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ABSTRACT

Deposition of the Lower Silurian Rockwood Formation occurred
within a subtidal, shallow marine environment. The shallowest, most
nearshore portion of the shelf was dominated by megarippled and rip-
pled sand shoals deposited above fairweather wave-base, and subtidal,
lower shoreface storm sands deposited below fairweather wave base. In
this shallow, nearshore environment, conditions were favorable for the
transportation and concentration of diron. Tidal currents and both
fairweather-wave and storm-wave flows affected this environment. The
effect of storms was to erode this nearshore environment, and trans-
port sand and skeletal debris (some of which was replaced by iron) out
into deeper portions of the shelf below fairweather wave-base.

Conditions below fairweather wave-base were for the most part
quiet and placid with 1little agitation reaching this environment.
Oxygen was typically in limited supply, which restricted the occupancy
by soft-bodied infauna and calcified species. Occasionally storm
flows entered this environment, depositing sharp-based sandstone and
bioclastic 1limestone beds. The abundance of skeletal debris within
the storm beds implies skeletal sand banks must have been present in
the nearshore environment. These were intimately associated with the
megarippled and rippled sand shoals. The storm beds deposited above
storm wave-base exhibit features indicative of combined-flow currents
such as form-discordant wave ripples, HCS, micro-HCS, and some graded
bedding. Within this realm, both the action of the unidirectional

flow transporting the material and storm waves impacting the sea
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bottom influenced the resultant sedimentary structures. Once the
storm flows reached below storm wave-base, the effects of oscillatory
currents were greatly reduced. In this Tlocality, beds were typically
graded and contain horizontal laminations. The most probable trans-
porting mechanism was by storm-surge-ebb currents that evolved into
geostrophic flows.

Fairweather flows, such as tidal and alongshore flows, transport-
ed sand in the nearshore environment above fairweather wave-base.
Effects of storm flows were probably intense in this environment, but
reworking by fairweather tidal and wave processes have erased any
trace. Below fairweather wave-base, during periods of non-storm

conditions, deposition was dominated by mud.
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CHAPTER 1

INTRODUCTION

Purpose

The aim of this study is to provide a paleoenvironmental inter-
pretation of the Lower Silurian Rockwood Formation at Green Gap,
Whiteoak Mountain, southeastern Tennessee (Fig. 1). It is a two
hundred and sixty-four meter sequence of interbedded siltstone and
shale with subordinate amounts of sandstone, limestone, and
ferruginous beds. The study area represents the thickest and most
complete exposure of the Rockwood Formation in east Tennessee and
yields the most information concerning depositional conditions that
existed on the Rockwood shelf. A focus of this study was to deter-
mine the hydrodynamic shelf processes that affected this setting, and
to define paleoenvironments west of the Clinch belt. This study pro-
vides the first detailed sedimentologic examination of the Rockwood
formation at Whiteoak Mountain, and proposes an environmental inter-
pretation which will serve as a basis for comparison with equivalent
strata. It contributes towards a more regional understanding of Low-
er Silurian depositional systems in east Tennessee, tying into the
previous work of Schoner (1985) on the Clinch Sandstone, and the on-
going research of Fischer and Marks (Clinch Sandstone) and Driese
(Rockwood). This study enhances the work conducted by Driese on the
Rockwood through the application of the proximality concept of Aigner

and Reineck (1982). In addition, special emphasis is placed upon the
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upon the analysis of trace fossils and iron sedimentation in terms of

their environmental implications.

Geologic Setting

Silurian strata crop-out linearly from New York to Alabama with-
in the Valley and Ridge province (Amsden, 1955). In the eastern
Tennessee area, these Silurian rocks occur in northeast-trending
belts that are separated from each other by thrust faults (Miller,
1976; Milici and Wedow, 1977) (Fig. 1). The Silurian rocks represent
the culmination of a clastic wedge that formed as a result of degra-
dation of uplands produced by the Middle Ordovician to Early Silurian
Taconic Orogeny (Yeakel, 1962; Meckel, 1970). Thickness distribution
of this clastic wedge indicates that the source of these sediments
lay to the southeast and paleocurrent data (cross-beds) reveal pre-
dominant transport from the southeast to the northwest (Yeakel, 1962;
Meckel, 1970).

There are three lithostratigraphic equivalent units that consti-
tute the Lower Silurian (Llandoverian) of the Valley and Ridge in
east Tennessee (Chowns, 1972; Miller, 1976; Milici and Wedow, 1977).
The eastern most unit is the Clinch Sandstone, which is a mature
quartz arenite (Whisonant, 1977; Schoner, 1985 a, b). Passing west-
ward, an alternating sequence of sandstone, siltstone and shale is
encountered which comprises the Rockwood Formation (Milici and Wedow,
1977; Thompson, 1984; Driese, 1986 a, b; Driese et al., 1986 a, b).

Further to the west lies the interbedded limestone and shale of the




Brassfield Formation (Chowns, 1972; Milici and Wedow, 1977). These

units are conformably underlain by red beds of the Upper Ordovician
Juniata and Sequatchie Formations (Miller, 1976; Milici and Wedow,
1977). Disconformably overlying the Lower Silurian rocks in most
parts is the Chattanooga Shale (Devonian-Mississippian) (Chowns,

1972; Milici and Wedow, 1977).

Stratigraphic Nomenclature and Age

The Rockwood was originally named by Hayes in 1891 to take the
place of an earlier nomenclature (the Dyestone group) assigned by
Safford in 1869 (in Milici and Wedow, 1977). The Rockwood Formation
derived nomenclature is from exposures in the town of Rockwood, Roane
County, Tennessee where Hayes first studied it (Wedow, 1960). Hayes
placed the Rockwood at the top of the Silurian, overlying the Chicka-
mauga Limestone and Knox Dolomite, which he thought were Middle and
Lower Silurian, respectively. In 1911, Ulrich (in Burchard, 1913)
restricted the name Rockwood to the upper beds of Silurian clastic
rocks and applied the name Sequatchie to the underlying red calcare-
ous mudstone. The use of the name Rockwood today is limited to the
Valley and Ridge belt in eastern Tennessee. Equivalent rocks include
the Red Mountain Formation of Alabama and Georgia, the Clinch,
Clinton, and Rose Hill Formations of northeastern Tennessee and
southwestern Virginia, and the Brassfield Formation of central

Kentucky (Fig. 2).
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The age of the Rockwood is not well established, and the age has
been determined by analysis of underlying and overlying units, and
correlation with inferred time-equivalent strata. Berry and Boucot
(1970) have placed the Rockwood along with the time equivalent Clinch
and Brassfield within the Llandoverian (Fig. 3). Samples of brachio-
pods were collected from the Rockwood at Whiteoak Mountain and sent
to Dr. A. Boucot (Oregon State University) for age determination.
The results were not conclusive, but it appears the Rockwood may
extend farther into the Llandoverian (C3-C5) than had previously been
thought. Miller (1976) stated that the Rockwood is stratigraphically
equivalent to the Clinch and Clinton Formations, which are Lower and

"Middle" Silurian, respectively.

Previous Work

Aside from the recent work by Driese (1985; 1986 a, b; Driese et
al., 1986 a, b; Driese et al., in preparation), previous detailed
sedimentologic studies on the Rockwood Formation have been scarce.
Most studies have concentrated on the equivalent Clinch and Red Moun-
tain Formations. Sandin (1960) studied the Red Mountain Formation
and interpreted it as being of shallow-marine (epi-continental sea)
origin.  Sheldon (1970) examined the Red Mountain Formation in
Alabama and concluded that it represented lagoonal, barrier island,
and neritic marine deposits. Associated with these deposits were
iron-formations, which Sheldon thought were indicative of a lagoonal

environment. Several workers have studied the contemporaneous Clinch
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Sandstone, (Cundiff, 1951; Nicholson, 1978; Schoner, 1985 a, b;
Fischer, 1in preparation) variously interpreted as a beach, barrier
island, or subtidal sand ridge/shoal complex.

Thompson (1984) interpreted the Rockwood Formation in east
Tennessee to represent a shallow, sublittoral shelf environment that
developed along the eastern coastline of a large epi-continental sea.
Driese et al, (Driese, 1985; 1986 a, b; Driese et al., 1986; Driese
et al., in preparation) have interpreted the Rockwood to represent
deposition in middie to outer shelf environments where storm-induced
currents dominated. Features suggesting deposition above fairweather
wave base, below fairweather wave base, and below storm wave base
have been documented. Three Lower Silurian facies belts have been
postulated in east Tennessee by Driese et al, which are as follows:
megarippled sand banks/shoals (shoreface), hummocky stratified storm
shelf, and a skeletal sand bank/storm shelf environment. This inter-
pretation correlates with work by Cotter (1983) on the Lower Silurian
of central Pennsylvania (Fig. 4). Siliciclastics are thought to have
been supplied from the east/northeast and transported westward or
southwestward into the basin by both fairweather and storm processes.
Sands were moved from the nearshore environment out across the shelf
by storm processes. Fairweather conditions on the shelf were domi-
nated by terrigeneous mud deposition. To the northwest of this basin
lay carbonate-dominated sediments that may have been transported into

the basin by storm flows (Driese et al., 1984; Schoner and Driese,
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1985; Driese, 1985; 1986 a, b; Driese et al., 1986 a, b; Driese et

al., in preparation).
Methods

The study area 1is part of the Whiteoak Mountain syncline.
Milici (1978) studied the structure and concluded that the east limb
of the fold is steeply (west) dipping to overturned, with beds in its
limb broken or folded. In contrast, the west limb lacks any major
folding and/or faulting, and beds have low angles of (east) dip (3°-
15°). The concentration of this detailed sedimentologic study was on
the less-deformed west 1imb, where a nearly complete stratigraphic
section is exposed. The investigation was conducted using a process-
oriented sedimentologic approach, which included the observation and
interpretation of physical and biogenic sedimentary structures, lith-
ology, paleocurrent data, and diagenetic features. The formation was
measured with a Jacobs staff and described on a cm-by-cm scale, with
special emphasis upon vertical and lateral variations in sedimentary
features. The highly deformed beds of the east limb were also measu-
red and described, and were used to supplement the detailed analysis
of the west Timb of the fold. Samples were collected where deemed
necessary. Twenty-nine thin sections and forty polished slabs were

made for further description.




CHAPTER II

FACIES DESCRIPTION

Introduction

The Rockwood Formation at Green Gap, Whiteoak Mountain, Tennes-
see consists of five principal 1lithofacies whose delineation was
based on 1lithology, texture, biological features, mineral content,
and physical sedimentary structures. These facies are an alter-
nating (heterolithic) sandstone, siltstone, and shale Facies (H); a
maroon-burrowed Facies (MB); a hematitic amalgamated hummocky?
Facies (AH); a quartz arenite-high-angle cross-stratified Facies
(QA); and a ferruginous-conglomeratic high-angle cross-stratified
Facies (FC). The stratigraphic distribution and general characteris-

tics of each facies are exhibited in Figures 5 and 6, respectively.
Facies H

The heterolithic sandstone, siltstone, and shale Facies (H)
comprises the majority of the Rockwood section. This facies is
divided into a mudstone-dominated sub-facies (Hm) and a sandstone
dominated sub-facies (Hs). The delineation of these sub-facies is
based primarily on the sandstone-to-shale ratio, which ranged from
1:1 to 1:30 for Hm (1:6 average), and 1:1 to 5:1 for Hs (2.3:1

average).

11
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Sub-facies Hm - Strata assigned to the mudstone-dominated sub-facies

occur in three groups: at the bottom, in the middle, and at the top
of the Formation (Fig. 5). The strata within this facies are
calcareous-ferruginous quartz-arenite and ferruginous trilobite-
echinoderm wackestone-packstone. Sub-facies Hm constitutes 118.2m of
the Formation and represents the most "distal" deposits of the sec-
tion. The sandstone/shale ratio varies from 1:1 to 1:30, with an
average of 1:6. Intercalated with the coarser grained-beds are mud-
stone beds, the principal lithology of this sub-facies. The mudstone
is commonly light-to dark-gray, less commonly tan/brown to olive-
green brown, rarely red/brown, and very rarely orange/brown to
yellow. (See Appendix 1 for more complete descriptions.) The thinly
laminated to very thinly bedded sequences are silty, in part, to
rarely sandy. Internally the mudstone is massive to rarely horizon-
tally laminated. The mudstone is commonly fissile with some inter-
vals of blocky to hackly layers. The layers are continuous for the
most part and commonly contain siltstone and very fine-grained sand-
stone lenses.

Bioturbation is absent to weak, with rare occurrences of moder-
ate amounts of biogenic reworking. Many sequences contain no identi-
fiable trace fossils, but biogenic reworking has probably occurred in
the blocky/hackly intervals. Most of the identifiable trace fossils
within the mudstone occurred at the soles of sandstone beds, and were

dominated by Planolites and Paleophycus. Body fossils were rare in

the mudstone. Found most commonly are crinoid columnals and brachio-
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pods, though never in great abundance. Rare richly fossiliferous
zones occur towards the top of the Formation, in which brachiopods,
trilobites, crinoid columnals, belemnites, and gastropods were ident-
ified. Brachiopods were sampled from the middle to upper portions of
the Rockwood section and sent to Dr. A. Boucot (Oregon State Univers-
ity) for identification. Results from Dr. Boucot's analyses indicate
a Late Llandoverian (late, Early Silurian) to Frasnian (early, Late

Devonian) age based on some poorly preserved Atrypa reticularis. A

Late Silurian age is speculated by Dr. Boucot based on a questionable
Navispira. Other specimens identified are an unidentifiable stropho-
menacean brachiopod, an unidentifiable orthtetacean brachiopod, and a
dolerorthid. Unfortunately, abundant, well-preserved brachiopods
were scarce in the Rockwood and not enough specimens were sent to Dr.
Boucot to allow a more definite age determination.

Punctuating the mudrock are rare occurrences of sharp-based
sandstone and bioclastic wackestone-packstone layers. Microscopic
examination of the gray, maroon-gray, to rarely white to green-gray
sandstone revealed a prevalence of calcareous-ferruginous quartz
arenite lithologies. Dominant constituents included monocrystalline
quartz grains and minor amounts of glauconite pellets, phyllosilicate
minerals, and opaque minerals (for a more complete description, see
Appendix 3). Dominant cementing agents included sparry calcite, and
hematite, with minor amounts of chamosite, 1limonite, dolomite,

silica, and clay.
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Microscopic examination of the maroon-gray to yellow-orange bio-
clastic rocks reveal them to be predominantly trilobite-echinoderm
wackestone-packstone. Dominant constituents include trilobites,
echinoderms, molluscs, and bryozoans. Minor components include
hematitic and 1imonitic superficial ooids, peloids, quartz grains,
and sedimentary rock fragments. Many of the skeletal fragments are
wholly or partially replaced by hematite, Timonite, glauconite, and
possibly chamosite(?). The dominant sedimentary structures are hor-
izontal laminations, micro-hummocky cross-stratification (micro-HCS)
and ripple cross-laminations. External ripple morphologies are
generally symmetrical, with internal asymmetrical cross-laminations
to rare symmetrical (chevron) cross-laminations. The beds occur
either as continuous layers or as discontinuous lenses. The strata
are thinly laminated to medium-bedded (1-100mm, 20-24mm average),
with flat to uneven bases and flat to wave-rippled, burrowed, and
hummock-1like upper surfaces. Soles of beds commonly exhibit gutter
casts, less commonly display tool marks, and load casts, and rarely
show flute casts and groove casts. Gutter casts are abundant in
sub-facies Hm, and are generally of three types. The first are iso-
lated gutters (analogous to starved ripples) enclosed within mud-
stone. The second type are gutters associated with thin (1-2cm)
sandstone beds. The third variety is associated with thicker beds
(greater than 2cm). Internally the gutters are massive, horizontally

laminated and, in some cases, low-angle cross-laminated (Fig. 7).
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Associated with the gutters are small tool marks and groove casts
along the flanks of the erosive structures.

Graded beds are a common feature within the coarser grained
layers, occurring almost exclusively within the sandstone (quartz
arenite) beds. Almost all of the graded beds are flat-based, and
contain the following sequence: Sharp, flat base ( sole marks);
millimeter thick fossil lag; horizontal laminations; wave-ripple or
form-discordant wave-ripple cross-laminations (not always present);
and weak to non-bioturbated mudstone (Fig. 8). Grain size changes
from fine to granule-size grains and coarse skeletal debris at the
base, to very fine sand and silt upwards, and eventually into
clay-size particles. The fossil Tlags are composed of abraded

brachiopods, crinoid columnals, gastropods, Tentaculites(?), and

trilobite fragments. The lags are generally iron-rich, with most of
the skeletal debris replaced by hematite, glauconite, and limonite(?)
(Fig. 9). Cementing agents commonly include sparry-calcite,
hematite, glauconite, dolomite(?), and silica. Above the fossil lags
the sands are Tlacking 1in iron-replaced skeletal grains and iron
cements.

The lateral continuity of beds vary, but in general the beds
have a strong lenticular (pinch-and-swell) character. When traced
laterally, some beds pinch-out altogether, leaving isolated lenses
enclosed in mudstone. Almost all of the bioclastic wackestone-pack-
stone beds are lenticular, and are easily spotted in the field by

their hummock-1like upper surfaces (Fig. 10).



Figure 8.

.

DNAG

PHOTO SCALE

Typical Graded Bedding Sequence.



Figure 9. Typical Fossil/Granule Lag Composed of Hematite,
Glauconite, and Limonite(?) Replaced Bioclasts and Quartz Sand.
Field of View from Left to Right is 2mm.
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Figure 10. Lenticular Bioclastic Wackestone-Packestone Bed
that Pinches Out to the Right and Left of the Hammer.
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The abundance of bioturbation within the sandstone beds is non-
existent to moderately-low. The trace fossils are commonly found at
the tops and bases of beds, and rarely within beds. The morphology
and dimensions of the trace fossils are highly variable and are ex-

hibited in Figure 11.

Sub-facies Hs - Strata assigned to the sandstone-dominated sub-

facies occur in three groups: in the upper, middle, and lower por-
tions of the Rockwood Section, usually overlying sub-facies Hm (Fig.
5, p. 12). The strata within the facies are quartz arenite and sandy
limestone. Intercalated with the coarser-grained beds are mudstone
and silty mudstone, which are calcareous in part.

Microscopic examination of the gray-brown to orange-maroon
quartz arenite beds revealed three varieties: calcareous quartz-
arenite, ferruginous quartz-arenite, and fossiliferous quartz-
arenite. The dominant constituents are monocrystalline quartz
grains. Less abundant components include glauconite, phyllosilicate
minerals, opaque minerals, and fossils (for a more detailed descrip-
tion, see Appendix 3). Typical cementing agents include hematite,
sparry calcite, and silica.

Microscopic examination of the gray, well-sorted, sub-rounded to
sub-angular, silty to medium-grained sandy limestone beds revealed an
abundance of neomorphosed sparite. The only other major component is
monocrystalline quartz. Minor components of these mixed deposits
include opaque minerals, phyllosilicate minerals, and hematite

cement.



Morphology

Simple Straight
Horizontal Tubes

Sinuous Horizontal
Tubes

Branching Horizontal
Tubes

Sub-vertical Tubes

Vertical Tubes

Figure 11.

Dimensions

1-3mm diameter by
5-10mm length

3mm diameter by
20-40mm length

0.5mm diameter by
3-5mm length
5-7mm diameter by
15-20mm length

10mm diameter by
50mm length

2-5mm diameter by
20-50mm length
5-7mm diameter by
15mm length

1-5mm diameter by
10-15mm length
0.5mm diameter by
3-5mm length

Types and Sizes of Trace

Fossils in Sub-facies Hm.

Type
Planolites

Planolites

Planolites

Paleophycus(?)

Planolites(?)

Chondrites(?)

Chondrites(?)

Skolithos

Escape structure
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Dominant sedimentary structures displayed by the coarser-grained
beds include horizontal laminations, hummocky cross-laminations,
form-discordant wave-ripple cross-laminations, and wave-ripple lami-
nations (Fig. 12). The layers are thickly laminated to thickly bed-
ded (5-600mm, 43.6mm average), with sharp bases that are commonly
flat to rarely uneven. The upper surfaces of beds can be wavy
(hummock-1ike), flat, burrowed, wave-rippled, and form-discordant
wave-rippled. Several bedding sequences were observed in sub-facies
Hs. The first bedding sequence is as follows: Sharp-based beds,
commonly flat ( +sole marks, % fossil lag) —> horizontal
laminations ———>  hummocky cross-laminations —— > ripple
cross-laminations —— and non-bioturbated mudstone. In several
instances the rippled upper surfaces are absent, or if present may
not exhibit internal stratification (Fig. 13). The second sequence
contains the following features: Sharp-based beds, commonly flat
(£ sole marks, + fossil lag) —— hummocky cross-laminations ———>
horizontal laminations ———> ripple cross-laminations or rippled
upper surfaces with no visible internal stratification. In some
cases the ripples are absent all together. The last sequence con-
sists of two or three thin, amalgamated sandstone beds. The base of
the amalgamated sequence is commonly sharp (xsole marks, =+ fossil
lags) followed by horizontal and/or low-angle cross-laminations
(HCS?) (Fig. 14).

Graded beds are present, although not as abundant as in sub-

facies Hm. The fining upward beds typically contain a fossil lag
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Figure 12. Typical Sedimentary Structures of Sub-Facies Hs. Upper

Photo Exhibits Amalgamation of Several HCS Beds. Lower Photo Displays
Horizontal Laminations and Form-Discordant Wave-Ripple Cross-Laminations.




Figure 13. HCS Sequence with Rippled Upper Surface Lacking
Internal Stratification.




Figure 14. Amalgamation of Thin Sandstone Beds Exhibiting Horiz-
ontal and Low Angle Cross-Laminations (HCS?).
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(mm-to-cm thick) at the base. The fossil lags are generally composed
of brachiopods, crinoid columnals, crinoid stems, trilobite frag-

ments, gastropods, and Tentaculites. Some of the skeletal material

has been replaced by hematite and 1limonite, but not to the same
degree as in sub-facies Hm.

The amount of biogenic reworking within the coarser-grained beds
ranged from low to moderately high. The bioturbation was concentrat-
ed at the tops of beds, within the beds, and rarely at the soles of
beds (Fig. 15). In some instances, entire layers are reworked, eras-
ing any primary stratification. The amount of diversity 1is high,
with several varieties of horizontal, inclined and vertical struc-
tures (Fig. 16).

Erosive features and load casts on the soles of beds were rare
in this sub-facies. Gutter casts and tool marks were documented in a
few instances, with the gutters commonly filled with horizontal to
low-angle laminations. Rare load casts, on the scale of a few centi-
meters, were seen. Virtually all the coarser-grained beds were
laterally continuous up to 10's of meters or more. Thicknesses of
layers varied laterally due to the strong pinch-and-swell nature of
these beds (Fig.17).

Intercalated with the coarser-grained beds were light to dark
gray, olive-green, and rarely maroon-gray mudstone layers. The mud-
stone is silty in part, rarely sandy, and may grade into siltstone.
The thinly laminated to very thinly bedded layers are internally fea-

tureless to horizontally laminated, to rarely low-angle cross-lami-
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Figure 15. Bioturbation Concentrated at the Top of the Storm
Bed.



MORPHOLOGY

Horizontal Simple
Straight Tubes

Horizontal Sinuous
Tubes

U-Shaped to Irregular
Winding Structures

Sub-Vertical
Tubes

Vertical Tubes

Vertical Tubes that
Flare at the Top

DIMENSIONS

5-7mm diameter by
10-50mm length

10mm diameter by
40mm length

0.25mm diameter by
3-5mm Tength

5mm diameter by
50mm length

1-2mm diameter by
8-10mm length

0.5-1.0mm diameter by
5mm length

0.5-3.0mm diameter
5mm length

0.5mm diameter by
3-5mm length

2mm diameter by
10mm length
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TYPE
Paleophycus

Paleophycus(?)

Planolites(?)

Paleophycus

Dictyodora(?)

Chondrites(?)

Skolithos

Unknown

Monocraterion

Figure 16. Types and Sizes of Trace Fossils in Sub-Facies Hs.



Figure 17. Variation in Thickness of Layers Due to Pinch-and-
Swell Nature of the Beds.
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nated. The mudrock ranged from very fissile to strongly blocky to
hackly. The amount of bioturbation ranged from Tlow to moderate.
Most of the bioturbation was unidentifiable, except at the contact
with soles of sandstone beds. At these proximities, Planolites,

Paleophycus, and possibly Chondrites(?) were identified.
Facies MB

Strata assigned to the maroon-burrowed (MB) Facies occur in the
upper part of the section (Fig. 5, p. 12). Maroon brown to gray
quartz-arenite, intercalated with maroon-gray to maroon-purple mud-
stone occur within this facies. Sandstone-to-shale ratios were dif-
ficult to determine for this facies due to the extensive amount of
cover. Where adequate exposure existed, the proportion of sandstone-
to-shale ranged from 4:1 to 1:20, with a 1:8 average. Analysis of
facies MB on the east limb of the fold where exposures are better
revealed higher sandstone/shale ratios, ranging from 1:5 to 6:1, with
a 1:2 average.

The maroon-gray to maroon-purple, to rarely light-green mudstone
is silty to rarely sandy. The thin to thickly laminated mudstone is
blocky to hackly, massive, very rarely horizontally laminated, and
extensively bioturbated. The amount of bioturbation is moderately
high and probably precludes fissility. It s sufficiently intense
that individual structures could not be identified. A few intervals,

where identification was possible, consisted of extremely abundant,
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simple straight tubes (1-3mm diameter by 10-50mm length, Plano-
lites?).

One of the more diagnostic features of this interval, besides
the bioturbation and maroon color, was the abundance of brachiopods
within the mudstone. Brachiopods were collected in this interval and
sent to Dr. Boucot (Oregon State University) for identification and
age determination. Results from Dr. Boucot's analysis indicate a
possible middle Late Llandoverian age (about C3-C5) based on speci-

mens of Eocoelia and Atrypa reticularis.

Within intervals where the sandstone/shale ratio was fairly low
(less than 1:5), siltstone and very fine-grained sandstone lenses
occurred. The lenses ranged from 1-10mm in length, and from 2-5mm in
thickness. Lenses are featureless to rarely horizontally laminated
or low-angle cross-laminated.

Microscopic examination of the gray-brown to slightly maroon-
gray calcareous siltstone and silty sandstone reveals an abundance of
monocrystalline quartz. These rocks contain subordinate amounts of
glauconite, phyllosilicates, opaque minerals, and peloids(?). The
dominant cementing agent was sparry calcite with minor amounts of
silica. (For a more detailed description, see Appendix 3.)

Sedimentary structures, although rare due to extensive bioturba-
tion, are most commonly horizontal laminations and low-angle cross-
laminations. The layers are thinly laminated to medium-bedded (1-

160mm, 20-25mm average), with flat to uneven bases. The tops of beds

are commonly burrowed; wave-rippled upper surfaces are very rare.
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Hummocky cross-stratification and form-discordant wave-ripple cross-
laminations were detected in one location at the top of the facies.
The soles of beds were commonly reworked into the underlying mudstone
and may explain the lack of obvious erosive or loading features. One
bed containing gutter casts was detected at the top of the facies.
Biologic evidence includes molds of brachiopods at the base of
beds and abundant trace fossils. The amount of bioturbation within
the siltstone beds was moderately high. The amount of diversity is
high, with several varieties of horizontal and vertical burrow struc-

tures (Fig. 18).
Facies AH

Strata assigned to the hematitic-amalgamated hummocky(?) (AH)
Facies occur in the middle portion of the Rockwood section (Fig. 5,
p. 12). The strata within this facies are hematitic quartz arenite.
One of the most diagnostic features of this interval 1is the complete
lack of shale, except in rare instances. Microscopically the maroon-
gray, moderately sorted, angular to sub-rounded, silty to very fine-
grained sandstone beds are dominated by monocrystalline quartz and
skeletal debris. Dominant cementing agents include hematite, sparry
calcite, and possibly dolomite (?)(Fig. 19).

Dominant sedimentary structures include horizontal laminations
and low-angle 1laminations (HCS?). The layers are thin to thickly
bedded (60-500mm, 100mm average), extremely well-indurated and con-

tain hematite (limonite?)-replaced fossil debris and unaltered



Morphology

Simple, Straight
Horizontal Tubes

Horizontal Sinuous
Tubes

Horizontal Branching
Tubes

Vertical Straight
Tubes

Vertical U-shaped
Tubes

Sub-vertical
Tubes

Figure 18. Types of Trace Fossils in Facies MB.

Dimensions

1-3mm diameter by
10mm length

5-8mm diameter by
20-50mm length

0.25-0.5mm diameter
by 1-2mm length

1-3mm diameter by
10mm length

0.5-1.0mm diameter
by 10mm length

0.25-0.5mm diameter
by 1-2mm Tlength

1-3mm diameter by
5-10mm length

0.25mm diameter by
5-10mm length

Type

Planolites

Paleophycus

Unknown

Planolites

Chondrites

Skolithos(?)

Diplocraterion(?)

Chondrites(?)
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Typical Lithology of Facies AH Composed of Quartz

Figure 19.
Grains, Hematite Replaced and Unreplaced Bioclasts, Hematite Cement,

and Calcite Cement.

