Coenites _ -/
crinoid columnals
atrypid brachiopods

Rare Constituentg

wafer alveolitidi

hemispherical alveclitid

bulbous alveolit -
encrusting stromatoporoid

robust cylindrical stromatoporcid
wafer stromatoporoid

gastropoed

encrusting bryozoa

ostracod
dacriconarids
thamnoporoid coral
salitary rugose coral
fish fragments
Cyrtina

|
i
l
|
|
|
_

mainly in
upper portion
of subfacies 3

R

h

—



/ ~

303
contact (FIG. 4-6) of subfacies 3 ‘withT8ubfaciles 1 and 2.
Robust cylindrical angd enérusting stfomatoporqids occur

7
rarely, mostly in upper subfacies 3.

4.2.5.2 Interpretation

0

The widespread distribution of the ramocse coral rudstone
and floatsténe facies is suggestife of faunal tolerance to
considerablé\yariatioﬁ,in turbulence, turbidity, substrate
type, and. goséibly other depth-related environmgntal
factors. The distribution of subfaéias 3, particularly near
platform margins, was important as the subfacies served a; a
foundation for initiation of shall buildups (subfacies 2) in
the lower platform (FIGS. 4-1, 3-=2). Subfécies"B was
deposited in waters probably 10-25 m deep based on 5-10 ﬁ
paleodepth estimates for subfacies 1 and 2. The upward
changes summgrized previously, - including decreased shale
content, coarsening, iﬁérease in faunal diversity,
collectively are evidence of ;n overall shallowing during.
deposition of subfacies 3.

Evidence. of high sedimentation rates includes the
following: "

(1) Prevailing ramose and rare bulbous growth fo;ms

among the corals are adaptations for efficient

sediment-shedding.
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MACRO FALINAL DISTRIBUTION IN LOWER PLATFORAM SUBFACIES 3

WESTHAK LOWER FLATEORM MARGIN ARLA

{3ECTION 18) A {SECTION (3)
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[
FIG. 4-6 Macrofaunal distribution in lower platform

subfacies 3.

LASTERN LOWER PLATEORM MARQN AREA
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.(2) - Stromatoporolds are rare to absent, and were
probably excluded by turbidity (Tsien, 1972;:
Boucot, 1981). ' '

(3) Alveolitid corals commonly show evidence of
termination of growth by layers of sediment.

(4) Bérings or encrustation of'growth surfaces are
generally absent. Allochems show evidence of
abrasion and fragméntation, particularly tcwards
the top of the subfacies.

. Thickness variations of subfacies 3 are possibly . due
partly to the baffling effect of the abundant ramose corals,
especially in areas of good circulation such as the platform
margins (FIGS. 3-2, 4-1). Howaver, the ramosé corals are
rérely upright and are typically fragmented. Thus, their
_ more important sedimentological role was likely in
contributing to sediment volume. Consequently, subfacies 3
thickness variations can reflect the combined effect of the
following factors:

/(l) Stimulated growéh in areas of good c;rculaEion of
nutriént-beaﬁing waters and areas where antecedent
topographic highs improved circulation (e.qg.
vicinity of lowet* platform margins in FIGS. 3-2,
4-1). In the evolving depositiona; topography,
shallower waters would have favored higher growth

potential (Schlager, 1981).
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(2) Mechanical redistributioﬁ'bf wave energy dependent
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upon water depth, prevailinglwind direction, and

distrib&tipn acco;ding to predominant storm tracks.

There was probably little redistribution in the
platform Iinterior compared to platform ma:gin'
areas.

(3) Differential campaction (minor).

The ramose Eoral distribution is analogoﬁs to the
distribution of Acropora cervicornis in modern cCaribbean
reefs. Typically, this modern coral is concentrated in
zones behind and downslope from the 3. galmatﬁ-dominated
breaker =zone in deeper (4-20 m), less _agitated wateré
{Scatterday, 1974; Geisteé, 1977; James. and Macintyre,

1985). Randall and Eldridge (1977) noted that the branching

A. cervicornis is less resistant to wave action than A.

palmata. Consequently, storm damage and fragmentation of.
the branching form tend to be more intense and widespread in

the zones of A. cervicornis growth.

4.2.6 Lower Platform Subfacies 4
4,2.6.1 Description

Subfacies 4 consists mainly of grain-supported
" lithofacies including brachiopod~crinoid-Amphipora

grainstone and Amphipora-robust cylindrical stromatoporoid
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famose coral rudstone. The upper contact of subfacies 4 is°
a minor cycle boundary that is abruptly overlain by dark
brown, pyritiferous shale or dark brown, slightly nodular,ﬂ
thamnoporoid coral . floatstone. At section 69, the upper
contact is a pyritized surface encrusted by wafer
alveolitids. . Subfacies 4 generally  displays a sharply
' gradational lower ‘contaot with tho Carcajou oubfaoies.
However, basal beds in subfacies 4 rarei?Jshow black shale
intraclasts and thamnoporoid corals with  black -
shale-infilled, intra-allochem  p¥tosity (PL. 4-15),
suggesting local marine erosion of the underlying Caroaﬁou"
sediments. In section 07, moandering tool marks at the base
of 0.6 m thick subfacies 4 likely represent gutter casts.

The subfacies can be traced throughout the study area and

exhibits the following thicéjﬁzs trends.'

(1) Thinning to 2.1 m (section 20) over
paleotopographic highs within the plaﬁform
interior, and thickening to 3.3 m (section 18) and
3.4 m (section 31) in odjacgnt paleodepressions.

(2) }hickening to a maximum 12 m (section 23) in ohe
vicinity of the ramp-clinoform break in slope where
the eastarn margin of the lower platform developed
(FIG. 4~1), and thickening to 6.6 m at the western
margin in section 15.

Detailed mapping near the eastern margin (sections 21-23,

28, 03, 07) revealed a predictable lithofacies sequence for

~
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the ‘subfacie; }FIG. 4-7). A medium brown brachioped-
crinoid-gménipora packstone to grainstone unit (PL. 4-16a)

_typicaliy'fringes‘and is gradational ﬁpwards ipto a ramose
coral-cylindrical L?stromatopordid rudstone showing' a
-substantially higher ratio Bf-sparite cement to lime mud
matrix. This unit, in turn, passes into local adcﬁmulations
of cylindrical stromatoporoid rudstone (PL. 4-16b) which

- contributed 5-15 m cof togpgraphic re;ief in the eastern
platform margin area. " The abrupt upper cycle boundary of
subfacies 4'provides the evidence of palectopographic relief
represented in fIG. 4-7. Fossll content of subfacies 4 is
listed %p FIG. 4-8 and plotted against the vertical
succession of major lithofgpies.

Horizontal strata 3-10 cm thick are defined by variable

\Hgllocheﬁ.'and mat;ix content (PL. 4-16b), and there 1is a
general thickening- and lightening~upward tfend in beds of’
subfaaies 4.'{ A}lochems are typically fragmented, and
,disorientgd.;tromatoporoids are commeon towards the top of
tﬁe sequence. AA abundant, thick=-shelled, brachioéod%fauna
- (including St;iﬁgééeghalus) characterizas\the basal pértion

of subfacies 4. Valves are typically disarticulated and in

current-unstable positions (PL. 4-16a). Primary
intra-allochem porosity (calcite cement-cczluded) increases
R

towards the top of the séquenca and there 1s a ccncomitant
decrease 1ingfaunal diversity with larger, more robust

stromatoporoid allochems (FIG. 4~8) becoming predominant.

o
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STAGE 1 - SHOAL INITIATION
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FIG. 4-7 Palecenvironmer tal reconstruction of the lower

platform facies) (stage 1) in the eastern portion
of the study aréa (sections 21 to .01).
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MACROFAUNAL DISTRIBUTION IN
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FIG. 4-8 Macrofaunal distribution in lower platform
subfacies 4 at sections 04, 23.



Y —

311
4.2.6.2 Interpretation

Thgre is. abundant evidence to suggest that most of
subfacies 4 dccﬁmulated ;; sﬁéal sediments on the drowned
ramp. Subfacies 4 thins over platform interior depositional
highs and thickens into adjacent topographic lows and into
marginal areas ofJ the lower platform (FIGS. 3-2, 4-1).
Circulation was sufficient in the area of the underlying
ramp-clinothem transition, presumably with upwéllinQ‘ of
'nutrienf—bearing waters from the adjacent basin, to promote
vigorouF growth of the shoal-forming organisms. In the
Gayna River area ‘(section 15), local shoals developed on a
topographically higher portion of ‘the ramp in presumably,
more agitated waters, distant from poésibly storm reworked
mixed siliciclastic-carbbn&te'sediments.

The shoal sediments were commonly redistributed by storm
wave activity, as shown by hydrodynamic sorting of abraded
bioclasts. The muddy éfinoid—brachiopod grainstone and
packstone appear to+. have devéloped around shoal

accumulations, particularly along depositional margins

f’facing away from the'platform interior (FIG. 4-7). Rare

gutter casts and ~common fragmented . allochems in
current-unstable positions suggest periodic storm reworking.
More robust,’ fragmented, ‘ cylindrical and tabular
stromatoporoids are localized on shoal highs and are

supported by a skeletal grainstone% matrix showing

sparite-occluded interparticle porosity. These sadiments
§ Y . | ‘

N - \
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were likely more winnowed at shallower depth, estimated to
have bgen about 10 m (FIG. 4-7), and érqbably represent near
in situ accumulations. Smaller .cylindrical stromatoéoroids
were easily transported because of their high 4initial
porosity and possible sedentary rather than sessile 1life
haﬁit (Kobluk, 1975; Bassett and Lawson, 1984; Kershaw,
1984). An Amphipora-rcbust cylindrical stromatoporoid-
crinoid-brachiopod-ramose coral faunal assemblage suggests a
unique deposit}onal environment.

As discusﬁéd earlier in this chapter, the Carcajou
.drowning evégsf terminated ramp deposition. It ﬁrobably
resuited in organic enrichment of sediments due to increased
productivity in areally-expanded shallow waters. Sluggish
circulation and reduced oxygenation in these.shallow waters
could have restricted éolonization by opportunistic’ faunas .

to particular parts of the drowned ramp. More favorable

|

sites would have been: E \\

(1) dn topographic highs in better circulated, more ¢g5J>
oxygenated waters, well removed from areas of high
siliciclastic sedimentation and associated high
turbidity (e:g. sections is, 20; FIG. 3-2).

(2) Along the famp—clinothem transition where
nutrient-bearing waters could have upwelled from

the adjacent basin, and circulation would have been

slightly improved due to storm and wave action.
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" Small cylindrical stkomatoporoids, such- as Ampﬁiporg,
were probably initially favored due to their tolerance to
extremes in oxygen levels and water energy fluctuations
(Jamieéon, 1971). ﬁow' turbidity probably characterized
deposi£ion of the Carcajou subfacies and the lower platform
subfacies 4, as indicated by the common stromatoporoid-
crinoid fauna. However, a cylindrical stromatoporoid fauna
was not_re~estab%ished following the rélative rise in sea
level that terminated subfacies 4. A combination of slowing
sea-level rise and developing platform topographic relief
likely resulted 1in increased turbiditf and restriction of

the stromatoporoid fauna to local highs during the close of

the lower platform cycle.

4.2.7 Synthesis of Lower Platform Evolttion '

' The lower platform depositional cycle is the thickest and
most extensive 1in the platform facies association. At
section 15, the lower platform is abruptly overlain by Canol
basinal laminites (PL. 4-17). 1In the eastern portion of the
study area (sections 03, 04; FIG. 4-1),‘:lower platform
margin faciles (subfacies 1, 2) cﬁlminate in a 45 m
upward-shoaling éequence and are abfuptly overlain by thin
(8 m) foreslope facies of the middle and upper platform
Eycles (PL. 4-18; see Sections 4.3 and 4.4). The foreslope
of the lower platform steepened from 8.6 m/km at stage 1

(sections 03 to 01, FIG. 4-7) to 42 m/km at stage 2
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(sections 03 to 01, FIG. 4-9). Interbedded foreslope
peloidal calcisiltite and shale constitute a unit that
thickens from 7 n in sectién 01, downslope to 13 m in'
section 25, and rarely includes coarse-grained, gully-fill
gravity flow sediments (section 01, unit 018).
Overall/;amp—lower platform bevelopment shows a complex
and persistent relationship to antecedent topography.
Following a relative rise in sea level during Carcajou
Marker time, an impoverished ramose coral fauna became
established on portions of the -drowned riip where

circulation was slightly improved and siliciclastic input

was minor (FIG. 4-4). Preferred sites were:
(1) The ramp-clinothem transition area (section 03).
{2) Antqgedent topographic_highs on the ramp (sections
20, 15). |

Local shoals eventually developed at these sites for
simildr reasons. The unusual Amphipora-robust cylindrical
stromatoporoid-crinocid-brachiopod faunal assoclation was
probably opportunistic and occupied clear, normal marine but
slightly oxygen-depleted environments. Shoal development
enhanced topégraphic relief on the lower platform (FIGS.
i-2, 4-1, 4~7, 4-9) and was terminated'by accelerated rise
in relative sea level. Changing circulation patterns
associated with this drowning and the evolved shoal
topography probably resulted in more turbidity, particularly

in platform paleodepressions. Consequently, the greatest
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FIG. 4-9 Paleocenvironmental reconstruction of the lower

platform facies (stage 2) in the eastern portion
of the study area (sections 21 to 01).
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growth—potential-fbr lower platform sub}acies 1-3 was in the
vicinity of antecedené topographic highs, including the
western platfbrm margin (section 15), a platform'interioé
hig&_(section 20), and the eastern platform margin (sections
23, 03). |

Hydrographic features and aspects .of sediment
distribution on the Bahama Banks are known teo be influenced,
in /part, by pre-existing Pleistocene bedrock 'topography.
Dravis (1977) noted that the Bahama Bank margins coincide
with topographically higher areas of Pleistocene bedrock.
Most of the platform interior is flooréd ?y a Pleilstocene
limestone paleotopographic low at depths of 6-7 m.

In the eastern portion of the study area, the Ilower
platform displays a depositiénal margin of high relief.
Compared to the thick accumulation of platform margin facies
as section Oj, very little sediment escaped basinward (FIGS.
4-1, 4-9). Faunal evidence indicates that open marine
conditlions prevailed for platform interior deposition. This
suggests that platform margins were discontinuous and
characterized by small, cocalescing ggggi;gg-znggﬁggg;g«
alveolitid coral buildups. However, platform interior
circulation was sufficiently restricted that carbonate
production was reduced there relative to platform margin
areasgs, and platform topography, Ehereéore, was progressively

accentuated (FIGS. 3-2, 4-1).
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4.3  FACIES ANALYSIS OF THE MIDDLE PLATFORM SYCLE

v 4.3.1 General Statement
A pronounced and rapld sea-level rise terminated the

lower platform cycle. The overlying middle platform cycle

is a less extensive . stromatoporoid-dominated,
‘-';:\_‘
upward-shoaling, second-order cycle (FIGS. 3-2, 4-1). It

thins to 4 m (section 20) and 9 m (Bection 23) ove€/a\\/,
pré—exis?ing platform highs, and thickens to ‘13 m (section <K\
31) andk 15 m (section . 22) in adjacent depressions.
Correlation of the middle/upper cycle,boundary indicates a
"smoothing" of depositional topography compared to the
beginning of the middle platform cycle. No discrete,
isolated buildups, such as those in the lower platform
cycle, are present in the middle platform cycle. As a
consequence, the margins of the middle platform are less
clearly defined. 1In the eastern portion of the study area,

the middle platform margin is near section 23 (FIG. 4-1).

\fhe middle platform wmargin facies pass downslope into {
foreslope faﬁies eastward, and into platform interior facies \
westward (see details below). Exposure is less extensive ir

the western portion of the study area. Platform margin
facies probably extended to near section 18 (FIG. 3-2), with

basinal facies equivalents present beyond in the lower Canol

Formation at section 15.
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The middle platform cycle contains four main subfacies,.
as described and interpreted - below. A concluding

depositional synthesis outlines their spatial and temporal
L " 1y

interrelationships.

4.3.2 Middle Platform Subfacies 1

4.3.2.1 Description “

Subfacies 1 consists of planar-bedded, bulboug-
encrusting-cylindrical stromatﬁporoid rudstone  and
floatstone. Units are typically 3-4 m thick, and are
restricted to platform topographic.highs (e.g. sections 18,
. 20, jl in FIG. 3-2) where they are sharply overlain by dark
calcarecus shale of the upper platform cfcle. The subfacgps
elither rests abruptly on the lowgr platform cycle -(in
saction  20) or passes gradafionally into ‘abraded
stromatoporoid rudstone of middle platform subfacies 2 in
adjacént platform paleodepressions (iﬁ sections 18, 31, 08).
Units commonly coarsen-upward from argillaceous floatstone,
with a high coral-to-stromatéporoid ratio, to light-colored,
bulbous-hemispherical-cylindrical stromatoporoid rudstoene
and boundstone with a fragmented skeletal grainstone matrix

(PL. 4-19a). Fossils in subfacies 1 are listed in TABLE

4-5.
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. TABLE 4~5

MACROFOSSILS OF MIDDLE PLATFORM SUBFACIES 1

Common Constituents

bulbous stromatoporoids: common stromatoporids, many
overturned; average helght 10-
18 cm; average diameter 5-9 cm

robust cylindrical stromatoporoids

hemispherical stromatoporoids

encrusting stromatoporoids: common stromateporids

Rare Constituents: more common-at base of subfacies

Coenites .
solitary rugose coral
thamnoporoid coral
tabular alveolitid coral
wafer stromatoporoid
tabular stromatoporoid
ostracod

crinoid columnals
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Subfacies 1 was deposited in slightly agitated open

- marine waters on platform -paleotopographic highs. The

assoclation of a higher coral content with more argillaceous
floatstone near tﬁe base of the units implies more’ turbid
conditions initially. The abundance of Dbulbous and
hemispherical stromatoporoids towards the top of thgh_
subfacies probably reflecta shallower, slightly -maée
turbulent conditions and episodic sedimentation (Kobluk,
1975} James, 1979). These predominant morphotypes would be
less suited tb turbulent depositional settings (Bjerstedt
and Fel@man, 1985).

Subfacies 1 represents autochtﬁongzé sediments preserved

on platform interior highs and fringed by allochthdnous

sediments of subfacies 2. This&_rglationship will be

discussed below.

'

4.3.3 Middle Platform Subfacies 2

4.3.3.1 Description

Subfacies 2 comprises mainly abraded strdmatcporoid
rudstone with minor robust cylindrical stromatoporoid
rudstone and floatstone, robust cylindrical stromatoporoid-

ramose coral rudstone and floatstone, and skeletal 1lime-.

\ }
f

wackestone interbeds.
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It is the most common subfacies in the'middle platform
cycle, particulatly djacent to platform highs, for example,
oest of section 08 (FIG. 3- 2) where some units are as much °
as 16 m thick. 1In the eastern portion of tnorstudy area,
bedding planes within the subfacies show clinoform geometry.
as they -downlap onto the underlying lower platform cycle
(PL. 4-19b, FIG. 4~10). .

ég?llochems are _typically fragmentad, disoriented, and
grain-supported. The matrix varies up sequence from muddy
peloidai \\packstone to - skeletal grainstone, {§with
calcite-ocoiuded primary interparticle porosity. Beds
become 'iighter-colored and thicken-upward.‘ Skeletal
fragments are commonly bored and encrusted by e%ibionts,
partlcula;ly strématoporoids This upward—shqgling sequence
shows_ progressive decrease 1in the ratio of corals‘ to
stromatoporoido, and increase in proportions of +tabular
stromatoporoids and élgae'upward.f Large (40 cm diamete:,'ls
cm high) étromatoporoids ~ commonly appear to be~
autochthonous. TABLE 4-6 Uprovides a comp}ete .}iot of

fosgils in subfacles 2.
. :

. ;}.\‘_
: R
4.3.3.2 Interpretation ]

- B

Middle... platform subfacies . 2 is predominantly
allochthonous sediment derived from adjacent platform highs.
- . . * ¢

In section 01, on the platform foreslope (FIG. 4~1}, it

consists of abraded stromatoporoid floatstone (unit 022),

Uy
-
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MACROFOSSILS OF MIDDLE PLATFORM SUBFACIES 2

Common Constituents

v

robust cylindrical stfomatoporoid B

binding algae

Common only in

thick, tabular stromatoporoid _| upper portion of

>

subfacies. Tabular

stromatoporoids
//// commonly abraded,
overturned, and

bored. Upper
surface commonly

digitate.
Rare Constituents
encrusting stromatoporoid: sfromatoporid \
low extended hemispherical stromatoporoid

bulbous stromatoporoid
thamnoporeid ceoral
Ceocenites

crinoid columnals

¢ actinostromatid
| more common in basal portion
_| of subfacies

solitary rugose corals -

atrypid brachilopod

Stringocephalus
gastropod

.ostracod

F gt N

| i

) o
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probably emplaced as a slightly lobate debris flow deposit

L

(FIG. 4:ﬁb, PL. 4-20). Its base is'nearly planar and shows

groove and prod markings. The upper contact is a hardground

with predominantly con@ex—upward surface overlain by

slightly nodular lime mudstone of the upper platform cycle.

Contained allochems are extensively fr§gmented and arranged
chaotically in a lime mudstone matrié. However, much of
middle platform subfhcies 2 is fragmented skeletal rudstone
and grainstone derived by wave action from nearby margins
and platform interior ﬁiéhs.

Kershaw (1984) suggested that common, broken margins on
stromatoporoids, and evidence for disorientation in all size
ranges, points to sform transport. The common occurrenc:2 of
thick, tabular stromatoporoids and robust cyiindrical
stromatoporoids indicates”that these sediments were probably
derived from shallow (<5 m) waters. Storms would prbbably
have affected such shallow depths/frequently, and resulted
in ?ha eplsodic accumulation of allochthonous sediment.
Periins and Enos (1968) noted.an analogous Recent "example in
the‘Floridanhéhamas area where Hurricane Betsy (1965) caused
extensive fragmentafion and redistribution of Acropora

cervicornis. ©Portions of the platform interior may have

it

been sufficiently protected by the damping of storm wave .

energy across shallow gurrounding areas of the platform, to
permit the accumulation of middle platform Buﬁfacies 1 (FIG.

3-2).
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4.3.4 Middle Platform Subfacies 3

4.3.4.1 Description

Middle platform subfacies 3 consists of wafer
stromatoporoid-robust cylindrical stromatoporoid-ramose
coral ‘ficatstona, rudstone, bouﬁdstone, and minor
interbedded shale. The subfacies is typically thinly-bedded
(5-10 cm) and commonly ccntains fine disseminated pyrite and
pfritizéd allochens. Middle platform subfacies 3 (avera;e 5
m thick) at the_ base of the middle platform cycle in
sections 28 to 123, .and. grades up _into 1ighter colored
limestones of subfacied 2. Along the pl&tform foreslope in
sectlions Oﬁ to 06 (FIG. 4-1), subfacies 3 1is abruptly
overlain by dark grey calcareous shale and argillaceous
limestone of the ﬁpper platform cycle. The subfacles was
not observed in the western portion of the study area.

Floatstone predominates,- with allochems supported by a
dark brown, microstylolitized ;;eletal ‘yackestona matrix.
Wafer stromatoporoids are generally oriented parallel to
beading. In section 28 (FIG. 4-1), subfacles-3 shows the
following changes up;section: "

(1) Beds become lighter colored as mud matrix

decreases and alldchem content increases.