Field of View from Left to Right is 2mm.
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skeletal debris, which define laminations. Almost all of the sand-
stone beds are amalgamated, and lack any intervening shale. A few
flat-based sandstone beds with flat upper surfaces contain discontin-
uous shale layers, and these are found at the bottom of the facies.
The shale is gray to dark gray, silty, thin to moderately laminated,
internally massive, and fissile. Bioturbation appears absent
throughout this entire facies, except in a few rare instances where
the shale is slightly blocky. Graded beds are common, exhibiting

fining-upward trends.

Facies QA

Strata assigned to the quartz arenite, high-angle cross-strati-
fied (QA) Facies are those at the base of the Rockwood Formation
(Fig. 5, p. 12). In general, the strata are calcareous sandstone,
siltstone, and shale. These rocks can be divided up into two main
types of deposits: a basal sandstone bed, and a trough cross-lami-
nated/ ripple cross-laminated sequence.

The base of the Rockwood Formation is characterized by a thick
(1.35m), tan to orange-brown, silty to very fine-grained calcareous
sandstone. Capping this basal deposit is a thin (2-4cm) lag of re-
worked material (Fig. 20). Microscopically the lag is composed of
quartz grains, lithic fragments, ooids (chamosite and phosphate),
phosphatic fossil fragments and grains, glauconite pellets, and hema-
tite-replaced skeletal debris. The phosphate grains range from

angular to well-rounded and are partially replaced by calcite. In



Figure 20. Photo-micrograph of Basal Deposit of Reworked
Material, Composed of Quartz and Phosphate Granules, Lithic
Fragments, Hematite Cement, and Dolomite Cement. Field of
View from Left to Right is 2mm.
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addition, the phosphatic fossil fragments (brachiopods) and ooids
were also partially replaced by calcite. Cement types include sparry
calcite, dolomite, hematite, and possibly siderite(?) (see Appendix 3
for detailed thin-section description). No primary sedimentary
structures are preserved in this basal silty sandstone due to
extensive biogenic reworking (Fig. 21).

Above the basal sandstone bed 1lies a 9.25m bioturbated interval
that contains rare physical structures. The ones observed were hori-
zontal Taminations, trough cross-laminations, and ripple cross-lami-
nations. Trough cross-laminations and horizontal laminations occur
in the lower 4.25m of the interval, whereas ripple cross-laminations
and horizontal laminations are present in the upper 5.0m of the
sequence. Microscopically, these extremely calcareous silty sand-
stone beds are composed primarily of quartz, with minor amounts of
phosphate grains, glauconite pellets, phyllosilicates, and other
accessory minerals (see Appendix 3 for complete thin-section descrip-
tion).

The light gray to brown sandstone beds are thin-to medium-bedded
(10-200mm, 35-40mm average), silty to medium-grained, and exhibit
flat bases and burrowed tops. The extensive amount of bioturbation
is dominated by horizontal, simple straight tubes (0.5-1.0mm diameter
by 4-5mm length, Planolites?) with subordinate amounts of sub-verti-
cal and vertical straight tubes (0.5-1.0mm diameter by 4-5mm length,

Skolithos?).



Figure 21. Bioturbated Basal Sandstone Capped by a Thin Lag of
Reworked Material.
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The interbedded mudstone is very calcareous, gray to brown,
silty, thin to medium-laminated, featureless, blocky, and moderately
bioturbated. Siltstone lenses are present within intervals with low

sandstone/shale ratios, and are commonly burrowed. Disseminated

throughout the mudstone and above the basal lag zone are phosphate
granules that are angular to well-rounded and phosphatic fossil frag-
ments. The phosphatic material appears to have been biogenically

reworked.
Facies FC

Strata assigned to the ferruginous-conglomeratic, high-angle
cross-stratified (FC) Facies are those near the middle of the Rock-
wood Formation (Fig. 5, p. 12). The strata within this facies are

sublitharenite, ferruginous sublitharenite, calcareous sublitharen-

ite, ferruginous litharenite, and ferruginous trilobite-echinoderm
wackestone-packstone lithologies. This 14.05m interval within the
middle of the Rockwood represents a thickening-and coarsening-upwards
sequence that culminates in a thick conglomeratic and bioclastic
ironstone (Fig. 22). The dominant sedimentary structures of these
green-gray, maroon, maroon-gray, maroon-orange layers are trough
cross-laminations, form-discordant wave-rippled upper surfaces, and
current(?)-rippled upper surfaces. The sandstone layers are thinly
laminated to thickly bedded (2-500mm, 40-50mm average), and have flat

to wavy bases.



Figure 22. Conglomeratic Ironstone Bed Capping Facies FC
(Looking Down at Bedding Surface).
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The bedding patterns vary from wavy, lenticular, and flaser, to

amalgamated. They are related to the sandstone/ shale ratio. The
proportion of sandstone-to-shale varies in this facies from 10:1 to
1:1, with an average of 5:1. Lenticular bedding is characteristic of
low ratios (1:8-1:10), wavy bedding is characteristic of moderately
high ratios (2:1 to 10:1), and flaser bedding is characteristic of
moderately high to high ratios (5:1 to 10:1). Amalgamated bedding is
common in moderate to high proportions of sandstone to shale, and
becomes increasingly dominant higher in the interval (Fig. 23).

One of the more striking features of these immature to sub-
mature deposits are the abundant gray to maroon mud clasts. The size
of these clasts varies from lmm to 6mm in length. The mud clasts are
more common in the coarser-grained layers, usually concentrated at
the tops of beds and along foresets.

The amount of bioturbation seems to be a function of the amount
of sand in the interval. In general, biogenic reworking is more com-
mon in the shale dominated sequences. In contrast, sandstone domi-
nated intervals are typically devoid of burrows. Hence, the amount
of bioturbation for the facies varies from very low to extensive.
The amount of diversity is high, with several varieties of horizontal
and vertical structures (Fig. 24).

Capping this interval is a 0.2m thick ironstone containing two
distinct lTithologies. The majority of the bed (0.15m) is composed of
a calcareous Tlitharenite, whereas the top 0.05m consists of a trilo-

bite-echinoderm wackestone-packstone. In general, microscopic analy-
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Figure 23. Amalgamation of Bedding within Facies FC.
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Simple, Straight
Horizontal Tubes
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Sinuous Vertical Tubes

Size

1-3mm diameter by
10mm length

15-20mm diameter by
50-60mm length
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10-50mm length
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40mm length
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Type

Planolites

Paleophycus(?)

Planolites

Trichophycus(?)

Skolithos

Figure 24. Types and Sizes of Trace Fossils in Facies FC.
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sis (see Appendix 3) showed these rocks to contain quartz (monocrys-
talline and polycrystalline), sedimentary rock fragments, hematite-
replaced skeletal debris, phosphate grains, glauconite pellets, cham-
osite ooids, carbonate cement, and hematite cement. The iron content
was high enough for them to be called ironstones. Many of the other
beds within this facies also contained enough iron (in the form of
hematite, chamosite, glauconite, limonite, and possibly siderite?) to
be considered ironstones.

Absent to rare in this facies are clay drapes (rare), which are
only present in the lower part of the sequence, reactivation surfaces
(absent), herringbone cross-bedding (absent), and ripple cross-lami-
nations (absent). Asymmetrical to symmetrical ripples are prominent
external features, yet never exhibit visible ripple-laminations. In
contrast, trough cross-laminations are prominent features, commonly
defined by quartz granules and mud clasts.

Mudstone 1is common in the 1lower to middle portions of the
sequence, and is completely absent in the upper 1.0m. The mudstone
is dark gray to tan, to olive-green/gray, silty to rarely sandy,
thin-to medium-laminated, featureless to rarely horizontally lami-
nated, and fissile to blocky. Extensive amounts of bioturbation
within the mudstone characterizes intervals with low sandstone/shale
ratios (less than 1:1). Sequences with greater amounts of sandstone
are characterized by non- to weakly bioturbated, fissile shale. A1l

of the discontinuous shale lenses are non-bioturbated. Enclosed
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within mudstone-dominated intervals are very fine- to medium-grained

sandstone lenses which are commonly rippled.




CHAPTER III

FACIES DISCUSSION

General Characteristics

The strata comprising the Rockwood Formation at Whiteoak Moun-
tain represent the interaction of several physical processes. The
majority of the section was dominated by fairweather mud sedimenta-
tion that was punctuated by storm deposited siltstone, sandstone, and
limestone beds. These were deposited below fairweather wave base but
above storm wave base. Subordinate amounts of wave (fairweather and
storm) and tidal deposits were present, indicating deposition above
fairweather wave base. Figure 25 summarizes the depositional condi-
tions postulated for each Rockwood facies. The iron sedimentation
was associated with the major regressive phase of the Formation, when
sea-level was at a minimum. Biologic activity was low throughout
most of the section, which may be a function of oxygen deficient con-
ditions. Analysis of the individual strata and paleocurrent data
indicate that the storm flows were generally of a combined flow

nature, probably representing geostrophic flows.

Depositional Conditions of Facies H

The strata assigned to Facies H represent an alternation between
fairweather deposition (mudstone) and storm deposition (sandstone and
bioclastic limestone). The facies was divided, based on percentage

of sandstone, into a mudstone-dominated (Hm) sub-facies and a sand-
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FACIES

Heterolithic (H)
Hm = Mudstone-dominated

Sub-facies
Hs = Sandstone-dominated
Sub-facies

Maroon-Burrowed (MB)

Amalgamated Hummocky (AH)

INTERPRETATION

Fairweather mudstone. Storm
deposited sandstone, silt-
stone, and limestone.

Fairweather mudstone. Storm
deposited sandstone and silt-
stone.

Shoreface storm layers.

Ferruginous-Conglomeratic (FC) Wave and tidal deposits.

Quartz-Arenite (QA)

Figure 25.

Upper Ordovician/Lower Silurian
transgression.

Interpretation of Facies.
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stone-dominated (Hs) sub-facies. Sedimentary structures were similar
in both sub-facies, yet subtle differences were detected due to the

proximal nature of Hs and the distal nature of Hm.

Sub-facies Hm - Analysis of the individual strata revealed a great

amount of variability within the sandstone/limestone beds. Figure 26
displays the typical sedimentary structures seen within this sub-
facies. The succeeding analysis will concentrate on analyzing the
internal sedimentary structures and upper and lower bedding surface
features in terms of causative depositional processes.

One of the more common features among the sequences in Figure 26
are the sharp, flat, erosive bases. Such erosive bases are indica-
tive of high flow velocities (Hunter and Clifton, 1982), and the
introduction of layers of coarse material into a quiet muddy environ-
ment implies that a strong flow deposited these layers (Hamblin and
Walker, 1979). Aigner (1985) stated that these types of basal
contacts are indicative of storm flows.

A common and characteristic feature of this sub-facies (Hm), are
graded beds with fossil lags at the base (see sequences 1 and 5 in
Fig. 26). The lags contain sub-rounded to well-rounded, granule-size
quartz grains and abraded skeletal material of a mixed faunal associ-
ation. Beds typically fine upwards into very fine sand and silt.
Aigner (1985) discussed sharp-based beds with basal shell lags and
attributed their formation to event deposition. Swift and Niedoroda
(1985) concluded such Tlayers are common in shelf settings. Several

authors documented granule Tlag deposits within presumed storm-
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emplaced sandstone beds (Walker et al., 1983; Kumar and Sanders,
1976; Brenchley and Newall, 1982) and granule-plus-allochthonous
shell lags, found in storm beds from a carbonate environment (Aigner
and Reineck, 1982; Aigner, 1985; Kreisa, 1981).

Much can be learned about the nature of the depositing current
of these graded beds from the vertical succession in grain size and
sedimentary structures. The upward decline in grain size indicates
deposition from a decaying (weakening) current. The upward sequence
of structures (Fig. 27) also implies a declining flow. The signifi-
cance of graded beds will be analyzed further when the depositional
conditions of sub-facies Hs are discussed.

By far the most common sedimentary structure for the entire sub-
facies were horizontal laminations. Several layers were composed
entirely of horizontal laminations (see sequence 2, Fig. 26) or in
conjunction with other structures such as micro-HCS (sequence 3),
wave ripples (sequence 7), form-discordant wave ripples (sequence 6),
gutter casts (sequence 8 and 9), hummock-like beds (sequence 10), and
intraclast beds (sequence 12). Mount (1982) investigated the impor-
tance of horizontal laminations which were deposited by fairweather
and storm processes. He lists several explanations for the parallel
laminated sands: (1) as a product of plane-bed deposition under
high-flow regime; (2) as a result of sedimentation of suspension
clouds in current velocities below that necessary to generate
ripples; and (3) as a plane-bed phase associated with sediment trans-

port at very 1low current velocities. In the case of the Rockwood




53

"Mo|4 BuLuL|28Q S331RJLPU] S84NJONUIS 40 3dusnbas paemdn

*/2 ¥anbL4 .

bupuuoao_J

MO|4

MO AY3A  |[MO14 YHVUNIWVT NOISIAIG  D1L173d
& — T Q.km‘,/l\
HOIH AY3A | NOILISOd3Q-34 | 9V 31NNVH9/1SSO4 &
e 8 ~— ¢
ANI93Y
HOIH SNOILYNINYT  HVYNV1d
MO14  ¥3ddn
i INI93Y S317ddIy  IAVM _— —

MO7 - QoW ¥43MO 1NVAY¥02S10 -WY04 {\\/\\\\
MO AY3A  [MO1d  HVYNIWVT NOISIAIQ  21L113d

ivd INI93Y SWNY04Q39 d39 a3advyo vIIdAl
NOILVLN3NIQ3S MO14




54

Formation, the association of the horizontal laminations with sharp,
erosive bases that commonly contain gutter casts or fossil/granule
lags implies that depositional currents must have been at high veloc-
ities. The unidirectional upper plane bed condition for 0.lmm sand
requires a minimum shear velocity at the bed on the order of 100cm/
sec (Dott and Bourgeois, 1982).

One of Dott and Bourgeois' (1982) variants to their idealized
HCS sequence is micro-HCS. The difference between HCS and micro-HCS
is a matter of scale. For the purposes of this paper, any HCS bed
with a wavelength (distance from hummock to hummock) of less than lm
was classified as micro-HCS (Fig. 28) and any above lm was classified
as HCS. The difference between the two types may be a function of
storm intensity, distance from sand source, or water depth. Typical
wavelengths of micro-HCS beds ranged from 0.185m to 0.56m, with 0.21m
average. Heights of hummocks ranged from 3-6cm, with a 4cm average.
Micro-HCS was detected either composing entire layers (sequence 1,
Fig. 26) or in combination with horizontal Tlaminations (sequence 3).
Micro-HCS beds always have a lenticular character and commonly
pinch-out. The presence of hummocky stratification indicates that
combined (oscillatory and unidirectional)-flow storm currents were
probably responsible for storm-bed formation. It is speculated that
the abundance of micro-HCS (and lack of HCS) 1is a function of the
more distal nature of sub-facies Hm.

Both wave and form-discordant wave-rippled upper surfaces are

rare within this sub-facies, which may be due to the decreasing




Figure 28.

Micro-HCS Bed.
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effects of oscillatory currents. When ripples are present, they are
symmetrical in form and commonly do not exhibit any internal struc-
tures. When internal Tlaminations are present, they commonly consist
of asymmetrical cross-laminations and rarely symmetrical cross-lami-
nations. Typical ripple spacings (wavelengths) range from 65mm to
115mm, and typical ripple heights from 3-15mm. The vertical form
index (length/height) ranged from 7.33 to 25. The crests of the rip-
ples are generally straight and tend to bifurcate. Ripple crests
also exhibit an interference pattern, with crests of ripples virtual-
ly perpendicular to each other (Fig. 29).

Calculations have been performed on wave-formed ripples to esti-
mate paleo-ocean condition (wave-length, wave-period, water-depth)
(e.g., Komar, 1974; Harms, 1969). For these calculations to be
valid, the vertical form index must be 1less than 7.5. If the value
is greater than 7.5 (as it is for the majority of ripples observed in
the Rockwood) this implies that a strong unidirectional component has
influenced the wave ripples (Aigner, 1985). The predominance of uni-
directional ripple cross-laminations also supports a unidirectional
component modifying or interacting with oscillatory flows that pro-
duced the wave ripples.

The importance of these form-discordant wave ripples 1is that
they suggest deposition by combined-flow currents. The asymmetrical
cross-laminations indicate sediment transport under unidirectional
flow, whereas the molding of the ripples into a symmetrical form

implies oscillatory flow. Such combined-flows are common during



Figure 29. Morphology of Ripple Crests. Upper Photo Displays
Straight Crested Ripples. Lower Photo Exhibits an Interference Pattern.
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storms when storm waves interact with the sea floor and are super-
imposed on unidirectional currents (Aigner, 1985; Swift and
Niedoroda, 1985).

One of the more subtle features of these storm beds were gray to
dark-gray intraclasts (1-5mm in size), generally concentrated in the
lower half of the beds. Typically these intraclasts were associated
with beds containing fossil/granule lags. These basal lag zones show
evidence of abrasion, and appear to be allochthonous. Such trans-
ported accumulations at the lowest part of sharp-based beds are evi-
dence for storm deposition (Kelling and Mullin, 1975). A common fea-
ture of these storm beds are intraclasts of the substrate that have
been rippled up during storm emplacement (Walker, 1985). Analysis of
the intraclasts within the Rockwood storm beds indicate a lithologic
similarity to the underlying mudstone strata. These beds are common-
ly graded, and fine upwards into very fine siliciclastic sand and
silt. These beds are identical to the graded beds described earlier
in this section aside from the presence of intraclasts.

One of the more characteristic features of sub-facies Hm were
gutter casts, which were named by Whittaker in 1973 for a scour-and-
fill structure. The gutter casts are thought to have formed by
intense substrate scour produced by helicoidal fluid flow at the bed.
When viewed in cross-section, they are generally asymmetrical to
symmetrical in form (Fig. 30). The trends of gutters are typically
straight to sinuous (meandering), and internally they are commonly

massive, horizontally laminated, or low-angle cross-laminated.




Figure 30.

Symmetrical Gutter Cast in Cross-Section.
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It has been documented in the literature that gutter casts are
associated with both carbonate and siliciclastic storm deposits
(Walker, 1985). Cotter (1983) documented gutter casts in the
"Middle" Silurian of central Pennsylvania, and concluded that they
resulted from intense scouring of the substrate by storm-generated
flows. Gutter casts within sub-facies Hm were commonly associated
with wave ripples at the tops of beds. The trend of the ripple
crests were on rare occasions perpendicular to the axis of the
gutter, which would indicate that oscillatory flow-components may
have been involved in the formation of the gutters (Aigner, 1985).

Other erosive features include flute casts, tool marks and
groove casts. These features were extremely rare and were only
detected in a few instances. The flute casts (Fig. 31) formed
through Tlocal scouring by turbulent eddies associated with intense
bottom currents, and are typical of turbidites, fluviatile sandstone
and a few other sandstone sequences (Tucker, 1982). Groove casts are
elongate ridges developed on the undersides of sandstone beds, and
generally form through the infilling of grooves cut by objects
dragged along by a current. Tool marks were difficult to identify
and commonly occurred as small impressions on the undersides of the
storm beds. Objects making the marks may have been mud clasts, or
possibly skeletal material.

Sequence numbers 10 and 11 exhibit hummock-1like wavy beds which
contain micro-HCS or horizontal laminations. A1l of the skeletal

wackestone-packstone beds exhibit this bedding nature, in addition to



Figure 31. Flute Cast at Base of Sandstone Bed. Followed
Upwards by Horizontal Laminations, Climbing Ripple Forms at Top
of Bed, and Form-Discordant Wave-Ripple Profile.
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many of the siliciclastic beds. The bases are generally flat, to
rarely undulatory, and the upper surfaces tend to be broadly wavy.
Several of the beds pinch-and-swell very strongly and even pinch-out
altogether, resulting in the appearance of isolated hummocks enclosed
in mudstone (Fig. 32). Similar hummock-like structures were describ-
ed by Cotter (1983), who interpreted them to be the result of storm
flows. Cotter explained the hummock-like surfaces in the following
manner: As storm flows transport sediment and bioclasts to deeper
water, flow intensity eventually begins to decrease, resulting in a
sequence of bedforms. The initial aggrading sediment will have an
undulatory surface of hummocks and swales. If the flow intensity and
deposition of sediment were to end quickly, the result would be wavy,
hummock-1ike beds analgous to sequence 10 and 11 (Fig. 26, p. 51).
The dominant lithology of sub-facies Hm was fissile to rarely
blocky mudstone. The depositional environment of the mudstone was
placid and quiet. Little or no agitation occurred within this
environment, except the infrequent storm flows. A few body fossils
were present and included crinoids and brachiopods, which may have
been transported into this environment. Both body fossils and trace
fossils were scarce, leading to speculation that oxygen may have been
in Timited supply. Many of the storm beds lacked erosive features
which implies either the flows were not competent enough to scour, or
the substrate was too cohesive. The time interval may have been
great between storm flows (hundreds or thousands of years), thereby

allowing ample time for the mud to dewater and solidify.
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Figure 32. Hummock-Like Bed Enclosed in Mudstone.
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Sub-Facies HS - The depositional conditions of sub-facies Hs are

similar to Hm, but represent a more proximal, shallower water set-
ting. The storm beds in sub-facies Hs commonly contain HCS, which is
generally associated with horizontal laminations and rippled bedding.
Amalgamation of storm beds is present, and typically involved two or
three layers at the most. Other sedimentary structures include load
casts, intraclastic beds, convolute laminations, and fossil/granule
lags. Beds with hummock-like upper surfaces were also present, in
addition to beds that abruptly pinch-out.

HCS is a very common sedimentologic feature of this sub-facies
and is represented by the five different sequences shown in Figure 33
(sequences 1, 2, 3, 4, 14), The vertical succession of structures
seen in sequences 1, 2, 3 and 4 resemble the idealized HCS-sequence
of Dott and Bourgeois (1982). Two of the sequences begin with hori-
zontal laminations (sequence 2 and 3), which was one of the variants
of their model and was a division stressed by Walker et al, (1983) in
their model.

The particular association of sedimentary structures within the
models and sequences 1, 2, 3 and 4 (Fig. 33) reveal a vertical suc-
cession of structures indicating deposition from waning flow. The
sharp-based soles of the beds indicate an abrupt change from mud to
sand, more than 1likely the result of initiation of high velocity,
competent current flow. According to Brenchley (1985), there appear
to be two stages to the formation of a HCS-bed: An initial phase of

transport and deposition; and a second phase where the sand is
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reworked by waves. Erosional structures and lag deposits are common
features at the bases of beds. Succeeding the basal deposits are
planar laminations (in Walker's model and sequences 2 and 3, Figure
33) which probably represent rapid deposition from suspension. The
next overlying laminae are hummocky cross-stratified, with slopes of
hummocks commonly less than 15°, The HCS division commonly commences
with an erosion surface cutting into the underlying horizontal divi-
sion. The erosional hummocky surface is typically draped with nearly
concordant laminae. The laminae generally thicken from the domes
into the troughs, resulting in the filling of depressions. The dip
of the laminae decreases upwards until the hummocky morphology is
completely lost.

However, according to Brenchley (1985), there are hummocks that
appear to have been formed by accretion rather than erosion. The
differentiating factor of these hummocks is the laminae thicken into
crests and not into troughs. Many of the hummocky beds within
sub-facies Hs may represent formation by accretion. Laminae
thickening into crests were exhibited in Figure 34.

Above the HCS interval, typically there is a planar-laminated
division that represents deposition on a flat surface formed when
troughs between hummocks have been filled. This feature was not
always seen in the Rockwood (sequence 2 and 3, Fig. 33), and may be
the result of flow intensity and sediment aggradation abruptly end-

ing, leaving broadly wavy surfaces. Rippled upper surfaces were not




= ot

Figure 34. Hummocky Sequences Formed by Accretion?
Thickens into Crests).

(Laminae
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always present in the Rockwood sequences, and when they were they
commonly were combined-flow ripples. Only rarely were upper surfaces
gradational into overlying mudstone and siltstone due to bioturba-
tion.

The complex nature of the HCS-sequence is indicated by features
indicative of wave activity and unidirectional currents. The pres-
ence of HCS and lack of angle-of-response cross-bedding indicates
deposition above storm wave-base, but below fairweather wave-base.
The abundance of hummocky strata is interpreted by Swift and
Niedoroda (1985) to represent storm-flow regimes where the wave-
orbital current component is high relative to the mean-flow compo-
nent. This is a change from sub-facies Hm, in which HCS was a minor
constituent, indicating that the influence by wave-orbital currents
was reduced. Further evidence for a decrease in effects by oscilla-
tory currents in Hm is the rarity of wave ripples. In contrast, sub-
facies Hs contains the highest percentage of wave ripples, indicating
an increased importance of oscillatory currents.

Sequences 5, 6, and 7 (Fig. 33) represent minor (8-12cm thick)
amalgamated intervals of varying types. In sequence 5, amalgamation
and erosion was so intense that no intervening shale was preserved.
In sequence 6, amalgamation and erosion were less intense, resulting
in discontinuous shale layers. Sequence 7 represents intensive scour
and erosion by gutter casts down through the shale and into the
underlying sandstone bed. Internal structures were dominated by hor-

izontal laminations. Amalgamated storm deposits have been described
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by Aigner and Reineck (1982), who stated they indicate shallow-water
conditions and/or closer proximity to shore. The amalgamation of
storm deposits have been known to form in both proximal and distal
facies (Brenchley, 1985). Amalgamation of beds in proximal facies is
due to higher frequencies of storm events, whereas in more distal
facies they result from lack of fairweather mud deposition. Due to
the more proximal nature of Hs (compared to Hm), the amalgamation of
bedding indicates shallower, more nearshore conditions where the fre-
quency of storm events was probably higher.

Abruptly pinched-out layers were rare and quite striking in the
field (Fig. 35). Beds of this nature (sequence 12, Fig. 33) were
typically graded and contained extremely iron-rich fossil/ granule
lags at the base. As these beds were followed Tlaterally, they
abruptly decrease in thickness within a matter of few centimeters.
Similar features have been described by Cotter (1983), who terms
these terminated-and-sculpted beds. Cotter identified the terminat-
ed/sculpted beds as of storm origin, and attributed the abrupt thick-
ness changes to storm erosion. The bed was probably unconsolidated
and partly eroded and sculpted before deposition of the overlying
mudstone.

The amount of graded bedding in sub-facies Hs was not nearly as
abundant as in sub-facies Hm. Intraclastic beds, which are generally
associated with the graded beds containing fossil 1lags, also
decreased in abundance. It has been documented that the amount of

graded bedding should decrease in an onshore direction (Aigner and



Figure 35.

Abruptly Pinched-Out Layer Directly Below Hammer.
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Reineck, 1982). This trend appears evident within sub-facies Hs and
Hm, in which graded beds definitely increase in the more distal sub-
facies Hm.

Graded shelf beds have been described by Swift and Niedoroda
(1985) as consisting of very fine to fine sand that fines upward.
They attributed these shelf beds to be the result of either tidal or
storm flows. Analysis of the sedimentary structures within graded
beds indicates the currents were of a combined flow origin. However,
the absence of hummocky stratification suggests that the ratio of the
wave-orbital current component to the mean-flow component was very
low. The abundance of graded bedding and lack of HCS in a sequence
indicates an approximate position on the marine shelf. Swift and
Niedoroda have devised a model that shows characteristic assemblages
of strata which change with distance from the source of the material.
Figure 36 incorporates Swift and Niedoroda's (1985) model, and shows
the distal position of graded beds relative to cross-beds and hum-
mocky-beds. Such a diagram can be applied to the Rockwood Formation
in which sub-facies Hm is characterized by abundant graded bedding
and sparse hummocky bedding, implying a distal nature for it, whereas
sub-facies Hs contains abundant hummocky beds and rare graded beds,
indicating a more proximal position for this zone.

The soles of the storm beds were not exclusively flat, but in
rare cases exhibited load casts. As can be seen from sequence number
15 (Fig. 33, p. 65), many load casts coincided with overlying wave

ripples. The presence of load casts does not indicate any particular
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environment. They seem to form when sand is deposited on a water-
saturated hydro-plastic layer (Pettijohn et al., 1973). They are
common features in turbidites, but do not occur on every bed.
Whether or not they form appears to be a function of the condition of
the underlying layer. If there is a significant time elapse between
successive sand depositional events, the underlaying mudstone will
dewater and become cohesive enough to prevent the load casts from
forming. This may explain the erratic distribution of sandstone
layers with loading features in sub-facies Hs. Similarly the rarity
of load casts in sub-facies Hm may be a function of the cohesiveness
of the mud due to less frequent storm events or thinner nature of the
sandstone beds (less of a load to cause deformation).

Horizontal laminations are extremely common in sub-facies Hs,
and are present in most of the sequences in Figure 33, p. 65. A
common feature of inner and middle shelf environments are wave-
formed horizontal laminations. Such laminations result when wave-
orbital flow encounters the bottom during storms (Tillman, 1985).
They appear to be very similar to HCS, but are on a much larger
scale. They are commonly thinly bedded and may be burrowed in part.
A dominant feature of these layers, which was described by Tillman
(1985) and is also present in many Rockwood sandstone beds, are thin
layers of shell hash scattered throughout the bases of beds. Much of
the skeletal debris in the Rockwood defines laminations, and is com-
monly composed of crinoids and brachiopods, and to a lesser extent

gastropods, trilobites and molluscs. These horizontally laminated
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beds with abundant skeletal debris are common in both sub-facies Hm
and Hs, and appear to be additional evidence for storm deposition on
the Rockwood shelf.