(2) The ratio of stromatoporoids to corals incfeases,’

along with an increased proportion of disoriented

or imbricated -and overturned stromatoporoids..
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(3) Skeletal fragments in the matrix appear to be more

micritized towards the - top,’ possibly due ~£o,

increased - algal infestation associated wifh_

shallowing.

are succeeded by "ragged"
gy

(4) Wafer growth forms
tabular and hemispherical forms. The latter

possibly reflect phenotypic responses to increaéed

turbidity.

A comprehensive list of macrofossils .in subfacies .3 is

provided in TABLE 4-7.

4.3.4.2 Interp}etation

| 4
Paleobathymetric estimates (FIG. 4-10) place middle

platform subfacies 3 in the 11-27 m depth réngé. The
typical, dark, carbonaceous micritic binddgtone and
floatstone with in situ and reworked wafer stromatoporoids
resemble lower foreslope limestone facies in the Middle
Devonian Judy Creek reef comﬁlex (Swan Hills Formation).
Their interpreted bathymetric.constraints are also similar
(Wendte and Stoakes, 1982). The pgeviously ncted upward

changes in subfacies 3 in section 28 suggest shoaling into

more agitated waters.

The wafer stromatoporoid growth form 1is possibly

analogous to sheet-like colonies of Diploria, Agaricia, and

Montastrea, which are adapted to reduced light conditions in

Recent deep forereefs. The wafer growth form could also

T
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TABLE 4-7

MACROFOSSILS OF MIDDLE PLATFORM SUBFACIES 3

el

Common Constit$#£t5¢

wafer stromatoporoid: max. dimensions: 40 cm diameter,
' 1 cm height; rarely mammellate
upper surfaces; common mud-filled
borings
Coenites

robust cylindrical stromatoporoid

Rare Constituents

Thamnnopora

solitary rugose coral

encrusting stromatoporoid: actinostromatid
crinoid columnals ' jF*
fish fragments

sponge spicules

ostracod

atrypid brachiopod

I
I
!
I
|
|
|
I
|
I
|
I
|
I
I
|
|
|
I
|
i
I
I
gastropod }

?
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have enabled the stromatoporoid organiéﬁ both to maximize .
surface feeding area and to rest on soft, muddy, substrates
without foundering. Warer growth forms are inherently
advantageous in environments. of low wave energy and -slow
sedimentation (James, 1979). The following taphonoﬁic-
evidence confirms low sedimentation rates:

(1) Wafer stromatoporoids are abundant, possibly
evidence of sléw sedimentation rates and 1low
turbidity. Such laminar growth forms might be
expected to be less common in areas of rapid
sédimentation because they would be more readily
smothered. Also, if stramatoporoids are
sponge-related, éuspended fines may have been.as
harmful to the stromatoporoid organism as they are
to modern sponges (Kobluk, 1975).

(2) Allochems are commonly bored anqxshow common
epibiont encrustation, both indications of lengthy
exposure on the sea floor.

(3) Much of the skeletal debris is fragmented and the
matrix is considerably bioturbated, evidence of
prolonged mechanical and bioloéical reworking.

(4) Allﬁchems are commonly pyritized, which generally
requires slow sedimentation with sulphate ions
provided by seé_éé%er.

The disorientation of some wafer stromatoporoids could

have been due to one or'mora of the following factors:
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(1) Episodic increasew;nxsgfrent enerqgy; for example,
| during sﬁBrms, particularly at shillowqr depths
(e.g. in section 23 FIC. 4-10). '
(2) Disruptioﬁ of the.substrate by burrowefs.
- (3) Foundering into soft sediment due %o increased

weight during growth (Kobluk et al., 1977).

(4) 'Predation (Pandolfi, 1984).

s

4.3.5 Middle pPlatform Subfacies 4

4.3.5.1 Description

Middle platform subfacles 4 1is restricted to thé eastern
portion of the study area (sections 07, 01, 25; FIG. 4-1).
Thin-medium beds, 5-20 cm thick, of dark brown, planar to
nodular lime mudstone, wackestone, and packstone,
" Interbedded with dark'brown calcarecus shale, are typical.
Allochthonous faunal elements tend to be fragmented,
intensely micritized, and concentrated in laminae and very
thin beds. The limé mudstone beds grade weakly upward from
thin (2-5 mm), regular calcisiltite laminae into wispy (1-3
mm) calcillutite laminae. Fine disseminated pyrite and
pyritized' -allochems are ubiquitous. The interbedded
calcareous shale is faunally impoverished compared to the

limestone beds, and contains mainly styliolinids. The shale
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commdnly displays fissila, even papery, lamination and
contains pyrite nodules.

Fossils in middle platform subfacies 4 are listed in
TABLE 4-8.

4.3.5.2 Interpretation

Subfacies 4 1s restricted +to a 1lower foreslope
depositional setting (FIG. 4-1) and incorporates strata
representing hemipelagic mud deposition and episcdic
emélacement of fine-grained calciturbidites. The turbidites
proﬁably originated along a line-source on the slopé and
were deposited from low concentration turbidity currents, as
indicated by the following:

(L) Fossils are mixed and fragmented, but
characteristic of a foreslope setting, such as in
subfacies 3. They include wafer stromaﬁoporoids,
robust cylindrical stromatoporoids, and ramose
corals. '

(2) Turbidites extend laterally more than 400 m at
section 01, and are sharp-based. How4ver, sole
markings are generally absent.

(3) Imbricated bioclasts occur rarelylat tops of beds.
Bioturbation is most common along upper contacts of

]
turbidites.
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TABLE 4-8

MACROFOSSILS OF MIDDLE ELATFORM SUBFACIES 4

Rare Constituents

styliolinids
crinoid columnals

Leiorhynchus hippocastanea

Coenites

wafer stromatoporoid
thin-shelled ostracod
fish fragments
sponge spicules

styliolinids T
fish fragments _|

|
|
|
cylindrical stromatoporoid |- limestone macrofossils
|
|
|
_|

shale mécrofossils

3
N
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(4) Calcisiltites show slight fining-upward and are
similar to bése-omitted distal turbidite sequences
(Ta_e) described by Stow (1985).
(S)J Channel~-fill sequences ;rerabsent from the
N foreslope setting both in the stuéy area and in the
time-equivalent subsurface buildup at Norman Wells.
(Muir et al., 1985). i
The calciturbidites 1likely fgrmed coalesc#ﬁg apron
deposits‘derived from the eveolving middle platform sequence.
Embayments such as the Tongue of the Ocean, in the Bahamagy
pldtformf display coalegcing carbon;té sand and gravel
deposits derived by sediment gravity flow (Schlager and
Chermak, 1979). These seqﬁences form an apron 15-25 km wides
along the basin margin, with muddier sediménts predominating
toward the embayment. .
Giravity flows during middle platform time could have been
generated as a result of oversteepening and instability of
sediments accumulating on. the shallow dipping (1-3°)
foreélope, stomm activit§- and current undercutting, and
possibly liquefaction of carbonate muds by compaction and

dewatering.

4.3.6 Synthesis of Middle Platform Evolution _
The middle platform cycle differs from the underlying
second-order cycles in several ways (TABLES 4-9, 4-10). Tt

is thinner, less extensive, and shows evidence for

<
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TABLE 4-9

LOWER PLATFORM CYCLE - OVERALL CHARACTERS

———— — — —— e e e R ———— e e —————

1. |Distribution and Geometry
B maximum thickness = 45 m
B extent >31 km (east-west direction)
B maxipum relief of lower—uycle boundary (platform
integior) = 25 m-
N maximum relief of upper cycle boundary (platform
interiptr) = 45 m
m thic s ratio of margln/foreslope thlckness
. ratio ections 23, 01).= 9:1
B average inclination of foreslope (sections 03- 01)
= 42 m/km
B style of deposition: aggradation > progradation
2. 1Internal Characteristics (excluding foreslope facies)
® lime mud-supported lithofacies > grain-supported
lithofacies .
B coral fauna > stromatoporoid fauna
®m minor third-order cycles arranged in an overall
shallowing-upward sequence
[}
r.7’ -

e
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Distribution and @eometry

HIDDLE PLATFORM CYCLE = OVERALL CHARACTERS

Internal Characteristics (excluding foreslope facies)

o (o

B maximum thickndss = 16 m ’

W extent =20 km ast-west directéon)

B maximum relief o pper cycle b undary (platform

interior) = 35 m

thickness ratio of margin/foreslope fac1es
(sections 23, 01) = 2:1

average 1nclinatlon of forealope (sections 03-01)
= 35 m/km

style of deposition: progradation > adgradation

grainmsupported lithofacies > lime mud- supported
lithofacies

stromatoporoid fauna > coral fauna, mainly
allochthonous faunal aS$semblages
minor third-order cycles rarely observed

I
l
I
|
|
I
|
|
|
g
l
|
I
I
|
|
|
|
|
|

v

T~ -

4

o~
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progressively reduced platform relief, as it thickens: into
dépositional. lows (see FIG. ™3-2) aﬁd thins over
palectopographic highs. The abundance of grain-supported,
abraded stromqtopofoid rudstone suggests  that  this
pheﬁomenon was accomplished mainly by intensive current
égtiﬁity (e.qg. related to storms) at relatively shallow
depths. Near the eastern margin, ‘the cygle displays less
aggradatiohal and more progradational style than the lower
platform sequence (FIG. 4-10). Instead, 'the ﬁpper cycle
boundary of the middle platform sequence is more ramp-like,
with é gradient of - 10 m/km .(sections 23 to 03), bYbefore
steepening\into the basin at 35 m/km (sections 03 to 0l).
Marginall facies of the middle platform, mainly abraded
tabulaf strométoporoid rﬁdstone, backstepped ~800 m towards
the platform interior from the eastern limit of the lower
plaﬁform margin (FIG. 4-1). .

The middle platform cycle contains a much higher _
proportion of coarse foreslope debris to margin facies than
the lower platform cycle (TABLES 4-9, 4-10)}. The ramp-like
middle platform margin in the easterﬁ portion of the study
area, and the associated reworked sediments of subfacies 2,
show evidence of fregquent storm modification. Woodléy
(1981) documented =~ Hurricane Allen's (1980) effect on
‘Jamaican coral reefs. Wind-generated.w;ves»over 12 m high

carried dislodged material across the shallow reef in

Discovery Bay. Dense, 1-3 m high stands of Acropora
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palmata, which dominated the reef crest, were leveled. Tpe
breaker zone and reef flat were .transformed from
construc£ional reefs into a gently sloping rubble rampart.

In situ .bulbous-encrustiné—cylindrical sﬁ%oﬁatoporoid
floatstone, rudstone, and boundstone of subfacies 1 are
located in the p;ati?rm interior and towards the leéward
‘western margin (FIé. 3-2), presumably due to the damping of
wave energy on the windward eastern margin.

The bypass nature of the middle platform margin,
"smoothing"- of depositional toéography, and- abundance df
grain;suppérted stroﬁatoporoid rudstone suggest +that the
middle platform cycle represents more prolonged reiative sea
level still-stand than during deposition of the underlying
cycle. This would have provided more time for storm
reworking and subsequent decrease in depositional reiief

between platform margin and interior.

4.4 FACIES ANALYSIS OF THE UPPER PLATFORM CYCLE

4.4.1 General Statement

A pronouﬁced sea~level rise terminated +the middle
platform cyéle énd §ed to backstepping of the upper platform
margin. Thus, the upper platform cycle is the most areally
restricted second-order cycle in . the platform facies

: ”
association (FIGS. 3-2, 4-1).
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The upper ‘ﬁigﬁform cycle consists of buildup facies
(subfacies 1 and 2), platform interior facies (subfadies 2
and 3f, and platform foreslope facles (subfacies 3 énd 4).
A discreEe, 15 m thick, upper plaﬁform buildup occurs ~400 m
west of the underlying middle ﬁiatform margin in the eastern
portion of the study area (FIG. 4-11). An 18- m thick
buildﬁp was mépped alon§ the margin of a platform embayment
in the vicinity of éection 08 (FIG. 3-2). Another buildup
of unknown thickness marks the western margin of the
platform-at section 18 (FIG. 3-2). Platform interior facies
are thin (averaga 4-6 m- thick), dark-colored units
containing a "'mixed coral-stromatoporoid fauna. Platform
evolution during upper platform time apparently reverted to
"a more aggradational style, similar to that of the‘lower
platform cycle, with the accentuation of depositional-relief
compared to the underlying middle platform. The subfacies
of this upper platform depésitidnal sequence are described

and interpreted below. r

4.4.2 Upper Platform Subfacies 1 ' ' :

4.4.2.1 Description

Upper platform subfacies 1 comprises massive to thickly
hedded, tabular stromatoporoid-algal boundstone and

subsidiary, abraded tabular stromatoporeoid rudstone. The
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study area (sections 21 to 01).
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facies is restricted to buildups along platform margins and

AT e

. in the vicinity of a platform iﬁﬁ “lor embayment at section

08 (see FIG. 3-2). At Eect;on 23, the.subfacies is 8 m
thick,. arid gradationally interbedded at the base with
abraded stromatoporoid rudstone of upper platform subfacies
2. The upper contact of subfacles 1 is a hardground_wﬁich
marks the top of the platform facles assoclation beneath the
overlying reef. The hardground is a mineralizegd, undﬁlating
.surface which truncates allochems and shows small borings
rarely.g The latter are less than 1 mm in diameter, and
possibly represent echinoild pitting. Sharply overlying the
hardground is a 5 cm thick c¢rincid-robust cylindrical
strgmatbporoid-ramoée coral grainstone (PL. 4-21a). This
unit represénts transgressive lag sediments of the first
reef cycle, which probably servad to abrade the tops of the
drowned platform buildups during prolonged current
reworking. |
Bedding.thickens upwards in upper platform subfacies 1
and in situ, thick tabular stromatoporoids (PL. 4-21b) and
low-exteﬁded hemispherical stromatoporoids become
increagingly abundant (fossil 1listing in TABLE 4-11l).
Robust cylindrical stromatoporoids are commonly
algae-encrusted and constitute the grain-supported matrix.
Some tébular. st;omatoporoids ‘changed with growth into
fasciculate forms, and ragged flanks with interiayered

sediment are common.
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TABLE 4-11

MACROFOSSILS OF UPPER PLATFORM SUBFACIES 1

Common Constituents

" hemispherical stromatoporoid: average diameter 40 cm,
average height 20 cm

- thick, tabular stromatoporoid: some show ragged flanks;
actinostromatid; average
diameter 35 cm

robust cylindrical stromatoporoids: 5-10 mm diameter

-

Rare Constjtuents

gastropod
crinoid columnals
Coenites
ostracod

!
|
I
I
|
|
l
|
|
|
|
| binding algae:. encrusting cylindrical stromatoporoids
J
|
I
l
[
l
|
l
|
|
f
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4.4.2.2 ;ntegg. rebation | |

Uppér platform subfacies 1 is restricted to buildupa at
sites inferred to have had lgééd water circulation and
nutrient upwelling, such as in the vicinity of antecedent
middle platform margins and along embayments. The presence
of robust cylindrical stromatoporoids_and thick, low-profile
stromatoporoid growth forms 'is suggestive of ‘well-agitated
.waters at depﬁhs estimated to have been 0-5 m. However, the:
common occurrence of forms transitional from tabular. to
fasciculate indicates that forms better sulted for
sediment-shedding developed periodically due fbkfluctuations
in sedimentation rate. Beds flanking the buildups show

slopes of 2-5° at sections 08 and 23, and consist of upper

L}

platform subfacies 2 (FIG. 4-11).

4.4.2 Upper, Platform Subfacies 2

4.4.3.1 Description

A

Abraded stromatoporold rudstone and minor thick, tabular

stromatoporoid-algal boundstone ‘comprise upper platform
subfacies 2 and form proximal "haloes" enclosing discrete
upprer platform puildups. However, these lithofacies pass
distally from the buildups into robust cylindrical
stromatoporoid rudstone and floatstone, and finally to more

argillaceous ramose coral-robust cylindrical stromatoporoid

&
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floatstone in the 'uppef platform interior (FIG. 4-1).
Subfacies 2 thiné from 9 m to 4 m over a distance of 4 Xkm,
aﬁproaching the embayment buildup at section Oé (FIG, 3~2).
The subfacies overlies the mid?le-upper piatfgrm cycle
boundary and is laterally transitional into Tdarﬁ, wafer
stromatoporoid-ramose coral floatstone of subfacies 3 within
the platform interior. The basal unit of subfacies 2 in the
eastern portion of the study area (séctions 28, 22-23) is 15
cm of cross-stratified, crinéid-peloié;l grainstone which is-
sharply overlain by robust c¢ylindrical stromatoporoia
rudstone. The peloids average 0.1-0.3 ﬁm in diameter and
are subangular[ suggestive of micritized skeletal debris.
Towards the top of the subfacies,-fragmented allochems are
larger and cfinoid-brachiopod content decreases sharply.

Bedding thickens and. coarséns—upwards,‘ and there is a

corresponding increase  in autochthonous fossils,
particularly “thick tabular and hemispherical
—“Etromatoporeoids. The .fossil content of subfacies 2 is

listed in TABLE 4-12. ;n.section 18, subfaciles 2 is 6.7 n
thick and shows the following upward changes:
(1) supporting matrix coarsens from dark brown,
pyritiférous,“.micrqstylolitized lime mudstone to
peloidal;fragmenfgd skeletal packstone.

(2) Beds thicken. and beqome lighter-colored upwards.

]
1

(3) Faunal diversity decreases as robust cylindrical

stromatoporoids become increasingly dominant.

\ e

-]



, _ 343
TABLE 4-12

‘ |
MACROFOSSILS OF UPPER PLATFORM SUBFACIES 2 |
I

Common Constituents

Coenites: common only in basal portion

robust cylindrical stromatoporoid

thick, tabular stromatoporoid: abraded and autochthonous
forms; upper surface
rarely fasciculate

Rare Cons*tituentsg

indeterminate brachiopod _| subfacies
binding algae

ostraced

gastropod

wafer stromatoporoid ) -

solitary -ugose coral - : .

hemispherical stromatoporoid: max. dimensions: height 20
cm, diameter 100 cm;

mainly autochthonous
encrusting stromatoporoids: stromatoporid,

I
|
|
!
|
|
|
l
|
i
|

crincid columnals | less common towards top of |
|

|

|

|

{

|

|

l

}

stromatoporellid |
. |




4.4.3.2 Interpretation

Upper platfprm' subfacies 2 1s mainly an allochthonous
assemblage derived . from nearby isolated buildups.
Fragmentation and abrasiohﬁéf allochems are interpreted as
fesulting from periodic storm activity in'relafively_shallow
water. The.-intensity of winnowing was progressively less
with increased depth distally in the platform interior. The
crinoid-peloid gfainstohe at 'tha base of subfacies 2 in
sections 28 and 21-23 represents a transgressive iag‘
overlying the drowned middle piatform surface, although no
underlying hardground was‘observed. Skeletal fragments were
intensely micritizead, possibly begause of prolonged expoéure
at the sediment-water interface (Dravis, 1977).

Cylindrical stromatoporoids and ramose corals on the
buildup flanks were well adapted ‘to shed sediment, but were
easily fragmented and- redistributed downslope by storm
activiﬁy. This hydrodynamic sorting is reflected in the
crude concentric pattern of sediments surr;unding discrete
upper/platform buildups. Upward changes in texture, color,
beddiﬁg thickness, and faunal diversity of subfacies 2,
noted ip the previous section, are evidence of

upward-shallowing.
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4.4.4 Upper Platform Subfacies 3

4.4.4.1 | escriptio

Upper platform subfacies 3 1is characterized by medium
brown, thin-bedded wafer and robust cylindrical
stromatoporoid-ramose  coral floatstone, rudstone, and
bindstone, with minor interbedded shale. The subfacies is 5
m thick at section 04, and 3 m thick at‘seption 20. Both
shale c¢ontent and the ratio of corals to stromatoporoids
increase toward the top of the subfacles. :Limestone beds
generally thin and 'become more argillaceous upward with
.mud-supported fabrics predominatiﬁé towards the top. ?aunai
divergity and abundance dacrease upsection and allochems are
commonly pyritized and silicified. Fossils in subfacies 3

2

are listed in TARBLE 4-13.

4.4.4.2 Interpretation

Upper platform subfaciés 3 was depcsited in a éalm, open
marine depositional setting. A paleodepth rangé of 15-28 m
was estimated for the subfacies (FIG. 4-11). The
predominance of wafer growth forms attests to slow
sedimentation. Because current energy was low, and muddy
substrates were typical for subfaclies 3, larger surface
areas may have been required for respiration, feeding, and
stability (Kershaw, 1984}. ‘Corals are common only in the

more argillaceous lithofacies, reflecting their greater ,

¢
f
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TABLE 4-13

MACROFOSSILS OF UPPER PLATFORM SUBFACIES 3

Common_Constituents

wafer stromatoporoid: max. dimensions: 35 cm diameter
- 0.8 cm height; rarely disoriented;
stromatoporid

encrusting alveolitid coral
thamnoporoid coral
Coenites

. robust cylindrical stromatoporoid

Rare Constituents

crinoid ‘columnals
styliolinid

ostraced

atrypid brachiopod
lingulid brachioped
encrusting bryozoan
trilobite

encrusting stromatoporoid
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tolerance than stromaéoporoids;té turbid cénditions. .The
increasing shale céntent, thinning-upward "of argillaceous
limestone beds, @ and incredéing. ‘ratio of Eora}é to
stroma£oporoids towards the top of subfacies 5, points to a
’deepening;upward style of sedimentation. This probably
indicateslminor'baCKStepping third-order cycles of shallow
upper platform facles towards the platform interior in
response to acceleréted‘ pulseg’ of sea-level risé. The
relationship of - upper platform subfacies 3 tbl the other

subhfacies will be exqmined in section 4.4.6.

4.4.5 Upper Platform Subfacles 4

4.4.5.1. Description
Upper platform subfacies 4 consists mainly of interbedded

calcareous shale and slightly nodular'pelo;dal calcisiltite
. {PL. 4;22), with minor grainstone and packstone. The
subfacies was observed only in a foréslope setting at
sectlions 07, 01, -and 25. It becomes finer and contains more
shale intqrbeds doﬁnslope (towardé saction 25). A£ each
locality, the limestone beds become thicker and coarser
upwards. The <calcisiltite beds average .3-10 cm in
thickness, fine slightly upward, and commonly have planér,

sharp lower, and gradational upper contacts with shale.

Discrete burrows (Chondrites) occur rarely in the topmost
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H

parts of calcisiltite beds. The calcisiltite béds‘grade‘
upward: into shale containing styliolinids fﬁat ‘rarely
display current-orientation. Othgr.foss%ls typically ocqur'
farélyv(TABLE 4-14f and ;ompriéé a low dfversity'fragmented
aséeﬁblage. Allochems ‘tend to be intensely micritiéed and
concentrated alopg' Laminée. Fine disseminated pyrite is
ubiquitous in bdth shale and limestone.

b

4.4.5.2 Interpretation

The depositional setting for subfacles 4 was a lower
foreslope environment (FIG. 4-11) similar to that of middle
platform subfaciea 4. Periodic input of ° fine-grained
calciturbidite in areas where depositioh of hemipelagic
calcareous mud prevailed, resulted in the interbedding of
shale and limestone in the subfacies. The ‘thickening and
coarsaniﬁg upward of these turbidites may reflect increased
frequency and intensity of sediment. gravity flows as the.
upper platform cyéle shqaled- upwards. ._Sedimentological
attributes of these calciturbidites are similar to those
- observed in middle platform subfacies 4 (section 4.3.5) and

will not be reiterated here.