A very problematical structure was detected in some of the sand-
stone beds, which was difficult to explain. Figure 37 shows this
structure, which may represent convolute laminations. The convolu-
tions have affected the laminations within the bed, but not the bed
itself. The structure seen 1in Figure 37 appears to be a set of
folds, with synclines and anticlines. However, they are not folds in
the normal sense of being due to compression, etc. The presence of
convolute laminations indicates some kind of internal readjustment of
material has occurred, in a quick or near-quick condition (Pettijohn
et al., 1973). Convolute laminations are typically formed in sedi-
ments that have been rapidly deposited (Leeder, 1982). If the struc-
ture present in Figure 37 does represent convolute laminations, it
indicates these sandstone beds were rapidly deposited and were highly
fluidized.

Wave-rippled and form-discordant wave-rippled upper surfaces
reached a maximum in sub-facies Hs. According to Brenchley (1985),
the abundance of wave ripples indicates a proximal position relative
to the sand source. Aigner and Reineck (1982) have documented that
wave ripples reach an "optimum" in a zone they termed the transition
facies, which in their study occurred in 7-15m of water depth. From
this zone seaward wave ripples decrease in abundance due to the

decreasing effects of oscillatory currents with increasing depth.

o
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Figure 37. Convolute Laminations within Storm(?) Emplaced
Sandstone Bed.
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Landward of the transition zone, wave-ripple percentage decreases due
to the increased erosion and amalgamation of storm layers.

Hummocky upper surfaces were present in Hs, as they were in Hm.
The only difference between the two sub-facies was that the hummocky
upper surfaces in Hs were capping thicker beds. Starved hummocks
which were characteristic of Hm, were absent in Hs. This is probably
due to a greater amount of sand, which is also a function of greater
proximity to the source.

The Tlast bedding sequence to be examined includes bioturbated
beds that lack any primary structures. Faint Tlaminations were
detected 1in a few cases, and were commonly horizontal laminations.
The thin bioturbated beds were always associated with storm sandstone
beds. This association indicates the biogenic reworked beds may also
be storm sandstones that have subsequently been reworked by fair-
weather bioturbation activity.

The intervening mudstones were generally lacking in bioturba-
tion, which was manifested by the fissile nature of the 1lithology.
Byers (1974) studied shale fissility and concluded it is related to
the parallel orientation of mineral grains in the rock fabric.
Normal marine rocks should lack fissility due to bioturbation, where-
as, lifeless marine mudrocks should exhibit good fissility due to
lack of burrowing and preservation of particle alignment. Rare
stratigraphic intervals did occur in which the mudstone was blocky
and had lost all traces of fissility. This indicates that there were

times when environmental parameters were conducive for metazoan life.
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But in general, both trace fossils and body fossils were lacking from
this normally quiet, placid (relatively oxygen depleted?) environ-

ment.

Depositional Conditions of Facies MB

Facies MB represents the most heavily burrowed interval in the
entire Formation. Primary sedimentary structures and bedding sur-
faces were commonly obscured by biogenic activity. Even though
information 1in the form of physical structures was lacking, the
facies is interpreted to represent an alternation between fairweather
deposition (mudstone) and storm deposition (silty-sandstone). Domi-
nant sedimentary structures which were detected included horizontal
laminations, low-angle cross-laminations (HCS?), and wave-rippled
upper surfaces. Where undisturbed by biogenic activity, the soles of
most beds were sharp and flat, lacking in any erosive features. The
presence of sharp-based silty-sandstone beds indicates that a sudden
change from mud deposition to silt and sand occurred and may be
attributed to high velocity and highly competent currents. However,
the lack of scour features implies that the currents which deposited
the coarser grained beds were not strong enough to scour the muddy
bottom and/or the muds were cohesive enough to resist any erosion.
The tops of beds were commonly burrowed, to rarely flat or wave-
rippled. No ripple cross-lamination was detected in any of the beds.
The presence of wave formed features indicates that at least some of

the time oscillatory currents affected the sea bed. Analysis of
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facies MB on the east limb of the fold revealed slightly more primary
structures and less bioturbation. Wave-rippled upper surfaces, hori-
zontal laminations, HCS, and amalgamation of layers were common fea-
tures. This additional information supports the inference that the
silty-sandstone beds are of a storm origin.

One of the more distinctive features of this facies, in addition
to the abundance of burrowing, was the abundance of brachiopods.
Compared to the rest of the Rockwood Formation, which for the most
part lacks skeletonized taxa, this facies represents a substantial
change from earlier environments which characterized the Rockwood
Shelf. Both the abundance and diversity of traces was also high.
Such a profusion of 1life indicates a stable low-energy environment.
Most of the burrows are horizontal, inferring low-energy and less
abrupt shifts in temperature, salinity, and oxygen (Frey and Pember-
ton, 1984). The amount of oxygen was probably high in this environ-
ment, which can be inferred from the abundance of life and the maroon
coloration (iron oxide?) within the sediments.

A similar facies was described by Chowns (1972) in the nearby
Red Mountain Formation (Lower Silurian), at Ringgold, Georgia,
approximately 15-20km southwest along-strike of the study area
included in this thesis. The facies was termed the red shale facies
by Chowns and was characterized by red shale interbedded with fine
sandstone beds. Chowns interpreted the red color to be the result of
an oxidizing environment which prevented reduction of iron coatings.

The facies occurs in the upper part of the Ringgold section, repre-
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senting Upper Llandoverian time (Chowns, 1972). Facies MB at White-
oak Mountain also occurs in the upper part of the stratigraphic sec-
tion, and age dates on Eocoelia brachiopods indicated middle Late
Llandoverian. In addition, Eocoelia brachiopods were also documented

by Chowns in the red shale facies.

Depositional Conditions of Facies AH

The amalgamated hummocky(?) (AH) Facies represents shoreface
storm layers. Beds are typically thin to thickly bedded and exhibit
the following characteristic sequence. The bases of beds are ero-
sional and typically contain a concentration of skeletal debris, that
is succeeded upward by parallel Tlaminations to low-angle cross-
laminations (HCS?). Wave ripples, bioturbation, and intervening
shale are extremely scarce, which may be due to the erosive nature
and amalgamation of wunits. Similar sequences were described by
Aigner and Reineck (1982) and Kumar and Sanders (1976), who termed
them "shoreface storm deposits.”" Such sequences are typically sand-
wiched between tidal deposits and open shelf facies. This same posi-
tion is represented by Facies AH, with wave- (fairweather and storm)
and tidally influenced deposits above (Facies FC), and more offshore,
storm-dominated deposits below (sub-facies Hs).

Brenchley (1985) described characteristics of shoreface storm
deposits that are similar to those contained in Facies AH. In
Brenchley's descriptions, units are thickly bedded, amalgamated,

planar-laminated, and may or may not contain HCS. The abundance of
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sandstone and lack of shale in amalgamated facies AH probably result-
ed from repeated and continual reworking by waves and currents in a
shoreface environment. It has been speculated that the geologic
records of shoreface deposits is dominated by storms (Kumar and
Sanders, 1976). Successive storms in the shoreface erode fairweather
units and possibly the top parts of the preceding storm deposits.
Such erosion may account for the lack of wave ripple laminae, biotur-
bation and shale in Facies AH.

One of the difficulties with the analysis of this facies was
that the degree of amalgamation made identification of individual
events troublesome. Similar amalgamated hummocky sequences were
described by Dott and Bourgeois (1982). They were also typically
devoid of mudstone, rippled surfaces, and burrowed intervals. In
their model (Fig. 38) one hummocky zone succeeds another. They dis-
cussed the fact that in such sequences first-order and second-order
truncation surfaces are not easily discernable, and it may be impos-
sible to distinguish between individual major events. The one
feature of Facies AH that aids in distinguishing between individual
events was the concentration of skeletal debris. A problem with lags
of shells or pebbles, however, is that they also may occur along
second-order surfaces or even within individual laminae sets (Dott
and Bourgeois, 1982). The significance of such amalgamated hummocky
sequences are that they indicate shallower conditions, in which

larger waves dominated and storm events more commonly affect the

bottom.
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Depositional Conditions of Facies QA

Facies QA represents the most enigmatic interval in the entire
Formation. It occurs at the base of the Rockwood, conformably over-
lying the Upper Ordovician Sequatchie Formation, which represents a
tidal flat to shallow subtidal environment (Milici and Wedow, 1977).
The position of the basal Rockwood above the Sequatchie suggests that
a marine origin is probable. Evidence indicating a marine origin is
as follows: (1) open-marine megafossils; (2) Cruziana trace fossils;
and (3) concentrations of glauconite, phosphate, and chamosite. Bio-
turbation was extensive, erasing most primary structures. This hind-
ered the collection of paleocurrent data, resulting in only a few
measurements. The few primary structures that were detected were
trough cross-stratification, horizontal laminations, and ripple
cross-laminations.

The basal Rockwood at Whiteoak Mountain has been interpreted to
be part of a transgressive phase, representing the action of advanc-
ing oceanic currents over the Upper Ordovician Sequatchie (Milici and
Wedow, 1977). In contrast, Thompson (1984) interpreted the basal
Rockwood to represent a short lived emergence in which coastal sands
and tidal channels temporarily prograded out over the underlying
Sequatchie. However, no evidence for emergence (such as mud cracks,
etc.) or deep channeling was detected in Facies QA at Whiteoak Moun-
tain. One of the characteristic features of the base of the Rockwood

at Whiteoak Mountain and at other sections in east Tennessee, is the
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presence of a bioturbated sandstone bed resting on a transgressive
(?) lag of material. Exactly what this basal section represents is
unknown, but the ubiquitous bioturbated sand associated with a thin
lag zone seems significant. The position of the section at the
beginning of Silurian time, when sea level was rising (McKerrow,
1979), and the thin lag of material implies the interval may record
the Upper Ordovician/Lower Silurian transgression. Unfortunately the
burrowing has erased the evidence necessary to determine what deposi-

tional processes dominated in this part of the section.

Depositional Conditions of Facies FC

Facies FC occurs in the middle of the Rockwood Formation and
contains high-angle cross-strata, representing deposition above fair-
weather wave-base. Facies FC represents a prograding, shoaling-
upwards sequence that was dominated by wave and tidal processes. The
most common sedimentary structures were trough-cross strata and wave/
current ripples, resulting from the migration of three dimensional
dunes (megaripples) and small-scale ripples, respectively. Figure 39
exhibits the dominant sedimentary structures, amount of sandstone and
shale, and the general nature of Facies FC.

Facies FC represents a sub-tidal environment rather than a
supra-tidal or intertidal setting. One of the factors arguing
against a supra- or intertidal environment was the lack of mud cracks
or any other emergent indicators. Additional evidence indicating

offshore shallow-marine deposition (sub-tidal) include the following:
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(1) The presence of open-marine body fossils; (2) Cruziana trace
fossils; (3) Glauconite, phosphate, and chamosite accessory minerals;
and (4) Absence of deep channels.

Evidence for tidal currents is relatively weak in this facies,
although some features are not in conflict with a tidal interpreta-
tion. The paleocurrent data for this facies is sparse and exhibits a
polymodal pattern. Such polymodal (multimodal) patterns are diagnos-
tic of some tidal environments (Johnson, 1978) signifying fluctua-
tions in direction or the rotary inclination of tidal currents, pos-
sibly with superimposed storm activity. The abundance of cross-
bedding (indicating dunes) is a common feature in the modern environ-
ments of tidal seas (Johnson, 1978). Clay drapes were an additional
factor indicating tidal currents, although they were not documented
in great numbers. Typical tidal flow indicators lacking in this
facies were herringbone cross-bedding, reactivation surfaces, and
tidal bundles.

Evidence for wave activity (fairweather and storm) was repre-
sented by the abundant wave ripples and mud clasts, which tended to
be concentrated at the tops of 1layers. Intervals in which wave
ripples dominated indicated that the main sources of energy here was
meteorologically induced by fairweather waves, and possibly storms.
Subordinate amounts of current ripples were intercalated with the
wave-formed features, possibly in response to tidal(?) currents. The
presence of mud chips can be attributed to the action of storms

(Cotter, 1983), that swept through this area and ripped up the muddy
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bottom. The concentration of some of the mud clasts at the tops of
beds appears to be the result of winnowing due to wave activity
(Levell, 1980).

A summary of the characteristics of this facies is exhibited in
Figure 39. As can be seen from the figure, the Facies was divided up
into four sequences based upon sedimentary structures and inferred
depositional conditions. Overall the Facies composes a coarsening-
upward sequence that represents a gradual (and fluctuating) increase
upwards in wave and current activity in response to a prograding sand
body. Driese (1986 a, b) has described a similar progradational
sequence in the Rockwood Formation from several strike belts in
northeastern Tennessee. He interprets this sequence to represent a
major regressive phase during which shoreface Clinch sands prograded
across the muddy Rockwood shelf. Deposition within the prograding
sands was dominated by tidal and wave processes. The analysis of
Facies FC at Whiteoak Mountain thus appears to reinforce the previous
interpretations of Driese (1986 a, b) on the Rockwood in northeastern

Tennessee,

Iron Mineralization in the Rockwood

Most of the iron mineralization in the Rockwood was concentrated
in Facies FC and AH, with a subordinate amount in sub-facies Hm.
Within these facies, the iron principally occurred in three litholo-
gies:  the hematitic quartz arenite of Facies AH; the sublitharenite

and litharenite of Facies FC; and the trilobite-echinoderm wacke-
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stone-packstone of sub-facies Hm. The occurrence of these ferrugin-
ous beds are within the middle part of the Rockwood section (Fig.
40). The presence of iron minerals (iron-oxides, iron-silicates) is
not uncommon in terrigenous sedimentary rocks, however, what is so
unique about these ferruginous rocks is the amount of iron present,
which is generally in excess of 15% of the total rock. Rocks that
contain more than 15% iron are considered "ironstones" (James, 1966;
Van Houten and Bhattacharyya, 1982). These rocks are thought to form
either by direct deposition as ferruginous sediment or by chemical

replacement of sediment.

Types of Iron Minerals - Hematite is the chief iron-bearing mineral

in these sedimentary ironstones, and is abundant 1in all three fer-
ruginous 1lithologies. Hematite was detected both coating fossil
fragments as well as partially or wholly replacing skeletal grains.
It also coated quartz grains, and occurred as matrix material.
Glauconite was also very prominent in these rocks, occurring as
pelletoidal material and partially replacing skeletal material. Less
abundant iron-bearing minerals include chamosite, commonly in the
form of ooids, limonite (generally replacing glauconite and hema-

tite), and siderite cement.

Environmental Conditions - One of the problems in the study of

iron-rich sediments 1is the 1lack of adequate modern analogues,
although many do exist. Iron minerals are forming today in the fol-

lowing environments: (1) tidal flats; (2) bog lakes; (3) oceanic
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shelves in tropical climates; and (4) deep basins with restricted
circulation, such as Scandanavian fjords and the Black Sea (Blatt et
al., 1973). The problem is that these settings do not sufficiently
explain the types of deposits seen in the geologic record.

Extensive work has been conducted on Phanerozoic ironstones by
Van Houten and Bhattacharyya (1982), who concluded that a specific
set of environmental and tectonic conditions are necessary for the
concentration and formation of iron-sediments. A mild maritime cli-
mate along with widespread transgressions of the continents, rela-
tively subdued tectonic activity, deep weathering, and a high stand
of sea-level are the criteria necessary for iron concentration. The
combination of these factors results in the release of iron and clay.
Of the above mentioned factors, the most critical ones are mild cli-
mate, subdued tectonic activity, and deep weathering.

The source of the iron and how it is brought to the depositional
site have, for a long time, been major problems. The ideal
conditions for the supply of iron to surface waters is in tropical,
humid areas of low relief, where chemical weathering is intense
(Blatt et al., 1973). Work has been conducted on the "Middle"
Silurian Clinton group in the central Appalachian basin by Hunter
(1970), who concluded the iron was derived from east of the basin,
probably from the same land area that supplied the clastic material
to the basin. The iron most likely originated from iron-bearing
rocks in the source area. For the concentration of the iron, the

amount of clastic input must be kept to a minimum so the iron-bearing
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minerals will not be diluted by other sediments. The c¢ritical
factors in preventing dilution are restricted circulation and a
shallow body of marine water (Hunter, 1970).

Ironstone beds (specifically oolitic ironstone) are associated
in the geologic record with transitional stages, either at the end of
a regional regression or at the beginning of a renewed transgression
(Van Houten and Bhattacharyya, 1982). Hallam and Bradshaw (1979)
noted that oolitic ironstone sequences commonly mark the late stages
of regional regressions, in which terrigenous input has lessened as
the sea has shallowed. They related these regional changes in water
depth to eustatic rises and falls of sea-level. Hunter (1970) stated
that most ironstone beds in the geologic record are associated with
major lithologic or faunal breaks. These horizons appear to repre-
sent times of shallowing due to decreased subsidence or actual uplift
of the basin. Cotter's (1983) analysis of the "Middle" Silurian iron
sedimentation in the northern Appalachian basin revealed a correla-
tion between the concentration of iron minerals and periods of lower-
ed sea-level. He interpreted this to be a time when the Taconic
Highlands were reduced, and the sub-tropical latitude provided for
intense weathering, at least seasonably. The result of such weather-
ing was largely clay minerals (kaolinite?) and hydrated iron oxides.
The "Middle" Silurian in Pennsylvania appears to have been a time
where conditions were very conducive for iron sedimentation.

The Lower Silurian Rockwood Formation of southeastern Tennessee

also was a time and place where environmental and tectonic factors
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were favorable for iron concentration. Studies from the literature
(e.g., Castano, 1950; Cotter, 1983) indicate that a specific set of
conditions must be met before precipitation and concentration of iron
can occur. A possible scenario has been worked out for the iron
mineralization of the Rockwood, which largely draws upon the ideas of
Castano, 1950; Cotter, 1983; Hunter, 1970; Bhattacharyya and
Kakimoto, 1982; Van Houten and Bhattacharyya, 1982; and Hallam and
Bradshaw, 1979. The iron ores of the Rockwood Formation were inter-
preted to have been deposited in shallow, well-aerated seas, where
the water was clear and warm. The Taconic Highlands, which lay to
the east of the proposed shoreline, were in their waning stages and
clastic input was probably at a minimum. Eastern Tennessee's postu-
lated subtropical latitude of 30 degrees south (Ziegler et al., 1977;
1979) would allow for periodic intense chemical weathering (much like
what Cotter (1983) envisioned for the "Middle" Silurian of Pennsylva-
nia), which would release clays and iron oxides that were probably
transported to the shoreline by rivers or ground-water. The trans-
port of iron in solution would require rivers and ground-water of low
pH and low Eh (Hunter, 1970).

The rivers (and/or ground-water) would deliver the clays and
iron oxides to the nearshore zone, which was probably dominated by
megarippled and rippled sand shoals and skeletal shell banks. Once
the rivers entered the sea, they would deposit their clastic load.

If their entrance point was an area of open circulation, the iron

would precipitate immediately and be diluted by the clastics. A pos-
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sible solution to this dilemma (proposed by Castano, 1950) would be
for the rivers to enter a lagoon or some other body of water where
circulation is restricted. In this situation, the clastics would be
dropped, however the iron would probably stay in solution and pass
through this zone until reaching ocean water that is in equilibrium
with calcium carbonate. Here the iron could precipitate and not be
diluted by clastic input. In this situation the iron would be pre-
cipitated as iron-oxide and replace calcium carbonate as well as pre-
cipitate freely. This would result in the coating of sand grains and
skeletal debris, as well as replacement of skeletal material. If
agitation was sufficient, concentric rims could form around the
grains. If the clay content was high enough, chamosite may form
instead of hematite. In general though, concentrically coated,
oolitic material was scarce in the Rockwood at Whiteoak Mountain,
implying that agitation may not have been sufficient enough to allow
for mechanical accretion of iron-oxide or clays. When concentrical-
ly coated material was present, it was typically in the form of hema-
tite and rarely chamosite. The lack of chamosite-coated grains indi-
cates the amounts of clay were low compared to the amount of iron-
oxide.

The majority of the iron in the Rockwood is concentrated in the
subtidal storm beds (Facies AH), cross-stratified beds (Facies FC,
representing the megarippled and rippled sand shoals) and thin,
Tenticular storm beds of sub-facies Hm. The iron sedimentation is

associated with the major regressive phase of the Formation, when
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Clinch-like sands prograded out across the muddy shelf. This was a
time of lowered sea level, when the slightly agitated megarippled and
rippled sand shoals (and skeletal banks) expanded towards the basin
center. The thin, lenticular storm beds were probably eroded from
these sand shoals and skeletal banks by storms that swept through the
area. The storm flows transported the ferruginous skeletal and
clastic material basinward, and deposited them within the mudstone
dominated sub-facies. These iron-rich storm beds (generally skeletal
wackestone-packstone) occur rarely, and are associated with mudstone
and sandstone/siltstone storm beds. The erratic nature of the fer-
ruginous-skeletal storm beds may be a function of the rare occurrence
and concentration of iron within the nearshore marginal shoal areas.
Such a sporadic distribution of iron seems reasonable due to the del-
icate balance of factors necessary for iron concentration. Cotter
(1983) discussed how rises in sea-level decrease the amount of agita-
tion in the nearshore zones, resulting in the sedimentation of mud
and lack of iron accumulation. Hunter (1970) attributed the decrease
in iron-content in the uppermost Clinton to movements of the strand
line and climatic factors. Gradual marine transgression of the
source area that supplied both clastic and iron material to the basin
could result in a decrease or complete cessation of iron concentra-
tion. A decrease in rainfall could also result in less transporta-
tion of the iron. The change in the amount of precipitation is prob-
able if the source area (Taconic Mountains) was decreasing in relief,

and this might have resulted in a decreasing ability of the uplands
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to force air currents to rise, cool, and precipitate. In the case of
the Rockwood, these hypotheses may apply. The regressive phase in
the middle of the Rockwood, which ended with the deposition of the
subtidal storm beds (Facies AH) and megarippled and rippled sand
shoals (Facies FC) was followed by a transgression that may have
affected the source area, and cut-off the concentration of iron. A
decrease in rainfall is probable in the Rockwood, however, there is
no conclusive evidence.

What is so unique about the iron-rich rocks within the Rockwood
and other iron-bearing formations like the Clinton, is the lack (or
rarity) of other iron-rich sedimentary rock in the Appalachian basin
stratigraphic section. Hunter (1970) attributed this phenomenon to
the tectonic setting of the depositional basin and source area.
Iron-rich sediments are rare in terrigeneous clastic rocks deposited
during orogenies because the rapid erosion of the land area probably
resulted in incomplete weathering of the source rocks, and the high
rate of clastic sedimentation would dilute any iron that may have
been present. The Rockwood, much like the Clinton, was deposited
during a period in between the climax of the Taconic Orogeny and the
extreme quiescence of the Early Devonian (Hunter, 1970). So it
appears the Rockwood was a time of mild climate, subdued tectonic
activity, and deep weathering. These factors and others (sea-level,
reduced clastic input) were instrumental in the accumulation and con-

centration of the iron-minerals.
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Ichnology of the Rockwood Formation

The preceding analysis of the ironstones disclosed much about
| the climatic and environmental conditions during the Lower Silurian
in east Tennessee. Similarly, the following study of the trace fos-
sils and paleoxygenation levels within the Rockwood unveils addi-
tional information about climatic and environmental parameters that
dominated this shallow marine shelf setting. Most of the information
concerning environmental conditions was based on the types and sizes
of trace fossils present. Trace fossils have been classified based
on behavioral characteristics and the major categories of benthic
behavior are as follows (from Frey and Chowns, 1972).

shallow depressions made by animals that

Resting traces
temporarily settle or dig into the sub-

strate.

Crawling traces trackways, trails and ephemeral intrastrat-
al traces made by animals traveling from
one point to another.

Grazing traces grooves, pits and furrows, made by mobile

deposit-feeders at or very near the sub-
strate surface.

Feeding structures - ephemeral burrows (temporary burrows)

or intrastratal feeding probes made by

hemi-sessile deposit-feeders; burrows also

provide shelter.
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Dwelling structures- burrows or tubes providing permanent domi-
ciles, mostly for hemi-sessile suspension
feeders.

One of the important goals of the ichnological discussion is to
distinguish between deposit-feeding and suspension-feeding burrows.
Deposit-feeders prefer quiet-water environments in which currents are
at a minimum and organic content is at a maximum. In contrast, sus-
pension-feeders prefer more agitated conditions in which abundant
food exists suspended in the water column. Being able to differenti-
ate between the two burrow types will aid in the environmental inter-
pretation of the Rockwood Formation. The trace fossils of the Rock-
wood were generally at the upper surfaces and soles of sandstone
beds, and were less commonly detected within layers.

In general, horizontal burrows dominated throughout most of the
Rockwood, with sub-ordinate amounts of vertical and sub-vertical
structures. Most of the structures detected at the upper surfaces
and soles of storm sandstone beds were simple, straight to slightly
sinuous ridges and grooves (epichnia and hypichnia), and those found
within sandstone beds were typically simple, straight cylindrical

shafts (endichnia).

Simple Straight Vertical Burrows - Vertical burrows occurred rarely,

except within some storm sandstone beds and within the sandstone
sequences deposited above fairweather wave-base in Facies FC. Most
of these vertical burrows probably represent dwelling structures of

suspension feeders. They may also represent escape structures by
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animals which preferred to exist at a certain depth in the substrate.
However, structures reflecting upward displacement of the organism
(deflected 1laminae) were only detected in a few cases. Much of the
following determination of the genera present was based Tlargely on
the work conducted by Frey and Chowns (1972), who worked on the near-
by Red Mountain Formation (Lower Silurian) at Ringgold, Georgia,
which is along-strike (15-20km to the southwest) of the study area at
Whiteoak Mountain.

Most of the vertical, simple straight shafts within the Rockwood
had diameters of lcm or 1less. Based upon the size and shape of the
burrows, these structures were determined to be Skolithos. Figure 41
shows a typical Skolithos tube within one of the Rockwood sandstone
sequences. They are interpreted as dwelling structures and are pre-
served as endichnia.

Extremely rare, small vertical tubes, 2mm in diameter that
flared at the top were observed in sub-facies Hs and were interpreted

to be Monocraterion, preserved as endichnia and representing dwelling

or combination dwelling-feeding structures (Frey and Chowns, 1972).

The genera Tigillites, which was detected at Ringgold by Frey and
Chowns (1972), was not found at Whiteoak Mountain.

U-shaped Vertical Burrows - Vertical U-shaped structures were rare in

the Rockwood and identification was difficult. A U-shaped structure
with individual burrows 3mm in diameter and overall 10mm in length
was observed in facies MB. This structure may represent Diplocrater-

ion?, which is generally an elongate U-shaped structure, or Arenicol-
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Figure 41. Skolithos Tube within Sandstone Layer.
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ites?, which is more of a broad U-shaped structure. Another problem-
atical burrow-type were cone-shaped burrows that occurred as exich-

nia. They are tentatively classified as Trichophycus, species B?

(Frey and Chowns, p. 30, 1972), which are inferred to represent dwel-

ling or combined feeding-dwelling structures.

Sub-vertical Burrows - Sub-vertical burrows were rare in the Rock-

wood, and appear to be dominated by Chondrites. These structures
were made by mobile deposit-feeders and suspension-feeders, and occur
either as dwelling or feeding structures (Frey and Chowns, 1972).
Chondrites burrow systems (according to Frey and Chowns, 1972) occur
in branched patterns and contain vertical, horizontal, and inclined
components. The diameters of the Chondrites burrows at Whiteoak
Mountain are generally small (0.5-3.0mm), which compares well with
burrow diameters measured by Frey and Chowns (1972) at Ringgold (1-
4mm). The Chondrites burrows at Whiteoak Mountain commonly occur as
inclined structures within sandstone beds and as horizontal struc-

tures at the soles of beds.

Horizontal Burrows - The horizontal burrows within the Rockwood were

generally straight to slightly sinuous to branching, and exhibited a
wide range of burrow diameters (1-30mm). The horizontal traces have

been classified into two genera, Paleophycus and Planolites, based on

burrow size and whether or not the burrow exhibited collapse struc-
tures. Frey and Chowns (1972) described Paleophycus as straight to

slightly curved, branched or unbranched and possibly collapsed.
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Planolites burrows are straight to slightly sinuous, rarely branched,
and lack collapse structures. Both Paleophycus and Planolites are
extremely abundant throughout most of the Rockwood (Fig. 42), and
constitute the most abundant trace fossils. They appear to represent
dwelling or foraging structures made by mobile predaceous animals,

and deposit- or suspension-feeders.

Trails and Trackways - The presence of trails and trackways generally

can be interpreted to be the result of predaceous or mobile deposit-
feeding animals. Trackways were not found within the Rockwood and
only one type of trail was identified. The trail was classified as
Gyrochorte, based on similarity in size and morphology to descrip-
tions by Frey and Chowns (1972). The structure (Fig. 43) is straight

to slightly sinuous, bilobate and 3-8mm wide.

Environmental Interpretation of Structures - The regional distribu-

tion of trace fossils in the rock record is a function of the
environmental conditions acting upon those organisms (Seilacher,
1967). Figure 44 (in Walker, 1984, p. 192) depicts marine ichno-
facies and their positions relative to shore. The Rockwood Formation
is interpreted to represent a shallow-marine setting above storm
wave—base' and mostly below fairweather wave-base. According to
Figure 44, the logical ichnofacies for this bathymetric setting would
be Cruziana and possibly Skolithos and/or Zoophycus. Figure 45 lists
the recurring trace-fossil associations and their environmental sig-

nificance. It appears that the Scoyenia, Glossfungites, and Nereites




Figure 42. Horizontal Trace Fossils. Upper Photo - Paleophycus?

(Note Collapse Structures).

Lower Photo - Planolites?
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Figure 43. Gyrochorte Trace Fossil.
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Typical benthic behavior

Scoyenia Ichnofacies
-Lacustrine , fluvial deposits
-Periodically become emergent

Trypanites Ichnofacies

-Consolidated marine littoral and
omission surfaces (Rocky coasts,
etc.)

Glossifungites Ichnofacies

-Protected, moderate energy settings
or in settings or areas of somewhat
higher energy. Marine littoral and
sublittoral.

Skolithos Ichnofacies

-Lower littoral to infralittoral,
high-energy conditions

-Shifting sediments

-Subject to abrupt erosion or deposi-
tion.

Cruziana Ichnofacies

-Below daily wave base but above
storm wave base

-Quieter, offshore conditions

Zoophycus Ichnofaices
-Below storm wave base to deep water

Nereites Ichnofacies
-Bathyal to abyssal
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Characteristic trace fossil.

Small horizontal, lined, back-
filled feeding burrows; Curved
to tortuous; Sinuous crawling
traces; Vertebrate tracks.

Cylindrical to tear-or U-shape
to irregular domiciles. Gnaw-
ings of algal grazers.

Vertical, cylindrical, or tear
shaped borings. Diversity
typically low.

Vertical, cylindrical, or
U-shaped dwelling burrows.
Mostly suspension feeders.
Diversity low.

Abundant crawling traces;
Both suspension and deposit
feeders. Diversity and
abundance generally high.

Efficient grazing traces; Low
diversity.

Complex grazing traces.

Figure 45. Trace Fossil Associations and their Environmental
Significance. Modified from Frey and Pemberton, 1984.
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assemblages are not present at Whiteoak Mountain. Of the other three
assemblages listed in Figure 45, Cruziana appears best developed in
the Rockwood. However, the deposition of high-energy storm sands
might have resulted in Skolithos-type tracemakers invading the
usually quiet, low-energy Cruziana-type environment. Frey and Pem-
berton (1984) discussed this phenomenon in which periodic storm scour
incorporates higher-energy deposits with lower-energy deposits. The
increased energy is represented by the encroachment of Skolithos-type
conditions in a normally Cruziana-type environment. However, the
overall bedding style of the Rockwood sands is different from the
typical Skolithos ichnofacies and storm sandstone beds tend to be
overprinted by Cruziana-type traces. One small section where an
actual Skolithos-ichnofacies did occur was at the top of Facies FC,
which has been interpreted as being deposited in shallow-water above
fairweather wave-base. The Skolithos ichnofacies interpretation was
based on higher percentage of dwelling over feeding structures,
coarser-grained lithologies, high-angle sedimentary structures, and
stratigraphic position. One of the important aspects to consider
when studying trace fossils is not to make bathymetric interpreta-
tions based upon just the trace fossils themselves (Frey and Pember-
ton, 1984). The -evaluation of physical sedimentary structures and
stratigraphic position must also be considered. One feature of

interest was the storm sandstone beds commonly were partially bur-

rowed, whereas the intervening mudstones were uncommonly so. This
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may be related to the oxygen content of bottom waters and will be

discussed in detail in the next section.

Paleoxygenation Levels on the Rockwood Shelf - The amount of biotur-

bation was distributed erratically throughout the Rockwood Formation
and did not uniformally increase in an offshore or onshore direction.
Many distal portions of the section were extremely lacking in evi-
dence of the existence of biological activity (bioturbation non-
existent in some sequences). One exception to this general lack of
evidence for organisms was Facies MB, in which burrowing was extreme.
Excluding facies MB, bioturbation was low to non-existent in the
mudstone strata, and was typically concentrated at the tops of beds
in the intervening storm sandstone beds. In addition to the general
lack of bioturbation, skeletonized organisms were also scarce.

The factors controlling the abundance and distribution of ben-
thic organisms could be wave energy, salinity, temperature, sub-
strate, oxygen content, etc. (Levington, 1982). Cluff (1980) con-
ducted a paleoenvironmental study on the New Albany Shale Group of
I11inois and concluded the most important factors controlling the
distribution of benthic organisms were wave energy, bottom oxygena-
tion and bottom topography. Of the preceding three elements, oxygen
content was the most important environmental restriction in the off-
shore areas of the New Albany Sea (Cluff, 1980).

The Tow levels of bioturbation and rarity of body fossils within

the Rockwood Formation can be related to reduced oxygen levels in the

water. Other factors (such as temperature, etc.) may have contribut-
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ed to the paucity of organisms, however, in light of recent studies
on ancient marine basins (e.g., Cluff 1980; Cotter, 1983), oxygen
levels seemed to have had the strongest effect on the biota. Study
within modern environments indicates that macrobenthic organisms do
not exist below a certain level of dissolved oxygen (Savrda and
Bottjer, 1986). Analysis of ocean waters reveals different levels of
oxygen produced by density stratification, which insulates bottom
waters from atmospheric oxygen (Byers, 1977). Oceanic basins with
this type of stratification normally contain three layers (Byers,
1977): the aerobic zone; the dysaerobic zone; and the anaerobic zone
(Fig. 46).

One of the interesting aspects of the decrease in oxygen with
depth are the changes 1in faunal composition, which can be used to
indicate relative water depth. Major faunal changes occur within the
pycnocline, where dissolved oxygen drops below 2ml/1 (Byers, 1977).
Comparison of the dysaerobic zone to the aerobic zone reveals that
the less-oxygenated zone contains communities with lower diversity,
generally smaller body size, a greater dominance by infauna and fewer
calcified species (Byers, 1977). Within the anaerobic zone there is
a complete absence of organisms (Fig. 46).

Savrda and Bottjer (1986) discussed how primary sedimentary
structures are destroyed in oxygen-rich zones. Thus, a lack of sedi-
mentary structures may imply oxygen-rich conditions, whereas preser-
vation of sedimentary structures may indicate oxygen-poor conditions.

The majority of the mudstone strata in the Rockwood were dominantly
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Aerobic Zone - Mixed surface layer, well-oxygenated, approximately
extends down to 50m of water depth. Shelly fauna and infaunal bio-
turbation present.

Dysaerobic Zone - A stratified layer (pycnocline) in which oxygen
decreases rapidly with depth, approximately 100m in thickness.
Shelly fauna lacking, however, bioturbation by infauna still pres-
ent.

Anaerobic Zone - A stagnant zone in which there is no oxygen, extend-
ing from approximately 150m to ocean bottom. Shelly fauna and bio-
turbation lacking. Sediments are laminated.

Figure 46. Different Levels of Oxygen Produced by Density
Stratification and Dominant Characteristics of Each Zone. (Byers,
1977).
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fissile to rarely blocky, implying relatively oxygen deficient condi-
tions (Byers, 1974). In contrast, virtually all primary structures
were destroyed in Facies MB, where mudstone strata was blocky and
rarely fissile, indicating more oxygen-rich conditions.

Calcified species within the mudstone strata of the Rockwood are
scarce except in Facies MB where there is an abundance of brachio-
pods, and in Facies FC and QA, where a Timited number of species were
detected. The lack of calcified species and absence to low amounts
of bioturbation implies dysaerobic to slightly anaerobic conditions
prevailed for most of Rockwood deposition. The rare instances in
which body and trace fossils were common indicate rare increases in
oxygen content of the waters on the Rockwood Shelf.

Several authors have used burrow size to estimate relative oxy-
gen levels. As the level of oxygen decreases, the size of organisms
inhabiting the environment concurrently decreases. Savrda et al,
(1984) have measured burrow diameters and documented that average
diameters and range of diameters decrease with increasing depth and
decreasing oxygen levels. Burrow diameters were measured for trace
fossils in the Rockwood and the results are shown in Figure 47.
Burrow diameters show a maximum in Facies FC, AH, QA, and show a
general decrease in sub-facies Hs, Facies MB and a further decrease
in sub-facies Hm.

If one assumes that the sea during Rockwood deposition was, for
the most part, dysaerobic to slightly anaerobic, one question to be

asked is how did the sea become poorly oxygenated? In general, open
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oceans are well-mixed by surface waves and thermal currents (Byers,
1977).  Semi-enclosed seas are easily stagnated by restrictions in
mixing, both at the surface and at depth. In general, oxygen will
not diffuse rapidly through the water column, so the oxygenation of
deeper waters requires vertical currents that carry surface water
downward. Typical vertical currents are thermal ones, produced by
the cooling of surface water which sinks, causing an overturn of
shallow water (Byers, 1977).

The sinking of cool waters can be related to climatic factors.
It has been hypothesized (Berry and Wilde, 1978) that the major
mechanism by which the deep ocean is "ventilated" 1is due to the for-
mation of ice at high Tlatitudes. The creation of ice results in
dense, well-oxygenated water sinking and delivering oxygen to deep
waters of the Tow to middle Tlatitudes. Berry and Wilde's (1978)
model proposed that during times of glaciation, dense, oxygenated
water supplies oxygen to deeper waters, and conversely during non-
glacial times there is a lack of dense cold water and anoxic condi-
tions prevail. So it appears that the amount of oxygen reaching the
deep ocean in modern environments depends on the amount of ice being
formed at the poles (Berry and Wilde, 1978).

Data from the literature indicate that the Early Silurian was a
non-glacial period that was typified by warm, tropical conditions
(Berry and Wilde, 1978). In contrast, the Middle to Late Ordovician
was a glacial period that reached a maximum at the end of the Ordovi-

cian (Berry and Boucot, 1973). [t appears that in the Early
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Silurian, deglaciation took place and resulted in a rise in sea-level
(McKerrow, 1979). Such rises in sea-level during non-glacial times
result in extensive seas covering continental shelves, which are
typically oxygen-deficient (anoxic) (Berry and Wilde, 1978). Silur-
ian seas were anoxic (in general) due to a reduction in "ventilation"
of the deep ocean waters, and a possible restricted access to the
open ocean during this time in North America may have compounded the
situation (Berry and Wilde, 1978).

It 1is speculated that the dysaerobic to slightly anaerobic
nature of the Rockwood basin can be related to the deglaciation event
that occurred during the Early Silurian, which resulted in oxygen-
deficient seas. The aerobic inclination of Facies MB seems somewhat
out of place compared to most of the Rockwood which is oxygen defi-
cient. Possibly this facies represents a perturbation in Silurian
climatic conditions, allowing for a cooling trend that resulted in a
brief period of "ventilation" of the deep ocean waters. Another
possible scenario could be that increased mixing due to higher storm
frequency and greater storm magnitude might result in a lowering of
the oxygen minimum zone.

One interesting aspect of the distribution of bioturbation in
the Rockwood is the apparent greater occurrence of bioturbation in
the storm sandstone beds, and apparent decrease of bioturbation in
the associated shale. This may be attributed to storm currents tem-
porarily oxygenating dysaerobic-anaerobic areas through the introduc-

tion of new water. Savrda et al, (1984) discussed the ability of
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turbidity currents to momentarily oxygenate the sea floor, resulting
in short periods of bioturbation by organisms that migrate into these
areas or are brought in by the current. It must be pointed out that
this phenomenon may be a recognition problem in that it is easier to
detect bioturbation in sandstone beds than in shale. The amount of

bioturbation in the shale may have been under-estimated.

General Paleocurrent Analysis

Paleocurrent measurements from sedimentary structures can
indicate the direction of flow, paleoslope, paleogeography, and
sand-body trends. A wide range of sedimentary structures can be used
in a paleocurrent analysis, some of which only indicate the sense of
current flow, whereas others yield both sense and direction. Exam-
ples from the first group that were measured in this study include
trends of wave ripples and gutter casts. Examples from the second
group include cross-strata, flute casts, and asymmetrical ripple
cross-laminations. Each time a measurement was taken in the field,
the structural dip and strike were also tabulated. If the dip was in
excess of 10° , each measurement was corrected on a stereographic
net. The method used to correct for structural deformation was taken
from Tucker (1982).

After tectonic dip was removed, the azimuths were grouped into
15° classes and plotted on a rose diagram, with a suitable scale
along the radius for the number of readings. A computer program (by

Maher and Dott, 1979) was employed to determine vector mean (8), the
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magnitude of the resultant vector (r), the angular deviation (s), and

the F-statistic (F). The results were plotted on Figure 48.

Bidirectional Structures - Bipolar paleocurrent structures were

represented by trends of wave-ripple crests and gutter casts. The
wave-ripple crests in Figure 48 exhibit two dominant and diametrical-
ly opposite trends. The NE-SW (40.85° , 220.85°)-trending ripple
crests indicate the sense of current flow was NW-SE (probably onshore
storm waves?). In contrast, the NW-SE (143.85°, 323.85°)-trending
ripple crests indicate the sense of current flow was NE-SW (possibly
alongshore waves?). The gutter casts show a strong concentration of
azimuths in a NE-SW orientation. Analysis of the gutters indicates
they tapered to the NE, which denotes flow was to the SW (possibly
alongshore geostrophic flows?). Paleocurrent measurements were also
taken from the east 1imb of the fold where beds are steeply dipping
to overturned. The trends of the wave ripples are concentrated into
two distinct groups, similar to the west limb of the fold. Wave
ripples crests trending NE-SW (22.5°, 202.5°), indicate sense of flow
to the NW-SE. Conversely, wave ripple crests trending NW-SE
(134.95°, 314.95°), indicate a sense of flow to the NE-SW. Gutter
casts were also measured on the east 1limb, and indicated flow in a
NE-SW (8.9° , 188.9°) sense. Tapering of gutters implies flow was

directed to the SW.

Unidirectional structures - Unidirectional structures were not nearly

as abundant as bidirectional structures. For most paleocurrent



115

"stsfAleuy juasundoaled o synsay gy aunbyy

” | 2ez-9
SNOILVNIWV 1 :

SS0HO
37ddIH ‘WASY

»

\

Cpubig)

6Cb -4
reeg-s
(Jiubrg)
moﬂuuh \ @N.l 5
Jeps \\ F A T I
Bra G\ 52T 'Sv-0 Aee.ir-9
$2E BHIO N o S1SVD H31IND S1S3HI 31ddiY IAVM

S1S3HD 37ddiH 3IAVYM




116

studies to be statistically viable, twenty-five to thirty data points
are usually the minimum necessary (Tucker, 1982). Eight asymmetrical
ripple cross-laminations and four trough cross-laminations measure-
ments were collected, equaling twelve altogether, which falls well
short of the twenty-five to thirty needed for a meaningful study.
The trough cross-laminations had a resultant vector mean of 271.8°,
compared to an 11.9° vector mean for the ripple cross-laminations.
Combining these two cross-strata data sets reveals a vector mean of
26°. A few rare flute casts were measured all of which indicated

direction of flow to the SW (232.3°).



CHAPTER IV

PROXIMALITY TRENDS

Introduction

The proximality concept was introduced by Aigner and Reineck
(1982) in their study of storm processes in the North Sea. They con-
cluded that the main characteristics of storm sequences were con-
trolled by water depth and distance from a shore. Storm effects are
inferred to decrease with distance from shore and with increasing
water depth. Aigner and Reineck (1982) delineated three facies belts
(coastal sand zone; transition zone; shelf mud zone), which were
based on detailed analysis of the following parameters and their

systematic changes with distance from shore (Fig. 49).

Percentage of Sand - The percentage of sand should decrease with

increasing distance from shore and conversely the amount of mud
should increase. This trend can be attributed to the decreasing
capacity of storm-induced currents to move sand into deeper, more

offshore environments.

Frequency of Storm Layers - The number of storm layers should reach a

maximum (or optimum) in the transition zone. Landward of the
transition zone, in the coastal sand facies, the frequency of storm
layers decreases for two reasons. First of all, storm layers in
nearshore zones tend to be highly amalgamated due to storm beds being

destroyed and reworked into succeeding ones. A second reason for low

117
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frequency is that proximal storm sands tend to be very thick (several
decimeters), resulting in the number of storm sands per meter of sec-
tion to be reduced. In distal areas (shelf mud zone), the frequency
is reduced because of the increased distance from land (sediment
influx decreases with distance from shore) and increased water depth
(wave effects decrease with depth, leading to a decrease in erosion

and suspension of sediment).

Percentage of Wave-Ripples - The percentage of wave ripples should

reach a maximum in the transition zone, just as with storm-bed
frequency. Wave ripples are not commonly preserved in shallow, prox-
imal facies due to abundant reworking by subsequent storm events. In
distal, deeper water wave ripples Are rare to absent due to absence

of oscillatory currents.

Storm Layer Thickness - The thickness distribution of storm sands

follows a gradual transition from thicker beds in proximal areas to
thinner beds 1in more distal areas. Both the mean and maximum

thickness should follow this pattern.

Percentage of Graded Beds - The percentage of graded beds should

increase in an offshore direction. These graded beds (similar to

turbidites) should show a maximum below storm wave base.

Amount of Bioturbation - In general, the amount of bioturbation

should be at a minimum in proximal areas due to more frequent

reworking, and also should be restricted to the tops of storm beds.
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The amount of bioturbation should increase offshore, due to the

overall lower-energy environment of deeper waters.

Coastal Sand Facies - The coastal sand facies represents the most

proximal zone of the three facies belts. It s characterized by
fine- to medium-grained sands that contain parallel laminations and
small-scale ripple bedding. In addition, shell and pebble lags,
megaripples, and flaser bedding is common. The shoreface storm sands
contained within this facies exhibit erosive bases, followed by shell
lags, horizontal laminations, and wave-ripple laminations. Bioturba-
tion is generally at a minimum and tends to be concentrated at the

tops of beds. Amalgamation of storm sands is very common.

Transition Facies - Within the transition facies storm sands commonly

contain rippled upper surfaces, interbedded mud is more prevalent and
graded bedding is rarely present. This zone is characterized by
thick (cm to a few dm) storm sands, termed "proximal" sands by Aigner
and Reineck (1982) due to their close position to the shoreface
source area. The bases of such storm beds are sharp and erosive,
commonly containing gutter casts. These proximal storm beds (or
tempestites) typically consist of a basal shell Tlag, followed by
horizontal laminations and/or low-angle laminations that, according
to Aigner and Reineck (1982), may represent HCS. These storm beds
are also generally of a finer grain-size than shoreface sands. Most
of the proximal tempestites are overlain by non-bioturbated mud,

which represents the final stages of the storm.
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Shelf Mud Facies - The shelf mud facies is dominated by silty mud

sequences which contain thin, silty-sandstone storm beds. These
sands are horizontally laminated and are commonly graded. Bases of
beds generally contain shell lags, and are commonly overlain by non-

bioturbated muds.

Application to the Rockwood Shelf - The proximality concept of Aigner

and Reineck (1982) was applied to the Rockwood Formation in order to
provide a more detailed interpretation of the storm dominated, shal-
low marine setting inferred for the Rockwood Shelf. The analysis of
the proximality parameters for each Rockwood facies led to a more
accurate determination of each facies shelf position (ex: distal,
proximal). These parameters support the inference that Facies H and
MB represent deposition below fairweather wave base, and Facies FC,
QA, and AH indicate deposition above fairweather wave base. The ver-
tical stacking of these facies records an upward transition from
distal to proximal tempestites, indicating the occurrence of repeated
progressive shallowing.

Analysis of Figures 50 and 51 reveal how distal facies (shelf-
mud zone) are overlain by more proximal facies (transition zone,
coastal-sand zone) in the lower, middle and upper portions of the
Rockwood Formation. The arrangement of the distal, proximal, and
shoreface storm sequences are an indicator of the relative sea-level
changes that occurred within the Rockwood.

The determination of distal, proximal, and shoreface storm

deposits was based upon the parameters listed in Figure 52. Distal
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tempestites (Hm, MB?), within the shelf-mud zone, were characterized
by thinner sandstone beds, 1lower storm-bed frequencies, and lower
percentage of wave ripples (Fig. 53, 54, 55). Overall the percentage
of sandstone was low and the amount of bioturbation ranged from low
to very high. Graded beds were common in the shelf-mud zone, and
reached a maximum in the middle of the Rockwood section.

In contrast, proximal tempestites (Hs) were characterized by a
higher sandstone-to-shale ratio, thicker beds, higher storm-bed fre-
quency, and higher percentage of wave ripples (Fig. 53, 54, 55). The
amount of bioturbation ranged from moderately low to moderately high,
and the frequency of graded beds was low to moderate. The evaluation
of these parameters indicates a more proximal (transition zone) loca-
tion compared to the distal (shelf-mud zone) facies.

The coastal sand facies (FC, AH, QA) represent the most landward
and shallowest of all facies. The sandstone strata are commonly
thickly bedded, amalgamated in part, have a high sandstone-to-shale
ratio, low storm-bed frequency, and low percentage of wave ripples
(Fig. 53, 54, 55). Bioturbation ranges in abundance from low to
high, and graded beds are rare. Grain size is at a maximum in this
zone (compared to the rest of the section) and the presence of high-

angle cross-bedding indicates deposition above fairweather wave base.
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The Application of the Proximality Parameters on the Rockwood Formation.

Figure 53.
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CHAPTER V

ORIGIN OF THE ROCKWOOD

Depositional Model

The Rockwood Shelf was affected by a variety of hydrodynamic
processes including tidal, alongshore, and various storm currents.
Deposition on the shelf was dominated by storm processes, with a sub-
ordinate amount by fairweather wave and tidal processes. Before an
analysis can begin on the synthesis of these processes into a deposi-
tional model, a knowledge of the paleogeography and paleoclimatology

of the Lower Silurian in east Tennessee is necessary.

Paleogeography and Paleoclimatology - Extensive work has been

conducted on Silurian paleogeographic positions of the continents and
paleoclimate by Ziegler et al, (1977; 1979). Their studies suggest a
paleolatitude position for east Tennessee of 30° south of the pale-
oequator (Fig. 56). Such a position places the Rockwood Shelf
environment southwest of highland source areas, which were in the
declining stages of the Ordovician Taconic orogeny. In this set-
ting, east Tennessee would have been 1influenced by sub-tropical,
high-pressure conditions, which were warm and characterized by marked
seasonal variations in rainfall. Atmospheric circulation patterns
were modeled (by Ziegler et al., 1977; 1979) for both winter and

summer conditions. Summer winds, more than likely, were trade winds
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Southern Hemisphere Winter

After Ziegler et al, 1977

B - Atmospheric Circulation Patterns for Summer and Winter
Conditions.

Figure 56. Continued.
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that approached from the east. In contrast, winter winds probably
approached from the southwest.

The paleoshoreline during Rockwood time has been postulated to
trend in a northeast-southwest direction (Driese, 1986 a, b). Driese
(1986 a, b) has applied Swift and Niedoroda's (1985) storm-surge
(coastal set-up) model to the Rockwood Shelf (Fig. 57), and it
appears that winds from the west, northwest, and northeast would have
resulted in coastal set-up conditions. The result of such a set-up
would be the generation of an offshore-oriented bottom-return flow.
This then would evolve into a southwesterly directed geostrophic
flow. It will be shown 1in the following section that paleocurrent
data support the existence of a southwesterly oriented geostrophic
flow, in addition to onshore storm waves (NW-SE) and alongshore waves

(NE-SW).

Interpretation of Paleocurrent Data - In general there were two wave-

ripple-crest trends in the Rockwood, those oriented parallel (to
slightly oblique) to paleoshoreline and those oriented perpendicular

to paleoshoreline. These ripple crests were analyzed in terms of

their position relative to the proposed shoreline. In the distal
facies, NW-SE trending ripples (perpendicular to shoreline) were
slightly more common the NE-SW ripples (parallel to oblique to shore-
line). Conversely, in more proximal facies, ripple crests were domi-
nated by NE-SW trending ripples (parallel to oblique to shoreline),
with a subordinate amount of NW-SE trending ripples (perpendicular

orientations with respect to shoreline). An amazingly similar
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pattern was documented by Aigner (1985) from his study of the South
German Basin. He also noted a greater percentage of parallel-
oriented wave-rippled crests in nearshore areas, and of perpendicu-
lar-oriented wave-rippled crests in distal zones. This type of
pattern indicates that in distal portions of the shelf, alongshore
winds and storm systems were producing alongshore wave trains in
deeper water. Then in response to the Coriolis force, alongshore
winds would drive the water towards shore, resuiting in the greater
percentage of parallel wave-ripple orientations in the more proximal
settings.

Both the gutter casts and flute casts detected at the bases of
the storm beds indicated flow was to the southwest. This direction
was more or less parallel with the paleoshoreline, indicating the
presence of very erosive, alongshore, bottom-hugging flows. This
erosive flow may be the result of storm-surge-ebb (relaxation) flows,
which evolved into geostrophic flows that traveled parallel to iso-
baths. Most of the erosive structures indicating flow to the south-
west were associated with the more distal portions of the section.
This implies it may have taken a finite travel distance for the
Coriolis force to deflect the relaxation flow and create the geostro-
phic current. Proximal portions of the section were lacking in ero-
sive features (such as gutter casts) on the soles of storm beds,
which may indicate the geostrophic flow had not completely evolved

within that portion of the shelf.



139

Dynamic_Zones of the Coastal Ocean - The differences in paleocurrent

data (wave ripple crests, gutter casts, flute casts) between the
distal and proximal portions of the section may be a function of dif-
ferent coastal zones. Swift and Niedoroda (1985) have hypothesized
that the shoreface and inner shelf consist of distinct dynamic zones
(Fig. 58). The inner most zone seen in Figure 58 is the surf-zone,
which was not detected at the section on Whiteoak Mountain. Seaward
of the surf-zone lies the friction dominated zone, which is a turbu-
lent sector where the effect of bottom friction influences all flows.
In this zone the effects of the Coriolis force are reduced due to
shallow water depth and strong turbulence. The result of these
factors is to cause the currents to flow shore-normal, or along the
horizontal pressure gradient. Beyond the friction zone lies the geo-
strophic zone. The differences in the dynamics that characterize
these two zones are mainly a function of water depth. Here in the
geostrophic zone, friction has less of an effect, and the influence
by the Coriolis force is greater. In this zone, currents tend to
flow normal to the horizontal pressure gradient, or shore-parallel.
According to Swift and Niedoroda (1985) the friction-dominated zone
extends to approximately 10m of water depth. In comparison, the geo-
strophic zone does not extend any farther landward than about 30-50m
of water depth. In between these two zones lies a transition zone
that contains characteristics of both sectors.

Swift and Niedoroda's (1985) model for coastal zones can be

applied to the Rockwood Shelf. The distal portion of the Rockwood



FRICTION
SURF OOMINATED GEOQSTROPHIC
ZONE ZONE TRANSITION ZONE
UPPER
BOUNDARY
&, LAYER
Y
-
w
2
LOWER
BOUNDARY
LAYER

KILOMETERS

Figure 58. Dynamic Zones of the Coastal Ocean
(Swift and Niedoroda, 1985).

140



141

Formation represents deposition within the geostrophic-dominated
zone, in which the effects of friction were reduced and the Coriolis
force was a dominant factor. The southwest direction of gutter casts
and flute casts, and the dominance of wave-ripple crests per-
pendicular to shore (sense of flow NE-SW) are 1in accordance with
Swift and Niedoroda's predicted model for the direction of flow in
the geostrophic zone. In addition to the NW-SE trending ripple
crests (perpendicular to shore), a high percentage of the ripple
crests were oriented to the NE/SW (parallel to shore). The presence
of the shore-parallel ripple crests (though not as abundant as the
shore-perpendicular ripple crests) indicates the influence of the
friction-dominated zone where currents tend to flow shore-normal.
The encroachment of the friction-dominated zone in the distal portion
of the Rockwood section is probably a function of intensity of the
forcing mechanisms. Extreme conditions may result 1in expansion or
contraction of these zones, depending upon the conditions (Swift and
Niedoroda, 1985).

In contrast, the proximal portion of the Rockwood was dominated
almost exclusively by shore-parallel crests. This indicates the
greater effect by bottom friction on all flows in this part of the
Rockwood Shelf. A subordinate amount of shore-perpendicular ripple
crests were detected, supporting the influence of the Coriolis force

in this sector, although it was of lesser importance.

Individual Strata and Hydrodynamic Processes - In addition to the

hydrodynamic information that can be gained from paleocurrent data,
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the analysis of the individual strata unveils much about the flows
that created them. In general, the strata of the Rockwood can be
classified into three hydrodynamic regimes: (1) deposition above
fairweather wave-baée; (2) deposition below fairweather wave-base but
above storm wave-base; and (3) deposition below storm wave-base(?).