4.4.6 Synthesis of Upper Platform Evolution

The upper platform cycle was initiated by another .

sea~level rise. Successive minor cycles in the ﬁiatform

interior terminated with progressively deeper water
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TABLE 4-14

MACROFOSSILS OF UPPER PLATFORM SUBFACIES 4

Rare Constituents

stylioclinid
crinoid columnals C »
cylindrical stromatoporeoid: fragmented

brachiopods: 'fragmented, silicified; include lingulids,
atrypids and Stringocephalus

sponge spicules

|
|
I
!
|
I
I
|
|
|
|
1
l

fish fragments

!
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The

ovarall.

embayment relief at section 08 increased to 35 43 m afser
middle platform time (TABLES 4-10, 4-15) and- dark;
gfgillaceous, lime mud-supported lithofa;ies predominated:
over grain—suppqrted lithofacies. Buildup subfacies 1 and
fringing subfacies 2 developed locally in areas of prégumed

good circulation and nutrient upwelling near platfggkﬁf'

margins and embayment margins. Consequently, a

"finger-like" distribution of these subfacies is envisaged
for .the study area (FIG. 4-12). Circulation in the
remainder of the platform interior was mnot sufficient to
stimulaéé profuse benthic organism growth ' and, in these
areas, more micritic limestcnes were dépositeé. Because
these sparsely fossiliferous 1lithofacies had 1less growth
potential and built upward.mora slowly, the buildups and
flank beds became discrete accretionary highs by the end of
upper platform time. f ' |

Both the middle and upper platform cycles contributed

muéh more coarse foreslope deﬁ?is relative to platform

margin thickness than the lower platform cycle (TABLES'4-9,

'~ 4-10, 4-15). In the eastern part of the study area, the

upper platform margin backstepped only slightly from the
position o©of the middle platform mafgin. Interpreted
increase of relief probably enhanded basinward b§pass of
debris and the weége of debris thickens towards section 01.

Interestingly, the buildup along the embayment margin at
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TABLE 4-15

)

2.

UPPER PLATFORM CYCLE - OVERALL CHARACTERS .

Distribufion and Geometrv

maximum thickness = 18 m
extent =18 km (east-west direction)

maximum rellef of upper cycle bourdary (platform
interior) = 43 m

thickness ratio of margin/foreslope facies
(sections 23, 01) = 2:1

= 35 m/km
style ol deposition‘"’aggradation > progradation

Internal Characteristics (excluding foreslope facies)

graln-supported lithofacies < lime mud—supported
lithofacies

mixed coral-stromatoporoid faunal assemblaga
successive third-order cycles in platform interior
terminate with progressively deeper water

|
|
|
|
|
|
|
I
|
1
{
average inclination of foreslope (sections 03-01) |
!
l
|
|
|
|
|
l
I
lithofacies |
|
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UPPER PLATFORM

5 km
L] SECTION LOCALITY

9
V=7 supFacies 1 SUBFACIES 3
.“a SUBFACIES 2 TT.”TT- ALLOCHTHONOUS

FORESLOPE FAGIES

FIG. 4-12 Paleogecographic reconstruction of the upper
platform facies within the study area.
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section 08 provided very little allochthonous debris for the

embayment ~(FIG. 3-=2). This may reflect lower energy
conditions. although circulation was sufficient to stimula£e
reef growth.,. | |

It is doubtful that much material was being transported
far into the basin. . In section 25 (PL. 4-2) facies
correlative with the upper platform are quite thih compared
to underlying facies correlative with the lower and middle
platform. Shallow water buildup.facies (subfacies 1) were
possibly more isolated along the upper platform margins in
response to rapid rise in sea level. Consequently, less of
these facliles were‘exposed to currenc and wave reworking, and
less debris was distributed downslope, than during
deposition of the.underlying ﬁiddle platform cycle.

The upper platform cycle shows properties that suggest it
was an incipient drowned platform (cf. Kendall and Schlager,
1981; Hine and Steinmetz, 1983; James and Mountjoy, 1983;
Read, 1985}. James and Mountjoy (1983) related this style
of platform dévelopment to rapid sga-leval rise. They noted
that considerable relief may develop between platform margin
buildups and the platform interior, although the rim doces
nct appear.to ke continuous‘or to restrict fauna in the
shelf lagoon. A modern exaﬁple of a partiallf drowned
carbonate platgorm is the Cal sal Bank in the Bahamas. This
isclated platform characteristically has very limited reef

development on antecedent, nearly barreh, Pleistocene
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terrace:_a (Hine and sSteinmetz, 1983). The margiﬁs are at

depths of 20-30 m, and the Rlatform possesses a 1d-2o m deep

shelf lagoon. Thése'autho:s also noﬁed that there is onlyl

‘limited off-bank transport,of,cérbqnate sands. 'Oniportions
of the Yucatan Shelf, only rim and patch reefs in sites of
good water circuiation kept pace with Holocene sea-level
. rise, while the  rest of the platform shéﬁs evidence fér

incipient drowning (Kendall and Schlager, 1981);

\
4.5 PLATFORM EVOLUTION: CONTROLS ON SEDIMENTATION

Generul characteristics of the lcyclic platform” facles

=
association are summarized in TABLE 4-16. A pronounced
sea-level rise, represented - by the Carcajou Marker,

terminated ramp progradation in the study area. The lower
platform cycle is characterized by dépositional margins of
high relief | (FIG. 4-9) and overall aggradational
sediﬁentation. Consequently, the top of the cycle shows
marked depositional relief, particularly near platform
'margins above ihe antecedentAramp-clinothem transition, and
over topographic highs on thelramp. .

Another accelerated rise in sea level initiated the
middle platform cycle, and platform margins developed on

previous lower platform depositional highs (FIG. 4-10) in

areas --0f good water circulation. The middle platform

sequence typically contains grainy, abraded stromatoporoid
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TABLE 4-16

PLATFORM CHARACTERISTICS

General . v

1. Cyclic backstepping mode.of evolution.

2.7 Maximum depositional relief develops during upper
platform stage. '

3. Position of platform margin buildups mainly

controlled by antecedent topographic highs near the
shelf-slope break.

Lower Cycle

B Predominantly: aggradational style of sedimentation.

Middle Cycle

B Predominantly progradational style of sedimentation.

Upper Cycle

B Predominantly aggradational style of sedimentation.
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lithofacies;.and thickens into adjacent depqsitionél lows in
the platform iﬁferior. Following the initial deepening,
this sequence shows evidence that suggests deposition under
relative stillstand conditions that were more prolonged than
during deposition of tFe underlying and overlying platférm
‘éycles. Thi§ 'is " reflected by the predominantly
.progradational nature. of the middle platform and progressive
subduing of depositional topog;aphy. )

A pfonounced sea-level rise terminated the middle
platform .sedimenéation. Upper platform sedimentation was
predominantly agg;adational with 1localized wupbuilding in°
areas of good water circulation, Euch as the shelf—slopé
break and antécédent middle platform topographic highs (FIG.
4-11). 'Sediment accumulation in the platform interior dig
not keéb paée with relative sea-level rise, a chéracteristic
of incipient drowning, and this led to development of

maximum depositional relief for the entire platform faciés

association by the end of upper platform time.

-
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PLATE 4-1

.

Platform faclies distribution near sectlon 03.

Dark, arglillaceocus limestone and interbedded shale of the
Carcajou subfacies (5.6 m thick) abruptly overlie the
ramp faclies association in the wicinity of sections 03,
04 and 05. The base of a ‘conspicuous shale bed near the
middle of the subfacies marks the base of a sequence in
which limestone interbeds thin slightly upward. Dotted
and black lines mark indistinct and distinct bedding
planes in the platform facies association and illustrate
progressivé steepening of depositional slope. A = lower
platform cycle. B = middle and upper platform cycles.
RFS = reef foreslope facles of reef cycle 1.
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PLATE 4~-2

Bagin-fill facies at section 25.

Dark grey, slightly calcareous shale and  minor
interbedded ~"peloidal <calcisiltite o©of +the Carcajou
subfacies (Al = 7.6 m thick) abruptly overlie the Hare
Indian clinothem facies association at -section 25.
Although Ramparts sediments are not mapped at this
basinward locality, units Al-2 are considered to be
time-equivalent to the lower platform cycle. Unit A3 may
be time-equivalent to the middle and upper platform
cycles. Large arrows indicate interpreted cycle breaks.
Unit B is predominantly peloidal calcisiltite, possibly
derived from reef cycle 1l. Small arraws in the Hare
Indian rormatien indicate shallowing-upward sequences.

R
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PLATE 4-3

Carcajou subfacies contact relationships.

Pyritized hardground on top’' of ‘the ramp facles
- association in section 20, unit 011. Note reentrants
along the hardground surface. ~Overlying thamnoporoid
coral floatstone is the basal portion of the Carcajou
subfacies. Scale is in cm.

Carcajou subfacies rich with thamneporoid corals near the
Ramparts-type section (see FIG. 2-6). The basal portion
is hematitic (after pyrite?) and faunally impoverished.
The upper contact. is gradational with more massive
limestone of the lower platform. Scale is 75 cm long.
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! PLATE 4-4

-~

Typical macrofauna wiﬁhin Carcajou subfacies.
i

Dark brown-black, argillaceous, thamnoporoid coral-
crinoid-solitary rugose coral floatstone (section 03,
unit 018). Note high pyrite content (arrows). ~ Bar scale
is 2 cm long. A '

- Thamnoporoid coral-atrypid-bryozoan floatstone (section
18, unit 023). Many atrypid brachlopods are in current-
unstable positions and disarticulated. Well-preservéd
skeletal fragments and the fine-grain size of the
supporting matrix suggest calm water deposition. Bar
scale is 2 cm long

i e
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" PLATE 4-5 ~

‘Tempestites in Carcajou subfacies. \\

\

Distal tempestite at section 18, unit 023, Shérp basal
contact with shale shows qutter cast. Horizontally-
laminated calcdisiltite passes upwards into ripple'’ ‘cross-
stratified calcisiltite. Bar scale is 2 em long.
' Distal tempestite at section 20, unit 011. Note escape

burrow (arrow), bioturbated gradational upper contact,

and minor scour along basal contact. Bar scale is 2 cm
long. '

s
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PLATE 4-6

-Distal tempestites in Carcajou subfacies.

Lower portion of a graded distal +tempestite from the
Carcajou subfacies at section 31. Chondrites burrows
(lighter grey) more common towards top of bed." x1 scale.

/'H’
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PLATE 4-7.

Sediment gravity flow deposits .
in the Carcajou subfacieg.

.

Carcajou subfacles at section 01, units 018, 019 (2.6 m
thick). Thick, resistant sediment gravity flow deposits

" (unit 018) are overlain by recessive, dark .brown,

slightly calcareous shale and lime mudstone. Figure (1.8
m high) on outcrop has his right foot on the cCarcajou
Marker at the base of the Carcajou subfacies.

Carcajou subfacies at section 25 (7.6 m thick). Note
increasing percentage of peloidal calcisiltite towards

the ‘top of the unit, representing increased input from
shallow platform (lower cycle).



PLATE 4-7
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PLATE 4-8

Lower platform subfacles 2.

Lower platfofﬁ subfacies 2 at section - 06. Broken,
irregular-encrusting alveolitid corals are supported by a

slightly argillaceous, lime mudstone matrix. Scale is 1
cm long. -
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PLATE 4-9
. o -

Lower platform subfacies 1 and 2
at section 20, unit 013.

Lower platform subfacies 1 and 2 in section 20, unit o013,
Symbols in subfacies 1 as in FIG. 4-8.

Current-aligned thamnoporoid corals in subfacies 2,
Hemispherical-encrusting alveolitid corals in subfacies 2

showing ragged, peripheral margins with the enclosing
mud. Hammer 1s 30 cm long.
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PLATE 4-10

Macrofauna in lower platform subfacies 2. o

' Bulbous alveolitid corals in lower platform subfacies 2
at section 10. Scale is 15 cm long.

Slightly irregular to hemispherical alveolitid corals
supported by a Coenités-Thamnopora rudstone matrix in
section 15, unit 022. Bar scale is 1 cm long.
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PLATE 4-11

Lower platform subfacies 2
- contact relationships.

Bedding .plane view of the top of the lower platform cycie
{(subfacies 2), with Canol shale "draping" alveolitid
coral colonies. - Section 15. e '

Lower platform subfacies 2 overlying planar-bedded
subfacies 3 at section 15. Subfacies 2 1is 7.5 m thick. '
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PLATE 4-12

Distribution of platform facies near section 04.

Distribution of platform facies ~150 m west of section 04
(see . FIG. 4-5 for schematic illustratlon, and PL. 4-18
-for broader setting). A = lower platform cycle (~35 m
thick). Note clinoform nature of bedding planes mainly
in subfacies 3. B .=-middle and upper platform cycles

. Rm = reef margin facles of reef cycle 1.

g
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DLATE 4-13

Macrofauna in lower platform subfacies 3.
Tﬂamn0pora-chnites—wafer stromatoporoid floatstone wiﬁh-

a dark brown skeletal wackestone matrix. Lower portion
of subfacies at section 06. Bar scale is 2 cm long.

Coenites rudstone supported by ‘a peioidal _packstone

matrix. Ubper portion-of subfacies at section 06. Bar
scale is 2 cm long.
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PLATE 4-14

Ramose tabulate corals, lower platform subfacies 3.

Well-preserved, delicate ramose Thamnopora on bedding
plane in lower portion of -subfacies at section 15. '

Robust Coenites fragments on a bedding plandé near the top
of subfacies at section 10.
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PLATE 4-15

'Lower platform subfacies 4 at section %}.

Lower platform subfacies 4 at section 03 containing
transported thamnoporoid corals with Carcajou
mud-occluded intra-allochem porosity. Bar scale is 2 cm |

long.

———
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PLATE 4-15
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PLATE 4-16

Macrofauna in lower - platform subfacies 4.

Lower portion of subfacies at section 07. Abundant
brachiopod fragments and few crinoid and Amphipora

allochems supported by a medium brown, nhddy packstone
matrix. Bar scale is 2 cm long.

éyliﬁdrical stromatoporoid rudstone at section 15, unit
019. Note abundant calcite-occluded interparticle
porosity. Bar scale is 2 cm long.



PLATE 4-16
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- PLATE 4-17
Lower platform cycle abruptly cverlain
by - Canol basinal shale.

‘Lower platform cycle abruptly overlain by Cancl basinal
shale at section 15. Platform is 21 m thick.



- P S Teud
s B W oy o 1

b b -
Lo - e
g ‘am‘ o
. 4 “ LA W g
.

3




_ , - 391
PLATE 4-18

Platform—reef facies distribution
near section 04.

Platform facies association (~35 m thick) near section 04
in the eastern portion of the study area (see FIGS. 4-7,

4-9). A = lower platform cycle. B = middle and upper
platform cycles. Thin black 1lines delineate bedding
planes. Note the progradation (downlapping) of the lower
platform cycle. Black dot marks locatlion of PL. 4-12.
Ri = reef interior facies. Rm = reef margin facies. Rfs
= reef foreslope facies. : :



8l-¥ dlVid .




-
.

-
'PLATE 4-19 )

Upper platform buildup at section 23.

Middle platform subfacies 1 at section 18 with large, in
situ, hemispherical stromatoporoid adjacent to figure.
b ’ .

Lower platform cycle {A) and middle and upper platform
cyles (B) in the area of sections 21 to 23. Heavy black
lines tracing bYedding planes, and dotted lines
tentatively marking other bedding planes, clearly define
clincform bed geometry. Middle platform subfacies 2 in
the lower part of the B succession is mainly abraded
stromatoporoid rudstone. Platform attains a maximum
thickness for the study area (57 m) at section 23.
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PLATE 4-20

Platform-derived sediment gravity
flow deposits at section 01..

Platform-derived sediment gravity flow deposits (middle
platform subfacies 2) in .section Ol. Arrows -in. A
designate sole markings from which paleoccurrent
measurements were made. Note nearly flat base and
slightly convex-upward top to the debris flow wunit.'
Abraded stromatoporoid-coral floatstone (B) makes up most
of this unit. Underlying the debris flow unit in A are
thin-~bedded, slightly neodular  lime mudstone and
interbedded shale of middle platform subfacies 4.
Similar 1lithofacies overlying the . debris flow . unit
constitute upper platform  subfacies 4. - Note
thickening-upward trend for limestone beds.
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 PLATE 4-21
Macrofauna in upper platform facies,
Top of the platform facies associttion at section 22 is a

hardground - separating light~colored, abraded
stromatoporoid rudstone from overlying dark-colored

. erinoidal transgressive lag ‘of reef cycle 1. Note

truncated allochems (stromatoporoids) 2along hardground
surface. Bar scale 'is 2 cm long. -» :

Thick, tabular stromatopbroids supported by a robust:

cylindrical stromatoporoid rudstone in upper platform
subfacies 1 at section 23.

O
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PLATE 4-22

Upper platform subfacies 4 at section 01. -

G

Interbedded calcareous$ shale and peloidal calcisiltite in
upper platform subfacies 4, section o01l. Pen is 15 cm
long. ]

y

{

/

—~

~






v
INCEPTION, DEVEILOPMENT, AND TERMINATION OF THE
REEF FACIES ASSQCIATION IN THE RAMPARTS

FORMATION (UPPER "PLATFORM-REEF"™ MEMBER)

Fi
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5.1  INTRODUCTION

The reef facies association consists of facies deposited
lin'a spectruﬁ of depositional environments. cycle boundary
correlation (see Chapter 2) and lithofacies analysis (in
this chapter) resulted in grouping of subfacles into three
broadﬁ facies, designated the reef interior-, the reef
margin/shoal-, and the reef foreslope to basin facies.

Reef second-order cycies terminated with tidal flat or
reef flat lithofacies at, or near, sea level, as indicated
by near-parallel tops on reef cycles 1-5 in PL. 5-1. This
is in sharp contrast “to ramp and platform second-ordef
cycles on which depositional topography wa§ more pronounced,
and was an important factor, aloné with sea-level change, in
affecting - lithofacies distribution. | Since second-order
cycle boundaries in the reef margin to interior facies
approximate time-synchronous sea levels, it is possible to
esfimate and to’ consider the significance of accommodation
for each time interval. Accommoaation refers to water depth.
cfeated byfreustasy and subsidence (relative sea-level
change) in additien to waser depth remaining after
deposition during the previous time interval (negligible
wﬁére cycles terminated near inferred sea level). | The
thickness and disposition of facies that are accommodated
reflect the  Thistory of relative sea~level change.

Furthermore, 1f relative sea-level change was the overriding

control on reef development 'in the study area, then
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correlative segquences should be pfesent, in - the
time~equivalent Norman Wells buildup (Muir et al., 1984).
]

The reef facies. association is distinguished from the

platform association by the following principal -

characteristics:

(1) Geometry: Second-order, ﬁpward-shoaling cycles in
the reef faéies assoclation ' are areally 1less
extensive than the underlying platform cycles (FiG.
3-2). Furthermore, second- and third-order cycle
boundaries in the reef interior show little
evidence of ﬁbpographic relief, and are parallel to
inferred sea level (FIG. 2-3).

(2) LitHo- andlBiofacies: Reef margins in the reef
facies a;sociation sheltered a restricted interior
1ad6on in.which éhallpw water Amphipora rudstone,
floatstone, and sparsely fossiliferous tidal-flat
sediments were deposited (Muir et él., 1984; Muir
and Dixon, 1984). Platform interior facies are
generally more oﬁen marine, - and contain more
diverse assemblages of corals, bréchiopods,
crinoids, and stromatoporoids (Huirf and Dixon,
1984) .

THis chapter is organized in a "building block" manner in

order to meet the following objectives:

(l)// Discussion of factors controlling reef inception.

The nature of platform-reef transitions is commonly

A o
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poorly describedrjin ancient reef studiesL. This
chaptér examines the factors‘that appear to”have
controlled the time and ﬁlace of reef margin
development on the underlying carbonate platform,

(2). Description and interpretation of depositional
- enﬁironments of reef and related facies.
(3) | Discussion of facigs variations through time, as

N '
defined by second-order cycle boundaries, and their

relationships to a relative sea-level change/

<7

P

(4) Comparison of stages of deﬁelopment in the

sedimentation model.

Mackenzie Mountains buildup .and Norman Wells
subsurfacexgpiidup. This final aspect of the study
represents the.Comginéd work of the author in the
Mackenzie Mountains: and P.K. ang and J;C. Wendte

in the Norman Wells area. Preliminary results were

presented in Muir et al. (1984, 1985).

5.2 TERMINATION OF PLATFORM AND INITIATION OF REEF CYCLE 1

The upper platﬁorm cycle was terminated by a significant
rise in relative sea level, and hardgrounds developed on
bﬁildup tops. Ihitiation. of margin/shoal facies of reef
cycle 1 was restricted to thesé drowned platform highs
(FIGS. 3—2; 4-1). These were 1likely areas of good
'circulatf;n, and nutrient upwelling favorable - for reef

growth. Reef margins of reef cycle 1 prograded 800-1000 m
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in the area of sections 23 to 04, a2nd sediments of the reef

interior infilled antecedent. lows on the drowned platform

interior, such as the embayment-fill at section 08 (PLS. 5-2
to 5-4). This embayment-£ill- is represented
diagrammatically in FIG. 3-2 and PL. 5~5, and is an
upward-shoaling sequence composed of the following facies in
ascendihgrorder:

(1) Dark, argillaceous,llaminaEed, crinoidal lime
mudstone angd .ig;erbedded shale. These, are
interpreted as deep water laminites deposited in
anoxic waters at depths of about 35 m.

{2) Dark broyn, wafer stromatoporoid flecatstone,
bindstone, and interbedded shale. These were
deposited in calm, open marine waters at depths of

, 10-25 m. Channel-fills of robust cylindrical
stromatoporoid rudstone occur rarely in this
depositional detting (PL. 5=4b).

(3) Fragmented w;fer;tabular-robust cylindrical
stromatoporoid fioatstone and fudstone.

(4) . Abraded stromatoporoid breccia and robust\

cylindrical stromatoporéid rudstone. This 5 m

thick unit 1is characterized by high interparticle

porosity (occluded by calcite cement), common
# ‘
robust cylindrizal stromatoporoid rudstone

lithoclasts eand a shallow water allochthoncous

assemblage of Amphipora, algae, -and robust

o

A
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cylindrical stromatoporoids. The facies shows
evidence for vhigh ‘energy depositian, .such; as
fragmentation and disorientation of allochens;
graln-support; high initial porosity; and early
marine cement. It is‘ inperpreted as a shallow
watef shoal facies,.‘formed at depths of 0-5 n,
which caps the embayment-fill sequence. |

The shoal margin facies .lacks the thick, encrusting

stromatoporoid fauna observed in the reef margin facies at
sections 04 and 18. These-more competently growing reef
margin facies eventually became Qell-éstabliéhéd during feef
cycle 1 +time, anad /the irregﬁiar depositional profile‘
inherited from the upper platform cycle begame ngarly flat
in the reef interior. This resulted in greatly restric%ed
watgr circulation and thg deposition of dfistinctive facies
in the reef interior.