Some of the strata within the most distal (and deepest?) part of
the section lacked evidence for oscillatory flow. Typically these
beds were horizontally laminated or graded. The absence of wave
formed features implies deposition may have been below storm wave-
base. These beds were probably deposited by storm-generated
unidirectional flows and were not reworked by storm waves due to
great water depth.

The strata that did contain evidence for oscillatory flow indi-
cates deposition above storm wave-base (below fairweather wave-base)
by combined-flow currents. It can be assumed that the flows that
created the beds below storm wave-base were also responsible for the
beds above storm wave-base, however, beds above storm wave-base were
reworked by oscillatory flow, leading to their complex, combined
nature. Features indicative of combined flow currents were form-
discordant wave-ripples, HCS, micro-HCS, and graded bedding. Within
this realm, both the action of the unidirectional flow transporting
the material and storm waves impacting the sea bottom influenced the
resultant sedimentary structures. The degree of influence by oscil-
latory wave currents appears to be a function of water depth. As the

intensity of the wave (oscillatory) component changes, so does the
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corresponding shelf strata. Swift and Niedoroda (1985) have devised
a model (Fig. 36, p. 72), which shows the distribution of strata-
types in a shallow shelf environment. There are three zones (exclud-
ing the graded mud beds) in their model that appear to be differenti-
ated upon the characteristic sedimentary structure. The cross-bed
zone indicates deposition above fairweather wave-base. The hummocky
zone is below fairweather wave-base and indicates a regime where the
wave orbital current component is high relative to the mean flow com-
ponent (Swift and Niedoroda, 1985). The deposition of HCS probably
was the result of geostrophic storm flows combined with wave orbital
currents (Swift, et al., 1983). The graded bed zone is seaward of
the hummocky zone and is characterized by beds deposited from suspen-
sion by tidal or storm flows. These flows were typically combined
flows, but the absence of hummocks suggests the ratio of the wave
orbital current component to the mean flow component was very low.

[t is postulated here that Swift and Niedoroda's model can be applied
to the sequence of features seen in the Rockwood. Figure 59 is a
hydrodynamic model (for the Rockwood Formation), which is a combina-
tion of Swift and Niedoroda's coastal zone model and distribution of
strata-type model. The sequences deposited above fairweather wave-
base, in the friction-dominated zone, were Facies FC, QA, and possib-
ly AH(?), where deposition was dominated by tidal and storm currents.
The sequences deposited below fairweather wave-base, in the transi-
tion and geostrophic zones, were sub-facies Hs, Facies MB, parts of

sub-facies Hm, and possibly Facies AH(?), where the influence of
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wave-orbital current is high and deposition is dominated by storm
flows. Farther seaward lies the zone of graded beds, in the geostro-
phic zone, where the influence of oscillatory currents 1is reduced.
This is analogous to the more distal portions of the section (parts

of sub-facies Hm) where wave-formed features are rare.

Fairweather Processes - The majority of the preceding discussion has

investigated the effects of storm flows on the Rockwood Shelf. How-
ever, most of the Rockwood Formation is composed of mudstone strata
that indicates fairweather deposition. Figure 60 depicts the postu-
lated fairweather conditions that existed in this shallow-marine set-
ting. During fairweather periods below fairweather wave-base, the
sea-floor was dominated by suspension sedimentation of fines and par-
tial bioturbation of storm beds. Above fairweather wave-base fair-
weather tidal and wave reworking of storm sand sequences occurred.
This reworking of storm sequences above fairweather wave-base erases

most of the evidence for storms in this setting.

Relation of the Rockwood to Equivalent Strata

The purpose of this section was to correlate the Lower Silurian
Rockwood Formation at Whiteoak Mountain to equivalent rocks to the
east (Clinch Sandstone), the north (Tuscarora Formation; Medina
Group; Clinton Group) and to the south (Red Mountain Formation).
Biostratigraphic correlation between Formations was difficult because
of the general lack of body fossils. Lithostratigraphic correlations

were made between similar facies sequences.
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It has generally been thought that the Rockwood is contemporan-
eous with the Clinch Sandstone, which lies to the east and represents
deposition in littoral environments (Miller, 1976; Thompson, 1984).
However, the age of the Upper Rockwood (C3-C5) 1is younger than the
Clinch Sandstone (C2-C3, Berry and Boucot, 1970), implying only the
lower Rockwood may be equivalent. The Clinch Sandstone is divided up
into a basal Hagan Shale Member (intercalated sandstone and shale),
and overlying Poor Valley Ridge Member (super-mature quartz-arenite)
(Fischer, pers. comm.). In some areas to the east and north (e.qg.,
along Powell Mountain, near Duffield Virginia) where erosion along an
unconformity surface has not removed too much section, a maroon-red,
heavily bioturbated silty sandstone and mudstone interval containing
mudcracks (indicating emergence) caps the Poor Valley Ridge member
(Marks, pers. comm.). This vertical succession of facies indicates
an upwards shoaling event. Similarly, the lower Rockwood represents
a shallowing event where distal mud facies (Hm) are overlain by more
proximal facies (Hs) and coastal sand facies (AH, FC). Possibly the
heavily bioturbated, mud-cracked emergent interval at the top of the
Clinch at Powell Mountain is equivalent to Facies FC in the middle of
the Rockwood, which represents the shallowest conditions in the
Formation.

A similar emergent facies was described by Cotter (1983) in cen-
tral Pennsylvania overlying the Tuscarora Formation, which is a Lower
Silurian Clinch Sandstone equivalent. The interval was termed the

Castanea Member by Cotter (1983) and is a thin, regressive red-bed
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sequence interpreted as a progradational coastal sand/mud flat com-
plex. The top of the Tuscarora has been dated at mid-Llandoverian
(C2-C3), which correlates with a eustatic regression during that same
time (C2-C3; McKerrow, 1979). Possibly the eustatic regression dur-
ing C2-C3 time that resulted in the progradation of the Castanea Mem-
ber, also was responsible for the emergent-mud cracked interval cap-
ping the Clinch along Powell Mountain and the shallowing event
detected in the middle of the Rockwood. However, this is only a sup-
position and would need to be substantiated by fossil data.

In central Pennsylvania the offshore equivalent of the Tuscarora
is the Medina Group, which exhibits a sequence of facies similar to
the Tower Rockwood. The Medina Group is composed of the Whirlpool
Sandstone, the Cabot Head Shale, and the Grimbsy Formation (Laughrey,
1983). The basal Whirlpool Sandstone represents a transgressive
sandstone resting on older deltaic coastal-plain sediments of the
Queenstown Formation (Upper Ordovician). Shelf muds of the lower
most Cabot Head Shale overlie the Whirlpool. A progradation of the
shoreline resulted in deposition of siity-sands and lower shoreface
sands of the upper Cabot Head. These units are succeeded upwards by
middle and upper shoreface and nearshore sands of the Jlower most
Grimsby. The uppermost Grimbsy formed in a prograding coastal sand/
mud complex. The Grimbsy Formation has been interpreted to be equiv-
alent to the Castanea Member of the Tuscarora Formation (Laughrey,

1983). The progradational, vertical stacking of facies is analogous
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to the lower Rockwood and other Lower Silurian Formations, such as
the Clinch and Tuscarora.

Resting on top of the Medina Group in the northern Appalachian
basin is the "Middle" Silurian (Upper Llandoverian) Clinton Group.
The Clinton Group was formed by a transgression of the sea (during C4
time, Cotter 1983) in the Upper Llandovery of central Pennsylvania.
Fossil evidence from the Rockwood suggests mid-Upper Llandoverian to
possibly Tlate-Upper Llandoverian age, indicating the upper Rockwood
may be equivalent to at least part of the Clinton Group. Additional
evidence supporting a correlation between the two was the transgres-
sion that occurred just above Facies FC in the middle of the Rockwood
section. It is postulated that this event correlates with the trans-
gression (during C4 time) that initiated the deposition of the
Clinton Group in central Pennsylvania.

Equivalent rocks to the south of Whiteoak Mountain are repre-
sented by the Lower and Middle to Upper Llandoverian Red Mountain
Formation. Sequences of facies within the Red Mountain Formation at
Ringgold, Georgia correlates well with those at Whiteoak Mountain.
The base of the Red Mountain 1is characterized by a transgressive
sequence that is succeeded upwards by interbedded sandstones and
shales. Overlying these facies are littoral environments, indicating
a shallowing event occurred in the middle of the section. This
shoaling upwards sequence may correlate with the shallowing event in
the lower half of the Rockwood. Chowns (1972) indicated that the

upper Red Mountain Formation is mid-to-Upper Llandoverian, which cor-
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relates well with the speculated age dates for the upper Rockwood.
Similar facies are present in the two Formations, such as the maroon-
burrowed Facies in the upper Rockwood and the red-shale facies in the
upper Red Mountain.

It must be emphasized that the preceding discussion of the pos-
sible equivalency of the Rockwood to other strata was based largely
on loose age constraints. Accurate time lines based on fossil data
are lacking in the Silurian sequences of the Appalachian basin, leav-
ing many correlations to be based on similar facies associations.
More fossils need to be collected and dated to provide more reliable

correlation.

Modern Analogue(s)

One of the more difficult tasks with the study of the Rockwood
Shelf environment was trying to find an adequate modern analogue.
The difficulty of such an analogy between the modern and ancient lies
in the inherent complex nature of marine shelves. Most modern marine
shelves are extremely complex and poorly understood and are typified
by many depositional processes (such as tidal currents, wave activ-
ity, etc.). In addition, the Holocene transgression has left most of
the world's shelves in a state of disequilibrium. The combination of
these factors has resulted in modern shelves serving as poor ana-
Togues to what is seen in the ancient. Processes operating on modern
storm-dominated shelves and tropical shelves where iron is forming

are summarized in Figure 61. Unfortunately none of these modern
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environments sufficiently explains the features contained within the
Rockwood Formation. Factors discounting these as suitable modern
analogues are relict sediments, improper hydrodynamic settings and
lack of iron sedimentation (except in the case of the Niger Delta).
The comparison of the Rockwood to ancient storm sequences proved more

fruitful and will be discussed in the following section.

Relation to Similar Storm Sequences

Suitable modern analogues were scarce for the Rockwood, whereas
similar ancient storm sequences were abundant. This may be attrib-
uted to the rare event (storm deposition) being over-represented in
the rock record. In the following discussion two ancient storm
sequences will be analyzed and compared to what is seen in the Rock-
wood Formation.

Aigner's (1985) study of the Upper Muschelkalk (Middle Triassic)
of the South-German Basin revealed dynamic processes similar to those
in the Rockwood. The Muschelkalk carbonate environment was dominated
by episodic, high-energy storm-events that affected the details of
stratification and controlled the overall facies organization. The
combination of paleocurrent data and the analysis of facies sequences
allowed for the reconstruction of the hydraulic regime. Storm tracks
in the Muschelkalk were probably alongshore, (inferred from wave rip-
ples, bipolar tool marks, gutter casts, and cross-bedding foresets).
Such alongshore storm tracks would create a combined geostrophic

bottom flow traveling parallel to shore, similar to what has been
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documented in the North Atlantic by Swift et al, (1983). These com-
bined (geostrophic) flows explain the bipolar impacts and gutter
casts at the bases of distal tempestites. Winds would also drive
water landwards, to the right of the wind, in response to the Ekman
transport (Coriolis effect). The resultant seaward flow was documen-
ted by onshore-offshore oriented storm channels, in addition to sole
marks and imbrication in proximal tempestites.

The hydrodynamic model of combined (geostrophic) flow for the
Muschelkalk correlates well with the data collected from the Rock-
wood. In addition, both Aigner's (1985) study and the present study
on the Rockwood support Swift et al's, (1983) hypothesis that
combined-flow currents should be the typical response of ancient
epi-continental seas to storms.

The ancient sequence that correlates best with the Rockwood is
the "Middle" Silurian Rose Hill, Keefer, and Mifflintown Formations
of central Pennsylvania (Cotter, 1983). The "Middle" Silurian was
divided up into heterolithic (interbedded sandstone or grainstone and
mudstone) and monolithic (mudstone, sandstone, or grainstone) associ-
ations. Cotter interpreted the heterolithic association to represent
storm deposition. The monolithic associations were strongly influ-
enced by sea-level changes. When sea-level lowered, hématite-chamo-
site-rich sediments or quartz arenite (megaripples) formed and when
sea-level rose, black (anaerobic) shale covered the area. Many of
the bedding sequences of the heterolithic association were similar to

the ones in the Rockwood. For example, Cotter documented hummock-
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like wavy surfaces, starved-hummocks, HCS, graded beds with shell
lags, and gutter casts.

It appears that the Rockwood depositional environment was most
closely related to the "Middle" Silurian sequence of central Penn-
sylvania, described by Cotter (1983). The similarity of individual
strata and the abundance of iron-rich sediments allowed for a suit-

able comparison.



CHAPTER VI

SUMMARY AND CONCLUSIONS

Deposition of the Lower Silurian Rockwood Formation occurred
within a subtidal, shallow marine environment. The shallowest, most
nearshore portion of the shelf was dominated by megarippled and
rippled sand shoals (Facies FC) deposited above fairweather wave
base, and subtidal, lower shoreface storm sands (Facies AH) deposited
below fairweather wave base. In this shallow, nearshore environment,
conditions were favorable for the transportation and concentration of
iron. Tidal currents and both fairweather-wave and storm-wave flows
affected this environment. The effect of storms was to erode this
nearshore environment, and transport sand and skeletal debris (some
of which was replaced by iron) below fairweather wave base, out into
deeper portions of the shelf.

Conditions below fairweather wave-base were for the most part,
quiet and placid, with little agitation. Oxygen was typically limit-
ed and restricted the occupancy of soft-bodied infauna and calcified
species. Occasionally storm flows deposited sharp-based sandstone
and bioclastic limestone beds in this environment. The abundance of
skeletal debris within the storm beds implies skeletal sand banks
were present in the nearshore environment, associated with the mega-

rippled and rippled sand shoals. The storm beds deposited above

storm wave-base exhibit features indicative of combined-flow currents
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such as form-discordant wave ripples, HCS, micro-HCS, and some graded
bedding. Within this realm, both the action of the unidirectional
flow transporting the material and storm waves impacting the sea bot-
tom influenced the resultant sedimentary structures. Once the storm
flows occurred below storm wave base, the effects of oscillatory cur-
rents were greatly reduced. In these areas, beds were typically
graded and contained horizontal laminations, and were deficient in
such wave-formed features as symmetrical ripples, hummocky bedding
and form-discordant wave ripples.

The most probable transporting mechanism by which sand and skel-
etal debris was transported from the nearshore zone out into the
dysaerobic-slightly anaerobic environment was by storm-surge-ebb cur-
rents that evolved into geostrophic flows. Such flows were a con-
sequence of coastal set-up conditions, caused by the pile-up of water
onshore, which resulted in a seaward-directed storm-surge-ebb
current. Paleocurrent evidence suggests that as the unidirectional
flow was moving seaward (farther away from the friction dominated

zone), the Coriolis force became more prominent, and the flow entered

the geostrophic zone where it evolved into a shore-parallel geostro-
phic flow.

Fairweather flows, such as tidal and alongshore flows, trans-
ported sand in the nearshore environment above fairweather wave base.
Typical fairweather winds were from the southeast and southwest and
resulted in coastal set-down conditions. Effects of storm flows were

probably intense in this environment, but the constant day-by-day
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reworking by tidal and wave processes have erased any trace. Below
fairweather wave base, during periods of non-storm conditions, depo-
sition was dominated by mud.

No single modern analogue was wholly comparable with the fea-
tures detected in the Rockwood Formation at Whiteoak Mountain. The
difficulty of such analogies between the modern and ancient lies in
the inherent complex nature of marine shelves. The analysis of com-
parable parts of several ancient (Upper Muschelkalk (Middle Trias-
sic), South German Basin; "Middle" Silurian, central Pennsylvania)
and modern (Helgoland Bight (North Sea); Gulf of Mexico; Niger Delta)
analogues provided insight into the processes and environments that
influenced the Rockwood depositional system.

The importance of the study of the Rockwood formation is that it
provides insight into the climatic, depositional, and environmental
factors that dominated during Early Silurian time. The Silurian
period is typically considered to have been a time when epeiric seas
were widespread and sedimentation was commonly authochthonous and
indicative of the climate at the depositional site (Ziegler et al.,
1977). The Rockwood reflects these general characteristics with the
initial drowning of the Rockwood Shelf (due to world-wide deglacia-
tion), commencing in the general rise of sea-level through Rockwood
time. The concentration of iron sediments indicates that the climate
was mild and that widespread transgressions of the continents had
occurred. In addition, this study of the Rockwood is valuable in

that it adds to the general understanding of the depositional condi-
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tions that existed in this Lower Silurian shelf environment in North
America. The three general facies belts of the Lower Silurian in
east Tennessee proposed by Driese et al, (1986 a, b) were partially
represented in the section at Whiteoak Mountain. Of the three facies
sequences (megarippled sand banks; hummocky storm shelf; skeletal
sand banks/ shelf) both the megarippled sand banks (Facies FC, QA?)
and hummmcky storm shelf (Facies AH, Hs, Hm, MB?) were well repre-
sented in the section. No evidence was detected for the westernmost
skeletal sand bank/shelf facies, which was probably a function of the
section at Whiteoak Mountain being situated too far to the east.

In conclusion, it appears additional research is necessary in
several areas. The effects of modern-day storms need to be studied
in much greater detail by geologists, oceanographers, and marine geol-
ogists. One of the focuses of such an undertaking should be to
investigate offshore sediment transport in different hydrodynamic
settings. In addition, laboratory flume studies are necessary on the
nature and effects of combined-flow currents in terms of both

siliciclastic and carbonate sediment.



REFERENCES



160

REFERENCES

Aigner, T., 1985, Storm depositional systems: Springer-Verlag Berlin
Heidelberg, p. 1-174.

Aigner, T., and Reineck, H.E., 1982, Proximality trends in modern
storm sands from the Helgoland Bight (North Sea) and their
implications for basin analysis: Senckenbergiana Maritima, v.
14, p. 183-215.

Amsden, T.W., 1955, Lithofacies map of the Lower Silurian deposits in
central and eastern United States and Canada: Am. Assoc. Petro-
leum Geol. Bull., v. 39, p. 60-74.

Beardsley, R.C., and Butman, B., 1974, Circulation on the New England
continental shelf: Response to strong winter storms: Geophys.
Res. Lett. ’ 1, po 181-1840

Berry, W.B.N., and Wilde, P., 1978, Progressive ventilation of the
oceans-an explanation for the distribution of the Lower Paleozo-
ic black shales: Am. Jour. Sci., v. 278, p. 257-275.

Berry, W.B.N., and Boucot, A.J., 1973, Glacio-eustatic control of
Late Ordovician-Early Silurian platform sedimentation and faunal
changes: Geol. Soc. America, Bull., v. 84, p. 275-284.

, 1970, Correlation of the North American Silurian rocks: Geol.
Soc. America Spec. Paper 102, 289 p.

Bhattacharyya, D.P., and Kakimoto, P.K., 1982, Origin of ferriferous
ooids: an SEM study of ironstone ooids and bauxite pisoids:
Jour. Sed. Petrology, v. 52, no. 3, p. 849-857.

Blatt, H., Middleton, G.V., and Murray, R.C., 1972, Origin of sedimen-
tary rocks: Prentice-Hall, New Jersey, 634 p.

Brenchley, P. J., 1985, Storm influenced sandstone beds: Mod. Geol-
ogy, v. 9, 369-396.

Brenchley, P.J., and Newall, G., 1982, Storm influenced inner-shelf
sand lobes in the Caradoc (Ordovician) of Shropshire, England:
Jour. Sed. Petrology, v. 52, p. 1257-1269.

Burchard, E.F., 1913, The red iron ores of east Tennessee: Tenn.
Div. Geol. Bull., v. 16., 173 p.

Byers, C.W., 1977, Biofacies patterns in euxinic basins: A general
model, in Cook, H.E., and Enos, P. (eds.), Deep-water Carbonate




161

Environments: Soc. Econ. Paleontologists and Mineral., Special
Publication 25, p. 5-17.

, C.W., 1974, Shale fissility: relation to bioturbation: Sedi-
mentology, v. 21, p. 479-484,

Castano, J.R., and Garrels, R.M., 1950, Experiments on the deposition
of iron with special reference to the Clinton iron ore deposits:
Econ. Geology, v. 45, p. 755-770.

Chowns, T.M., 1972, Molasse sedimentation in the Silurian rocks of
Northwest Georgia, in Chowns, T.M., (compiler), Sedimentary
Environments in the Paleozoic Rocks of Northwest Georgia:
Georgia Geol. Soc., Guidebook no. 11, p. 13-23.

Cluff, R.M., 1980, Paleocenvironment of the New Albany Shale Group
(Devonian-Mississippian) of I1linois: Jour. Sed. Petrology, v.
50, p. 767-780.

Cotter, E., 1983, Silurian depositional history in Silurian Deposi-
tional History and Alleghenian Deformation in the Pennsylvania
Valley and Ridge (Guidebook): Harrisburg, PA, 48th Annual Field
Conf. of Penn. Geologists, p. 3-28.

Cundiff, Jerry A., 1951, Petrography of the Clinch Sandstone of north-
east Tennessee: M.S. thesis, Univ. of Tennessee.

Dott, R.H., and Bourgeois, J., 1982, Hummocky stratification: Signi-
ficance of its variable bedding sequences: Geol. Soc. America
Bull., v. 93, p. 663-680.

Driese, S.G., Fischer, M.W., Easthouse, K.A., and Marks, G.T. (in
preparation), Paleoenvironmental reconstruction of an Early
Silurian shelf: model for shelf sandstone sequences, Southern
Appalachians.

Driese, S.G., 1986a, Fairweather and storm shelf sequences, Rockwood
Formation (Silurian), East Tennessee: Appalachian Basin Indus-
trial Associates Program, v. 10, p. 133-175.

, 1986b, Fairweather and storm shelf sequences, Rockwood Forma-
tion (Silurian), East Tennessee: Geol. Soc. America, Abst. with
Progs., v. 18, p. 218-219.

Driese, S.G., Fischer, M.W., and Easthouse, K.A., 1986, Silurian sili-
clastic and carbonate storm-shelf sequences, East Tennessee: 3rd
Annual Mid-year Meeting of S.E.P.M., Raleigh, NC, Abstracts
Volume III, p. 31.



162

Driese, S.G., Fischer, M.W., Easthouse, K.A., and Schoner, A.E.,
1986b, Tidal and storm wave deposition in Lower Silurian shelf
sequences, East Tennessee: Am. Assoc. Petroleum Geol. Bull., v.
70, p. 583-584.

Driese, S.G., 1985, Marine shelf storm deposits, Rockwood Formation
(Silurian), East Tennessee: Geol. Soc. American, Abst. with
Progs., v. 17, p. 89.

Fischer, M.W. (in progress), Sedimentology of the Lower Silurian
Clinch Sandstone along Clinch Mountain, northeastern Tennessee:
M.S. thesis, Univ. of Tennessee.

Folk, R.L., Andrews, P.B., and Lewis, D.W., 1970, Detrital sedimen-
tary rock classification and nomenclature for use in New Zea-
land: New Zealand Jour. Geology and Geophysics, v. 13, p. 937-
968.

Frey, R.W., and Pemberton, S.G., 1984, Trace fossil facies model, in
Walker, R.G. (ed.), Facies Models, 2nd edition: Geoscience
Canada Reprint Series 1, p. 189-207.

Frey, R.W., and Chowns, T.M., 1972, Trace fossils from the Ringgold
road cut (Ordovician and Silurian), Georgia, in Chowns, T.M.
(compiler), Sedimentary Environments in the Paleozoic Rocks of
Northwest Georgia: Georgia Geol. Soc., Guidebook no. 11, p.
25-55,

Hallam, A., and Bradshaw, M.J., 1979, Bituminous shales and oolitic
ironstones as indicators of transgressions and regressions:
Jour. Geol. Soc. London, v. 136, p. 157-164.

Hamblin, A.P., and Walker, R.G., 1979, Storm dominated shallow marine
deposits: The Fernie-Kootenay (Jurassic) transition, southern
Rocky Mountains: Canadian Jour. of Earth Sciences, v. 16, p.
1673-1690.

Harms, J.C., 1969, Hydraulic significance of some sand ripples:
Geol. Soc. America Bull., v. 80, p. 363-396.

Hayes, M.0., 1967, Hurricanes as geological agents, south Texas
coast: Am. Assoc. Petroleum Geol. Bull., v. 51, p. 937-942.

Hunter, R.E., and Clifton, H.E., 1982, Cyclic deposits and hummocky
cross-stratification of probable storm origin in Upper
Cretaceous rocks of Cape Sebastian area, southwestern Oregon:
Jour. Sed. Petrology, v. 52, p. 127-144,




163

Hunter, R.E., 1970, Facies of iron sedimentation in Clinton Group, in
Fisher, G.W., et al, (eds.), Studies of Appalachian Geology, Cen-
tral and Southern: Wiley-Interscience, New York, p. 101-121.

James, H.L., 1966, Chemistry of the iron-rich sedimentary rocks in
Data of Geochemistry, 6th edition: Geol. Survey Prof. Paper
440-w, p. wl-wél.

Johnson, H.D., 1978, Shallow siliclastic seas: in Reading, H.G.,
(ed.), Sedimentary Environments and Facies: New York, Elsevier,
p. 207-258.

Kelling, G., and Mullin, P.R., 1975, Graded limestones and limestone-
quartzite couplets: Possible storm deposits from the Moroccan
Carboniferous: Sed. Geology, v. 13, p. 161-190.

Komar, P.D., 1974, Oscillatory ripple marks and the evaluation of
ancient wave conditions and environments: Jour. Sed. Petrology,
v. 44, p. 169-180.

Kreisa, R.D., 1981, Storm generated sedimentary structures in sub-
tidal marine facies with examples from Middle and Upper Ordovi-
cian of southwestern Virginia: Jour. Sed. Petrology, v. 51, p.
823-848.

Kulm, L.D., Rousch, R.C., Harlett, J.C., Neudeck, R.H., Chambers,
D.M., and Runge, E.J., 1975, Oregon continental shelf sedimenta-
tion: Interrelationships of facies distribution and sedimentary
processes: Jour. Geology, v. 83, p. 145-176.

Kumar, N., and Sanders, J.E., 1976, Characteristics of shoreface
storm deposits: modern and ancient examples: Jour. Sed.
Petrology, v. 46, p. 145-162.

Laughrey, C.D., 1983, Lower Silurian clastics in the subsurface of
northwestern Pennsylvania in Silurian depositional history and
Alleghenian Deformation in the Pennsylvania Valley and Ridge
(Guidebook): Harrisburg, PA, 48th Annual Field Conf. of Penn.
Geologists, p. 89-98.

Leeder, M.R., 1982, Sedimentology: Allen and Unwin, London, 344 p.

Levell, B.K., 1980, A late Pre-Cambrian tidal shelf deposit, the
Lower Sandfjord Formation, Finnmark, North Norway: Sedimento-
logy, v. 27, p. 539-557.

Levington, J.S., 1982, Marine Ecology: Prentice Hall, Englewood
Cliffs, New Jersey, 526 p.




164

Maher, L.J., and Dott, R.H., 1979, Program for analysis of direction-
al orientation data (for generalized basic): Univ. of Wiscon-
sin, unpub. computer program.

Marks, G.T. (in progress), The lithology and paleoenvironmental inter-
pretation of the Clinch Sandstone at Powell Mountain, southwest
Virginia: M.S. thesis, Univ. of Tennessee.

McKerrow, W.S., 1979, Ordovician and Silurian changes in sea-level:
Geol. Soc. London Quat. Jour., v. 136, p. 137-145.

Meckel, L. D., 1970, Paleozoic alluvial deposition in the central
Appalachians: a summary, in Fisher, G.W., et al, (eds.),
Studies of Appalachian Geology, Central and Southern: New York,
Interscience Publishers, p. 49-67.

Milici, R.C., 1978, The Whiteoak Mountain synclinorium along Inter-
state 75, at Green Gap, Tennessee, in Milici, R.C. (ed.), Field
Trips in the Southern Appalachians: Tenn. Div. of Geology, v.
37, p. 16-19.

Milici, R.C., and Wedow, H., 1977, Upper Ordovician and Silurian
stratigraphy in Sequatchie Valley and parts of the adjacent
Valley and Ridge: U.S.G.S. Prof. Paper 996, 38 p.

Miller, R.L., 1976, Silurian nomenclature and correlations in South-
west Virginia and Northeast Tennessee: U.S.G.S. Bull., 1405-H,
23 p.

Morton, R.A., 1981, Formation of storm deposits by wind-forced
currents in the Gulf of Mexico and the North Sea: in Nio, S.D.,
et al, (eds.), Holocene Marine sedimentation in the North Sea
Basin: Spec. Publ. Int. Assoc. Sedimentol., No. 5, p. 385-396.

Mount, J.F., 1982, Storm-surge-ebb origin of hummocky cross-strati-
fied units of the Andrews Mountain Member, Campito Formation
(Lower Cambrian), White-Inyo Mountains, Eastern Californija:
Jour. Sed. Petrology, v. 52, no. 3, p. 941-958.

Nicholson, F.H., 1978, Sedimentology of the Clinch Sandstone, North-
eastern Tennessee and Southwestern Virginia: M.S. thesis, Univ.
of Kentucky.

Pettijohn, F.J., Potter, P.E., and Siever, R., 1972, Sand and Sand-
stone: New York, Springer-Verlag, 618 p.

Porrenga, D.H., 1967, Glauconite and chamosite as depth indicators in
the marine environment: Marine Geology, v. 5, p. 494-501.




165

Sandin, Walter, 1960, A facies study of the Red Mountain Formation of
Northwest Georgia: Ga. Min. Newsletter, v. 13, p. 106-107.

Savrda, C.E., and Bottjer, A.J., 1986, Trace-fossil model for recon-
struction of paleo-oxygenation in bottom waters: Geology, v.
14, p. 3-6.

Savrda, C.E., and Bottjer, D.J., and Grosline, D.S., 1984, Develop-
ment of a comprehensive oxygen-deficient marine biofacies model:
Evidence from Santa Monica, San Pedro, and Santa Barbara Basins,
California continental borderland: Am. Assoc. Petroleum Geol.
Bull., v. 68, p. 1179-1192.

Schoner, A.E., 1985a, The sedimentology and sedimentary petrology of
the Lower Silurian Clinch Sandstone at Beans Gap, Grainger
County, Tennessee: M.S. thesis, Univ. of Tennessee, 227 p.

, 1985b, The Clinch Sandstone (Lower Silurian) along Highway 25E
at Beans Gap, in Walker, K.R. (ed.), The Geologic History of the
Thorn Hill Paleozoic Section (Cambrian-Mississippian), Eastern
Tennessee: Univ. of Tennessee, Dept. of Geol. Sci., Studies in
Geology 10, p. 100-110.

Schoner, A.E., and Driese, S.G., 1985, Sedimentology of the Clinch
Sandstone at Beans Gap, Grainger County, Tennessee: Geol. Soc.
America, Abst. with Progs., v. 17, p. 134,

Seilacher, A., 1967, Bathymetry of trace fossils: Marine Geology, v.
5, p. 413-428.

Sheldon, R.P., 1970, Sedimentation of iron-rich rocks of Llandovery
age (Lower Silurian) in the Southern Appalachian Basin in Berry,
W.B.N., Boucot, A.J., (eds.), Correlation of the North American
Silurian rocks: Geol. Soc. Amer. Spec. Paper 102, p. 107-112.

Smith, D.J., and Hopkins, T.S., 1972, Sediment transport on the conti-
nental shelf of Washington and Oregon in light of recent current
measurements, in Swift, D.J.P., et al, (eds.), Shelf Sediment
Transport: Process and Product: Dowden, Hutchinson and Ross,
Stroudsburg, p. 143-180.

Swift, D.J.P., and Niedoroda, A.H., 1985, Fluid and sediment dynamics
on continental shelves, in Tillman, R.W., et al (eds.), Shelf
Sands and Sandstone Reservoirs: S.E.P.M. Short Course Notes No.
13, p. 47-136.

Swift, D.J.P., Figueiredo, A.G., Freeland, G.J., and Oertel, G.F.,
1983, Hummocky cross-stratification and megaripples: a geologi-
cal double standard: Jour. Sed. Petrology, v. 53, p. 1295-13i7.




166

Thompson, J.R., 1984, Depositional environments of the Sequatchie and
Rockwood Formations: M.S. thesis, Univ. of Tennessee, 199 p.

Tillman, R.W., 1985, A spectrum of shelf sands and sandstones, in
Tillman, R.W., et al (eds.), Shelf Sands and Sandstone Reser-
voirs: S.E.P.M. Short Course Notes No. 13, p. 1-46.

Tucker, M.E., 1982, The field description of sedimentary rocks:
Wiley, New York, 112 p.

Van Houten, F.B., and Bhattacharyya, D.P., 1982, Phanerozoic oolitic
iron-stones: Geologic record and facies model: Ann. Rev. Earth
Planet. Sci., v. 10, p. 441-457.

Walker, R.G., 1985, Geological evidence for storm transportation and
deposition on ancient shelves, in Tillman, R.W., et al (eds.),
Shelf Sands and Sandstone Reservoirs: S.E.P.M. Short Course
Notes No. 13, p. 243-303.

, 1984, Shelf and shallow marine sands, in Walker, R.G. (ed.),
Facies Models, 2nd edition: Geoscience Canada Reprint Series 1,
p. 141-170.

Walker, R.G., Duke, W.L., and Leckie, D.A., 1983, Hummocky stratifica-
tion: Significance of its variable bedding sequences: Discus-
sion and reply: Geol. Soc. America Bull., v. 94, p. 1245-1251.

Wedow, H. Jr., 1960, Sequatchie and Rockwood formations in Southeast
Tennessee and part of Northwest Georgia [abs.]: Geol. Soc.
America Bull., v. 71, no. 12, p. 2028.

Whisonant, R.C., 1977, Lower Silurian Tuscarora (Clinch) dispersal
patterns in Western Virginia: Geol. Soc. America Bull., v. 88,
p. 215-220.

Whittaker, J.H.M., 1973, "Gutter Casts," a new name for scour-and-
fill structures: with examples from the Llandoverian of
Ringerike and Malmoya, Southern Norway: Norsk Geog. Tidsskr.,
v. 53, p. 403-417.

Yeakel, L.S., Jr., 1962, Tuscarora, Juniata and Bald Eagle palecur-
rents and paleogeography in the central Appalachians: Geol.
Soc. America Bull., v. 73, p. 1515-1450.

Ziegler, A.M., Scotese, C.R., McKerrow, W.S., Johnson, M.E., and
Bambach, R.K., 1979, Paleozoic paleogeography: Ann. Rev. Earth
Planet. Sci., v. 7, p. 473-502.



167

Ziegler, A.M., Hansen, K.S., Johnson, M.E., Kelly, M.A., Scotese,
C.R., and Van der Voo, R., 1977, Silurian continental distribu-
tions, paleogeography, climatology, and biogeography, in
McEThinney, M.W. (ed.), The Past Distribution of Continents:
Tectonophysics, v. 40, p. 13-51.






APPENDIX

(Section l--east limb)

STRATIGRAPHIC SECTION OF THE ROCKWOOD FORMATION AT GREEN GAP, WHITEOAK MOUNTAIN, TENNESSEE

Unit
Thickness

(m)

Cumulative
Thickness
(m)

Description

3.0m

1.0m

Unit
Thickness
(m)

264.27m

261.27m

Cumulative
Thickness
(m)

The sandstone/shale ratio of this interval fs 1:10 to 1:15.
Only three sandstone beds occur 1in this zone, ranging in
thickness from 50 to 150mm. The sandstone beds are very
fine-grained, maroon to orange in color, horizontally lami-
nated, with flat bases and wave rippled tops, and contain
rare trilobite fossils at the bases of beds. The dominant
1ithology in this interval is an olive green to green brown
to dark gray mudstone that is medium to thickly laminated,
internally massive, blocky to hackly, low to moderately bio-
turbated, and contains impressions of brachiopods. Five mm
by 10mm siltstone lenses are present throughout the inter-
val, Rare 2mm by 5mm siltstone pebbles are present 1/2
meter below the contact with the Chattanooga Shale.

Sample 4A-4 at 264.0m

Sample 4A-3 at 262.1m

This interval {s composed entirely of gray to yellow mud-
stone that is thin to thickly laminated, internally massive,
blocky to hackly, and is moderately to low/moderately bio-
turbated. This zone 1{s extremely fossiliferous, with such
varieties as trilobites, crinoids, brachiopods, belemnites,
and gastropods.

Sampie 4A-2 at 260.34m

Section 1 {continued)

Description

Unit
Facies No.
Hm 4A-11
Hm 4A-10

Unit
Facies No.
Hm 4A-9
Hm 4A-8
Hm 4A-7

2.5m

0.5m

1.0m

260.27m

257.77mm

257.27m

The sandstone/shale ratio for this interval varies from 1:20
to 1:30. The sandstone is gray to light gray, very fine-
grained to silty, horizontally to symmetrically ripple
cross-laminated, thinly to very thinly bedded, and occurs as
lenses within the mudstone. The mudstone 1{s gray to dark
gray, thin to thickly laminated, internally massive, domi-
nantly fissile to rarely blocky and mostly non-bioturbated.
Overall the bjoturbation for this interval is low, the storm
bed frequently is low, and the percentage of wave ripples is
low to moderately low.

The sandstone/shale ratio for this interval varies from 1:6
to 1:8. The sandstone beds are light gray to white, very
fine-grained to silty, horizontally to symmetrically ripple
cross-laminated, and very thinly bedded (10-25mm, 15mm aver-
age). The sandstones are generally flat-based with wave-
rippled tops and contain sinuous to circular horizontal bur-
rows (10-20mm diameter by 60-70mm length) at bases of beds.
The interval is dominated by mudstone that is gray, thinly
laminated, internally massive, fissile and non-bioturbated.
Overall the bioturbation for this interval is low, the storm
bed frequency is low, and the percentage of wave ripples is
moderate to moderately low.

The sandstone/shale ratio for this interval is 1:1 to 1:2.
The sandstone beds are slightly maroon-gray, very fine-
grained to silty, horizontally laminated to hummocky cross-
laminated, flat-based with wave-rippled to flat upper sur-
faces, and thinly to medium-bedded (30-220mm, 75-100mm
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Section 1 (continued)

Description

Hm

Hm

Facies

4A-6

4A-5

Unit
No.

1l.6m

1.0m

Unit
Thickness
(m)

256.27m

254.67m

Cumuylative
Thickness

(m)

average). The mudstone 1s 1light to dark gray, slightly
silty, medium laminated, internally massive, fissile, and
non-bioturbated. Overall the bioturbation is low, storm bed
frequency 1{s moderately low, and wave ripple percentage is
moderate.

The sandstone/shale ratio for this interval +{s 1:10. The
sandstone beds are light gray, very fine-grained, horizontal
to ripple cross-laminated (symmetrical and asymmetrical),
uneven bases with gutter casts in part, wave rippled tops,
and heavily weathered fossil (brachiopods, crinoids) lags at
the bases of beds. Horizontal burrowing common at bottoms
of beds (l-3mm diameter by 20mm length, straight tubes).
The mudstone is greenish-gray to gray, medium to thickly
laminated, massive, blocky, and bfoturbated. Overall the
bioturbation is low to moderately low in abundance, low to
moderate storm-bed frequency, and moderate to high percent-
age of wave rippies.

The sandstone/shale ratio for this interval {s 1:3. The
sandstone is gray, very fine-grained, flat-based, flat-
topped, horizontal to low-angle cross-laminated, with brachi-
opod-crinoid fossil lags at the base of beds. The sandstone
beds are thin to very thinly bedded (10-30mm, 20mm average).
The mudstone s gray to olive green, silty, in part, thin to
thickly laminated, fissile and non-bioturbated in the lower
0.5m and blocky to bioturbated fin the top 0.5m. Rare
crinoid columnals are present in the top 0.5m. Overall the
bioturbation 1s low tn abundance, the storm-bed frequency

Section 1 (continued)

Description

Hm

Hm

4A-4
4A-3

4A-2
4A-1

3.0m
0.5m

0.4m
2.0m

253.67m
268.70m

250.67m
250.27m

is moderately low, and the percentage of wave ripples is
Tow.

Covered interval.

The sandstone/shale ratio for this interval is 1:2. The
sandstone beds are maroon, very fine-grained, horizontal to
ripple cross-laminated (symmetrical and asymmetrical), flat-
based, wave-rippled upper surfaces, very thin to thin-
ly bedded (20-90mm, 40mm average), and fossil debris
(brachiopods, crinoids) at tops and bases of beds. The mud-
stone is gray, slightly silty, thin to moderately laminated,
massive, fissile, and non-bioturbated. The abundance of
bioturbation in this interval is low, the storm bed frequen-
cy is maderate and the percentage of wave ripples is moder-
ate to moderately high.

Covered.

The sandstone/shale ratio for this interval is 1:2. The
sandstone s gray to maroon-gray, very fiqe-grained to
silty, and internally is mostly massive to hor\;ontally lam-
inated, with occasional wave-formed ripples with unidirec-
tional lamination. The sandstone beds are generally thickly
laminated to very thinly bedded (5-30mm thick, 10-20mm aver-
age), with flat horizontally burrowed bases (1-3mm diameter
by 3-5mm length; 2-5mm diameter by 20-40mm length; 7-10mm
diameter by 20-40mm length) that contain brachiopods and
crinotd columnals. The tops of beds have either sharp
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Section 1 (continued)

Unit Cumulative
Unit  Thickness Thickness
Facies No. (m) {m) Description

contacts with the overlying mudstone, where the beds are
either flat or wave-rippled, or gradational contacts due to
biogentic reworking. The mudstone is gray to rarely olive-
brown, silty in part, thin to moderately laminated, inter-
[ nally massive, blocky to fissile and non-bioturbated to
moderately bioturbated. Overall the amount of bioturbation
is moderate to moderately low in abundance, the storm bed
frequency is moderate, and the percentage of wave ripples fis
moderate.
Sample 4A-1 at 249.9m

3A-15 1.5m 248.27m Covered.

Hs 3A-14 3.1m 246.77m The sandstone/shale ratio for this interval is 1:1. The
sandstone i§s gray, very fine-grained to silty, horizontally
laminated with wave-formed ripples exhibiting unidirectional
cross-1aminations. The sandstone beds are very thinly to
medium bedded (10-120mm, average 30-40mm), with undulating
to flat bases and straight to sinuous horizontal burrowing
(10mm diameter by 40mm length; 5-7mm diameter by 1Smm
lengthy 7-10mm by 30mm length) at the tops and bottoms of
beds. The tops of beds are either flat or wave rippled to
gradational with overlying mudstone. Excellent fossil lags
are very common in this interval composed of brachiopods,
crinoid columnals, trijobite fragments, gastropods, and
Tentaculites. Several layers are composed of gastropods
along with silt and very fine sand. The mudstone is gray,
silty in part, thin to moderately laminated, massive to
rarely horizontally laminated, fissile, poorly indurated,

Section 1 (continued)

Unit Cumulative
Unit Thickness Thickness
Facies  No. (m) (m) Description

and non-bioturbated. Overall the amount of burrowing is low
to moderately low, the frequency of storm beds is moderately
low, and in the first 1.5m the percentage of wave ripples is
low changing to a moderate to moderately high value in the
last 1.5m.

Hs 3A-13 1.2m 243.67m The sandstone/shale ratio for this interval is 4:1 to 5:1.
This zone 1s capped by a 0.45m sandstone bed that represents
the top of a thickening-upward sequence. The sandstone beds
are dark gray, very fine- to fine-grained, horizontally to
hummocky cross-laminated, with flat to undulating bases and
flat to wave- and current-rippled upper surfaces. The thick-
nesses of the sandstone beds range from very thinly bedded
to thickly bedded (20-450mm, 60-65mm average) with scattered
iron-replaced fossils throughout. Straight to slightly sinu-
ous horizontal burrows (1-3mm diameter by 10mm length) are
present at the bases of the beds. The mudstone is gray,
silty in part, thin to moderately laminated, massive, fis-
sile to slightly blocky, and horizontally burrowed in part.
Overall the amount of bioturbation is low to moderately low,
the frequency of storm beds is moderate, and the percentage
of wave ripples is low.

Hs 3A-12 3.0m 242.47m The sandstone/shale ratio for this interval ranges from 2:1
to 4:1. The sandstone is gray, very fine-grained, horizon-
tally to hummocky cross-laminated, with flat to undulating
tops that contain both wave and current ripples. The sand-
stone beds are very thickly laminated to medium-bedded (5-
150mm, 30-50mm average) and pinch and swell in thickness
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Section 1 (continued)

Description

Hs

Facies

3A-11

Unit
No.

1.0m

Unit
Thickness
(m)

239.47m

Cumulative
Thickness

(m)

over a scale of a meter or two. Horizontal burrowing (1-3
diameter by 15mm length; 5-7mm diameter by 25mm length;
straight tubes) fs common at the tops and bases of beds with
sub-vertical to vertical burrows (1-3mm diameter by S5mm
length) also present, which may indicate escape structures.
The bases of many of the sand beds contain 0.5mm thick lags
that contain {ron-replaced fossil debris. In addition, sev-
eral of the sand beds contained 2mm by Smm gray mud ships
concentrated at the bases of the beds. The mudstone 1s mod-
erately silty to rarely sandy, gray to dark gray, thin to
thickly laminated, massive to horizontally laminated, mas-
sive to horizontally laminated, blocky to rarely fissile,
and partly bioturbated. Overall the amount of bioturbation
is low to moderately abundant, the storm bed frequency is
moderate and the percentage of wave ripples varies from
moderately low in the bottom 2 meters to moderately high in
the top meter.

Sample 3A-8 at 241.20m

The sandstone/shale ratio for this 1interval 1s 1:1. The
sandstone {s gray, very fine-grained to silty, horizontally
to hummocky cross-laminated with asymmetrical and rare sym-
metrical ripple cross-laminations. The sandstone layers are
very thinly bedded to thinly bedded (10-40mm, 20-25mm aver-
age) with flat bases that occasionally contain fossil lags
(brachfopods, crinoid columnais) and flat tops that are
wave- and current-rippled in part. Horizontal burrowing
(1-3mm diameter by 10mm length; 5-7mm diameter by 20mm
length; straight tubes) is present at the tops and bases of

Section 1 (continued)

Description

Hs

3A-10

1.8m

238.47m

beds. The mudstone {s gray, silty in part, thin to moder-
ately laminated, hackly, and partly bioturbated. Overall
the amount of bioturbation 1is low to moderately low, the
storm-bed frequency is moderate to moderately high and the
percentage of wave ripples is low to moderately low.

The sandstone/shale ratio for this interval ranges from 2:1
to 4:1. The sandstone 1{s gray to greenish-gray, silty to
very fine-grained in the lower 0.8 meters, and very fine- to
fine-grained in the upper 1.0 meter of the interval. The
layers are horizontally to hummocky cross-laminated with
excellent symmetrical ripple cross-laminations in part. The
sandstone beds are very thinly to thickly bedded (20-400mm,
50mm average), with flat bases to undulating upper surfaces
that are wave-rippled in part. Bases of beds commonly con-
tain fossil lags (brachiopods, crinoid columnals), gutter
casts, and horizontal burrows (1-3mm diameter by 15mm
length; 5-7mm diameter by 30mm length; 30mm diameter by 90mm
Jength; straight tubes). Other biogenic features were sub-
vertical to vertical burrows (1-4mm diameter by 10-30mm
length) that may indicate escape structures. The mudstone
is light gray to dark gray, thin to moderately laminated,
massive to horizontally laminated, blocky, and horizontally
burrowed. Overall the amount of bioturbation is moderate,
the storm bed frequency is moderately high and the percent-
age of wave ripples is low moderate.

Sample 3A-4 at 236.9m

Sample 3A-5 at 237.5m

Sample 3A-6 at 238.2m

Sampie 3A-7 at 238.2m
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Section 1 (continued)
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Hs
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Facies

3A-9

3A-8

Unit
No.

2.0m

2.0m

Unit
Thickness
(m)

236.6 m

234.67m

Cumulative
Thickness
(m)

The sandstone/shale ratio for this interval is 1:1. The
sandstone is gray to maroon-gray, very fine-grained to
stlty, horizontally to hummocky cross-laminated with
symmetrical and asymmetrical ripple cross-laminations. The
sandstone layers are very thinly to thinly bedded (10-45mm,
20mm average), exhibiting a strong pinch and swell character
(hummock-1ike, wavy surfaces). The bases of beds are com-
monly flat to undulatory, displaying gutter casts and load-
ing features. Horizontal burrowing occurred at the tops and
bases of beds (1-3mm diameter by 5-15mm length; 5-7mm diam-
eter by 20mm length; straight tubes). The mudstone is blue-
gray to dark gray, grading to siltstone in part, thin to
moderately laminated, massive to rare horizontal lamina-
tions, blocky to hackly, and horizontally burrowed. Overall
the abundance of burrowing is low to moderately low, the
storm-bed frequency is moderate to moderately high, and the
percentage of wave ripples is moderate.

The sandstone/shale ratio for this interval varies from 1:1
to 3:1. The sandstone is gray, very fine-grained to silty,
horizontally to hummocky cross-laminated, with flat to undu-
lating bases (loading features?) and wave-rippled upper
surfaces. The sandstone layers are very thinly bedded to
medium bedded (20-200mm, 30-50mm average) and exhibit a
strong pinch and swell character {hummock-1ike beds). Hori-
zontal burrowing f{s present, predominantly at the tops and
bottoms of the beds. The mudstone 1s dark gray to gray,
grading to siltstone 1n part, thin to moderately laminated,
massive, blocky, and horizontally burrowed. Overall, the

Section 1 (continued)

Description

Hm

Hs

3A-7

3A-6

1.0m

1.0m

232.67m

231.67m

horizontal burrowing s moderately abundant, the storm bed
frequency is moderately high, and the percentage of wave
ripples is moderately high.

The sandstone/shale ratio for this interval varies from 1:2
to 1:3. The sandstone is gray, very fine-grained to stlty
in part, horizontally to hummocky cross-laminated, with flat
to undulating bases (loading?) and flat to wave-rippled sur-
faces. The sandstone layers are thinly laminated to thinly
bedded (1-60mm, 10-20mm average) with slightly curved hori-
zontal burrows (S-7mm diameter by 30mm length) and vertical
burrows (Smm diameter by 15mm length). The mudstone is gray
to light-gray, silty in part, thin to moderately laminated,
massive to horizontally laminated, blocky to fissile, and
has a Tow to moderate amount of bioturbation. Within the
mudstone are 1 to 2mm thick gray siltstone lenses. Over-
all, the amount of bioturbation is moderate, the storm bed
frequency is low to moderate, and the percentage of wave
ripples is low to moderate.

Sample 3A-3 at 232.43m

The sandstone/shale ratio for this interval varies from 3:1
to 4:1. The sandstone is gray, very fine-grained, horizon-
tally to hummocky cross-laminated, with flat to undulating
bases and wave-rippled upper surfaces, 1in part. The sand-
stone layers are very thin to thinly bedded (10-70mm, 25-
30mm average), exhibit a pinch-and-swell character, and are
amalgamated 1in part. Horizontal burrows occur as straight
simple tubes (10mm diameter by 20mm length; 2mm diameter by
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Unit Cumulative
Unit  Thickness Thickness
Facies No. {m) (m) Description

5mm length) at the tops of beds. Vertical and sub-vertical
burrows are also present (0.5mm diameter by 3mm length).
The mudstone s dark gray, grading to siltstone, thin to
moderately laminated, massive, blocky, and slightly bur-
rowed. Overall, the amount of burrowing is moderately low,
the storm bed frequency is moderately high, and the percent-
age of wave ripples is moderate.

Hs 3A-5 2.8m 230.67m The sandstone/shale ratio for this interval varies from 1:1
to 2:1. The sandstone is gray to maroon-gray, very fine-
gratned to silty, horizontal to hummocky cross-laminated,
with flat to undulating bases, and wave-rippled upper sur-
faces. The sandstone layers are thickly laminated to thinly
bedded (5-90mm, 20-30mm average), and exhibit a strong,
pinch-and-swell character. Horizontal burrowing dominated
in this Interval (1-3mm diameter by 10mm length; 5-7mm diam-
eter by 20mm length) with subordinate amounts of sub-verti-
cal and vertical burrows (0.5mm diameter by 3-4mm length),
The mudstone s gray to gray-green, grades to siltstone in
part, thin to thickly laminated, massive, hackly, and
appears moderately burrowed. Overall the amount of biotur-
bation is low to moderately low, the storm-bed frequency is
moderate to moderately-high, and the percentage of wave rip-
ples varies from moderate to high.

Hm 3A-4 ' 1.6m 227.87m The sandstone/shale ratio for this interval is 1:2. The
sandstone is gray, very fine-grained, horizontally to hummoc-
ky cross-laminated, with flat to undulating bases and wave-
rippled upper surfaces. The sandstone layers are very

Section 1 (continued)

Unit Cumulative
Unit Thickness Thickness
Facies No. {m) (m) Description

thinly bedded to medium-bedded (10-140mm, 25-40mm average)
with tool marks (l-2mm by 3-4mm) on the bases of some

beds. Simple, straight horizonta) burrows (1-3mm diameter by
5-10mm length) are present along with straight vertical
tubes (1-3mm diameter by 8mm length). Interval is capped by
a 140mm hummocky cross-laminated bed. The mudstone is dark
gray, silty in part to rarely sandy, thin to moderately lam-
inated, 1{nternally massive to horizontally laminated, and
appears mostly non-bioturbated. Overall the amount of bio-
turbation is low to moderately low, the frequency of storm
beds 1s high to moderately high, and the percentage of wave
ripples is moderate to moderately high.

Hm 3A-3 3.0m 226.27m The sandstone/shale ratio for this interval varies from 1:1
to 1:3. The sandstone is gray, very fine-grained, horizon-
tally to hummocky cross-laminated, and several of the beds
pinch and well laterally. The sandstone layers are thickly
laminated to thinly bedded (5-60mm, 20mm average) with gut-
ter casts and tool marks at the base of some beds. The tops
and bottoms of beds are horizontally (1-3mm diameter by 10mm
length), vertically and sub-vertically (lmm diameter by 5-
10mm length) burrowed. Wave ripples are rare in this inter-
val which may be attributed to the biogenic reworking at the
tops of beds. The mudstone is gray, grading to silt-
stone, rarely sandy, moderately laminated, massive to rarely
horizontally laminated, blocky to hackly, and is moderately
burrowed. Overall the bioturbation 1in this interval is
moderately abundant, the storm-bed frequency is moderately
Tow, and the percentage of wave ripples is very low.
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Section 1 (continued)’

Unit Cumulative
Unit  Thickness Thickness
Facies No. (m) (m) Description

Hs 3A-2 3.5m 223.2 Tm The sandstone/shale ratio for this interval varies from 2:1
' to 3:1. The sandstone is gray, very fine-grained to silty,
horizontalily to hummocky cross-laminated and several of the
beds pinch-and-swell 1laterally. The sandstone layers are
thickly laminated to thinly bedded (S-70mm, 10-30mm average)
with flat to uneven bases (partly due to loading) and flat
to wave-rippled upper surfaces. Biogenic reworking domi-
nates 1in this interval, with horizontal (5-7mm diameter by
10-50mm length; 1-2mm diameter by 3-5mm length) simple
straight tubes common and subordinate amounts of vertical
and sub-vertical burrows (0.5mm diameter by 2-5mm length;
1-3mm dtameter by 10-15mm length; 5mm diameter by 15mm
length). The contacts with the sandstone beds and the over-
lying mudstone are commonly gradational due to bioturbation.
The mudstone is gray to gray-maroon, grading to siltstone in
part, thin to blocky, and bioturbated. Overall the bio-
turbation in this interval is moderately extensive to exten-
stve, the storm-bed frequency 1{s moderate, and the percent-
age of wave ripples is moderately low to very low.

] 3A-1 4,0m 219.77m The sandstone/shale ratio for this interval varies from 3:1
to 4:1. The sandstone is gray to maroon-gray, very fine-
grained, horizontally to wave-ripple cross-laminated to mas-
sive 1in part. The sandstone layers are very thinly bedded
to thinly bedded (10-70mm, 30mm average) with flat to uneven
bases {due to bioturbation) and wave-rippled to burrow dis-
rupted upper surfaces. Hummocky cross-laminated beds occur
near the top of the interval along with an excellent gutter
cast bed at 218.75m. The sandstone beds are wavy to

Section 1 (continued)

Unit Cumulative
Unit Thickness Thickness
Facies No. (m) (m) Description

amalgamated, which may be a function of the bioturbation.
The amount of bioturbation within this interval {is extensive
with straight, sinuous and branching horizontal burrows
(5-7mm diameter by 10-50mm length; 1-2mm diameter by 3-5mm
length) the most common varieties. In lesser amounts are
simple, straight vertical tubes (1-3mm diameter by 10-20mm
length) which may represent escape structures. The mudstone
is gray to gray-maroon, grading to siltstone, rarely sandy
in part, thin to moderately laminated, internally massive to
horizontally laminated, and burrowed. Overall the bioturba-
tion is very high in abundance, the storm-bed frequency is
moderateiy high and the percentage of wave ripples is moder-
ately low.

Sample 3A-1 at 217.3m

2C-24 1.15m 215.77m Covered.

MB 2C-23 0.25m 214.62m The sandstone/shale ratfo for this interval s 2:1, The
sandstone is tan to gray, very fine-grained, horizontally
laminated to massive, flat-based to irregular (wavy) upper
surfaces and rare wave ripples. Horizontal burrowing is
common (1-3mm diameter by 10mm length; 5-7mm diameter by 10-
20mm length) at the tops and bottoms of beds. The mudstone
is gray, grades to siltstone, thinly laminated, massive,
blocky, and bioturbated. This interval defines the ridge
for this outcrop. Overall the amount of bioturbation is
moderate to moderately high, the frequency of storm beds is
moderately low, and the percentage of wave ripples is very
Tow.
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Section 1 (continued)

Description

MB

M8

M8

Facies

2C-22
2c-21

2C-20

2C-19
2C-18

Unit
No.

4.1m 214.3 m
0.4m 210.27m

5.5m 209.87m

2.0m 204,.37m
2.5m 202,37m

Unit Cumulative
Thickness Thickness
(m) (m)

Covered.