It appears that reef initiation during Ramparts time was

controlled by two major factors:

(1) Formation of discrete accretionary platform highs
in “he wvicinity of the upper platform margin
provided the topographic reliég necessary for.
recolonization by reef orgaéisms. Platform
iﬁterior depressions were too deep to be'colonized
by reef formers and wéfe/ iQiEEally depositional

J

sites for deep water, opépfﬁariné laminated 1lime

v/
mudstone and shale (FIG. 315).
_ ’ ‘

}.
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(é) Progradation of the first reef cycle (FIG. 5-1)
impiies prolonged relative stillstand. This would
have permitted rapid infilling 6f depressions, as
well as progradation of reef margins. Soon after,
severe restriction of water circulation in the reef

interior resulted in deposition 3;/§hallow-watér,

f
-

faunally-impoverished facies. —

L
—
- \\

5.3 FACIES ANALYSTIS OF REEF MARGIN/SHOAJL FACIES

e

5.3.1 Gene£a1 Statement

The distribution of reef margin/shoal facies in the study
area is represented in PL. 5-1. Unfortunately, the present
erosion surface and overburden .allow‘ only a tentative
delineation of reef margin facies in reef cycle 3, alﬁhough-
there is some evidence of backstepping from the margin-
poéitions of reef cycle 4 (see section 5.6). 1In the eastern
porflon of the study area, reef margin facles were probably
never wider than 10's-100's of m at ény time. Reef cyéle 1
is characterized by progradatiocnal margins. Closely spaced
sections indicate that both reef cycles 2 and 3 typically
had more aggradational margins, although the latter appears
to have been somewhat more progradational 1in the western
wortion of the study area.. The culmiéating shoal sequence

(subfacies 2) outcrops only at sections 20 and 31 (PL. 5-1).
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REEF CYCLE 1

y
= CARCAJOU MARKER .

RAMP - ;—-—___-_.__ :
memmm CYCLE BOUNDARY CUNOTHE“ ‘
Y REEF INTERIOR FACIES . \

/ REEF MARGIN FACIES V.E = 13x
” o| REEF FORESLOPE FACIES . N 500 m

FIG. 5-1 Distribution of reef facies in reef cygle 1,
eastern portion of study area.

Yoo, -
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Similar areally localized sequences lacking reef margins
have been' observed capping the Swan Hillstudy Creek reef
complex (Wendte and Stoakes, 1982).

5.3.2 Reef Margin/Shoal Subfacies 1

5.3.2.1 Description

Reef margin subfagies 1 mainly compriées massive to
tﬁickly bedded, thic%/tabular stromatoporecid boundstone (PL.
5-6a) and minor inﬂsfbedded abraded stromatoporoid-robust
cylindrical - stromatoporoid rudstone (PL. 5-6b) . The

boundstone matrix is typically light tan colored,

grain-supported, abraded stromatoporoid rudstone with
calcite-occluded interparticle porosity. Allochems are
micritized to various degrees. The margins are generally

sbarse to dense reef structures 115—35% in situ "massive"
stromatoporoids; Riding, 1977) and tabular stromatoporoids
are -commbnly' not in contact, although they are typically
less than one unit distance apart.

““Reef margin facles in reef cfcles 1 and 3 were examined
in\hhe eastern (sections 04, 24) and western portions of the
study area, and TABLE 5-1 summarizes their - major
characteristics. At these 1océlitie%, reef margin subfacies
gradationqlly overlie reef foreslope subfacles 1 (PL; 5-7)

and exﬁibit an upward increase of in situ, thick, tabular
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CHARACTERISTICS OF REEF MARGIN/SHOAL SUBFACIES 1

West Margins

Average 3-4
Thickness
Primary robust cylindrical
Matrix stromatoporoid
rudstone with
"muddy" peloidal
lime packstone
° matrix support
Interparticle estimated 1%
Porosity :
Macrofauna
- thick, common
encrusting
tabular
stromatoporoid
- low extended rara-
hemispherical
stromatoporoid .
- robust cylindrical common
stromatoporoeid
- encrusting common
stromatoporoid
- bulbous -
stromatoporoid
- Amphipora ' rare
-"afrrypid brachiopod rare
- crinoid columnals common
- ramose corals rare
(thamnoporoid,
Coenites)
- solitary rugose rare

coral

"

L

m

EFast Margins

robust cylindrical
stromatoporoid-

abraded stromato-
poroid rudstone

with peloidal lime
grainstone matrix
support '

estimated 2-3%

common

common

common

. common

rare

rare
rare
rare
rare

. -

9
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and low hemisphe:ic;i stromé?oporbids. The reef marg%n'
subfacies gfades ‘into reef interior subfacies 1 (mainly
robust cylindrical stromatoporoid rudstone with high primary
interparticlé porosity occluded by calcite).

Faunal composition varies inéignificantly from one cycle
to another and from western to ' eastern margins.
Stromatoporoids tend to be.smali and- of low diversity in
western margin -‘localities, ‘compared to eastern margin
localiﬁies. In situ, thick, tabular stromatoporoids ag@
low, extended, hemispherical stromatoporoids are commonly-gp
to 100 cm in diaMetef and 30 cm thick at section 04 (reef
cycle 1; PL. 5-8a). However, tabular stromatoporoids are
smaller, averaging 20-25 cm in diameter and 3-10 cm thick at

section 18, reef cycles 1, 3 (PL. 5-8b).

5.3.2.2 Interpretation

Reef margiﬁnfacies reported in other ancient buildups are
thought to be the end product of constructional processes,
includ;ng reef—building‘and baffling of sediment by in situ
benthos and destructional processes such as physical and
pioerosion {Schoeder aﬁd Zankl, 1974). In the study'area,
physical erosion and minor biocerosion accounfed for the
abraded skeletal rudstone matrix and interbeds. There is
little evidence that early marine cementation significantly

affected the reef margin facies.
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The Pfadominanpe of tabular .arfd thick tabular;éncruSting;
reef-buflding stromatoporoids suggests' adaptation to
moderafe "to intense wavé action, bup slow sedimentation
(James, 1979). However, constant wave agitation possibly
continually winnowed debris from the stromagfporoid growing
surfaces. Low profile forms would have been least affected
by pressure drag in turbulent zones (Bjerstedt and Feldman,
1985). At the éame time, there is evidence to suggest that
some stromatoporolds were attachéd to the substrate. Robust
cylindrical stromatoporoid rubble was commonly encrusted by
other stromatoporoids which, in turn, evolved into tabular
forms. Firm anéhofing on the substrate could have been
another adaptation to high energy conditions. Vertical
zonation of stromatoporoid morphotypes‘iﬁfevident only in'
the eastern margin' localities where ﬁemispherical and
tabular forms are succeeded upward by thick, encrusting,
tabular forms. |
Although the two-dimensional transect of the reef complex
makes 1t difficult to 'distinguish windward margins from
leeward margins, there is evidence to suggest that the
eastern margins developed in better circulated waters under
higher energy conditiohs.l Reef margins are better developed

and abraded stromatoporoid rudstone (reef interior subfacies

1) more extensively distributed behind the eastern margins.

In the western portion of the study area (section 18),

marginal facies are thin and reefs developed poorly. Thin

N
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s :
(<2 m thick) sequences of reef interior subfacies 1 fringe’

the western margins and are capﬁed by a megélodont-Amghipora
lime floatstone, the culmination of reef cycles 1 and 3.
Hine (1983) noted that windward margins in the Bahamas
show thé' b;st reef- development. He attributed this to
exposure ﬁo‘ wave currencts of well-oxygenated, agiéated,
nutrient-bearing water. Also, because the net enerqy £lux
is greater/ from east to west, the western margins are
subject periodically to inimical bankwater, varying in
salinity, temperature, oxygen content, and turbidity. This
component of offbank transport probably accounfs for the

poorer reef development and progradation of the westefn

margins of reef cycles 1 and 3.

5.3.3 Reef Margin/Shoal Subfacies 2

5.3.3.4 Degcription

Subfacies 2 is a 29 m-thick succession that constitutes
reef cycle 6 at section 20. It is composed mainly of ramose
coral—gobust cylindrical stromatoporoid-brachiopod rudstone
and bulbous-encfusting—robust cylindrical stromatoporoid
rudstone (PL. 5-9a) with minor Amphipora rudstone and
paclkstone. . =

The cycle éhins eastward over 5 km to an equivalent 0.5 m

thick section of slightly nodular, pyritiferous, atrypid
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brachiopod 1lime mudstone and floatstone at section’ 31.
Subfaciqg 2 is not exposed anywhere else in the study érea
and, tgerefore, its geometry «cannot be ascertained.
However, local '"sheocal"-like accumulations . capping other
Ramparts buildupé have , since 'beeﬁ recognized on régional
seismic sections (D. Bowen, Esso Réﬁburce%‘\Canada Ltd.,
pers. comm., 1985).

The base of the sequencé is blanar and abrupt on reef
interior subfacies 3 of reef cycle 5. The basal 50 cm is
dark brown, pyritiferous, Coenites floatstone and
wackestqne. Imperial clinothem facies shafpl{ioverlie the
subfacies at both localities (PL. 5-1). Unfortunétely, the
exposures are within stream cuts where it is difficult to
determine if the apparent smooth truncation of allochems at
the top of the sequence was due to prolonged hardground
development or to recent erosicn. An. 1rregularly
distributed, thin (2 cm) iron "slag" derived from water
runoff through the Imperial shale and siltstone further
obscures contact reldtionships. Compared to the lower cycle
contact, presumed to have been approximately parallel\;p sea

level, the upper cycle contact has an average depositional

slope of 6.2 m/km.

5.3.3.2 Interpretation

In section 20, there is abundant evidence for persistent

current agitation: v
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(1) Allochems are commoniy oriented in east-west and
northeast-southwest directions (FIG. 5-2).

(2) Interbedded, graded calcarenite po calcisiltite
beds (average 15 cm tﬁick) dominatéd by horizontal
stratification and low angle cfoss—stratif{cation
are present rarely, and probably represent

storm-emplaced sediments.

¢

(3) Grain-supported fabrics predominate. Allochems are

commonly fragmented and partially micritized?

(4) Interparticle porosity isuubiquitous_(~l%; occluded

by calcite cement). |

Rélatively unrestricted circulation permitted a diverse
stromatoporoid-ramose coral fauna to flourish fhrough much
of reef cycle 6 time (FIG. 5-2). Reef margins were
apparently absent. ‘The paucity of 1lime mud reflects
effective current winnowing, probably in water depths of
2=7 m.

Wendte and Stoakes (1982) documented isolated
stromatoporoid shoals as the last reefal stage of the Swan
Hills-Judy Creek buildup. The shoal units typically exhibit
ramp-like, presumably windward profilés (northeast) and more
steeplf dipping socuthwest slopes. Reef cycle 6 in the study
area possibly has similar shoal geometry.

The top of the sheal unit in reef cycle 6 shows no

evidence of subaerial solution, such as  scalloped

microtopography and sediment-infilled pits, caliche, vadose
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diagenetic features, ‘eﬁc. Drowning, caused by another
pronounced sea-level riéa, terminated thelshoal phase before
reéf margins could be established. ‘Features interpreted as

a hardground at=section-31'suggest current winnowing of the

. Ramparts buildup before downlap of Imperial clinothenm

sediments. However, because of -‘the somewhat obscured
Imperial-Ramparts contact (PL. .5-1),. this hypothesis is
tentative.

Minor third-order cycles (average 4 m thick, FIG. 5-2)
can Dbe aiscerned on the basis of the  following
shallowing-upward criteria:

(1) Upward decreasing faunal diversity §§d

strématoporoid morphotype diversity.

(2) Uﬁward thinning.and lightening of.Peds with

concomitant decrease of the lime{gpd compqnent in
the rudstone matrix. .‘ h

(3) Upward increase in calcite-occluded interparticle

porosity, ratio of fragmented to whole fossils, and

degree of allochem micritization.

5.4 FACTES ANALYSIS OF REEF INTERICR FACIES

5.4.1 General Statement

The reef interior facies hasw. been subdivided into three

major subfacjes. subfacies 1 occurs immediately behind the
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.reef margins and consists of abraded stromatoporoid rudstone
with high (5~15%) calcita—cc0¢uded primary“interpé?ticle
porosity. This subfacies is a laterally fringing belt (FIG.
5=3) that passes into reef interior subfacies 2 ';nd 3.
gzbfacies 2 typically occurs in the basal portiqns.of reef
interior 'Ehird—order cybles. and is generally muddier ;;nd‘
_mofe carbohaceous than overlying subfacies 3. VSubfacies 3
consists&f Amphipora flp‘atstone, rudstgne,l and packstone,
and commonly becomes .grainiér towards the tops . of ..
third~order cycléé. Some of these-beds are abruptly cappedi£§

§

by light-colored fénestral lime mud and peloidal mudstone. -

\ N — . o R
. \\_7 B !( . )
5.4.2 Reef Interior Subfacies 1
. .
5.4,2.1 Description

The distribution of reef interior subfacies 1 is best'
observed in the eastegn part of Ehe study area (FIG. 5-3).
The subfacles 18 composed of Ulight-colored, '§brad§}‘
strométogoroid rudstone (PL. 5-10a) and minor fra%mented
skeletal lime gra;nstone.w Detailed examination o@_iﬁgglons
and ;econggissance traverses suggest that this facies‘belt
is typically .lbp—400 m wide (FIG.  5-3) and accurs
immediately behind tﬁe reéf margins. . Bgds 10-20 em thick
are defined by variationé in matrix/cement content, and

(rarely) normal grading. Bedding contacts are commonly
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styloliﬁizea. ‘Allochems' are invariably éragﬁe&;éd,
disoriented, and commonly intensely micritized. .Encrusting
algae afre common (TABLE 5-2); ‘and ,robust cylindrical
étromatopéroids are abuﬁdant ~ (PL. 5-10b) ﬁhroughoﬁt this
subfacies. Some all&ghems are current-oriented (PL. 5-1la)
and paleoédrrént d;ta abqu#red from them are summsrized on
FIG. 5-4. Rudstone lithologies generally contain a peloid
skeletal grainstone métrix, i:;f/bloCky cement-occluded

interpart;cle porosity of 5-15% ¢(

. 5-10b).
r ’

t

5.4.2.2 'Inte;pretation.

Reef interior subfacies 1 répreéents aprons of coarse
reef flat sediments that extended from behind the reef
margips 100-400 m into the\reef lagoon. Deposition would
h%vé been affected by waves breaking over the reef crest at
hi%h tide and by periodic storm waves (indicated by graded
bedding). This possibly accounts for the eommon bimodality
of paleocurrent data in the subfaciés (FIG. 5-4). ‘

The reef flat was probably inhospitable to most organisms
due to shifﬁing, unstable substrates, very high energy
conditions, and pericdic exposure at low tide. Rarely

A

occurring «aggregatqi\grains and stromatoporoid-encrusted

-

. )
abraded allochems are indicative of intermittent grain

‘movement. Allocpems tend to be well-washed, la;k delicate

sﬁrface structures, and sqow.gxtensive cortold development..

The extensive micritization probably resulted from infilling

dt S

i,

o
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TABLE 5-2
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MACROFOSSILS OF REEF INTERIOR SUBFACIES 1

Common Constituents

4

robust cylindrical stromatoporoilds: average 3-5 mm
diameter, 10-40 mm long; stachyoditid average
2 mm diameter, 20 mm long }

Ambhipora v
encrusting algae
crinocid columnals

Rare Constituents

Thamnopora

solitary rugose coral

atrypid brachiopod

ostracod :

bulbous stromatoporoid: abraded, encrusted:
actinostromatid

encrusting stromatoporoid: stroeatoporellid

—_——,— e ——— —

g

. 2) [ LT
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L

of endolithic algae borings by micritic calcite cement
(Bathurst, 1966) . '

: Robust' cylindrical stromatoporoids are volumetrically
predomina?t in the subfacies and were évidently better
adapted ‘to stronger wave and cur%snﬁ acﬁion. Abfaded'
bulbous ;tromataporoids, encrusting &tromatoporoids, ' and
Amphipora are more common in 'disfal reef flgt- facies,
possibly reflecting a preference for calmer conditions.
Kobluk (19?5) suggested . that Amphipora was more tolerant of
slightly higher sedimentation rates and lower nutrient
concentrations. The rarely occurring, but ubiquitous,
-atrypids, solitary rugose corals; and thamnoporgids in the

Y
fauna are possibly allochthonous or inhabited niches on the

reef flat where waters were better circulated and open

marine. '

/
5.4.3 Reef Interioxr Subfacies 2
5.4.3.1- Description

w

Subfacies 2 typically consists of medium olive-brown,

bulbous-encrusting-robust cylindrical stromatbporoid—
Amphipora floatstone and rudstone (PL. 5-1lb). Allochems

are supported by microstylolitized, peloidal, lime mudstone
“to skeletal wackestone matrix which coarsens-upward -in some

third-order cycles to light brown, peloidal packstone.

~h
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The subfac}es‘ is, generdily thickly bedded (30-40 cn
average) at the base of third-order cyclgs, thinning- and
1ightening-upwards into reef interior  subfacies 3.
Assoclated with this upwar ,gfehg is abrupt‘increase in the’
ratio of cylindrical stro atogproids to total stromatoporoid
content; decrease in buibous stromatoporoid size; and sharp
decrease in Coenites-braéhiopod content. .

Reef interior subfacies 2 1s not restricted fo any
portion of the reef interior in the east-west transect
exposed 1in the Study_area. However, several relationships
were noted thét helped to predict its occurrence and
thickness variations with respecg to the efﬁpblished
stratigraphic framework: | '

.. (1)  Antecedent topographic depressions on the droﬁned
. uéper platform became the sites of 'thick
accumulations of subfacies 2 (e.g. in section 28,
FIG. 3-2).

(2) - The subfacies occurs as sheet-like bodies at the

bases_of third-order cycles (PL. 5-12a).

(3) Reef interior subfacies 2 thickens towards the reef

flat settinés of subfacies 1 and commonly contains
a megalodont bivalve fauna (PL. 5-12b).

Reef interior subfacies 2 contains a more diverse fossil
assemblage than the other reef interior sﬁbfacies (TABLE
5-3). Coenites, brachiopods, criqoids,<and solitary rugose

corals occuf raraiy in thegbasq} beds of subfacies 2.
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{ TABLE 5-3
)
MACROFOSSILS OF REEF INTERIOR SUBFACIES 2
Common Constituents

bulbous stromatoporoid: clathrodictyid, stromatoporel-
- 1id; actinostromatid; commonly

overturned - 7

encrusting stromatoporoid: stromatoporid; commonly asso- .
ciated with encrusting algae
robust cylindrical stromatoporoid: 3-5 mm diameter, sub~

Amphipora
megalodont bivalve: commonly articulated and in situ.

Rare Constituents

Coenites | :
Thamnopora | Restricted to basal portion of
crinoid~columnals | subfacies 2. Coral fragments
solitary rugose coral | commonly encrusted by
btrachiopod | stromatoporoids. "

|

encrusting bryozocan
encrusting algae T

gastropod | ubiquitous

f
|
|
I
I
|
[
|
I
I
}
ordinate to Amphipora towards top of subfacies |
I
I
I
I
l
|
I
|
I
I
|
|
|
I
!
ostraced | |
|
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Lamination is generally indistincE\“ang_ burrows common.

Nesfs of round fecal pallets are common injthe bioturbated

S~

matrix.

5.4.3.2 Interpretation

. Dark-colored, micritic limestone 1lithofacies of reef
intefior subfacies 2 were deposited in low energy settings,
“but in somewhat more open marine conditions than subfacies 3
(see following sectioﬁ?f These conditions were essentially
met adjacent to the reef flat depositional environment of
subfacies 1. However, the occurrence of subfacieé 2 at the
base of thifd—order ‘cycles ana the associated more open
marine fauna (diverse stromatoporoid assemblage; corals and
brachiopods rare) suggest that areal distribution of these
facies expanded during relative rise.in sea lévél.
Cylindrical-bulbous stromatoporoid-branching coral
biostromes have been described by Burchette (1981) as
commonly occurring behind reef margins in Devonian reef
complexes., Havard and Oldershaw (1976) reported similar
facies in back reef cycles proximal to reef margins in the
Swan Hills-énipe Lake reef complex (Middle Devonian).
Megalodonts occur in shallow subtidal facies'(l - a few m
depth) in the Upper Devonian Miette reef complex in the
Canadian Rockies (Mountjoy and Burrowes, 1982) and in.
.proximal back reef facles of Silurian buildups in Arctic

 Ccanada (Packard, 1885). Koblgk (1975) documented a
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hemispheriéa1-1rregular-bulbous-tabular-encrusting

stromatoporoid-Stachyodes assemblage in the proximal lagoon
sediments of the ﬁiette buildup. '

The extensive distfibution_ of subfacies 2 across the
entire complex in reef cycles 1-5 possibly indicates the
east-west array of stratigraphic sections crosses a portion
of the complex nearer to the reef margin than to the central
~reef interior (see Section 5.6 for comparison to Norman

Wells buildup). Bulbous stromatopeoroids would have been
adapted to?érapid sedimentation and soft substrates, but
evidently were frequently overturned by periodic increases
in water movement. This 1is particularly true in areas-
closer to the reef flat settings of subfacies 1 (e.g. in
section 28), where bulbous stromatoporoids tend to be
smaller and characterized by continuous outer growth.
surfaces., Upwardly increasing Amphipora/robust cylindrical
stromatoporoid ratlos, and decreasing coral-brachiopod fauna
in subfacies 2 reflect shallowing under progressively more
restrictive conditions. Robust cylindrical stromatoporoids,
such as Stachyodes, were apparentiy less tolerant of'highér
salinities and lower nutrient concentrations, compared to
Amphipora (Klovan, 1v34; Kobluk, 1975; Wong and Oldershaw,

1980) .
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5.4.4 Reef Interior Subfacies 3

5.4.4.1 Description |

Subfacies 3 comprises threé major lithgf§cies groups that
occur together in some reef interior  third-order cyclés.
Typically these lithofacies occur in these minor
shallowing-upward cycles in the following upward sequence:

(1) Medium brown, carbonaceous Amphipora floatstone

with .ostracod—gastropéd, microstylolitized
wackestone matrix.

(2) Medium to 1ight brown Amphipora rudstone ahd

peloidal lime packstone and grainstone. |

(3) Medium clive-brown, peloidal, laminoid lime

mudstd%e and packstone.

The relative proportions of _these ‘reef interior
lithqfacies are igsgussed in terms of their spatial and
temporal distributiop in section 5-5. Fossil content is
summarized in FIG. 5-5. ‘Faunal diversity sharply decreases
- towards the top of subfacies 3, particularly within lime
mudstone lithofacies. The sequencé becomes lighter-colored
upward, reflecting an overall decrease in carbonaceous lime
mudstone content (except for the capping 1lime mudstone
lithofacies).

In the Aﬁphipora floatstone lithofacies, allochems are

typically well-preserved and rarely pyritized. Beds average

L}
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10 ¢m thick, are extensively bioturbatedi and generally have
. stylolitized dontécts; ‘ ' |

Amphipora_rudstone and peléidal packstone lithofacies are

characterized by a less divafse fauna, grain-supported

fabrics, and mqre intensely micritized allochems. Peloids

are commonly subangular, average 0.2 mm in diameter, and are

poorly sorted. deding contacts are invariably
stylolitized. 5
Medium olive-colore bioturbated 1lime mudstone (PL.