The sandstone/shale ratio for this interval is 2:1. The
sandstone is gray, very fine-grained, massive to horizontal-
1y laminated, with flat bases and burrowed disrupted upper
surfaces. The sandstone layers are thickly laminated to
thinly bedded (10-50mm, 20-30mm average). The mudstone is
gray to maroon, grading to siltstone and sandy siltstone,
thin to moderately laminated, massive, blocky, and biotur-
bated. The amount of burrowing 1s moderate to moderately
high, the frequency of storm beds 1is moderately low and the
percentage of wave ripples is low.

This 1interval is composed of mudstone, with Tlittle or no
sand present. The mudstone is maroon, grading to siltstone
and becomes sandy in rare instances. The mudstone is moder-
ately laminated, massive to rarely horizontally laminated,
hackly and bioturbated. Brachiopods are extremely abundant
in this interval.

Covered.

The sandstone/shale ratio for this interval is approximately
1:20. The first 1.5m is dominated by maroon silty mudstone
that s moderately laminated, hackly and burrowed, inter-
calated with the silty sandstone beds. The last 1.0m is com-
posed of maroon silty mudstone that is moderately laminated,
massive to rarely horizontally laminated, hackly and bur-
rowed. Between the two intervals 1s a 40mm thick, very

Section 1 {continued)

Description

MB

]

MB

M8

2C-17

2C-16

2C-15

2C-14

2C-13

5.0m 199.87m

1.0m 194.87m

1.0m 193.87m

4.5m 192.87m

3.0m 188.37m

fine-grained sandstone bed that {is tan-brown, flat-based,
flat to wave-rippled top, and 1is horizontally Tlaminated.
Overall the bioturbation {is moderately abundant and the
storm-bed frequency and percentage of wave ripples is very
low.

This interval {s composed of maroon mudstone that is silty
in part, moderately laminated, massive, hackly, and biotur-
bated. Brachiopods are common in this interval. Gray silt-
stone to very fine-grained sandstone lenses are rare.

The sandstone/shale ratio for this interval is approximately
1:50. The interval is dominated by a maroon silty mudstone
that is moderately laminated, massive, hackly, bioturbated,
and contains abundant brachiopods. A single 20mm sandstone
bed occurs in this interval that is maroon-gray, very fine-
grained, and burrowed.

This interval is composed of maroon mudstone to silty mud-
stone that {s moderately laminated, massive, hackly, and
bioturbated. Brachiopods are common in this interval,
Maroon-gray siltstone lenses are rare.

This interval is composed entirely of a marcon to .light-
green mudstone to silty mudstone that is medium-laminated,
massive hackly, and bioturbated.

The sandstone/shale ratio for this interval varies from 1:1
to 2:1. The sandstone is gray to weakly maroon-gray, very
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Section 1 (continued)
Unit Cumulative
Unit Thickness Thickness
Facies No. {m) (m) Description
fine-grained, massive to horizontally laminated, and moder-

ately {ndurated.

The sandstone layers are thickly

Tami-

nated to very thinly bedded

{10-80mm,

30mm average), with

flat bases that commonly contain

brachiopod molds and flat

to frregular (burrow disrupted) tops.

Biogenic reworking fs

abundant

in this {interval,

represented by simple

straight

horizontal burrows

(1-3mm diameter by 7-10mm length). The

mudstone 1s maroon to maroon-gray, grading to siltstone,

moderately

turbated. Overall

laminated,

internally massive, blocky, and bio-
the amount of bioturbation {s moderately

high, the frequency of storm beds is moderately low, and the

percentage of wave ripples is very low.

This interval is composed entirely of maroon mudstone to
silty mudstone that is medium laminated, internally massive,

blocky and bioturbated.

The sandstone/shale ratio for this interval varies from 1:3

to 1:5.
massive to horizontally laminated, and
pinch-and-swell lateraily.
layers varies from very thinly bedded

The sandstone s gray to maroon, very fine-grained,

several of the beds

The thickness of the sandstone

to thinly bedded (20-

90mm, 30-35mm average).

The bases of the sandstone beds are

flat and the tops are flat to

{rregular due to biogenic re-

working. Wave ripples are rare in this interval
occur where the bioturbation was not as extensive.

tal burrowing dominates in this interval
eter by 1.0mm length; 1-3mm diameter by 7-10mm lengt
diameter by 8-15mm length) with minor amounts

Section 1 (continued)

Description

, but do
Horizon-

(0.25-0.5mm diam-

h; 5-8mm
of sub-

vertical burrows (0.25mm diameter by 1.0mm length)
mudstone 1s gray to maroon, grading to siltstone
moderately Tlaminated, massive to horizontally
blocky, and bioturbated. Overall the burrowing is
ately extensive, the storm-bed frequency(?) is low,
percentage of wave ripples is low to very low.

This interval {s composed entirely of maroon mudsto
becomes siity in part and is moderately laminated, 1
1y massive, blocky, and bioturbated.

The sandstone/shale ratio for this interval varies

The
in part,

laminated,

moder-
and the

ne that
nternal-

from 1:5

to 1:7. The sandstone is gray, very fine-grained, horizon-

tally laminated, with flat to wave-rippled tops.

Horizontal

burrows are common (1-3mm diameter by 7-10mm

length; 5-8mm

diameter by 10-15mm length) on the tops and bottoms
The sandstone layers vary in thickness from very
bedded to thinly bedded (20-40mm, 25-30mm average).
stone 1s maroon, stlty in part, moderately laminated
nally massive, blocky, and bioturbated. The amount
turbation in this interval is low, and the percen
wave ripples is low.

Covered.

The sandstone/shale ratio was difficult to determ
this interval due to the slope debris (collivium),

approximated at 1:10 to 1:20. This interval
composed of maroon mudstone to siltstone that is mo

of beds.
thinly
The mud-

, inter-
of bio-

tage of

ine for
but was

is dominantly

derately



Facies

Unit
No.

Unit
Thickness
(m)

Cumulative
Thickness
(m)

Section 1 (continued)

Description

MB

Facies

2C-5

Unit
No.

1.0m

1.0m

Unit
Thickness
(m)

166.87m

165.87m

Cumulative
Thickness
(m)

to thickly laminated, massive, blocky, and bioturbated.
Rare in this zone are 10-15mm thick, very fine-grained, gray
sandstone beds (lenses old in part) that exhibit horizontal
to low-angle cross-laminations (hummocky?) and are
flat-based burrowed tops. Overall the amount of biogenic
reworking in extensive.

The sandstone/shale ratio for this interval i{s 1:2. The
sandstone is gray, very fine-grained, horizontally to Tow-
angle cross-laminated (hummocky?), and some beds are com-
posed of horizontal laminations. The sandstone layers are
very thin to thinly bedded (20-40mm, 25-30mm average) with
flat bases that contain brachiopod molds and irrequiar bur-
rowed upper surfaces. Horizontal, simple straight tubes
dominate the bioturbation for this interval (1-3mm diameter
by 7-10mm length; 5-8mm diameter by 10-20mm length). The
last 0.5m is less burrowed and wave ripples are more common.
The mudstone is gray, silty in part, thin to moderately
Taminated, massive to horizontally laminated, blocky, and
bioturbated. Overall the amount of biogenic reworking is
moderately high, the frequency of storm beds {s moderately
low, and the percentage of wave ripples is low.

The sandstone/shale ratio is difficult to determine in this
interval due to abundant slope debris {(collivium) and is
approximated to be 1:10. This interval is dominantly com-
posed of maroon mudstone to siltstone that is moderately
laminated, internally massive, blocky, and burrowed. Inter-
calated with the mudstone and siltstone are very thin to

Section 1 {continued)

Description

2C-3

3.0m

164.87m

thinly bedded (20-40mm, 25mm average) sandstone beds (and
lenses) that are very fine-grained to silty and horizontally
laminated in part. The amount of bioturbation is moderately
extensive and have reworked the beds to the extent that the
determination of whether they are storm beds or not could
not be ascertained.

The sandstone/shale ratio for this interval is 1l:1. The
sandstone is gray, very fine-grained, massive to horizontal-
ly laminated, with rare low-angle laminations (hummocky?).
The sandstone layers are very thinly bedded to medium-bedded
(10100mm, 20-30mm average) with flat bases that contain
brachiopod molds, and wavy upper surfaces that are burrowed.
The bioturbation in this interval 1{s extensive with an
abundance of both horizontal and vertical burrows. The hor-
fzontal burrows are of four varieties: Sinuous s-shaped to
y-shaped (1-3mm diameter, covering a lOmm area); semicir-
cular (2-5mwm diameter by 10-15mm length); branching-tree-
1ike (0.5-1.0mm diameter by 10mm length); and simple
straight tubes (2-3mm diameter by 5-10mm length; 5-8mm diam-
eter by 20-50mm length). The vertical burrows are dominated
by small (1-3mm diameter by 5-10mm length), simple straight
tubes that may be U-shaped. The mudstone is light gray to
dark gray, silty in part, thin to moderately laminated,
internally massive, blocky, and extensively horizontally
burrowed by simple (1-3mm diameter by 5-10mm length)
straight tubes. The amount of bioturbation was high, which
destroyed any wave ripples that might have been present.
Sample 2C-la at 162.80m
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Section 1 (continued)

rowing. The sandstone la
(20-60mm, 30mm average),

Unit Cumulative
Unit  Thickness Thickness
Facies No. (m) (m) Description
M8 2C-2 1.0m 161.87m The sandstone/shale ratio is difficult to determine for this
interval, but is approximated to be 1:5. The sandstone is
, gray, very fine-grained, horizontal, to low-angle cross-lami-
nations (hummocky?) with some ‘laminations disrupted by bur-

yers are very thin to thinly bedded

and are flat-based with burrowed

upper surfaces.

Horizontal burrows

(1-3mm diameter by 10mm

length) dominate with

subordinant amounts of subvertical

burrows (1-2mm diameter by 5-6mm length).

The siltstone is

gray, rarely sandy, medium to thickly laminated, massive to
horizontally laminated, blocky and partially burrowed. The
burrowing 1{n this interval has destroyed any wave ripples
that might have existed and made the detection of storm beds
next to impossible.

Sample 2C-1 at 161.2m

2C-1
2B-26

3.0m
1.25m

160.87m
157.87m

Covered.
Hs The sandstone/shale ratio for this interval varies from 2:1
to 3:1. The sandstone 1s tan to slightly maroon-gray to
orange-brown, very fine- to fine-grained, horizontally to
hummocky cross-laminated and 1s well-indurated. The sand-
stone layers are very thinly bedded to medium-bedded (20-
200mm, 50-60mm average) with flat bases and undulating upper
surfaces that are wave-rippled 1in part. Several of the
bases of the sandstone beds contain molds of brachiopods.

Horizontal

burrowing dominates in this

interval (1lmm diam-

with minor

eter by 3-4mm length, simple straight tubes)
amounts of vertical burrows (2mm diameter by 5-7mm length).

Section 1 (continued)

Unit
Thickness
(m)

Cumulative
Thickness
{m)

Unit

Facies No. Description

The siltstone is gray,

rarely sandy, thin- to medium-lami-

nated, fissile, and non-bioturbated.
bioturbation is moderately low to very

Overall the amount of

low, the

storm-bed

frequency is moderately low, and the percentage of wave rip~

ples {s moderate to moderately low.
Hs 28-25 2.0m 156.62m ratio for this interval varies from 1:1
to 2:1. The sandstone is gray to slightly maroon-gray, very
fine- to fine-grained, massive to horizontally laminated to
hummocky cross-laminated, and symmetrical to asymmetrical
ripple cross-laminated in part. The sandstone layers are
very thinly bedded to medium-bedded (20-200mm, 30-45mm aver-

age) with flat bases that contain brachiopod molds and wave

The sandstone/shale

rippled to amalgamated upper surfaces.

Two varieties of hor-

1zontal burrows are common:

curved, U-shaped burrows (1-3mm

by 8-10mm);

and simple slightly curved tubes (Smm diameter

by 50mm length). The mudstone is gray to dark gray, grades
to siitstone in part, very thin to moderately laminated,
internally massive to horizontally laminated, blocky to fis-
sile, and non-bioturbated to weakly bioturbated. Overall
the amount of bioturbation for the interval is low to moder-
ately low, the storm-bed frequency is moderate, and the per-
centage of wave ripples is moderate.

Hs 2B-24 1.0m 154,62m The sandstone/shale ratio for this interval is 1:1. The

sandstone s gray, very fine- to fine-grained, horizontally

to ripple cross-laminated and is graded in part. The sand-

stone layers are very thinly to medium-bedded (20-180mm, 40-

45mm average) with flat bases and
cal upper surfaces.
and-swell

symmetrical to asymmetri-

Several of the beds dramatically pinch-
over the distance of a few meters

(1aterally).
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Cumulative
Thickness
(m)

Section 1 (continued)

Description

Hs

Facles

153.62m

Cumulative
Thickness

(m)

Both horizontal (1-3mm diameter by 4-7mm length)} burrows and
vertical (1-2mm diameter by 4-7mm length) burrows occur in
this interval. The intervening siltstone is dark gray to
Tight gray, thin to thickly laminated, internally massive to
hortzontally laminated and low-angle cross-laminated. Bio-
turbation is rare to absent fn the siltstone. Overall the
bioturbation for this {nterval is very low to moderately
low, the storm-bed frequency is moderate to moderately low,
?nd the percentage of wave-ripples is moderate to moderately
ow.

The sandstone/shale ratfo for this interval is 1:1. The
sandstone is light gray to gray to tan, very fine- to fine-
grained, and horizontally, hummocky, and ripple cross-lami-
nated. The sandstone layers are very thin to thinly bedded
(10-60mm, 25-35mm average), with flat to uneven bases (1oad-
ing features) and flat to wave-rippled tops. Several of the
sandstone beds appear completely massive due to bioturba-
tion. Graded beds are common in this interval being composed
of efther fossil debris (crinoid columnals, brachiopods) and
granule size grains (quartz, phosphate?) or mud chips (1-2mm
dtameter by 2-5mm length). Horizontal burrowing dominates
this interval (0.25-1.0mm diameter by Smm length; Smm diam-
eter by 20mm length) with subordinate amounts of vertical
and sub-vertical burrows (0.5-1.0mm diameter by 5-20mm
length). The mudstone is gray, grading to siitstone, thin-
to medium-laminated, blocky, bioturbated, internally massive
with 1-2mm thick sandstone lenses that are very fine-grained
and horizontally laminated. Overall the amount of bioturba-
tion for the interval is moderate to moderately low, the
storm-bed frequency is moderate and the percentage of wave
ripples is low.

Sample 2B-19 at 152.52m

Section 1 (continued)

Description

Hm

Unit
Unit Thickness
No. (m)
28-23 2.0m

Unit
Unit  Thickness
No. (m)
28-22 3.0m

151.62 m

The sandstone/shale ratio for this interval varies from 1:1
to 1:2, The sandstone is gray to tan, very fine- to fine-
grained, and hortzontally, micro-hummocky, and wave-ripple
cross-laminated. The sandstone layers are thinly laminated
to thinly bedded (2-80mm, 25-30mm average) with flat to
uneven bases and uneven to wave-rippled tops. Erosional
structures such as flute casts, groove casts, and tool marks
are common on the bases of beds. Many of the beds are
graded with quartz granules at the base and fossil lags com-
posed of hematite replaced brachiopods, crinoid columnals,
and Tentaculites(?). The fossil granule lags are generally
0.5-5mm thick and grade up into very fine to fine sandstone.
Many of the beds pinch-and-swell drastically and a few pinch
out all together. The amount of bioturbation in the sands
is low, with horizontal burrowing (lmm diameter by 10mm
length; 3mm diameter by 20-40mm length; simple straight
tubes and grooves) at the tops and bottoms of beds. The
upper contacts with the overlying mudstone are either sharp,
or gradational due to biogenic reworking. Amalgamation of
these sandstone beds are common resulting in the discontinu-
ous nature of several mudstone layers. The mudstone {s gray
to tan to orange-brown, silty in part, thin to very thinly
bedded, fissile to blocky, massive to horizontal to low-
angle cross-laminated, ard nonbioturbated to weakly biotur-
bated. Within the mudstone are lenses of siltstone that are
2mm to 4mm wide and 2mm to lcm in lateral extent, and con-
tain limonite-replaced fossils (crinoid columnals, brachio-
pods?) and very fine to coarse quartz (phosphate?) sand.
Overall the amount of burrowing for this interval is very
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Unit
Thickness

(m)

Cumulative
Thickness

(m)

Section 1 (continued)

Description

Ham

Hm

Facies

28-21

28-20

Unit
No.

6.6m

2.4m

Untt
Thickness

(m)

148.62m

142.02m

Cumulative
Thickness
(m)

low to moderately low, the storm-bed frequency is moderately
abundant, and the percentage of wave ripples is low to
moderately low.

Sample 28-18 at 150.1m

The sandstone/shale ratio varfes from 1:10 to 1:12. The

sandstone {s gray to tan, silty to very fine-grained and hor-
fzontally to micro-hummocky cross-laminated. The sandstone

layers are thickly laminated to very thinly bedded (2-20mm,

10mm average) and tend to pinch-and-swell in thickness later-
ally. The bases of beds are either flat or contain gutter

casts, Several of the beds contain black mud chips that

appear to be concentrated at the bases of beds. The upper

surfaces are either flat, wavy, or contain asymmetrical rip-

ple cross-laminations. The mudstone is gray to olive-green/

gray to brown to rarely red/brown, silty in part, thin to

thickly laminated, massive, blocky to fissile, and weakly to

non-bioturbated. Overall the amount of biogenic reworking

is low, and the percentage of wave ripples is low.

The sandstone/shale ratio varies from 1:4 to 1:5. The sand-
stone is gray, very fine-grained to silty, horizontal to
low-angle cross-laminated and the beds generally pinch-and-
swell laterally., The sandstone layers are thickly laminated
to thinly bedded (5-35mm, 10-15 average) and have flat to
wavy tops. Mud chips (lmm diameter by 2mm length) are com-
mon within the sands and tend to be concentrated at the
bases of beds. Bioturbation 1{s rare with horizontal
straight tubes (lmm diameter by 5-10mm length) on the under-

Section 1 (continued)

Description

Hm

28-19

2.8m

139.62m

sides of beds and very rare vertical straight tubes (3mm
diameter by 6-10mm length). The mudstone is gray to rarely
red/brown, silty, massive, blocky to fissile, thin to thick-
ly laminated, and weakly to non-bioturbated. Overall the
amount of biogenic reworking is low, the fregquency of storm
beds is moderately low, and the percentage of wave ripples
is low.

The sandstone/shale ratio varfes from 1:5 to 1:6. The sand-
stone is gray, very fine-grained to silty, horizontal to low-
angle cross-laminated and contains wave-rippled upper sur-
faces, in part. The sandstone layers are thickly laminated
to thinly bedded (5-30mm, 1Omm average) and they pinch-and-
swell laterally. The sandstone layers pinch-and-swell so
drastically that beds pinch-out all together, leaving wave-
rippled sandstone lenses within mudstone. Much of the bed-
ding 1in this {nterval is either wavy or lenticular. A few
of the wavy beds are extremely fossii-rich 1limestone con-
taining gastropods, enchinoderms, and medium to coarse
quartz sand. The undersides of sandstone beds commonly con-
tain gutter casts and horizontal burrows (1-2mm diameter by
10-20mm length; simple straight tubes). Within the sand-
stone beds are dark gray to black mud chips (1-3 mm diameter
by 4-10mm). The mudstone is olive gray to light brown, thin
to medium-laminated, massive, dominantly fissile to slightly
blocky, and non-bioturbated to slightly bioturbated. Over-
all the biogenic reworking is low, the frequency of storm
beds is moderately low, and the percentage of wave ripples
is low.
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Unit  Thickness
Facies No. (m)

Cumulative
Thickness
(m)

Section 1 (continued)

Descript

ion

Hm 28-18 2.1m 136.82m

Hm 28-17 3.85m 134.72m

Unit
Unit  Thickness
No. (m)

Cumulative
Thickness
{m)

Factes

The sandstone/shale ratio for

sandstone s gray to slightly
grained to silty, horizontal to 1
laminated, and the beds pinch-
sandstone layers are thickly lam
45mm, 10mm average) with {rregqu!l

tain gutter casts and wave-rippled upper surfaces.

the gutter casts are completely
along with wave-rippled sandstone

this interval 1ts 1:5, The
reddish-gray, very fine-
ow-angle to hummocky cross-
and-swell laterally. The
inated to thinly bedded (3-
ar bases that commonly con-
Many of
isolated in the mudstone,
lenses (starved ripples).

Good fossi1 lags are common at the bases of beds composed of

abraded skeletal debris.

Bifoturbatfon within the sands is

scarce, with horizontal (2mm diameter by 5-10mm length) and

vertical (2mm diameter by 10mm

length), simple, straight

tubes present.

The mudstone is gray to brown to red/brown,

thin to thickly

laminated, massive,

fissile to blocky to

rarely hackly, and non-bi
Overall the amount of bio
storm beds is moderately
ripples is low,

The sandstone/shale ratio
to 1:5. The sandstone

oturbated to slightly bioturbated.
turbatton 1s low, the frequency of
low, and the percentage of wave

for this interval varfes from 1:3

is gray to maroon-brown,

very fine-

grained to silty, and contains
micro-hummocky cross-laminations.

horizontal

to low-angle to

features of this interval

One of the more striking
is the abundance of graded beds.

Most of the beds in this finterval contain a
i{s anywhere from 0.25-5mm thick, composed
brachiopods, Tentaculites, trilobite fragmen
coarse-grained quartz grains. Above the fo

Section 1 {continued)

Description

fossil lag, that
of gastropods,
ts, and fine- to
ssil lag within

Hm 2B-16 2.85m 130.87m

each bed

into
thin
age)
1ike
cont

lenses, resembling flaser bedding.

is very fine sand or siltstone that grades upwards
non-bioturbated mudstone. The sandstone layers are
ly laminated to very thinly bedded (2-20mm, 9-10mm aver-
, with flat bases and flat to wave-rippled to hummock-

upper surfaces. Some of the sandstone/siltstone beds
ain small (lmm diameter by 2-.S5mm length) mudstone
Bioturbation 1is rare,

with a few occurrences of vertical burrows (3mm diameter by

10mm length), which may be escape traces.

burr
20mm

A few horizontal
ows are present at the base of beds (2mm diameter by
length; lmm diameter by 30mm length; 0.5 mm diameter by

Smm length), ail of which are simple straight to slightly

curved tubes.

The interbedded mudstone is

gray to brown

to red-brown, thin to medium-laminated,

massive, fissile to

slightly blocky,

and mostly non-bioturbated. Within the

mudstone are red-brown, very fine-grained to
lenses that exhibit horizontal to low-ang
Overall the bioturbatfon is low, the storm-b
moderately abundant, and the percentage of
low to moderately low.
Sample 2B-16 at 131.5m

The sandstone/shale ratio for this interval

silty sandstone
le Tlaminations.
ed frequency f{s
wave ripples is

varies from 1:2

tol
and
bedd

:3.  The sandstone is gray, very fine-grained to silty,
occurs in discontinuous layers and lenses (lenticular
ing) that contain horizontal, low-angle and ripple cross-

laminations.

laminated to very thinly bedded

The sandstone layers

(5-10mm,

and lenses are thickly
7-8mm  average),

with flat to uneven bases that contain flute casts in part,
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Section 1 (continued)

Description

Hm

Facies

2B-15

Unit
No,

6.5m

Unit

Thickness

(m)

128.02m

Cumulative
Thickness

(m)

and flat to wave-rippled upper surfaces. Graded beds are
common in this interval, typically composed of a lmm thick
fossil lag consisting of iron-replaced {limonite, glauco-
nite?) gastropods, other skeletal fragments, and medium to
coarse quartz sand. Above the fossil lag within each bed,
the layers graded upwards into very fine sand or siltstone,
and finally into non-bioturbated mudstone. The amount of
biogenic reworking is low, with slightly curved to simple
straight tubes (Smm diameter by 40mm length; 1mm dfameter by
7-10mm length) occurring on the tops and bottoms of beds. A
typical feature of many of the beds are 0.25mm diameter by
1.0-2.0mm gray mud chips dispersed throughout the layers.
The mudstone is dark gray to gray/green to brown to reddish-
brown, sility in part, thin to thickly laminated to very
rarely very thinly bedded, massive to horizontally lami-
nated, blocky to hackly to partly fissile, and weakly bio-
turbated. Overal] the amount of biogenic reworking is low,
the storm-bed frequency is moderately low, and the percent-
age of wave ripples is moderately low.

The sandstone/shale ratio for this interval is 1:2. The
sandstone fs gray to tan, very fine-grained, with horizontal
to low-angle to micro-hummocky cross-laminations. The sand-
stone layers are thickly laminated to medium-bedded (3-
100mm, 10-30mm average), with flat bases containing gutter
casts, in part, and flat to wave-rippled tops. This inter-
val slightly thickens upwards and is capped by a fossilifer-
ous ironstone. The ironstone is hematite-cemented, with
Timonite-replaced trilobite fragments that are in parallel

Section 1 (continued)

Description

Hm

2B-14

4.1lm

121.52m

alignment. Several other hematite-cemented ironstones are
present 1in this Interval, all of which pinch-and-swell
dramatically and may have wave-rippled(?) upper surfaces.
In addition to the ironstones, the sandstone beds pinch-and-
swell laterally and occasionally form discontinuous layers.
Many of the sandstone beds contain fossil lags composed of
gastropods, Tentaculites, and crinoid columnals. The amount
of biogenic reworking is low, with horizontal burrows (lmm
diameter by 5-10mm length, simple straight tubes), vertical
(3mm diameter by 6mm length; lmm diameter by 15mm length,
straight tubes) and sub-vertical (1-2mm diameter by 10-15mm
length, straight tubes) varieties present. The mudstone is
dark gray to brown to rarely red-brown, silty in part, thin
to medium-laminated, massive to horizontally laminated, fis-
sile to slightly blocky, and non-bioturbated. Within the
mudstone are very fine-grained sandstone and siltstone
lenses, giving parts of the interval a lenticular bedding

appearance. Overall the amount of biogenic reworking is
low, the storm-bed frequency is moderate, and the percentage
of wave ripples s moderately low.

Sample 2B-148 at 125.0m

Sample 2B-14A at 124.5m

The sandstone/shale ratio for this interval 1is 1:2. The
sandstone {s gray, very fine-grained to silty, and contains
horizontal to low-angle cross-laminations and micro-hummocky
cross-laminations in part. The sandstone layers are thickly
laminated to thinly bedded (5-45mm, 15-20mm average), with
flat to uneven bases contatning gutter casts, in part, and
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Unit
No.

Unit
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(m)

Cumulative
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(m)

Section 1 (continued)

Description

Hm

Facies

28-13

Unit
No.

3.9m

Unit
Thickness
(m)

117.42m

Cumulative
Thickness
(m)

flat to wave-rippled upper surfaces. Several of the beds
contain abundant 1imonite(?)-replaced crinotd columnals and
other skeletal debris, disseminated throughout each layer.
In a few rare instances, the fossil debris s concentrated
at the base of the beds (lag zone, lmm thick). In addition
to the fossil debris, small (0.25mm diameter by 2-3mm
length) dark gray mud chips occurred within the beds. The
amount of bioturbation within the beds 1s low, with horizon-
tal branching burrows (Smm diameter by 20mm length), hori-
zontal, simple straight tubes (lmm diameter by Smm length),
and sub-vertical simple tubes (3-5mm diameter by 10-15mm
length) being the only varieties. The mudstone is gray to
dark-gray to brown to red-brown, silty in part, thin to
medium-laminated, massive to horizontally laminated, fissile
to blocky, and appears mostly non-bioturbated. Overall the
amount of biogenic reworking is low, the storm-bed frequency
ts moderately high, and the percentage of wave ripples is

moderately low.

The sandstone/shale ratio varies from 1:1 to 1:2, The sand-
stone is 1ight gray, to gray, very fine-grained to silty,
and contains horizontal to 1low-angle and micro-hummocky
cross-laminations. the sandstone layers are thickly lami-
nated to thinly bedded (5-60mm, 20mm average), with flat to
uneven bases that commonly contain gutter casts and hummock-
1ike to wave-rippled upper surfaces. Intercalated with the
sandstone and mudstone are hematite-cemented ironstones that
pinch and swell dramatically. The ironstones exhibit no
laminations 1n outcrop, but have a hummock-like geometry,

Section 1 (continued)

Description

Hm

2B-12

1.5m

113.52m

which may indicate they are storm beds. The wavelengths of
the micro-hummocky and hummock-like beds varied from 185mm
to 560mm, with an approximate average of 210mm. Bioturba-
tion is dominated by horizontal varieties (4mm diameter by
45mm length; 2mm diameter by 15mm length) on the tops and
bottoms of beds. The mudstone is dark gray to rarely red-
dish brown, silty, thin to medium-laminated to very rarely
thickly laminated, and non-bioturbated. Overall the amount
of biogenic reworking 1s low, the storm-bed frequency is
moderate, and the percentage of wave ripples is moderate.
Sample 28-13 at 113.83m

The sandstone/shale ratio for this interval ranges from 1:5
to 1:6. The sandstone is gray, very fine-grained to silty,
with horizontal to low-angle cross-laminations, and micro-
hummocky cross-stratification. Many of the sand beds con-
tain fossil fragments throughout the layer. Several of the
beds that weather to an orange/red color are hematite-
cemented {ronstones that are flat-based with undulatory,
hummock-11ke upper surfaces. The wave lengths of the hum-
mocky beds range from 1-2m. The sandstone layers are thick-
1y laminated to very thinly bedded (3-20mm, 10mm average)
and pinch-and-swell laterally. Some of the beds pinch out
all together, leaving isolated lenses of wave-rippled sand
(lenticular bedding). Both straight and branching horizon-
tal grooves are present at the tops of beds (2mm diameter by
30-50mm length). The mudstone is dark gray, thin to medium-
laminated, massive, fissile to very slightly blocky, and
non-bioturbated. Overall the amount of biogenic reworking
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112.02m

Cumulative
Thickness
(m)

for this interval is low, the frequency of storm beds is
low, and the percentage of wave ripples is low.