5-13a) abruptly overlies the Amphipora rudstone lithofacies,
and 1is gradationa; into laminoid lime mudstone/(PL. 5-13b)
and rarely into peloidal packstane. Bedding typically thins
upward in this portion of the sequence, and Horizontal
stylolites are common. Blocky calcite cement-occluded open
space structures are sparse and irregular in the bioturbated
lime mudsgone lighofacies. In the laminated mudstone
lithoﬁacies, stggtification is more obvious 'and defined by
alternating light and dark 1aminai averaging 1-2 mm-th%ck,
which pinch and swell slightiy. #ﬂgén space structures{h;e
‘laminoid anda more continuous (PL. 5-13b). Beds of
cylindrical stromatoporoid packstone and rudstone 5-10 cm
thick are interbedded rarely with these laminéted lime
mudstone lithofacies in section. 20 (units 028 and 029).
These beds show sharp, slightly scoured, lower contacts, and

/

sharp, planar, upper contacts.

9

-
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. \\Evidence for prolonged subaeriaL eﬁpggure éccurs rarely
at-;;;\tops of third-order reef iﬁfe;ior &ycles. In section |
31 {(PL. 5-13¢c), an emersion. surface at the top of reef
interior subfdeies 3 (laminated li e mnmudstone) marks the
boﬁpdary of reef cycles 1 and 2 (sfe also PL., 5-12a) in_this
area; however, this emersion surface could not Se oY¥related
into. slightly deeper waﬁer,, reef ™ interior ¥ithofacies
(subfacies 3) in adjacent sections (08, 20). The'émersioh.
surface .is orangé—red, due to oxidapion, {n section 31. It_-
shows irrégulgr karstypits with 5-10 cm of relief,‘infilied
by peloidaii lime .éand, laminoid fenestral limestone
intfaclasts, and vadose pendant cemen?s.

’

5.4.4.2 Interpretation -

_Subfacig;l 3 was deposited apparentiy in a' shallow,
restricted reef iagoon and can be inte?preted in terms of
+the relative positiops of component lithofacies in
third-order shallowing-upward cycles'(FIG.'S-G).

The dark carbonaceous Amphipora floatstone lithofacies
contains abundant micrite and is interpreted as deeper,
restricfed lagoonal sediment that gradationally overlies
reef interior subfacies 2—~FIG. 5-6). Delicate cylindrical
Amphipora thrived in a calm to slightly agitated lagoon
floored by soft mﬁd, and tolerated extremes in saliﬁity,
temperature, and Fh that few other organisms .could withstand

(Jamieson, 1971). -
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These facles coarsened-upwards as Amphipora rudstone and
peloidal- packstone wére deposited in slightly shéllower,
" more agitated waters 1-3 m deeb (FIG. 5-6). D&sycladacean
and codlacean algal fragﬁents and, calcispheres are much more
abundant than in subfacles 2, or in the Amphipora floatstone
of subfacies 3. The Amphipora rudstone is commonly capped
by lime mudstone in the upperﬁost‘portions of third-order
reef 1nterior cycles. Fossils are extremely rare, and
constitute a eurytopic Amphipora-ostracod-gastropod-alga
assemblage: that was able to withstand fluctuations in
salinity,‘ temperature, Eh, and nutrient supply. | Water
circulation became progressively more restricted and
sluggish as Amphipora mounds built toward sea level. The
bioturbated lime mudstone was deposited probably just below
tide level 1in 1-2 m water depths. Ginsburg and Hardie
(1975) documented bioturbated pelletal lime mud with minor
admixed skeletal debris djust below low tide level off
northwestern Andros Island. Stratified muds and algal mats
occur through the intertidal and supratidal zones where
surfaée? were periodically flooded and exposed. The
laminoid lime mudstone in reef interior subfacles 3 probably
formed in a similaf tidal flat setting (0-1 m depth range)
with lime mud'being sporadically introduced by storms and
derived from offshore mud reservoirs (cf. Hardie, 1977).
In reef cycle 3 (section 20; units 028, 029) interbedded

cylindrical stromatoporoid rudstone appears to represent
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storm beach accretion, based on the following

characteristics:

(1) Sharp, scoured lower con?ﬁﬁﬁf; sharp upper
contacts. :

(2) Grain-to«grain contgct of ranéémly oriented,
fragmented, micritized allochems with high (average
5%) primary interparticle porosity occluded -by
blocky calcite and microstalactitic cements.

(3) Allochthonous fossils (robust cylindrical
stromatoporoids, bulbous stromatoporocids) that
would not have thrived in juxtapdsition to tidal-
flat environments.

Folk and Robles {1964) documen#ed depositsuof fragmented
ramose corals stranded in high intertidal to éupratidal
zones on Isla Perez off the VYucatan Peninsula. The?
suggested that these sediments accumulated during abnormally
high tides or storm eventg. The cylindrical stromatoporoid

" rudstone possibly represents analogous storm beach accretion

on Amphipora mounds (FIG. 5-5) in the Devonian.

5.5 FACTES! ANATYSTIS OF REEF FORESTOPE AND BASINAL FACIES

5.5.1 General Statement

The reef foreslope and basinal facies can be subdivided

readily into allochthonous foreslope subfacies 1 and 3; .



435

autochthonots foreslope subfacies.-2; and foreslope "toe" to

basinal subfacies 4. Thgse are welldekposed in both western

(sectiohs 15, 18) and eastern (sections 07, 01, 25) portions

of thé study area.

Shallowing—upward trends are indicated by the following

combined

evidence:

(1)

(2}

textural, sedimentological, and paleocecological

Reef foreslope facies grade up into, reef

margin/reef i1nterior facles that are abruptly
overlain by reef foreslope facies’' .at cycle
boundaries (e.g; reef cycles 1, 3 in geétion 18;

PL. 5-1).

»The foreslope facies generally coarseﬁs-,

tﬁickens—, and lightens upwa;d. Primﬁry
interparticle porosity (partially' occluded by -
blocky calcite cement) and sorting of the matrix
both increase upward. Wwilber (1985)- reported
shal;owing-upward; coaésening—upward . sequences
along the leewarﬁ.'margins of the Western . Bahama
Banks; These sediments tend to be more winnowed -
and well-washed with hardgrounds coﬁmonX{ developed
towards the tops of the sequences.

The ratio of allochthonous cylindrical

stromatoporoids to corals and brachiopods increases

towards the tops of the sequences. This appears to
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indiqgte increasing input-¥’tm shallow water source

areas.

‘The foreslope and basinal subfacies will be interpreted
below in the context of their positions in second-order
shallowing-upward cycles. Sequence analysis also permits

some interpretation of depositional slopes and

paleobathymetric constraints for facles deposition.

-

5.5.2 Reef Foreslope Subfacies 1

‘

5.5.2.1 Description

Reef foreglope subfacies .1 consists of medium-bedded -
(average 15 cm);, 1light brown, abraded stromatoporoid
rﬁdstone and subordinate interbedded- skeletal lime
grainstone (PL. 5—l;a). Where reef cycle 1 foreslope facies
are exposed 1in the eastern portion of the study area
(section 04), the subfacies grades upwgrds into reef margin
facies. Basinward (sections 07ﬁ 01) reef 'foresiope
subfacies 1 grades into, and 1s interbedded with,
finer-grained, allochthonous reef foreslope subfacies 3
(FIG. 4-1). m@he wéstern foreslope facies show similar
relationships at section 18, as reef foreslope subfacies 3
and 1 constitute coarsening-upward, allochtheonous, foreslope
successions. These grade. into poorly defined reef margin

facies in reef cycles 1 and 3 (PL. 5-1).
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Beds are hofizontally stratified (PL. 5-14a), with either
stylolitized or planar-abrupt tﬁ slightly scoured basal
Eontacts (PL: 5—145, c). . Fining-upﬁard from rudstone to
grainstone is common in subfacies 1 (PL. §-lﬁb); although
not always expréésed' in each bed. Primar& inferparticle
porosity (2—15% visual estimate) is mainly occluded' by
"blocky calcite cement.
Allochems (fossils 1listed in TABLE .5w4) show abundant
- evidence for physical abrasion and reworking: most are
.fragments .with broken margins and -display loss ef fine
detail; rounding of skeletal parts, and common encrustation
by epibionts (PL. 5-15a). Apparéntly somellarger allochems
periodically came to rest downslope énd tempérarily provided
a suitable substrate for encrusting organisms before being

~
transported further downslope.

jintraclasts.occur rarely in the subfacies and are mainly
subrounded, tabular, 1lime mudstone clasté, 1-2 cm long.
Aggregate gralns are slightly more common ‘and are
_predominantly robust cylindrical stromaéopéroids encrusted
by stromatoporoids and algae. The grainstone matrix is
moderately to well-sorted, with little preserved lime mud.
Grains are typically subrounded to subangular, and comprise

nearly equal proportions of peloids (average 0.1-0.3 mm

diameter) and partly micritized skeletal fragments.
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~ TABLE 5-4

L

MACROFOSSILS OF REEF FORESLOPE SUBFACIES 1

Common Constituents

robust eylindricals stromatopé%oid: shows weak current
alignment in some beds- : ’

tabular stromatoporoid: mainly disoriented (flipped
over, imbricate) with respect to bedding

hemispherical stromatoporoid: average 15 cm diameter

encrusting stromatoporoid: including clathrodictyid

Amphipora: more abundant component in western foreslope

(section 18)

Rare Constituents ' ' -

atrypid brachiopod ’ ¢
encrusting bryozoan Co
thamnoporoid coral
crinoid columnals
wafer stromatoporoid
bulbous stromatoporoid
solitary rugose coral
algal fragments

|
|
l
|
|
|
I
|
|
l
|
|
I
I
I
l
|
|
|
|
|
l
|
|
|
|
l
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5.5.2.2 Interpretation

Much of allochthonous réef foreslope subfacies 3 bwas-
deposited as coarse-grained turbidites derived from an upper
foreslope~reef ﬁarqin source, based on the following
evidence:

(1) cOmmdn sﬁarp to slightly eroded basal contacts and

the incorporation of broken abraded allochems point
to erosive-turbuieﬁt flow. .

(2) Distinct stratification-and upward-fining in many
beds show that tractional and suspension
sedimentation from turbulent flows were 1locally
important.

These carbonate turﬁidites do- not display seile markings,
presumably due ‘to the relative incohesiveness of the
coarse—grained sediment and/or to removal by
post;depositiopal pressure solution (c¢f. Hopkins, 1977;
Mc;lreath. and James, 1979). Bouma sequeances _are not
well-developed. Robertson (1976) suggested that the
scarcitﬁlof well-developed Bouma seéuences in coarse-grained
carbonate ‘turbidites could be due to bimodalit?, or
extfemelyz variable size, volume and density of carbonate
particles. Furthermore, because these beds were presumably
formed by the sudden surge of qen:}ty currents (McIlreath
and James, 1979), other sediment gravity flow mechanisms

could have acted 1in conjunction with turbulent flow.

Graln-support could have been enhanced by dispersive

\ e
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pressure, escaping pore fluid, and buoyancy <forces. 'A
these factors might be eipectéd‘ in high concentra ron (
| tgrbidity_flow'ang could account for the:common occurrence--
of non-graded, sharp-based, horizontally-stfatified rudstone
beds. _ \

Early-lithified claéts are ncotably absent from the
subfacief. This apparent lack of pervasive early marine
cemenfaEion could have been primarily a function of low
foreslope inctination (48 m/km from section 03 to 01 in reef
cycle 1) and, hence, slower rates of water movement through
the sediment. .

Sediﬁent Qas mainly derived from the reef margin-upper
foreslope envifonmentg as indicated by’ the comnmon,
allochthonous, thick itabular--hemispherical stromatoporoid
fauna. The presence oanbraded grains, aléal fragments, and
strictly shallow waﬁer‘fossils in resedimented flows also
suggests that the source was relatively shallow. |

Sediment gravity flows are generated when shear stress
exerted . by gravity exceeds. the shear -strength of the
sediment, which is mainly a function of <c¢ohesion and
intergranular friction (Allen, 1870; Rupke,. 19f8); In
shallowing-upgard foreslope séquences, shear stress would
have increased with increasing slopes. Sediment movement
downslope could also have been prompted by thickening of the
sediment pile and storm wave activity. Both would have

served to increase pore fluid pressure and thus decrease the -
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shear strength of the sediment, leading to sediment

fluidization.
5.5.3 Reef Foreslope Subfacieg 2
5.5.3.1 Description

Rgef foreslope subfacies 2 is compos'ed of dark brown,
wafer-robust cylindrical stromatoporoid-ramose coral
floatétone, bindstone, and ihtérbedded calcareous shale.
Allochems.are supported by a microstylolitized, fragmented
skeletal, lime wackestone matrix (PL. 5-15b, c¢), and are
‘rarely pyritized or silicified. Fine-grained pyrite is more
commonly disseminated in the dark brown carbonaceous
wackestone matrix. |

Most wafer strdmatopqroids appear to be autochthonous and
in life positions (PL. 5-15b). However, in some beds(yyhe
stromatoporoids are fragmented, extensively bored, and
disoriented (PL. 5-15c) with respect to bedding. Peloidal
mudstoné'ihtraclasts oqcur-rarely in the suﬁfacies.

Beds are typically 10-20 cm thick and show stylolitized
contacté. The subfacies was observed only in reef cycle 1
‘foreslope facies, where it is stratigraphically bounded by
upper foreslope subfacies 1 and lower foreslope subfacies 3.
The‘ upper subfacles boundary i1s gradational; tha lower

boundary is not exposed in the area.

-
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'Faunal diversity decreases from subfacies 1 to subfacies
2 (TABLES 5-4, 5-5). . Stromatoporoid growth forms are also

less diverse, and robust :cylindfical and wafer' forms

predominate. Thamnoporoid corals are ubiquitous in the

subfacies, but are particularly abundant in shale interbeds.

Amphipora notably occurs very rarely in this subfacies

compared to reef foreslope subfacies 1.

5.5.3.2 Interpretation

Reef foreslope subfacies 2 represents autochthonous,
micritic sediment deposited in calm, open-marine waters
characterized by slow sedimentation. Wafer strbmatoporoids
would have been well adapted to this enviromment as broad
forms presumably both maximized feeding area and enhanced
stability on a muddy substrate (Kershaw, 1984). The
estimated paleobathymetric upper Ilimit for this subfacies
was ~14 m (FIG. 4-1). This value compares closely to the
upper limit (15 m) determined for in situ, wafer
stromatoporoid floatstone in upper platform. subfacies 3
(Chapter 4). A lower paleobathymetric limit could not be
ascertained due to incomplete exposure, but is tentatively
éstimated at 22-28 m {cf. Wendte and Stoakes,.1982f.g‘The
paleogeogréphic extent of the Eub?acies would have wvaried
according to the following factors:

(1) Hydrographic position (especially circulation).
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MACROFOSSILS OF REEF FORESLOPE SUBFACIES 2

Common Constituents

wafer stromatoporoids: actinostromatid, stromatoporid;
5-20 mm height; 100-300 mm
: diameter
robust cylindrical stromatoporeoid: Stachyodes
crinecid columnals -
thamnoporoid coral

Rare Constituents

Amphipora

encrusting stromatoporoid
tabular stromatoporoid
atrypld brachiopod
bryozoan g
encrusting alveolitid coral
solitary rugose coral
ostracoed '
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(2) Slope - speeper élopeg could have promoted_mo;é
allochthonous transfer of sédiment (1.e. 'éxﬁansion
of subfacies 1, 3 belts). | -
(3) Accretion style - progradation'tendé to préducé.
more débris. |

, :
(4) Relief - depth constrains where organisms can live.

5.5.4 Reef Foreslope'Subfacies 3
5.5.4.1 ‘Description

Reef foreslope subfacies 3 consists of thin ta medium,
horizont;ily'-bedded (average 5—10"cm thick), peloidal
calcisiltite and calcarenite, with'sﬁborﬁinatg_intérbedded
robu;E‘ cylindrical stromatoporoid rﬁdstone and dark ‘gréy
slightly caicareous sﬁale (PL. 5—165). In reef cycle 1 at
section 01, the subfacies constitutes the entire sequence
and its beds generally _thicken—,‘ coarseni} and
'ligh£en—upward overall  (PL. .5-16b). -At section 18, the
subfadies typicaliy_ occurs at the ‘base of " allochthonous
foreslope seqﬁences (reef cYcles 1-4) "and gradas uéwa:ds‘
into feef foreslope subfacies 1.‘ Thickening- and
coarsening-upward trendé are not eQident in all reéf cycles.
At section 01, reef cycle 2 is composed entirely of reef

foresibpe subfacies 3, which shows soft sediment deformation

and submarjine erosion at its upper contact (PL. 5—16&).

A
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4 -

Orientations of minor ‘slump fold axes tenfatively suggest a

horthwest to sou@ﬁeastiﬁaieoslopq.* Within, the slumped unit,
lithofacies show.“truncated; microfaulted, and microfolded
(récumbeﬁt) 1aminae'(PL. 5-17a), dewatering.étructures_(PL.
5-17b), and load strucéares.~f o ' .
'Bedding contacts are planar-sharp or stylolitized, énd
some show faint sole markings that indicate off-reef
derivation. The calc;siltite and calcarenite beds commonly
fine upwardiﬁpLS. 5-17c, 18a). Biloturbation is typicaiiy
restricted to upper contacts, - and escape burrows dccur
rarely th;oughoup subfacles 3 in sections 01, 07, 1s8.
Biogeﬁic %structurés are not evident in' subfacies 3 at
section 25. Pyrite occurs as fine 6155eminations' and
replacement mineralization of skeletal fragments. Nodular,
slighfly layered chert éccurs as selective replacements
primarily of coarser-grained calcafenite._ Formation of the
chert nodules apparently precluded 'plastic compact;on.
Pyrite-infilleg.peripheral fractures in the chert nodules
indicate that these beds Dbehaved brittlely ¥ during
compactioh,‘ whereas finer—gfained calcareous muds wére
coﬁpacted around .the che;t layers (PL. 5~-17a). Cheét
" nodules are not apparent in reef foreslope subfacies 1 anq
2. Furthermore, chert in. subfacies 3 appears\\to be
restricted to more basinward sections (01, 25)‘th;¥'were

temporally and spatially proximal to Canol deposits of black

slliceous shalé‘
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fossils occur rarely in reef foreslopé subfacles 3, and
represent a greater proportion of nektip-planktic organisms
than in other foreslope subfacies (TABLE 5-6). A higher
‘ratio of skeletal fragments to peloids appears to’
characterize the western exposures (section‘lﬁ) of subfacies

3 compared to sections 01, 07, 25 in the eastern foreslope

depositional setting.

5.5.4.2 Interpretation

Reef foreslope subfacies 3. consists of fine-grained
carbonate turbidites derived from the upper foreslope or
reef margin and deposited on the lower foreslope. The
turbidite origin is supported by the following evidence:

(1) Wide, lateral continuity of beds.

(2) Snarp basal contacts with faint sole markings.

(3) Upward-fining and upward-gradation into interbedded

shale.
!

(4) Associlation with a foreslopé/ﬁepositional setting;

| common gradation into reef féreslope subfacies 2.
Partly analqgous are turbidites cored on tﬁg deep bank-
margin of Littlé Bahamas Bank (Mullins and_Neu;ann, 1979)
that are dominated bj Bouma A-intervals. .These laterally
continuous beds were most likely ‘derived from 'a
"]ine-source” on the shelf margin (Crevello and Schiager,
1980). It is likely that a line éource supplied debris for -

the carbonate turbidites of subfacies 3. These could have
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»

© MACROFOSSILS OF .REEF FORESLOPE SUBFACIES 3

Race Constituents

styliolinid: rare to commeon
crinoid columnals: rare to common
thin-shelled brachiopods: including Leiorhynchus

. - hippocastanea, atrypid
Amphipora: 3-5 mm diameter:

'robust cylindrical stromatoporoid

wafer stromatoporoid
fish fragments
nautiloid

ostraced

solitary rugose coral
thamnoporoid coral

hSS
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v

been distributed downslope through small gﬁllias-briented
perpendicular to the depositional margin and, thus,
foreslope allochthonous debris could have bypassed sites of
in situ foreslope facies deposition. Unfortunately, the
east-west orientation of available outcrop is nearly
parallel to the probable orientation of these éully—fill
structures, and this interpretation must be considered
tentative. |

Rapid emplacement of turbidites during shoaling-upward
phases of reef cycle development probably caﬁsed slope
instability and sediment fluidization (PL. 5~17b). This is
substantiated by evidéﬁce of periodic slumping downslope
(PL. 5-16a).

In section 01, reef foreslope'subfacies 3 of reef cycle 2
comprises 6-8 m of incoherently bedded slide and slump
sheets that are variably deformed internally. The evidence
Zf slumping includes the following:

{1) Smooth, curving, concave-upwards.surfaces that are

interpreted as slump scars.

(2) Unlike channels, the interpreted slump scars have
one steep side (PL. 5-16a) that may be subparallel
to palecbathymetric contours.

(3} =~ Depositional conditions were unaltered following
slumping events, and later sediments (e.qg. reef
cycle 3 in PL. 5-16a) draped and gradually

eliminated the topography of the slump scars. In
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contrast, channel cuttipg-invoives current action
that should be réflected in aﬁ erosional surface
being overlain by.coérSe lag sedimeﬁts. This'was
not observed 1in the raéf foresiope ~slump unit
(section 01, unit 031). | |

Formation - of nddular chert in lower °~ foreslope

calcisiltite and calcarenite probablg was related to

upwelling’ ofl nutrient-rich water along the foreélope;

Assoclated high bilological . productivity (e;g.'.radiolarians

- see following section on basinal facies) could, in turn,
have'supplied abundant biogenic silica to lower foreslope
and - basinal sediments: (MacKenzie, 1973; Muir and DiXon,'
1934). Chert nodules formed in these facies apparently
during burial and compaction. Evidence of early replacement
includes:

(1) ‘ Lamination that continues from chert nodules into
surrounding rock (PL. 5-17a),.indicéting that the
nedules replaced original sediment. '

(2) Primary textures and sedimentary siructures
. preserved in the nodules. Laminae are typically
2-5 times as.thick as those outside the nﬁdules.

This demonstrates early fﬁrmation of chert.

(3) Véry irregqular shapes of some chert nodules and
enclosed patches of limestone that suggest a

replacement origin.
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(4) Association of silicified allochems in juxtaposed

| carbonate lithofabies., h

Earlier workers (e.g.  Braun, 1966; ‘MacKenzie, 1970;
among o£hers)' postulated that subﬁacies 3 at section 01
represented sediments derived from mechanical erosion of a
lithified- buildﬁp ("Allochthonous .Beds" iﬁ Chapter 1).
However, in this study, -sedimentological evidence points to
slope failure of incoherent margin and upper foreslope

material concurrent with the cyclic evolution of the reef

Icomplex.
{
"5.5.5 Reef Foreslope Subfacies 4 \
A
5.5.5.1 Description

Subchies 4 is only exposed in the basal portion of reef
cycle 1 at section 07 (FIG. 4-1). -At this 1ocality,' the
subfacies is ﬁypically thinly-bedded (3-5 cm - thick),
medium-dark brown, ncdular, lime mudstone and wackestone
interbedded with shaié (PL. 5;;8b). Bedding contacts are
diffuse to sharp, and .shales show - compressed biogenic
structures (mainly small Chondrites, average diameter 1-2
*mm) more commonly than does the nodular limestone. Pfrite
is ubiquitousiaa'framboidal disseminations and replacement
mineralization of allochems. Faunal diversity and abundance

are low, and the fossil assemblage includes allochthonous
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'crinoid colﬁmnals; stylialinids, fish fragments, and robust
cylindrical stromafoporoids. An unidentified} small
(average‘ 0.8 cn long) , nsubqirdular,-, smoéth-shelled
lmpunctate 'brachiopod is: locally abundant in some shalé

interbeds. Valves are commonly' disarticulated, but show

little evidence of trénsport.

5.5.5.2 ' Integpretatibn

Sédiments in reef foreslope-subfacies 4 were deposited iﬁ
calm to slightly agitated, dysaerobid”conditibns. The muddy
nature of the subfacies indicates low turbulence. Remains
of epifaunal organisms were mainly transported to this site,
and low infaunal diversity attests to poorly oxygenated
depositional environments. The brachiopeds present possibly
' were epipelagic organisms or an opportunistic speciles that
in;ermittently exploited a substrate where ecologic stresses
would have been inhospitable to most other organisms.

Paleodepths estimated for reef foreslope subfacies 4 (at
secfion 07) are ~40—55.ﬁ (FIG. 4-1). Burrowing and possible
episodic current activity possibly enhanced early
cementation and contributed, along with burial .diagenesis
(pressure-solution phenomena), to the devélopment of nodular
bedding. Synsedimentary lithification is also suggested by
the presence of intrastratal fracturing in the limestone.
This indicates brittle and plastic response to lbading by

cemented and unlithified sediment layers, respectively.
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5.5.6 Basinal Facies
5.5.6.1 Description’

The basinal facles consists of .black, evendlaminatéa
shale with minor limestone interbeds. Limestone |is
increasingly subordinate +to shale Dbasinward. Graded
crinoidal grainstone beds (average 5-10 cm thick, PL., 5-19a)
are present in sections 01, 07, .18, 15, but are not evident
in the "subfacies at section 25. However, sharp-based,
peloidal calcisiltite beds (PL. 5-19b) are interbedded
rarely with shale at all localities in the study area.
Carbonate content varies in- the shale, and  genera1ly
decreases’ baéinwards and upwards in Canol stratigraphic
sections. | .

At section. 0L, in unit o028 (basal reef cycle' 2),
megaclasts of tabular-wafer stromatoporoid floatstone are
supported by black, slightly calcareous shale (PL. 5-20a),
and peripheral fractures in the lithoclasts are filled with
black shale.

The basinal facles thickens downslope (PL. 5-~1) and 1is
gradationally overlain by Imperial clinothem facies (PL.
5-20b). Paleocurrent data in the lowermost Imperial
Formation, ~60 m above top of the Canol Formation, indicates
southward transport (PL. 5-21).

The limestone lithofacies within thé basinal facies are

faunally impoverished (TABLE 5-7) and contain only
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A. MACROFOSSILS IN THE BASINAL FACIES - LIMESTONE

Rére Constituents

crinoid columnals: common in graded grainstone beds
Amphipora

robust cylindrical stromatoporoid

fish fragments

sponge ‘spicules

styliolinids

plant fragments

indeterminate brachiopod fragments

solitary rugose coral

B. MACROFOSSILS IN THE BASINAL FACIES - SHALE

Rare Constituents’

:thigii?é?gs _I locally common on bedding planes

sponge spicules .

fish fragments

plant fragments

radiolarians: spherical, less than 0.5 mm diameter,
microcrystalline quartz composition;
commonly contain framboidal pyrite in

cavities .
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allochthonous elements. Allochems are fragmented - and
commonly. pyritized. ,Upwafd-fining, crinoidal grainstone
beds, with planar-abrupt basalrcontaéts, contain tabular,
laminated lime mudstone intraclasts oriented sﬁbpéralfal to
bedding in their middle portions. The crinoidal grainstone
unitslgrade into horiéontally laminated lime mudstone, some
of which contain current-oriented crinoid pluricolﬁmnals.
the peloidal calcisiltite beds show ‘similar sharp-based
contacts. and upward fining. Beds are typically 2-5 cm
thick, with continuous, horizontal, gréded laminae _(1-3 mm
thick). Low angle climbing ripples are present rérelf near
the tops of some of these beds. | Peloids are subangular
(0.1-0.2 mm diameter) and commonly  coated by daik brown
organic films. The calcisiltite beds pinch and swell in the
upper Cancl Formation (PL. 5-20b) and commonly are replaced
by chert along bedding contacts.

shale lithofacies make up most of the basinal facies.
.Even horizontal _lamination (average 1-3 mm'thick) typifies
the lithofacies and is primarily controlled by compositiqnai
va;iations in the carbonate and clay contents; Disseminateé
pyrite is loéally preferentially concentrated in thg\
organic-rich laminae. The relatively high ﬁyrite content in
the basinal facies (2-5% visual estimate) is reflected by
its weathering product, jarosite (sulphate mineral),

pervasive through. much of the Canol Formation. FIGURE 5-7

shows the welght percentage of total organic ¢3rbon for
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basinal facies in the western (section 15) and- eastern
{(section 25) portions of the study area. The avbrage weight
percentage TOC is slightly.higher in sectien 25 (4.32) than

in section 15 (3.13). B
5.5.6.2 Interpretation ' -

The basinal depositional environment was characterized by
slow sedimentation and anoxic coﬁditions, as indicated by
the following: | |

(1) Pyrite as disseminated euhedral-frémboidal grains
and replacement mineralization . of - shells |is
ubiquitous. Pyrite formation is Zfavored by slow
bacterial decomposition of organic matter in anoxic
environments during slow sédimentation (Curtis,
1980; Blome and Aibert, 1585; Carstens, 1985).

(2) Fossils representing infaunal and autcchthonoué
‘benthic epifaunal biota are absent, and this
permitted presarvation of horizontal even
lamination without disruption (Cluff, 1980) .

(3) Total organic carbon content is high in the basinal
facles, and this woﬁld have been favored by slow‘
sedimentation under anoxic conditions (Rhoads and
Mcrse, 1971). The average of 3-4% compares well
with an average of 73.2% TOC reported by Curtis

(1980), -based on 800 North American black shale
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samples. He suggested -that the average shale
contains only 0.33% TOC.

The well-laminated nature of the shale 1lithofacies
reflects compositional .variations, possibly duet to
‘fluctuations in sediment supply. Laminae characterized by
higher ratios of organic maferial and clay/carbonate. are
commonly much more enriched | in pyfite +han the
carbonate-rich laminae. Carstens (1985) suggested that
abundance of pyrite cryptais can be related to slow
sedimentation. This would permit the sulphate ion content
of pore water to be renewed by diffﬁsion from sea water.
‘The well-laminated muds iikely resulted from both dispersal
of carbonate mud-rich turbidity flows into a well-stratified
water mass and slow accumulation 6f hemipelagic muds.

Grade&ﬁ* peloidal ' calcisiltite beds and crinoidal
graihstone beds represent carkonate material transported
from the foreslope environment by discrete turbidity events.
Deposition occurred during flow deceleration and resulted in
sharp-based, graded units. The greater extent of
interbedded calcisiltite beds along ‘the eastern
foreslope-to-basin profile (sections 01, 25) possibly
reflects better circulation and more intense wave reworking
of the eastern reef—platform margins than thoseé to the west
(sections 18, 15). Preliminary evidgnce suggests that
basinal facies in the upper disparilis zone are much thicker

in section 25 tAppendix A) than in section 15. The rocks in
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' section 15 of this age are a highly condensed- sequence

representing significantly less input of carbonate debris

than'in section 01 east of the platform-reef complex. '

.

5.6 LCYCLICITY IN THE REEF FACIES ASSCCTIATION

5.6.1 :ntroduction : |

The previous facies analysis 1is a basis for identifying
cycle boundaries in ‘the reef facies association. Each
shallowing-upward cycle begins where shallower. water
sediments are overlain by relatively deeper;water sediments.
Because many carbonates are deposited within ~their
enviromment ;of formaﬁion, external eOurces of sediment are
not needed for accumulatlon to keep pace with rising sea
level. However, if relative sea-level rise 1is very rapid.
and/or the carbonate fectory”is stressed, the production of
skeletal and nonskeletal carbonate sediments can.diminieh of
cease, and a cycle of sedimentation termineﬁed.

In Chapter 2, it was noted that reef margin‘facies rarely
show third-order cyclicity because reefs can grow rapidly
and keep pace with frequent minor changes in relative sea
level. Conversely, reef interior facies show less growth
potential. and are more likely to be drownea bg smaller
increments of relative sea-level rise. However, this is not

the only mechanism by which third—order cyclicity can be
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developed in the reefJinte;io;. Ginsburg (1971) suggested

that carbonaté production rates eventually fall bohind

~ subsidence rates as progradation decreases the size of the

subtldal shelf lagoon where most carbonates are produced
(Schlager, 1981). There is a certain lag time, controlled

by the depth of the subsiding lagoon (Ginsburg, 1971; Hardie

and Shinn, 1986). This results in subtidal sediments

overlying supratidal sedimonts and the development of -a new
cycle of reef interior sedimentation. '

Attempts at correlating third-order c¢ycles in the reef
interior fdcieslﬁﬁre not successful, qdite probably due to’
this autocyclic variation in carbonate production.

However, second—ordor reef oycles can be cprrelated from
fo;eslooe to reef interior déoositional settinggd(see PL.
Sri}. Basinal facies tend to show no distinct second-order
cyclicity because environments and deposits at such depths
were not sensiti?e to similar changes in relative sea level.

This part of the chapter outlines the characteristics of
second-order reef cycles in the reef facies assooiation.
Thede shallowing-upward cycles can be discussed in terms of
the initiation ipd direction of growth of reef marginsg

following a pronounced rise in relative sea level, ‘as

follows: '
!

(1) Progradational - Reflects an overall basinward

shift of cyclic shallow water facies. Reef
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: foreslope debris contributes significantly, and the

4

reef flat facies belt expands. ' '

(2) Aggradational - Positions oé the margins are
essentially stationary through time. Tha reef
foreslope steepens and foreélope debris can be less
significant downslope than in. progradatiohall

cycles. The reef flat facies belt is‘narrow.

{3) Rétreatinq)Backsteppinq - Baqksteggiﬁg reggrs to an
abrupt iandward shift of shallow carbonate facies
fellowine a relative fise in sea level. Retreating
fefera to a 1essé¥ magnitude backstep such,that, in
some portions along the cyc}e boundary, simi}ar
faciés are present both below and above. .-
Significantly 1less reef debris 'is shed into the
depositional 5asin.

The nature. of second-order cyblicity can be examined
wifhin a time-stratigraphic framework. Reef cyclesdl—s will
he described in te:ms "0f reef evo;ution. Assuming that
these cycles of sedimentation were controlled by én‘

allocyclic mechanism, facies shifts on the reef margin and

foreslope should also be reflected in the reef interior.

5.6.2 Second-Order Cyclicity in the Reef Margin/Shoal and

Reef Foreslope Facies

Reef cycle 1 is the most progradational depositional

stage in the evolution of the reef complex (PL. 5-1, TABLE



TABLE 5-8

Styles of:reef/shoal development
.and. nature of cycle boundaries in

the reef facies association.
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5-8). The top of the reef cycle built close to sea level

before being terminated by a pronounced rise in sea level.
This is indicaged by presence of  culminating tidal flat
lithofacies in the reef interior sequence. Embayments and
other topographic'depreésions in the drowned platform were
quickly infilled during reef cycle 1 time, as sediment
accumulation outpaced sea-level rise and the reef margins
prograded basinwards (FIG. 4-1, PL. 5-1). Reef flat fapies
are more extensively developed in this sequence than ipf;eéf
cycles 2 and 3 (FIG. 5-3). Allochthonoﬁs foreslope debris
is thicker, coarser, and more widely distributed downslope
than in the 6Verlying reef cycles in the eastern portidn of

the study area (TABLE 5-8).

(Reef cycles 2 and 3 are consldered to represent
aggradational reef development for the"following reasons:

(1) Lithofacies indicate that the tops of the reef
cycles terminated in water depths near sea level
(see section 5;6.3) similar to reef cycle 1.

(2) only minor backstepping (retreating) of the reef
margins is evident, and the redf margins grew
upward in the same general positions. Reef margin
facies o©of reef cycles q} and 3 both overlie
foreslope subfacles 3 at section 18. Reef margins
of cycles 2 and 3 were initiated probably a few
100 m at most toward the reef interlor from the

position of the margin in reef cycle 1 (FIG. 5-2).
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(3) Reef flat facies in reef cycle 2 (sections 29, 30)

_—

are more a;eéliy\kestricted than in reef cycle 1 (

(FIG. 5—;)/.

(4) Each of reef cycles 2 and 3 in section 01 (TABLE

5-8) contain thinner accumulations of ﬁoreslqpe
debris than in the precgding cycle. 1In reef cycle
3, foreslope limestones are interbedded with Canol
basinal shale. |

This 1ast.point reflects decreasing rated of progradation‘
as the foreslope bec;;e steépér for reef cycles 2 and 3.
Continued progradation would Rave requiréd ever-increasing
volumes of sediment on the flanks fSchlager, ¥981). Hence,
to Keep pace‘with rising sea level, the reef margins became
more aggradational, while ma%ntaining a well«eséablished
restricted reef interiof.

A slightly more progradétional‘st?le‘might be expected
for leewardﬂlmargina, as wind-driven currents could have
" helped move sediments écross the shallow reef interior onto
the foreslope. This could account for reef cycles 2 and 3
being more progradationél in section = 18. Reef
interior-derived Am ora fragments = comprise a
substantiaily higher proportion of transported allochems in
western foreslope fa;ies than in the east (sections 01, 04,
07); ' g

Reef cycle 4 begaﬁ.with backgtepping of the reef margins

toward the reef interier (PL. 5-1). To the east, Canol
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Sasinal sediments abruptly overlie reef cycle 3
allochthonous foreslope fécips; At séction 18 to the west,’
distal allochthonous foreslope subfacles '1 overlies reef
cycle 3 reef “interior fécieé:* Accelerated sea-level rise
términated reef cycle 4, but reef cycle 5 shows only ﬁinor
reef margin backstepping. Although foreslope debris is
absent ffom sections 18 and 01, reef interior facies pfesent
are ygrossly simiiar, lithologically\dnd palececologically to
the undeflying reef cycle (see sectlon 5.6.3). This
suggests aggradational development of the reef margins for
reef cycle 5.

Reef cycle 6 represents thé establishment of an areally
restricted shoal. (PL. 5-1) lacking reef margins (TABLF 5-8).
Relatively unrestricted circulaticn permitted ‘the

accumulation of grainy sediments which contain a mixed

robust cylindrical stromatoporoid-Amphipora-Coenites-

brachiopod fauna. The presence of a well established coral-
brachioped fauna possibly reflects the lack of a restricting

reef margin.

5.6.3 Second-dié; cyclicity in the Reef Interioxr Facies

Since reef margin - development and termination are
primarily controlled by rates of relative sea-level rise,

reef interior second-order cycles should mirror their

-

response. This part of the study examines the reef interior
/ .

/

Ve
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sequences in light of the evidence-put'forth in the previous
section (5.6.2).

Because cycle boundaries within the reef interior are
§pproximately_pafallél to inferred sea 1e§gls, lithofacies
constituents within the cycles will vﬁry due to changing
rates of sediment supply and relative changes of sea level.
.Although climatic changes can also cause variations within
the carbonate. sequences, a humid, warm climate is inferred
for much of Ramparts deposition because of the lack of
avaporite lithofacieé in the carbonate’ succesgion.
Third-order cycles iﬁ reef cycles 1-5 (FIG. 5-8) average
3—; m thick, with reef cycle 5 the thickest (4.3 m). Thesé.
third-order cycles are only locaily correlatable due to the
combined effects of autogenic and allogenic controls (see
Chapter 2). However, second-order reef interior cycles can
<be‘recognized and correlated. Their attributes.permit some
inéerpretation about water circulation. The latter would
have been controlled by @roximity to, and continuity of,
reef margins and fheir lvarying restrictions on water
exchange. .

In ree% interior sactions, shallowing=-upward,
second-order reef cycles are recognized by the following
criteria:

(1) Successive third-order cycles generally culminate

| with progressively shallower water subfaciés.

Younger cycles typically begin with reef interior
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FIG. 5-8

Reef cycle facies variation in a reef interior
depositional setting (section 20).
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subfacies 2, rather than reef interior subfacies 3,

which begins oldet cycles. ' ;

(2) Abrupt shifts in reef interior facies result from
backstepping of reef margin facies. Two features
in particular can be used to interpret associated
changing water circulation.

a) Higher percentage of ‘'grainy" 1lithofacies
(packstone, grainstonae, rudstone) within reef
cycles is an indicator of higher current.
energy.‘ .

b) Higher percentage of laminoid and peioidal
lime mudstone lithofacies is an indicator of
more restricted water circulation.

(3) The presence of fossils represenﬁing stenchaline
organisms can ba used to interpret water
circulation, in partiéular the improvement of water
quality, -near reef margins, and during sea-level
rises (e.g; reef cycle 6 in FIG. 5-9).

Reef cyclgs 1 through 3 show a dramatic decrease in
percentage of grainy lithofacies and proportional increase
in laminocid and peloidal 1lime mudstone lithofaéies (FIG.
5-8). Remains of stenochaline organisms are rare to absent.

Cbnditions in the reef interior during reef cycle 1 time
were probably less restricted than during the overlying reef

cycles due to initial bathymetric relief on the drowned
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REEF CYCLES
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SECTION 31

FAUNA
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- DOSERVED IN < 30X OF LNITS

FIG. 5-9

- DBSERVED IN »>30% OF UNITS

COMMON- > 35X OF TOTAL ALLOCHEMS

- DBSERVED IN > 30X OF UNITS

Macrofaunal abundance and diversity in reef

interior and shoal facies,

saections 20 and 31.



[

469

upper platform and the temporary maintenance of open-marine
embayments along the‘periphery of the reef complex.

The substantial increase in tidal flét Lithofacies and
decrease in graing‘lithofacies in reef cycles 2 and 3 are
sug&estive of more restricted water circulation,Awiﬁh the
reef interior more protectéd from wave action. ‘

These changes are 1in accordance with the change from
progradational to aggradationa% reef margins, interpreted
for reef cycles 1 through 3 (section 5.6.2).

An abrupt shift in .reef interior facies occurred with_
backstepping of the reef margin to begin reef cycle 4. The

percentage of grainy lithofacies in the reef interior

increased substantially from the underlying cycle and there

is a corresponding decrease in lime mudstone lithofacies
(FIG. 5-8). This character is maintained in reef cycle 5.

Corals and brachiopods occur rarely to commdnly, but

‘ubiquitously in both reef cycies. The disposition of thése

reef interior facies reflects agitated, better-circulated

water conditions that followed pfonouncad backstepping of
the reef margins (section 5;6.2). Aggradational growth
Itypifies both reef cycles, as demonstrated by the minor
compositional change in reef interior facies across the
cycle boundary. Reef 1nterior facies disappeafed from the
Mackenzie Mountains buildup, with the major backstepping

that led to reef cycle 6.
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Wendte and Stoakes (1982) noted that grainier facies

characterized the reef interior after pronounced reef margin
backstepping in the ,Swan Hills~-Judy Creek reef complex.
They attributed the:éoarser‘;eef interior facies to better
circulation ahd/ér slower rates of sea-level rise; The
latter ‘would have“ permitted .extensive fragmentation and
reworking of backsteppedlfeef margin material to form finer
sands. |

Reef-derived sand 1is transpor£ed into and across the
- narrow lagoon on the Eleuthera Bank in the Bahamas (Dbravis,
i977). The Eleuthera Bank 1is subjected to stronéer wave
'surgetfrom oceanic swells than the South Florigda reef tract.
The South Florida back-reef lagoon 1is ﬁore isoiated from
wave action, and two to four times the width of the
Eleuthera Bank (Dravis, 1877). Consequently, lagoon;l

- sediments tend to be much muddier in the South Florida

]

ladoon.

By analogy, lagoon size aﬁd rates -of sea-level rise.
probably controlled th disposition of reef interior
sediments in reef cycié:ﬁzxﬁng the Ramparts reef facies
association.

In summary, second-order reef cyclicity can be docﬁmented
in the reef interior and substantliates evidence for the

style of reef cycle development observed in the reef

margIn-foreslope facies (sectlon 5.6.2).



5.7  RAMPARTS PLATFORM AND REEF EVOLUTION:
' A COMPARISON BETWEEN ISOLATED BUILDUPS

5.7.1 Introduction
|

The remainder of thié chapter reviews the. controls on’
second-order cyclicity, and then compares and contrasts
Ramparts platform and reef evolution in the Mackenzie
Mounta;ns study area and in the subsurfacé At the Norman
Wells oil field, ~100 km to the east (FIG. 1-1).

The composition of any section throﬁgh a second-order
platform .or reef cycle is primarily determined by position
relative to reef margin/shoal facies, and by oscillations of
relative sea level. Distag?e from margili/shecal facies will
affect sediment supply and c;;ﬁosition, and these alsc
depend on location of the margin/shoal with reéﬁect to
predominant wind and current cdirection. In the reef
interior, proximity to islands would influence the
deposition of tidal flat facies. PFinally, carbonate
sedimentation rates are depth;depeﬁdent, with rates sharply
qecreasing Below 10 m water depth (Schlager, 1981). In the
‘absence of evidence to the contrary, subsidence rates Ty
considered to have been uniform during deposition of the
Ramparts platform and reef carbonates. Nao sedimentqlogic
evidence for falls in relative sea level is apparent in
either compiex (Muir et al., 198?, 1986). Thus the cyclic

nature .of the platform and reef successions in\fhe two areas
—

i

{ i

( -*
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- raflects episodically rising sea level. Each éecond—order
cycle began with a marked increase in the rate of sea-level
rise, such that carbonate production was outﬁéced by rising
sea. level. Kendall and Schlager .(1981) notgd -that a
relative deepening is accentyated by a lag (loé's-IOOO'é
years) in carbonate production following an accelerated rise
in relative sea level. Carbonate-producing biocta takeltime
to re-establish before carbonate production-catcheslup.and-
. keeps up at times of lower sea-level fisa (often termed
stillstand). This results 1n characteristic upward-shecaling
cycles of sedimentation. Longer lags permit more. time for-
deepening while-sediment accumulation 18 reduced (Read ;t
al:,. 1988). In reef interior settings,- this results in
cycles having thicker, subtidal bases and thinner tidal flat.
caps. Longer lag times might be expected for third-order
reef interior cycles kvwithin the basal - portions of
second-order reef qggles.

Smaller incremeﬂté of relative sea-level rise probably
account for some of the third-order cyclicity observed in
each second-order reef cycle. Read et al. (1986) suégested
that hiéh amplitude sea level oscillaticns result in thick
subtidal facies and thinner éaﬁb¥ﬁg tidal flat facigs in
each cycle. Rates of shoreline migration landwa;d generally
exceed maximum progradation (typically several km,/1000
years) and tidal Aflat facies would be thin or absent,

particularly further seaward.
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The_thickness of a cycle is determined by accommodation.
Accommodation for each cycle time interval is the sum éf
water depth created by eustasy and subsidence (relative
sea-level change) and water depth reméining after deposiéion
_.during the prévious cyclé time interval. For .purposes of
comparison, cycle thicknesses should be measured where cycle
boundaries terminated: close to inferred sea level (e.g.:
Eiatform/reef margiﬁ facies; reef interior tidal flat
facies). o : |
Equivalent cycles batween the two complexes should show
similar thicknesses relative to a reglonal marker, and
display @ consistent style or reef/platform margin
development fprogradati&n, aggradaﬁioﬁ; backstepping,
forestepping) 1if sea-level oscillation was the primary

mechanism controlling carbonate sedimentation.

]

N

5.7.2 Chservations and Igte;preta%fons

Eleven second-order cycleé are recognized iﬁ the
éubsurfacel Ramparts platform-reef facies at Norman Wells
(fIG. 5-10). These are labelled KIA through K4, and form
the basis for reservoir zonation in the complex (Muir et
ai., 1984, 1985).

Cycle tops have beeh}

correluted on the bhaesis of their
positions relative to the Carcajou Marker ana to the top of
the first reef cycle (K2B at Norman Wells) in FIGS. 5-11 and

5-12. Comparison of the cross-sections shows that only
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FIG. 5-10 Stratigraphic cross-section of the ﬁamparts (Kee
Scarp) platform-reef complex at Norman Wells
{(after Mulr et.al., 1984).
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FIG. 5-11 Correlation of platform and initial reef cycles
in the Mackenizie Mountains and- Norman Wells
buildups (left.and right, respectively).
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FIG. 5-12 Correlation of reef cycles in Mackenzie -
Mountains and Norman Wells buildups - (left’ and.
right, respectively). ‘ -
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those subsurfacé cycle boundari-es marked by the greatest
Yateral shifit of facles can be correlated with the Mackenzie
Méuntdins complex. In addition, the Mackenzie Mountains
reef éomplex (FIG. 5-125 contains two secbndForder cycles of
reef‘ﬁrowth (cycleg 5 and 6) not present in the subsurface
Norman Wells reef complex. These additional éycles account
for the reef section in. the Mackenzie Mount&ins being
appreciably thicker than that at Norman Wells. . Subfaciés-
have been ‘grouped in the Mackenzie Mountains buildup to
simplify compariséns ?? the Norman Wells buildup in FIGS.
5-11 and 5-12.

" The recognition of equivalent cycles :in- thé two
complexes, gnd observation of groéﬂ facies character%stlcs,
allow distinct stages of piatform_ and reef growth to be

defined. These stages are discussed sequentially above the

regionally correlatable Carcajou Marker.

5.7.2.1 - Lower Platform (K1A) Stage

The 1o§er platform cycle represents the most extensive
depositional environments of’ both the Norman Wells and
Mackenzie Mountains buildups._ Similar thicknesses
accumulated 1in platform margin settings of ‘the lower
platform cycle (32 m at P-21X, Norman Wells; 35 m at section
04, Mackenzle Mountains). In both study areas, the

resulting sequence is dominated volumetrically by ramose

- coral floatstone and rudstone, which are overlain by
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rightér-colored ' ramose coral-robust cylindrical
stromatoporold rudstone. In the Mackenzie Mountains, thel
top of the 1ower.platform achieved a greater relief, with
maximum accumulation in the wvicinity of the platform-
margins. . In contrasﬁ, the top of the Norman Wells lower

platform cycle had relatively 1little topographic relief
,(FIG. 5-10).

5.7.2.2 Middle (K1B) and Upper (K2A) Platform Stages

Subsequent rises in sea level resulted in progressively
more localized platform upbuiiding in both complexes (FIG.
5-11). The ;esulting middle platform cycle is thin (10-12 m
thick at Norman Wells; 10-14 m thick in the outcrop study
areaf, and represents the accumulation typically of ramose
coral-cylindrical stromafoporoia floatstone and rudstone
that pass upward into abraded stromatgporoid—robust
cylindricai stromatoporold rudstone. In asitu, thick,
tabular, stromatoporoid boundstone 1lithofacles were not
developed in the middle p;aﬁform sequence, but locally along
platform margin. highs during deposition of the overlying
upper'platform cycle (20 m thick at Norman ﬁells; 15 m thick
in E?e outcrop study area).

In the Mackenzie Mountains area, the toé of the platform
developed greater paleotopographic relief (FIG. 5-11),
althodéh correlative stacked platform cycles display

comparable shallow-water facies distributions, cycle
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It

thicknesses, and overall backsteppingf| Tha reason for this
is unclear. It appears that antecedent topography, combined:
with felatively poor dirculation‘inv;ha platform interior
(possibly related to greater, platform size and orientation
with respect to prevailing winds), restricted optimum growth
rates ﬁo the platform margins., Circulation in the Norman
Wells area was suffilcient éo permit carbonate ;E;thos toc
catch up and keep pace with sea-level rise through much of
the platform intericr. Consequently, mostqglatform cycle

boundaries in the Norman Wells succession are nearly planar,

and are considered to define sea-level positions.”

5.7.2.3 Reef Cycle 1 (X2B) : Inqigé}on dnd Progradation
Accelerated sea-level- ‘;ise terminated this éyclic
platform development. Carbonate-forming reef benthos soon
colonized the margins of previous platform highs and, thus,
initiated reef growth (FIG. 5-11). During this time, the
reefs quickly prograded and filled adjacent 1lows in the
platform in the Mackenzie Mountains area. Reef growth was
also predominantly progradational in the correlative K2B
cycle at Norman Wells.  Reef margins in both - complexes
sheltered an interior lagoon, in which Amphipora rudstone,
floatstone and packstone, and tidal-«flat sediments were
deposiféﬁ. Reef cycle 1 is slightly thicker (18 m) than the
K2B cycle (12 m). Upper platform buildqps were te;minated

in waters possibly slightly deeper (~5 m) in the outcrop
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~ study area than in the Norman Wells area, hence allowing for

greater accommodation of sediment. ‘However, the sediment
accumulated between the Carcajou Marker and the top of reef
cycle 1/K2B 1is femarkably similar in both complexes:
77-80 m in the Mackenzie Mountains “and 74-81 m in the Norman

Wells subsurface (FIG. 5-11).

5.7.2.4 " "Reef Cycles 2, and-3 (K2C through K3B}

Aqq?adaticn

Successive . sea-level rises following K2B time produced
only minor increments of backstepping so that reef margins
grew upwards in ;seantially the. same positions (FIGS. 5-10,
5-12). In both complexes, tidaluflat depasition was most,
extensive during thisteriod (FIG. 5-12). The K3A-B cycle
begﬁn with a widespread,.cyiindrical qtromatoporoid shoal,
reflecting gdod circulation temporarily following the

N .
terminatioh of the K2C-D cycle. A shoal apparently did not

initiate deposition of reef cycle 3 in the outcrop study 2,
%

area, ppssibly due to larger lagoon size and, hence, poorer
circulation. Nonetheless, the- initial deposits of reef
cycle 3A in FIG. 5-12 were typically grainy, reef-interior

lithofacies, and not tidal flat lithofacies.

o

@

LY

*
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5.7.2.5 Reef Cycle 4 (K3C-D, R4):
Reef gacksteppinq and Subsequent ggg;adatiog

A relatively pgonounced rise in sea level 1led to

appreciable backstepping of the- reef marains of both reef
complexes foliowing reef cycle 3/K3A-B. Subsequently, the
reef margins aggraded, and deposition of peloidal dérbonate
sand in. shallower, but higher’ energf, environments
characterized the reef interiors of both reef coﬁplexes
(FIGS. 5-10, 5-12). Tidal flat depositidn was notably
reduced in both areas. The thipknesées of sediment that

acéumulate'd in reef cycléé.' 2, 3, -and 4 (X2C to K4) are

approximately the same in the two complexés (86 m in the

Mackenzie Mountains buildup; 83 m in the subsurface Norkan

Wells buildup). v

5.7.2.6 Reef Cycles_g and 6: Backstepping and

Aggradation; Drowning of the Norman Wells Reef

Comple

Another pulse of accelerated sea—le&el rise drowned the
Norman Wells buildup and resulted in ba kétepping of the
reef‘margins in the Mackenzie Mountains aréa (reéf cycle §5).
The initial sedimentation of reef cycle 5 (reef interior
section 31) was associated with an ‘'‘open marine fauna
including atrypid brachiopods, alv%o;itid and tharnoporoid
corals, robust cylindrical strom&toporoids, and - bulbous

f/

étromatoporoids. This fauna suggests that reef margins were

4
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poorly developed during initial reef cycle 5 time.
Circulation became slightly_ more restricted towards the
closé of,rae?rcycle 5 time. However, the high percentage of
peloidal carbonate sand lithofacies (FIG. 5-12) and
ubiquitous cflindrical stromatoporoid-ramgsée coral fauna
reflect improved circulation in the reEf/i;terior compared

to the ﬁnderlying reaf cyclés. A deepening at the end of
reef cycle. 5 time led to formation of reef .cycle 6, an

areally restricted, cylindrical stromatoporoid-ramose coral

shoal lacking reef margins.

-
K

5.7.3 Summary
In conclusion, study of two widely separated Ramparts
buildups indicates that distinct cycles of sedimentation can
be correlated based. on style of sediment accumulation,
facies distribution, aﬁd thickness of sediment accommodated.
The correlation and the small-scale periodicity of the
second-order cycles suggest that eustasy produced the
accelerated sea-level rises that terminated cyclés of
sedimentation and led to initlation of new cycles.
Alternative mechanisms, such as changes in rates of either
tectonic subsidence or subsidence due to cﬁmpactioﬂ‘,of
‘underlying shale, operate over much longer intervals and,
y consequently, are less likély to have initiated the observed
cyc¢les of sedimentation. This successful correlatiﬁn of

second-order shallowing-ﬁpward cycles suggests that
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application of similar procedures,could ald in understanding

1 TR
the evolution of platform-reef complexes elsawhere.

v

b
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PLATE 5-1

Second-order cycle boundaries
in the reef facles associationm.

Second-order’' cycle boundaries 1Iin the reef facies
association. Aerial view of lowermost three reef cycles
in 5-1a. Reef cycle 1 is ~30 m thick. In S5-1b, a dark
brown, laminated shale unit (arrows) occupies the basal
portion of reef cycle 2 in a foreslope depositional
setting. Shallowing-upward +trends in allochthonous
foreslope sequences (e.g.: 5-1c) reflected by overall
lightening- and- thickening-upwards bedding, with a
corresponding decrease in lime mud content and increase
in abraded skeletal} debris. Figure (arrow) is 2 m high.
cycle boundaries if the reef interior correspond to brief
interruptions in/ continuity of reef margin facies
(drowning), and Lra recognized by 'slightly more open
marine ljithofacies in the reef interior. In 5-1d,
thickly~-bedded, light-colored, atrypid-bulbous
stromatoporocid-robust cylindrical stromatoporoid rudstone
(cycle 5) sharply overlies dark, thinly~-bedded Amphipora
lime mudstone (cycle 4). Pogo  stick is 2 m high.
Imperial clinothem shale and siltstone sharply overlie
reef cycle 6 in 5~-le. Resistant weathering siltstone bed
"1s -4 m above the top of the Ramparts Formation.
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| PLATE 5-2 - -

"Reef cycle 1 embayment-£ill, section 08. '

Reef cycle.l embayment-£fill succession in the vicinity of
section 08. Note clinoform geometry , of bedding at
site 3. Plates 5-3 and 5-4 show details)at sites 1, 2, -
and 4. Embayment-fill succession at site 4 is. 36 m
thick. . ' - -

T
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PLATE 5-3

‘ \ -Upper platfbrm'buildup and embayment-
£1i1l succession, section 08.

13

a Upper platform buildup (15 m raiief) at embayment margin
(site 1 in PL. 5-2). Platform top indicated by arrows.

b Sigmoidal clinoform bedding in embayment-fill succession
(site 2. in PL. 5-2). Embayment-fill succession =~30 m

thick.

4



v % LA -'.‘ LT
%‘%‘ &}._ ‘f. '«;:..
SRS

‘*e_..;:."
— f"f

PLATE 5-3




493
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< PLATE 5-4

Tyﬁical lithofacies within embayment-
£fi1ll succession, section 08,

Embayment-£f1ill succession at section 08 (site 4 in PL.
5-2) showing ramp-platform-reef transition. The platform
top (B) and upper embayment-fill succession (A) are
enlarged in PL. 5-4b, ¢, respectively. Units 10-14
constitute the 22 m thick platform facies association.

Top of platform at section 08 (site B in PL. S5-4a).
Basinal laminites and small, = thamnoporoid coral
floatstone-occupied gqully-fills characterize the base of
the embayment-fill succession. Gully-fill unit i3 1.5 m
thick. '

Top of embayment~fill succession at section 08 (site A in
PL. 'S5-4a).” Basinal laminites in unit 17 pass upwards
into lower foreslope wafer stromatoporcid boundstone with
robust cylindrical ® stromatoporoid rudstone-occupied
channel~fills (units 18-20). 5 m thick robust
cylindrical shoal unit caps the succession, and 'is
overlain by restricted reef interior sediments. ‘
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_PLATE 5-5

~

Schematic représentatibn of embayment-fill e
facies of reef cycle‘l, section 08. -

¥

Schematic representation of embayment-£ill facies of reef .
cycle 1 at sectlon 08. -Scale bars in b-e are 2 cm long.
Macrofossil symbols are same as in figures for cChapters
4, 5.

Dark, iliaceous, laminated lime mudstone near base of
embaymeRt-£ill succession.

Wafer stromatqporoid’ floatstone 1in lower foreslope
facies. :

Robust cylindrlcal stromatoporoid rudstone from the
channel-fill -sequence, 1lower foreslope facies. Note
: calcite—occluded interparticle porosity. '

Fragmented \wafer-éabular stromatoporoid floatstoney
middle fore510pe facipks. _ :

.Abraded 'stromatoporoid breccia from the shoal facies

" capping -  the = embayment-fill succession. Note
calcite~occluded - interparticle porosity between
intraclasts.

e

0
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PLATE 5-6

&

ical lithofacies in reef margin subfacies 1. a

Light-colored robust cylindrical stromatoporoid rudstone
and large, thick tabular and hemispherical o
stromatoporolds (section 04). Hammer is 20 cm long.

Abraded stromatbporoid rudstone (section 24).

/"\
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PLATE 5-7

Reef cycle 1 at section .04.

Reef cycle 1 (section 04). Bedded foréslope facies pass

* upward into massive reef margin facies which, in turn,

are overlain by bedded reef flat facies (white dashed

lines mark bedding traces). Sense of reef progradation
is both towards the right (north). and out towards the
viewer (basinward, east). Units 008 and 009 are ~8 m
thick.

N\
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PIATE 5-8
. 1
Macrofauna in reef margin facles.

Large, thick, tabular rdmatoporoids in eastern reer
margin facies (section 04). Scale is 15 cm.

Engrusting and tabular s‘f:romatoporoids in the western
reef - margin facles (section 18, reef cycle 1). Scale
shows 10 cm increments. : p/,
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PLATE 5-9 \

Reef cycla 6. at section-20 Ep& -
foreslope equivalent at section 31.

Bedding plane surface of robust cylindrical-encrusting-
bulbous stromatoporoid rudstone of reef margin/shoal
subfacies 2 in reef cycle 6 (section 20, unit 047 - top
of reer complex). Iron oxides on bedding plane were
deposited by present stream runoff from the overlying
Imperial Formation. Scale is in cm. -

Pyritiferous, atrypid brachiopod .1lime mudstone and
floatstone representing the distal foreslope equivalent

'of reef cycle 6 -{section 31). Note slightly nodular

structure outlined by carbonacecus microstylolites.
Scale is 2 cm.
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PLATE 5~10 '
T§pical iithofacies in reef interior subfacies 1.

)

. ; :
Abraded stromatoporoid rudstone (section 29).

Scale is
in cm. :

Polished slab of robust cylindrical stromatoporoid-
encrusting algae rudstone showing high initial

interparticle porosity completely occluded by blocky
calcite cement (section 30). ’

L
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PLATE 5-11 "

. Macrofauna in reef interior subfacies 1 and 2.
Branching, robust cylindricéi stromatoporoids in reef
interior subfacies 1 (section 04, unit 010). Note slight
alignment ¢f allochems, possibly indicating ourrent

orientation.” Pen is 13 cm long.

Reef interior subfacies 2 (section 28). Bulbous
stromatoporoids supported by dark mieritic matrix.

3
y
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PLATE 5-12

Macrofauna in reef interior subfacies 2.

Reef interior subfacies 2 of reef cycle 2 abruptly
overlying reef interior subfacies 3 of reef cycle 1
(section 20, unit 023). Note  tabular mudstone
lithoclasts derived from subfacies 3 and encrusting
tabular stromatoporoid on cycle boundary surface.
Cylindrical stromatoporeoids are mainly Amphipoia.

Megalodont bivalves, robust cylindrical stromatoporoids,
and encrusting stromatoporoids supported by lime mudstone
matrix (section 30, 100 m west of reef flat facies in
section 29). ' :
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PLATE 5-13 |
Typical lithofacies in reef interior subfacies 3.

Non-laminated lime mudstone (ség;ion 31). Note large
blocky calcite pore-fillings. .

Laminoid fenestral lime mudstone (section 31). Scale is
2 cn.

Polished slab showing emersion surface on reef interior
subfacies 3 at top of reef cycle 1 (section 31).
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PLATE %141 7.

Reef fi¥reslope subfacies 1 at section 18.

Horizontal stratification (average 10 cm thick) defined
by interbedded, coarse-grained 1lime grainstone and
abraded stromatoporoid rudstone. Scale is in dm.

Abraded stromatoporoild rudstone. Note weak upward-fining
and scoured basal contact (arrows). Scale is in cm.

Sharp, planar, basal contact of a robust cylindrical
stromatoporoid-crinold rudstone. :
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PLATE 5-15

Reef foreslope subfacies 1 and 2.

Coarse, fragmented skeletal 1lime grainstone 1in reef
foreslope subfacies 1 (section 18). Note paucity of lime
mud within matrix and stromatoporold-encrusted allochems.

Wafer stromatoporoid-thamnoporoid coral floatstone in
reef foreslope subfacies 2 (section 04). Wafer
stromatoporoids 5-10 mm thick, but >150 mm diameter.
Scale is in cm. '

Polished slah. of wafer stromatoporold-Coenites floatstone
from reef foreslope subfacies 2 (section 04). Note dark
micritic supporting matrix and commen bicgenic
encrustation of allochems. Scale is in cm.

-
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PLATE 5-16 '

Second-~order cyclicity in
reef foreslope faciles.

o+

Reef cycles 2 (unit 31) and.3 (unit 32) 'consisting of
reef foreslope subfacies 3 (section 0l1).. Note basal dark
shale bed at base of reef cycle 2. Top of cycle 2 shows
slump scars and relief produced by.slumping. Site B
shown in PL. 3-11. Unit 31 6-8 m thick.

Reef cycle 1 consisting of .reef foreslope subfacies 3
(sectibn o01). Bedding thickens- and 1lightens-upward.
overall. Knapsack beside figure (1.8 m high) marks top
of upper platform cycle.

Reef cycle 2 consisting of reef foreslope subfacies 23
(section 01). Thickening-upward trends in sequence not
observed, probably obscured by soft sediment deformation .
and submarine erosjion at top of cycle. Figure is 1.8 m

high. i
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PLATE '75}'-17

Sedimentary structures in
reef foreslope subfacies 3.

Soft sediment deformation (recumbent folding) (section
01, unit 031). Note chert-replaced portion of polished
slap was not as compacted as enclosing sediment.

Dewatering structure  (section dl, unit 031). Scale is in
cm. :

Stacked, sharp-based, upward-fining calcisiltite beds
(section 25, unit 019). Amalgamated beds 30 cm thick.
Note undisturbed nature of laminae.
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PLATE 5-18

Reef foreslope subfacies 3 and 4.

Upward-fining calcislltite beds in 1reef foreslope

-subfacies 3 (section 25, unit 019). Note that beds
thin-upward. Scale is in cm.

Nodular lime mudstone and wackestone in reef fores;ope
subfacies 4 (section 07). Scale is 15 cm.

7,
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PLATE 5-19

Limestone lithofacies in basinal subfacies,

Graded, crinoldal grainstone (section 0l1). Note tabular,
laminated mudstone lithoclasts.

Horizontally-laminated peloidal calcisiltite unit

interbedded with siliceous, even-laminated shale (section
' 25). Scale is 15 cm. ‘
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" PLATE 5-20.

Canol basinal facies at sectién 0l.

Tabular 1lithoclast of wafer stroﬁatoporoid floatstone
encompassed by black, slightly calcareous shale. Base of

reef cycle 2, basinal facies (section 01, unit 028).
Scale is 1.5 m.

Canol Formation consisting of reef foreslope-basinal
subfacies 4 (section -01l). - Note large carbonate
concretions. Figure (1.8 m high) standing close to
Imperial-Canol contact where dark recessive argillaceous

shale overlies resistant, Jarosite-ccated, . siliceous
shale.
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PLATE 5-21

Lowermost Imperial clinothem facies.

Lowermost Imperiai clinothem facies and paieoéurrént
data.

o

Coarsening-upward cycles 20-30 m thick (section 01).

Furrowed sole markings in horizontally laminated -
siltstone bed (section 01, unit 046). Scale is 15 cn.

Current crescents around slightly more resistant-
weathering vertical burrows (section 01, unit 044). Pen
is 12 cm long.

¥
Paleocurrent data (section 02, unit 008).
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6.1 CYCLICITY: RECOGNITION AND USE

Cyclé boundaries rgpreéent ancient depositienal=sur£a¢es
proéuced :during' periods of fnon-debqéition ‘or by abfup;
changes in depositional conditions associated'with,relative
r;ses in sea level. Although these surfaces can take-yegrs
to form, they are .essentially synchronous, representing
_ instants 6f geologic ﬁimé (Purser, 1959ii Therefore, cycle
correlation can Ee used to establiéh a regional
chronostratigraphic framework in which detalled facies
analysis can be conducted. This idea is not néw. It has
been qyident for many years that cycle correlation provides
a powerful tool for the stratigrapher. Yet, despite ample
documentation,: its routine use has been extremely limited in
ancient basin-fill, platform and reef studies.

A hierarchy of shallowing-upward cycles is evident in the

Hare Indian-Ramparts succession. First-order cycles tend to

be 100's of m thick, and are regionally correlatable. The
lower portion of a first-order cycle is characterized by
carbonaﬁe platform development, with mainly backstepping and
aggradational margins, and by condensed basinal
sedimentation. The backstepping style of platform
development is shown by the Hume Formation, although the
base of this first-order cycle was not established in.the
study area. The upper portion of this first-order cycle is
characterized by prograding basin-fill facies representing

ramp, <linothem, and basinal sedimentation. } first-order
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cycle bdundary (Carcajou Marker) ﬂéparates the basin-fill
strata of the Hare Indian and lower Ramparts Fo#mations from
strata of the ‘backstepping platfo:m—raef comblex in the

upper Ramparts Formation. Second-order c¢ clés, averaging

10-25 m thick, can be correlated regionaliy, both in
basin-£fil11 and platform-reef strata, K for 10's of Xm. - This
regional persistence of cycles intc the Easin argues for
relative sea-level control. Accelerated rise of sea-level
influenced deposition across éhe b;;in, although cycle'
boundaries are difficult to recognize in baéinal settings
where there was 1ittlg sedimentological change in Fﬁsponse
to abrupt deepenings. Third-order gycles (2-5 m thick) are
apparent only in reef intérior, ramp and platform facles.
These resulted from autogenic and/orlallogenic control, and
can be correlated only locally (100's-~1000's of m).
{

£.2  EVOLUTION OF THE HARE INDIAN-RAMPARTS SEQUENCE

The Ekare Indian and Ramparts Formaﬁions‘show‘evidence of
distinct evolutionary stages in their succession. FIGURES
6-1 through 6-8 schematically depict successive depositional
phases from the end of Hume sedimentation to the end of
Ramparts reef development. These stages are summarized on

the following pages.
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6.2.1 Stages 1 and 2

(1) Drowning of the Hume Platform (FIG. 6-1)

A prbnounced and rapid sea-level rise near the beginning
"of Givetian time caused drowniﬁg of the Hume -carbonate
platform. Sea level continued to rise, ieaﬂing-to water

depths in excess of 185 m in the Mackenzie Mountains area.

" (2) Progradation of the Hare Indian Clastic Wedge and

Ramparts Ramp Facies (FIG. 6-1)

As sea-level rise diminished, clastic wedges of the Haré.
~Indian Formation built out into the density—stratified,

deep~watef basin. The Hare Indian Formation and overlying
lower member of the Ramparts Formation accumulated.
episodically *as progradational Dbasin-fill. The ramp
succession shows‘evidencé for active sediment bypassing down
the ramp 'méinly by storm winnowing and generation of

low-density turbidity currents. Sediments in the clinothem
succession represent both episodic turbidite deposition and
background deposition of hemipelagic shale. The ;;siﬁ
facles assoclation is represented by sediments of the Hare

Indian Bluefish Member. Black, organic-rich laminated shale
and minor peloidal calcisiltite turbidites accumulated under

anaercobic conditions.
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2. PROGRADATION OF HARE INDIAN CLASTICS WEDGE AND RAMPARTS RAMP FACIES

1. DROWNING OF THE HUME PLATFORM, MACKENZIE MOUNTAINS REGION.

HUME FORMATION
| m

5 km

FIG. 6-1 (1) Drowning of the Hume platform.
(2) Progradation of the Hare Indian clastic
wedge and Ramparts ramp facies.
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" .6.2.2 Stages 3 and 4

N

(3) 'Ie;m;nation of Clastic Wedge Proqradation -
The Carcaijou Hérker (FIG. 6-2)

Another pulée of accelerated relative sea-level rise led
to cessation of clastlic wedge progradatibn. This rapid
deepening is rebresented by the Carcajou‘Marker at the base.‘
of the Carcajou subfacies. This marks a fifst-order cycle
Ereak, ending basin-f£il11 conditions prior to maiﬁly

aggradational, 'backstepping, cyclic, platform-reef

development.

(4) Inception of the Lower Carbonate Platform (FIG. 6-2)

Following the Carcaijou drowning event;‘poorly oxygenated
conditions 'persisted over much of the ramp and led to
widespfead deposition of the organic-rich, shaly Carcajou
subfacies. Local banks with cylindrical stromatoporoids,
ramose corals, crinoids, and brachiopods became established
on 'topographiq highs on the underlying ramp, and in the
vicinity of the ramp-clinothem transition. Sea-lavel rises
during lower platform time resulted in a more aggradational
style of platform development with third-order platform
cycles tﬁickening over aﬂtecedent topographic highs.
Pronounced lower platform relief played a significant role
in  determining the. nature of subsequentf cyclic

platform-lower reef (reef cycle 1) development.
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4. INCEPTION OF LOWER CARBONATE PLATFORM (L),

w
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RAMPARTS FM,

CANOL FM.
:"--I . C,
“HARE INDIAN FM. ™~ “"--f_‘_’ MaRxen
[~ : —— \\
HUME FORMATION T
3. TERMINATION OF CLASTIC WEDGE PROGRADATION
— TH

w o

E CARCAJOU MARKER v

AAMPARTS FM,
-~ ;

\T""""--..

ﬁ\
TTHARE INDIAN FM,

FIG. 6-2 (3)

(4)

HUME FORMATION

!

Termination of clastic wedge progradation
- the Carcajou Marker.
Inception of the lower carbonate platform.

A1
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6.2.3 Stages S and €&

(5) - localized Upbuilding of the Carbonate Platform
(FIG. 6-3)

A pulse of accelerated relative sea-level rise initiated
middle platform cycle deveiopment on previous lower platform
depositional.highs. Although margins backstepped relative
| to the underlying lower plat#orm margins, the sequence
apﬁarently represents deposition uqder more prolonged
relative|stillstand conditions. Tﬁe middle platform cycle"
is composed of grainy, abraded stromatoporocid-bearing
lithofacies, which thicken into adjacent.depositional lows
in the platform interiot. fhis is in marked contrast to the
overlying upper platform cycle which typically built up
locélly in areas of good water circulation and antecedent
middle platform highs. Overall this produced more arealiy

restricted highs surrounded by deeper water on the carbonate

platform.

(6) Reef Incewntion ana Progradation (FIG. 6-=3)

A subsequent rise in sea level terminated the upper
platform cycle as indicated by‘the presence of hardgrounds
on buildup tops. Margin/shoal facies of reef cycle 'l were
initiated preferentially on.thesa drowned buildup highs, and
prograded during reef cycle 1 time. .Embayments and

palecdepressions inherited from the drowned platform were



5. LOCALIZED UPBUILDING OF THE CARBONATE PLATFORM (U).
6. REEF INCEPTION AND PROGRADATION (1).

HUME FORMATION -

FIG. 6-3 (5) Localized upbuilding of the carbonate
platform. .
(6} Reef inception and progradation.

537
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quickly  infilled, and the stromatoporoid reef margins

eventually sheltered an interior lagoon in which restricfgd

tidal flat and Amphipora-bearing lithofacies accumulated.

6.2.4  Stage 7
b

(7} Aggradation of Second and Third Reef Cycles (FIG. &=~4)

Successive sgea-level rises following reef cycle 1 time
produced only small increments of backsteppihg, and the re £
margins grew upwards in essentially the same positfggz
Shallow-water lagoonal and tidal-flat depcsits continued to

form in the reef interior.

6.2.5 Stage 8 ' : -

3

(8) Backstepping and Subsequent Aggradation of Fourth Reef
Cycle (FIG. 6-5)

A relatiwely pronounced rise In sea level 1led to
appreciable backstepping of the reef margins. Followinq
this rise, the reef margins sheltered higher energy peloidal

carbonate deposition in the reef interior.
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,i 1
-
""‘--..______ HARE INGTAN Fid.." | CANOL FM,
-'-,__ r
e ——
HUME FORMATION ) ’
I 8 m
5 km
FIG. 6-4 (7) Aggradation of. second- and third-order

reaf cycles. .

.l
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8. BACKSTEPPING AND SUBSEQUENT AGGRADATION OF FOURTH REEF CYCLE.

FIG. 6-5 (8) Backstepping and subsequent aggradation of
fourth reef cycle.
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6.2.6 - Stage S

(9) Drowning of the Norman Wells Reef Complex;
Backstepping and. Aqqradation of the Fifth Reef Cvcle

Regional correlation of deposition&ll seqﬁences showed
that a relative sea-level rise terminated the Norman Wells
ﬁuildup and led to backstepping of the reef margins of the
Mackenzie Mountains buildup. During reef cycle 5 time,

slightly more open marine, Mgrainy® sedimentation

‘characterized the reef interiodr.

Fl

6.2.7 Stage 10

;10) Aggradation of Shoal Cycle (FIG. 6-7)

A pulse of accelerated sea-level rise terminated reef
cycle 5 and led to the formation of an'areally restricted,
cylindrical stromatoporoid-ramose coral shoal 1acking reef
margins. Open marine é&nditions with good water circulation
prevailed during deposition of reef cycle 6.

\
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9. BACKSTEPPING AND AGGRADATION OF THE FIFTH REEF CYCLE.

E

s Wl SN
o—SUBSURFACE NORMAN WELLS REEF
DROWNED AT THIS LEVEL

CANOL FM.

~ "-.,__
—— — c
. S— HARE INDY, AR
= — ~-‘-‘""""ii“--ﬂ..‘”" Mg,
S— R
‘-..__\
HUME FORMATION
| 50 m
3 xm
FI&. 6-6 (9) Drowning of the Norman Wells reef complex;

backstepping and aggradation of the fifth
reef cycle in the Mackenzie Mountains reef

complex,
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10. AGGRADATION OF SHOAL CYCLE.

E
S

ol -y
Ve 5 ;\ SUBSURFACE NORMAN WELLS REEF
. ) DROWNED AT THIS LEVEL '

HUME FORMATION _ Iso m

J

FIG. 6-7 (16)/ Aggradation of s@oal cycle.
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6.2.8 Stage 11

(11) Drowning of the Mackenzie Mountains Reef Complex

v

(FIG. 6-8)

Another rapid rise of ‘sea level caused the ultimate
drowning of the Mackenzie Mounféins feef complex. Folléwing
cessation of reef growth, the complex remained uncovered by
sedimenﬁs for a considerable period of time. Eventually
prograding clinothem sedimeﬁts of the Imperial Formation
downlapped onto the buildup. Basinal sediments of the.Canol
Formation did not accumulate on top of the ﬁackenzie

Mountains complex.



=

545

11. DROWNING OF THE MACKENZIE MOUNTAINS REEF COMPLEX.

/

z

REEF EVENTUALLY COVERED BY IMPERIAL SANDS AND SHALES

Vs BN

+ FIG. 6-8 (1) Drowning of the Mackenzie Mountains reef
complex. -
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Conodont biostratigraphy. The following
conodont  identifications and ages were
prepared by Dr. T.T. Uyena using 177 samples
from the study area. Heights measured above
the top of . the Hume Formation uniess
otherwise noted. Only samples which vyield
conodonts are listed'here. ' :
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APPENDIX B:

o

Paleocurrent data.
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. .
SECTION - 01 ' UNIT - 018
Facies - Carcajou subfacies (Ramparts.Formation)
.. Structure(s) - grooves, prod and skip marks ' -3
n=6 e = 336° r = 5.34 L =289% P =8.6x 10
‘ L
SECTION - 0L UNIT - 022
Facies - platform foreslope facies (Ramparts Formation)
Structure(s) - grooves, prod and skip marks -1
n=717 8 = 285° r = 6.68 L = 95% P=1.8 x 10
SECTION - 01 / ' UNIT ~ 031

Facies =.reef foreslope facies (Ramparts Formation)
Structure(s) -« slump fold axis indicates NW-SE depositional slope

T
i

e ' ‘

SECTION - 02 ’ . UNIT - 005

Facies - clinothem facies (Imperial Formation)

Structure(s) - groove and skip marks -3
n=2=:s 8 = 230° r = 6.47 L = 65% P=1.9 x 10
SECTION™ 02 - UNIT - 008

Facies - clinothem facies: (Imperial Formation)

Structure(s) - groove and skip marks . 5
n = 20 8 = 139/319° r = 15.01 L = 75% Pa=1.3 x 10
SECTION -~ 15 UNIT - 005

Facies -~ basinal facies (Hare 1adian Formation)
Structure(s) - aligned ammonoids, dacriconarids, plant fragments,

: crinoid pluricolumnals in current stable positiogs
n = 30 8 = 267" r = 24.43 L = 81.4% P=2.0x 10

SECTION - 18 UNIT - 034
Facies - allochthonous foreslope facles (Ramparts Formation)
Structure(s) - aligned robust cylindrical stromatoporoids

n=17 @ =86/266° r = 12.75 L=75 P=27.0x10°
SECTION - 20 UNIT - 009 7

Facies - Carcajou subfacies (Ramparts Formation)

Structure(s) - aligned thamnoporoids -7

na 27 8 = 72/252° r = 19.52 L = 72. 3% P=7.4 x 10

{a
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SECTION - 20 UNIT - 013
Facies - platform interior facies (Ramparts Formation)
Structure(s) '- aligned thamnoporoids

ne3il ©=170/350° r = 22.81 L=74% P = 4.2'x 1078

SECTION - 20 ' UNIT - 044

Facles - reef shoal facies, cycle 6 (Ramparts Formation)

Structure(s) - aligned robust cylindrical stromatoporoids -

n =25 & = 96/276" r = 16,25 L = B5% P= 2.6 x 10

SECTION -~ 25 ) " UNIT - 002

Facies - basinal- facies (Hare Indian Formation)

Structure(s) - aligned ammonoids, dacriconarids, plant fragments,
crinoid pluricolumnals in current stable positiops

n = 37 6 = 267° r = 22,42 L = 61% P= 1.0 x 10

SECTION - 25 UNIT - 002

Facies - basinal facies (Hare Indian Formation)

Structure(s) ~ aligned ammonoids, dacriconarids, plant fragments,
‘ crinoid pluricolumnals in current stable positions

n = 34 8 = 264°* r = 22,98 L = 68% P=1.5x10

SECTION - 25 : * UNIT - 012
Facies - clinothem facles (Hare Indian Fosmation)
Structure(s) -~ prod and skip marks, groovés

n = 20 o = 251° r = 19,28 L. = 96% P = 9.0 x 10 °
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APPENDIX C: Organic carbon contents in shale samples from
the Hume, Hare Indian, Ramparts, Canol, ‘and
Imperial Formations. ‘ ~ -



oY

o
F

589

HEIGHT ABOVE

FORMATION .

SECTION ~ UNIT TODOF HUME (m) WT$ TOC

01 004~5 4.6=- 6.7 0.43 Hare Indian
01 016-5 168.5-171.3 © 0.98 Ramparts

01 017-5 . 171.3-176.6 0.41 Ramparts

01l 018 . 176.6-178.3 0.25 Ramparts

01 018-BOT 176.6-178.3 "1.10 Ramparts

0l 018~BOT 179.1-181.6 0.03 Ramparts

0l 021-5 181.6-183.1 2.54 Ramparts
01 021-SSH 181.6-183.1 1.62 Ramparts

0l 025-5¢ 190.6=194.1 0.36 Ramparts

0l 029-5 203.1-204.2 0.44 Ramparts

01 030-5 204.2-207.1 0.53 Ramparts

01 031-5a 207.1-208.8 1.58 Ramparts

0l 032+5b 208.8-212.9 0.89 Ramparts °
01 033~-SSH 212.9-217.4 4.24 Canol

01 . 039-8SH 230.0-236.6 2.91 Cancl

.03 002 ° 0.0~ 3.6 1.48 Hare Indian
03 002-NOD 0.0- 3.6 0.53 Hare Indian
03 003 3.6- 12.4 1.49 Hare Indian
03 018-C11 178.5 1.57 Ramparts
. 03 e 018-Cl12 178.7 1.40 Ramparts

03 018~-Cl4 179.6 1.23 Ramparts

03 01l8-C15 180.3 1.51 Ramparts
.03 018-VTOP  181.2 0.35 Ramparts

07 007-BJ 113.7 3.1% Hare Indian
‘07 008-SSH 120.3 3.79 Hare Indian
07 0l5-5a 165 0.54 Ramparts

016-5 170 0.38 Ramparts

o7 0l6-5 166.8-173.5 0.43 Ramparts

07 016-SSH 166.8-173.5 2.15 Ramparts

07 017-5MOT 170.1-172.1 2.60 Ramparts

07 018-5 172.1~173.9 0.36 Ramparts

07 019-5 173.9-177.5 0.19 Ramparts
07 020-5 177.5-180.1 0.83 " Ramparts

07 023-5 183.6-186.0 0.32 Ramparts

07 024-5 186.0-187.5 0.06 Ramparts

07 025-5 187.5-193.8 0.32 Ramparts

08 004-5 146.9-149.2 4.07 Ramparts

08 008=-5¢chb 160.3-166.4 0.52 Ramparts

08 014-5 “+*"184.8-190.0 0.12 Ramparts

08 016-5 194.1~197.5 0.87 Ramparts
08 017-5 197.5~204.7 1.01 Ramparts

08 019-5 209.3-214.2 1.67 Ramparts

08 020-5c 214.2-221.0 0.03 Ramparts

08 020-5d 214.2-221.0 0.45 Ramparts
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, HEIGHT ABOVE

SEC@ION UNIT TOP OF HUME (m) WT$ TOC FORMATION
o8 021-5c¢ 221.0-229.9 0.15 ) Ramparts
08 0317-5 342.6-352.0 ) 0.02 - Ramparts
15 003 0.2 1.30 Hare Indian
15 004-5b 2.0 5.04 Hare Indian
.15 004-5¢c 2.6 5.91 Hare Indian
15 005-5b - 7.09 Hare Indian
15 005-5c 4.5 2.01 Hare Indian
15 005-FIB 4.5 2.31. Hare Indian
15 006-5h 8.8 3.07 Hare Indian
15 006-5¢ 10.2 3.00 Hare Indian
15 008-5a 14.0 2.41 Hare Indian
15 009-5a 15.3 1.68 Hare Indian
15 0l3-5a . 187.7 0.15 Ramparts
15 0l4-5¢ 190.2 4.05 Ramparts
15 - 0l5=5a 191.0 1l.36 Ramparts
15 015-5b 191.8 0.93 Ramparts
15 . 0l6-5a 192.5 . 2.40 Ramparts
15 0l6-5¢ . 195.2 0.45 Ramparts
15 ¢l7-5a. © " 196.1 1.85 °  TRamparts
15 017-5b 196.7 0.42 Ramparts
15 0l18-cl- 198.2 1.12 Ramparts
15 018-c3 198.5 0.76 . Ramparts
15 018-c4 198.6 ' 8.27 | Ramparts
15 0l8-c5 198.8 - 5.97 | ™\ "Ramparts
15 0l18~c6 - 198.9 N 3.25 “~Ramparts
15 0l8-c8 - 199.0 : 1.5¢ Ramparts
15 0l8=-5a 199.0 0.59 Ramparts
15 018-5b 198.9 2.71 Ramparts
15 020-5 206.0 0.18 Ramparts
15 A D21-5a 207.7 - 0.23 Ramparts
15 022=-5¢c 213.0 - 0.17 Ramparts
15 023-5b 215.1:- 0.24 Ramparts
15 024-5b 219.2 3.34 Canol
.15 024-5¢ 219.6 0.55 Canol
15 © 025-5a 219.8 6.03 Canol
15 025=5¢ 221.7 2.68 Canol
15 026-5a 223.4 2.33 Canol
15 026-5¢ 226.1 “ 2.32 Canol
15 027-5b 228.4 4.24 Canol
15 028-5a 229.4 1.73 Canol
15 p28~5b 230.0 2.34 Canol
17 002-5b 1.0 4.27 Hare Indian
17 002-~5¢ 2.1 5.42 Hare Indian
17 003-5b 2.7 3.47 Hare Indian
17 004-5a 4.2 2.63 Hare Indian
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_ . HEIGHT ABOVE e .
SECTION UNIT TOP OF HUME {m) WT% TocC FORMATION: -
17 004~5b 6.6 5.09 - Hare Indian
17 . 004-5c 7.4 1.80 Hare Indian
17 o 005-5a 8.3 4.15 "Hare Indian
17 005=5b 9.6 3.00 Hare Indian
17 005-5¢ 11.5 2.75 Hare Indian.
19 001-5b -2.5 "0.22 Hume )
19 002-5b 1.0 5.10 Hare Indian
19 | 003-5¢ 3.3 &6.10 Hare Indian
20 00¢g§5 195.0 1.73 Ramparts

20 004-5d 188.0 1.35 Ramparts

20 005-5c 203.1 0.92 Ramparts

20 006-5a 204.1 0.21 Ramparts

20 007-5a 204.5 0.26 Ramparts

20 009-5¢ 208.0 2.89 Ramparts

25 002~5b 0.4 1.99 Hare Indian
25 003-5a 4.0 . 2.07 Hare Indian
25 003-5b 4.8 _ 3.66 Hare Indian
25 004-5a 6.8 | 4.13 Hare Indian \
25 004-5p, - 8.2 4.01 Hare Indian
25 004-5c¢- 10.2 3.31 Hare Indian
25 o 004-5d 12.4 2.87 Hare Indian
25 005=-5a 13.7 5.03 Hare Indian
25 005-5b 15.0 2.91 Hare Indian
25 008-5a 34.3 0.44 Hare Indian
. 25 009-5b 40.0 4,57~ Hare Indian
25 010-5a 41.31 4.01 Hare Indian
25 - 01l0=-5¢ 46.2" 3.88 Hare Indian
25 0ll-5a 46.4 3.66 Hare Indian
25, 01l1-5d 47.4 6.43 Hare Indian
25 0l2=-5a 51.5 l1.18 Hare Indian
25 012-5b 52. 1.45 Hare Indian
25 0l1l2-5c¢ 32.4 5.29 Hare Indian
25 012-5d 53.0- 55.0 0.27 Harqﬁlﬁgéan
25 0l1l3-5a 56.7 4.15 Canol <
25 013-5b 0 57.3 4.75 Canol

25 0l3-5¢ 57.8 6.21 Canol

25 013-5d 58.2 4.55 Canol

25 0l3-5a 58.5 4.69 Canol

25 014~5a 61.0 2.54 Canol

25 01l4-5b 62.1 5.73 Canol

25 015-5a 64.0 4.92 Canol

25 015-5b 65.8 2.64 Canol

25 0le-5b 68.3 5.30 Canol

25 - 0le-5¢ 68.9 3.91 Canol
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HEIGHT ABOVE . :

SECTION  UNIT TOP OF HUME (m)  WT% TOE®  FORMATION
25 016-5d 70.6 4.11 Canol

25 017-5a 73.5 5.49 Canol

25 017~5b 74.8 6.41 Canol

25 017-5¢ 76.0 5.01 Canol

25 017-54 77.5 5.34 Canol

25 017~-5c¢ 78.4 4.68 Canol

25 018+~5a 78.6 3.96 Canol

25 018-5b 79.3 5.81 Canol

25 019-5b 81.7 - 2.57 Canol

25 0l9-5c 83.3 4.14 Canol

25 020-5b 86.2 5.25 Canol

25 020-5¢ 87.5 4.63 Canol

25 021-5a 88.6 3.07 Canol

25 021-5b 90.0 2.34 Canol

25 022=-5a 93.4 2.%é\ﬁ‘ Canol

25 022-5¢ 94.7 3.79 Canol

25 023-5a 96.5 3.58 Canol

25 023-5b 98.1 3.48 Canol

25 023-5c 99.8 3.67 Canol
- 25 023-54 100.7 2.40 Canol

25 024-5a 101.5 4.64 Canol

25 024-5b 103.9 l.61 Canecl

25 025-5a 104.2 4.47 Canol

25 025-5b - 106.2 3.12 Canol

25 025-5¢ 107.2 5.03 Canol

25 026-5b 108.8 3.86 Canol

25 Q26-5c 111.2 0.91 Canol

25 026-5d 113.2 4.62: Canol

25 027-5a 114.4 3.79 Canol

25 027-5b 116.1 4.36 Canol

25 028-5a 117.1 6.35 Canol -
25 028~5b 118.6 1.95 Canol

25 028-5c 120.0 3,66 Canol

25 028-5d . 121.5 w23 Canol

25 029-5a 123.5 5.23 Canol

25 029-5¢ 126.9 4.79 Ccanol . ’
25 030~5a 128.2 2.02 Canol

25 030-5b 129.4 3.49 Canol

25 030-5¢ 130.5 2.02 Canol

25 . 031-5a 130.9 3.46 Imperial
25 031-5b 132.9 2.59 Imperial g
25 032-5a | 138.4 4.21 Imperial
31 go4-5a- 190.9 3.87 Ramparts
31 006A-5a 204.6 0.66 Ramparts
3%@ ' 006B-5b 209.5 § 0.13 Ramparts
3EX_ 007B-5a 219.8 _ ©.0.33

Ramparts

N -
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- HEIGHT ABOVE w/
SECTION UN?& TOP. OF HUME (m)  WP$ TOC  FORMATION
31 OJQ-Sa 229.0 4.30 Ramparts
31 - 009-5b 229.4 3.09 Ramparts
31 009-54d 229.8 - - 1.14 Ramparts
31 047-~5a 357.2 0.10 Ramparts
b
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