Sampie 2B-11 at 112.9m

Sample 28-12 at 112.3m

The sandstone/shale ratio for this interval 1s 10:1. This
interval represents the highest energy environment and shal-
lowest water conditions for the entire Formation. The sand-
stone is green to red with a grain size ranging from fine
sand to fine-pebble gravel. The sedimentary structures are
dominated by trough cross-stratification with subordinate
amounts of symmetrical and asymmetrical ripples. This inter-
val signifies the top of a regressive, shallowing and thick-
ening upward cycle. The sandstone (conglomeratic) is thin
to thickly bedded (3cm-0.5m, 5-10cm average) and contains
maroon mud clasts (Smm diameter by 10mm length). The last
1.0m of this interval is devoid of shale and the beds appear
amalgamated. The interval is capped by a 0.2m thick conglom-
eratic 1{ronstone that is very calcareous. Bioturbation is
very low due to the hypothesized high-energy environment of
deposition and only a few vertical burrows (Skolithos?) were
detected (8mm diameter by 80mm length). he mudstone is
gray, thin to medium-laminated, massive, fissile, discontin-
uous, and non-bioturbated. Overall the biogenic rework-
ing 1s low, the frequency of storm beds may not apply here
(beds may be the result of processes other than storms), and
the percentage of wave ripples is low.

Sample 2B-8 at 110.4m

Sample 2B-9 at 110.6m

Section 1 (continued)

Description

FC

FC

28-10

28-9

1.8m

1.45m

109.72m

107.92m

The sandstone/shale ratio for this interval varies from 2:1
to 3:1. The sandstone is gray to gray-green to red-gray,
fine- to very coarse-grained, and contains occasional maroon
mud clasts (5mm by 2.0-2.5mm). The sedimentary structures
present in this interval include symmetrical and asymmetri-
cal ripples, in additfon to trough cross-stratiffed beds.
In this interval rippled beds dominate over trough cross-
stratified beds, which is the opposite of interval 2B-11.
The sandstone layers are thin to medium-bedded (20-200mm,
40-60mm average), and tend to be amalgamated, in part. The
amount of burrowing in this {interval is moderately extensive
and the diversity of burrow types is high. Horizontal bur-
rowers occur either as simple straight tubes (5-10mm diam-
eter by 20-30mm length) or slightly curved to branching
varieties (lmm diameter by 10-50mm length). Vertical (3-5mm
diameter by 35-80mm length; Skolithos?g and subvertical bur-
rows also occur as simple stralght tubes. The mudstone is
gray to olive-green, thin to medium-laminated, massive, fis-
sile, discontinuous, and may be bioturbated(?). Overall the
amount of biogenic reworking for this interval is moderately
high, the storm-bed frequency may not apply here (because
these beds are probably a combination of tidal and storm-
wave processes), and the percentage of wave ripples is
moderately high.

The sandstone/shale ratio for this interval varies from 8:1
to 10:1. The sandstone is light gray to dark gray, fine- to
medium-grained, with occasional red and gray mud clasts.

185
|
|



186

Section 1 (continued)

Unit Cumulative
Unit  Thickness Thickness
Facies No. (m) (m}) Description

The sedimentary structures present 1{nclude trough cross-
laminations, and within the finer grain-size beds, symmetri-
cal and asymmetrical ripples occur. The sandstone layers
are very thinly bedded to medium-bedded (20-200mm, 40-50mm
average), appear amalgamated, fn part, and have a wavy
appearance (episodic sedimentation?). The amount of biotur-
bation in the sands {s moderate, with a high diversity.
Horizontal burrows vary from simple straight tubes {2-5mm
diameter by 20-50mm length) to horizontal tubes with a
bulbous head (6mm diameter by 15mm length) to horizontal
branching burrows (lmm diameter by 10mm length). Vertical
burrows vary from simple straight tubes (3-5mm diameter by
20mm length) to slightly curved tubes (5mm diameter by 15mm
length). Rare bifogenic structures are straight to slightly
curved horizontal burrows of large dimensions (15-20mm diam-
eter by 50-60mm 1length). The mudstone i{s gray to olive-
green/gray, silty in part, thinly laminated, massive, fis-
sile, discontinuous, and non-bioturbated. Overall the amount
of biogenic reworking {s moderate to moderately high and the
percentage of wave ripples {s moderate.

Sample 2B-7 at 106.96m

FC 28-8 0.95m 106.47m The sandstone/shale ratio for this interval 1{s 10:1. The
sandstone is gray to olive green, very fine- to medium-grain-
ed, and occasionally contains maroon and gray mud chips.

\ The dominant sedimentary structures are symmetrical and
trough cross-laminated beds. The sandstone layers are very
thinly bedded to medium-bedded (20-200mm, 40mm average) and

are amalgamated in part. The amount of bfoturbation within

Section 1 (continued)
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the sands is moderately extensive. Horizontal burrows are
present as simple straight tubes (2mm diameter by 10-15mm
length; 5-10mm diameter by 20-40mm length} and vertical bur-
rows are also present as simples straight tubes (8mm diam-
eter by 20mm length). The mudstone is gray, silty to mas-
sive to horizontally laminated, fissile, discontinuous, and
non-bioturbated. Overall the amount of biogenic reworking
i{s moderately high, and the percentage of wave ripples was
difficult to estimate due to the amount of amalgamation of
the sands.

FC 28-7 1.2m 105.52m The sandstone/shale ratio for this interval varies from 1:8
to 1:10. The sandstone {s gray, fine- to very coarse-
grained, with maroon mud clasts 1in part. The sandstone
occurs as thin beds and lenses that have wave-rippled upper
surfaces and flat bases to uneven bases. The sandstone
layers are thinly laminated to very thinly bedded (2-20mm,
15mm average) and are very silty in part. The amount of
burrowing within the sands is moderately abundant. Simple
straight horizontal burrows were common at the tops and bot-
toms of beds (5mm diameter by 30mm length; 1mm diameter by
S5m length). Cone-shaped vertical burrows that usually
occur below sandstone beds range in size from 20mm diameter
by 40mm length and 15mm diameter by 20mm length. The mud-
stone 1s gray to dark gray, silty in part, massive, fissile,
and bioturbated 1in part. Overall the amount of biogenic
reworking in the interval is moderate, and the percentage of
wave ripples is low to moderately low.
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FC 2B-6 ' 0.90m 104,32m The sandstone/shale ratio for this interval fs 5:1. The
The sandstone is white to red-gray, fine- to coarse-grained,
with red and gray mud chips. The base of this interval con-
tains medfum-scale trough cross-stratified beds that become
smaller in scale toward the top of the interval, The inter-
val is capped by a fine-grained asymmetrical and symmetrical
rippled bed. The sandstone layers are very thinly bedded
to medium-bedded (20-200mm, 30-50mm average) and generally
have a wavy to amalgamated appearance. The amount of bio-
turbation in the sands is Tow, with sparse amounts of hori-
zontal, simple straight tubes (2-7mm diameter by 10-20mm
length) present. The mudstone is dark gray, very silty in
part to rarely sandy, thin to medium laminated, massive, fis-
sile, and slightly horizontally burrowed. Overall the
amount of bioturbation for this interval is moderately low,
and the percentage of wave ripples is low.

FC 2B-5 1.6m 103.42m The sandstone/shale ratio for this interval is 1:10. This
interval is dominated by silty mudstone and siltstone with
minor amounts of thin sandstone beds and lenses. The sand-
stone 1s red to olive green, very fine- to fine-grained, and
contains marcon to brick-red mud clasts (2-6mm in length).
The sandstone beds are commonly discontinuous, thickly lami-
nated to thinly bedded (5-50mm, 20mm average), and are hori-
zontally burrowed in part (2-7mm diameter by 20-40mm length;
simple straight tubes). Another burrow type present
includes cone-shaped, vertical burrows commonly at the bases
of sandstone beds and lenses. The stlty mudstone to silt-
stone is gray to tan, fissile to slightly blocky, thin to

Section 1 (continued)
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medium-laminated, and massive and weakly bioturbated. Over-
all the amount of biogenic reworking is moderately low for
this interval, along with the percentage of wave ripples.
Sample 2B-6 at 102.5m

FC ~28B-2 3.7m 101.82m The sandstone/shale ratio for this interval varies from 2:1
to 5:1.  The base of the interval is characterized by a 10-
12cm, fine to very coarse, gray to dark-gray sandstone. The
rest of the interval is typified by trough cross-stratified
sands and ripple cross-laminated sands. The rippled sands
are very fine- to fine-grained, green to sligntly red,
whereas the trough cross-stratified sands are medium-to
coarse-grained, red, and forsets are draped by clays. Both
of these bedding types contain gray to maroon, granule-size
(2-4mm) grains.” The sandstone layers are very thinly bedded
(20-150mm, 30-40mm average) and generally have a wavy to
amalgamated appearance. The amount of bioturbation within
the sands appears moderately low, with slightly curved to
straight tubes (hortzontal: 1-3mm diameter by 1Omm length;
5-7mm diameter by 15mm length) present at the tops and bot-
toms of beds. Intercalated with the sandstone are thinly
Taminated mudstone to siltstone to sandy siltstone interbeds
that are gray, horizontally laminated to massive, fissile,
discontinuous and weakly to non-bioturbated. Some of the
clay layers are only 1-2mm thick between the coarse sands.
Overall the bioturbation for this interval is low to moder-
ately low, and the percentage of wave ripples is moderately
low.

Sample 2B-3 at 99.0m
Sample 2B-5 at 101.5m
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The sandstone/shale ratio for this interval is 5:1. The
sandstone is dark gray to greenish/gray, very fine-grained,
with horizontal to low-angle cross-laminations and excellent
hummocky cross-laminations. The sandstone layers are very
thinly to medium-bedded (20-120mm, 3Smm average), have
wave-rippled upper surfaces and gently undulating bases.
Scattered throughout the sands are limonite-replaced fos-
sils. The interbedded mudstone fis gray to tan, thin to
medfum-l1aminated, massive, blocky to fissile, and weak ly
bioturbated in part. Overall the amount of biogenic rework-
ing in this interval {s moderately low (1-3mm diameter by
7-10mm length, horizontal burrows in the sandstone), the
frequency of storm beds {s moderately high and the percent-
age of wave ripples is moderately high.

Sample 28-2 at 97.4m

The entire interval is composed of gray to maroon, very
fine-grained sandstone. Discontinuous, thinly laminated
clay layers are present, but very rare. The sandstone s
horizontally laminated, medium-to thickly bedded, very well-
indurated, and contains limonite-replaced skeletal debris
that defines the laminations. This may be an amalgamated
hummocky sequence.

Sample 2A-6 at 90.5m

Sample 2A-7 at 95.1m

The sandstone/shale ratio for this interval s 10:1. The
sandstone {s maroon-gray, very fine- to fine-grained, and

Section 1 (continued)

Description

Hs

2A-4

1.2m

85.47m

contains skeletal debris that {is both altered by limonite
and unaltered. The sandstone layers are thin to thickly
bedded (60-400mm, 100mm average) with flat tops and flat to
undulating bases. Most of the mudstone is discontinuous due
to the amalgamated nature of the sand beds. The mudstone
{s gray to dark gray, very silty in part, thin to
medium-laminated, massive, fissile, and non-bioturbated. A
few thin zones (10-50mm) of the mudstone appeared blocky and
may be evidence for some amount of burrowing. Overall
the amount of blogenic reworking is low, the frequency of
storm beds {s moderately low and the percentage of wave rip-
ples is low,

Sample 2A-4 at 85.90m

Sample 2A-5 at 86,30m

The sandstone/shale ratio for this interval s 1:1, The
sandstone is gray, very fine-grained, with horizontal to low-
angle cross-laminations and wave-rippled upper surfaces.
The sandstone layers are thinly bedded (30-100mm, 40mm aver-
age) with flat bases and moderate amounts of horizontal bio-
turbation (10mm diameter by 40mm length; 3mm diameter by
15mm length, simple straight tubes) on the tops and bottoms
of beds. The mudstone is gray, grading to siltstone in
part, thin to thickly laminated to very thinly bedded,
slightly blocky and moderately burrowed. Overall the amount
of bioturbation is moderate, the frequency of storm beds is
moderate and the percentage of wave ripples is moderate.
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The sandstone/shale ratio for this interval is 1:1. The
sandstone is orange to maroon, very fine-grained and con-
tains abundant skeletal debris. The sandstone layers are
thinly bedded to medium-bedded (60-220mm, 70-90mn average),
with flat bases and tops. The sedimentary structures pres-
ent are horizontal to low-angle cross-laminations and occa-
sional hummocky cross-stratification. The sandstone beds are
abundantly fossiliferous 1n parts (crinoids, brachiopods),
are both cemented with hematite and 1imonite, and the thick-
ness of the beds varies laterally. The mudstone is tan to
olive green/ brown to dark gray, very silty in part, thickly
laminated, massive, fissile, and non-bioturbated. Overall
the amount of biogenic reworking for this interval {s very
low, the storm-bed frequency is moderate, and the percent-
age of wave ripples {s very low. (Note: very fine-grained
sandstone lenses within shale: lenticular bedding).

The sandstone/shale ratio for this
sandstone is orange to tan,
1imonite, and contains

{nterval is 5:1, The
very fine-grained, cemented by
abundant fossil debris (crinoid
stems, crinoid columnals, and brachiopods). Higher up in
the interval hematite cement is present, in addition to
limonite cement. The sandstone layers are thinly to thickly
bedded (50-600mm, 100mm average), horizontally to low-angle
cross-laminated, and contain flat bases and tops with rare
wave-rippled upper surfaces. The mudstone 1is tan to olive
green-brown, silty, thin to thickly laminated to very thinly
bedded, massive to horizontally laminated, blocky to fis-
sile, and weakly to non-bioturbated. Overall the amount of

Section 1 (continued)

Description
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10.2m
-8 12.2m

79.90m

Hm 1A 69.70m

11

Hm 1A*-7 5.lm 57.50m

biogenic reworking for this interval 1{s very low (1little or
none {s present within the sands), the storm-bed frequency
is moderate, and the percentage of wave ripples is very low.
Sample 2A-1 at 8l.2m
Sample 2A-2 at 82.3m

Covered.

The sandstone/shale ratio for this interval is approximately
1:10 to 1:15. Much of this interval is covered up by slope
debris {collivium) and the following description comes from
the analysis of a few sparse outcrops and two small trenches
excavated by the author. The dominant 1ithology fn this in-
terval is a gray mudstone that is thin to medium-laminated,
massive, fissile to blocky and weakly to non-bioturbated.
Infrequent sandstone beds are gray, very fine-grained to
silty, and horizontally to low-angle cross-laminated. The
sandstone/siltstone layers are very thinly bedded (10-20mm,
15mm average), have flat to rare rippled upper surfaces, and
contain uneven bases that appear fluted, in part. Low
amounts of horizontal (1-2mm diameter by 10mm 1length
straight tubes) and vertical (3-5mm diameter by l0mm length)
burrows are present. Overall the amount of biogenic rework-
ing is low, the storm-bed frequency is very low, and the
percentage of wave ripples is very low.

The sandstone/shale ratio varies from 1:3 to 1:5. The sand-
stone is gray to light brown, very fine-grained, and horizon-
tally to low-angle cross-laminated. The sandstone layers
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are thickly Tlaminated to thinly bedded (5-60mm, 20-30mm
average), with asymmetrical and symmetrical rippled upper
surfaces and uneven bases due to loading features and a few
rare flute casts. The height/length ratio for the ripples
1s 4mm/100mm (ripple index 25). Some of the beds contained
fossil debris (brachiopods, etc.) concentrated at the base.
Horizontal burrows are present in the sand (1-5nm diameter
by 10-15mm length simple strajght tubes) at the tops of
beds. The mudstone is gray, silty, thin to medium-laminat-
ed, massive, fissile, and non-bioturbated. Many of the con-
tacts with the sands are gradational {due to biogenic re-
working?), but may also be sharp. Overall the amount of
biogenic reworking is moderately low, the frequency of storm
beds is moderate to moderately low, and the percentage of
wave ripples is moderate to moderately high.

11

Hm 1A7%-6 4.0m 52.4m The sandstone/shale ratio for this interval is approximately

1:15.  Most of this interval is covered and the following
description comes from the rare outcrops found. The domi-
nant lithology 1s a gray mudstone that is thin to medfum-
laminated, finely horizontally laminated in part, fissile,
and non-bioturbated. Sparse sandstone beds are gray, very

, fine-grained to silty, and wave-rippled. The sandstone lay-
ers are very thinly bedded (10-20mm, 15mm average) with flat
bases and horizontal and vertical burrowing at the tops of
beds. Overall the amount of biogenic reworking is low, and
the percentage of wave ripples is moderately low.

Section 1 (continued)
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Hm IAII-S 5.5m 48,40m The sandstone/shale ratio for this interval s 1:3. The
sandstone is gray to tan, very fine-grained to silty, and
horizontally to ripple cross-laminated. The sandstone lay-
ers are very thinly bedded (10-70mm, 15-20mm average) with
flat bases and wave-rippled upper surfaces. Moderate
amounts of bioturbation and a relatively high amount of
diversity are present. Horizontal burrows are present
efther as simple straight tubes (2-5mm diameter by 10-15mm
length; 5-7mm diameter by 15-20mm length), or sinuous bur-
rows (10mm diameter by 50mm length) with a random pattern.
Vertical burrows occurred as simple straight tubes (1-2mm
diameter by 10mm length; 5-7mm diameter by 15mm length).
The mudstone is gray to dark gray, silty, thin to medium-
laminated, massive, blocky to fissile, and moderately bio-
turbated.  Overall the amount of biogenic reworking for the
interval 1s moderate, the storm bed frequency 1s moderate,
and the pf{centage of wave ripples {s moderately high.
Sample 1A""-3 at 44.93m

Hn 1all

-4 3.0m 42.90m The sandstone/shale ratio for this fnterval is approximately
1:10 to 1:15. This interval is mostly covered by slope
debris and the following description comes from the sparse
outcrops present. The sandstone is gray, very fine-grained,
horizontally laminated and ripple cross-laminated. The
sandstone layers are very thinly bedded (10-20mm, 15mm aver-
age), with flat bases and wave-rippled upper surfaces. A
moderate amount of burrowing is present in the sands, domi-
nated by horizontal varieties (1-2om diameter by 10mm
length; 5-7mm diameter by 15mm length). The mudstone is




Unit Cumulative
Unit  Thickness Thickness

Facles No. (m) {m)

Section 1 (continued)

Description

11

Hs 1A*°-3 3.0m 39.90m

Hm mlz  13.0m  36.90m

Unit Cumulative
Thickness Thickness
(m) (m)

Unit

Facies  No.

gray, silty, thin to thickly laminated, massive, blocky to
hackly, and appears bioturbated. Overall the amount of bio-
genic reworking {s moderate, the frequency of storm beds is
Tow, and the percentage of wave ripples is moderately low.

The sandstone/shale ratio for this interval is
sandstone {s gray to tan, very fine-grained, horizontally
laminated and ripple cross-laminated. The sandstone layers
are very thin to thinly bedded (10-50mm, 20-25mm average),
with flat bases and symmetrical to asymmetrical rippled
upper surfaces. The height/length ratio of the ripples
ranges from 5mm/60mm to 10-1Smm/110mm. Bioturbation is com-
mon in this interval, with a high amount of diversity. Hor-
{zontal burrows 1included simple straight tubes of varying
sizes (2-4mm diameter by 15-40mm; 5-7mm diameter by 20-50mm
length)., Vertical burrows are of two types: the first are
straight tubes that flare at the top (Monocraterion?, 2mm
diameter by 10mm length) and simple straight tubes (1-2mm
diameter by 10mm length). The mudstone is gray to slightly
dark gray, silty, thin to medium-laminated, with massive to
rare horizontal laminations, blocky to fissile, and weakly
bioturbated. Overall the amount of biogenic reworking is
moderate, the storm-bed frequency is moderate and the per-
centage of wave ripples is moderate.

3:1. The

The sandstone/shale ratio is questionable. This interval is
mostly covered and the following description comes from the
examination of sparse outcrops and one small trench excavat-
ed by the author. The lithology present in the interval is

Section 1 (continued)
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11

Hm 1A7%-1 3.0m 23.90mm

1

Hn 1A7-2 6.5m 20.90m

a mudstone to silty-mudstone that is gray to 1light brown,
thin to thickly laminated to very thinly bedded, massive to
rarely horizontally laminated, blocky to fissile, and weakly
to moderately bioturbated. There appears to be no sandstone
in this interval(?).

The sandstone/shale ratio for this interval varies from 1:3
to 1:4. The sandstone is gray to tan, very fine-grained,
and horizontally laminated and ripple cross-laminated. The

sandstone layers are very thinly bedded to thinly bedded (10-

60mm, 30-40mm average), contain abundant skeletal fragments
throughout, are flat-based, and exhibit wave-rippled to bur-
row-disrupted tops. The height/length ratio for the ripples
varies from 5-10mm/80-90mm. The amount of bioturbation is
extensive in this interval, but is concentrated at the tops

of the beds. dominated this interval
varfeties (2mm diameter by 20-60mm length; 5-
by 20-40mm length, simple straight tubes). The
thin to thickly laminated to very
Over-

with several
7mm diameter

mudstone is gray, silty,
thinly bedded, blocky to hackly, and non-bioturbated.
the amount of biogenic reworking is moderate to moder-

all

ately extensive, the storm-bed frequency
and the percentage of wave ripples

1

The sandstone/shale ratio varies from 1:3 to 1:10.
represents a
The sandstone is gray to white, very fine-grained,

interval

Horizontal burrows

is moderately low,
is moderately low to

ow. 1
Sample l1A""-2 at 22.43m

This
sequence.
horizon-

slight thickening-upwards
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tally laminated to ripple cross-laminated. The sandstone
layers are very thinly bedded to medium-bedded (10-200mm,
60mm average), with sharp, flat bases to gradational bases,
and wave-rippled to burrow-disrupted upper surfaces. Top of
fnterval is capped by a 0.2m thick hummocky(?) sandstone
bed. Moderate amounts of bioturbatfon are dominated by
straight to slightly sinuous tubes (5-8mm diameter by 15-
20mm length). The mudstone is gray, grading to siltstone,
thin to thickly laminated, massive, blocky to fissile, and
slightly bfoturbated(?). Overall the amount of biogenic
reworking {s moderate, the storm-bed frequency is moderately
low, and the percentage of wave ripples is moderately low.
Sample 1A-1 at 15.93m

Sample 1A-1A at 17.03

Hm 1A-1 3.8m 14.,40m The sandstone/shale ratio fs 1:2. The sandstone is light
gray to gray, very fine-grained, hortzontally laminated and
ripple cross-laminated. The sandstone layers are very thin-
ly bedded to medium-bedded (20-100mm, 30-40mm average), with
flat to gradational bases (burrowed) and generally burrowed
tops. Most of the sandstone beds are extensively burrowed
with minor amounts of internal laminations present. Not all
of the sandstone beds are continuous, and several pinch out
laterally into lenses. Bioturbation is dominated by both
hortzontal (0.5mm diameter by 3-4mm length; 5mm  dfameter
by 10-15mm length, simple straight tubes and grooves) and
vertical (0.5mm diameter by 3-5mm length, straight tubes)
burrows. The mudstone is gray to dark gray, thin to medium-
laminated, massive to horizontally laminated, blocky and

Section 1 (continued)

Unit Cumulative
Unit Thickness Thickness
Facies No. (m) (m) Description

bioturbated in part. Overall the amount of biogenic rework-
ing {s moderate, the storm-bed frequency s moderate, and
the percentage of wave ripples is very low.

QA 1A-4 5.0m 10.60m The sandstone/shale ratio for this interval is 6:1. The
sandstone s light to dark gray to brown, silty, very fine-
to fine-grained, and horizontal to ripple cross-laminated in
part. Internal laminations are rare and most beds are exten-
sively burrowed. The sandstone layers are very thinly bedded
to medfum-bedded (20-110mm, 40mm average) with sharp, flat
bases and burrowed tops. The upper surfaces of some sand-
stone beds appear to contain asymmetrical ripples, but due
to the bioturbation, a positive determination was not possi-
ble. Both horizontal and vertical (also sub-vertical) bio-
turbation {s present in the silty to fine-grained sandstone
(0.5-1.0mm diameter by 4-5mm length, horizontal and vertical
tubes). The silty mudstone to siltstome is brown to gray,
medium to thickly laminated, massive, blocky, and bioturbat-
ed. Overall the amount of biogenic reworking is moderate to
moderately high, the storm-bed frequency(?) is moderate and
the percentage of wave ripples(?) is difficult to determine
because a non-storm origin for some beds seems 1ikely.

QA 1A-3 3.0m 5.60m The sandstone/shale ratio for this interval varies from 5:1
! to 6:1. The sandstone is pale brown, silty, very fine- to

medium-grained, and ripple cross-laminated to trough cross-

laminated. Most of the beds within this interval are bur-

rowed and internal structures are very rare. The sandstone

layers are thin to medium-bedded (30-120mm,  40-50mm
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Section 1 (continued)

Description

QA

Facies

1A-2

Unit
No.

1.25a

Unit
Thickness
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2.6m

Cumulative
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average), flat-based and have irregular upper surfaces (bur-
rowing). Horizontal bioturbation is abundant in this inter-
val (0.5-1.0mm diameter by 4-5mm length, simple straight
tubes; Smm diameter by 10mm length grooves in tops of beds).
The silty mudstone to siltstone 1{s gray to brown, thin to
medium-laminated, massive, blocky, and bioturbated. Overall
the amount of bfogenic reworking is moderate to moderately
high, and the storm-bed frequency and percentage of wave
ripples is questionable because a non-storm origin for some
beds seems likely.

Sample 1A-10 at 4.5m

The sandstone/shale ratio for this interval varies from 1:10
to 1:12. The sandstone is pale brown, silty to very fine-
grained, and ripple cross-laminated in part. Many of the
fnternal laminations are disrupted by horizontal and verti-
cal bioturbation. The sandstone layers are very thin to
thinly bedded (10-50mm, 20mm average), and pinch-and-swell
laterally. Commonly the sandstone beds have flat to irregu-
lar bases and burrowed tops. The silty mudstone is gray to
brown, rarely sandy, thin to medium-laminated, massive to
rarely horizontally laminated, and burrowed. Small (2mm
thick), very fine to silty sandstone (burrowed) lenses are
common. Disseminated throughout the silty mudstone are
granule-size phosphate grains that appear to be reworked by
the bioturbatifon. Overall the amount of biogenic reworking
for the interval is moderately high.

Sample 1A-8 at 1.4m

Section 1 (continued)

Description

QA

1A-1

1.35m

1.35m

This finterval f{s composed of a single sandstone/siltstone
bed that represents the contact between the Upper Ordovician
Sequatchie and the Lower Silurian Rockwood Formations. The
sandstone s tan to orange-brown, extensively horizontally
burrowed and contains a thin (5-10mm) winnowed lag of phos-
phate grains and fossil debris at the top of the bed. The
contact with the underlying shale is gradational and the
upper contact is very sharp. The burrowing has erased any
trace of stratification.

Sample 1A-6 at 0.52m

Sample 1A-7 at 1.12m
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(Section 2-.-east 1imb)

STRATIGRAPHIC SECTION OF THE ROCKWOOD FORMATION

(NOTE: Measurement and description of southbound side of road-cut.)

Cumulative
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Description

Hm

Facies

1E-1

Unit
No.

6.0m

4.0m

Unit
Thickness
(m)

270.4m

264.4m

Cumulative
Thickness

(m)

The sandstone/shale ratfo for this interval varies from 1:3
to 1:4. The sandstone is tan to gray to slightly orange-
gray, silty to very fine-grained, horizontally laminated and
micro-hummocky cross-laminated. Wave ripples are extremely
common, exhibiting an interference pattern. The height/
length ratio of the ripples 1s 4mm/65-80mm. The sandstone
layers are thickly laminated to very thinly bedded (3-20mm,
10-15mm average), with flat to undulating bases. Bioturba-
tion is present at the tops and bottoms of beds, in the form
of horizontal burrows (1-Smm diameter by 10-20mm length,
simple straight tubes and grooves) and vertical burrows (1-
3om diameter by 5-7mm length, escape tubes?). The silty
shale is blue-gray to olive-green, thin to thickly laminat-
ed, horizontally laminated and non-bfoturbated. Extensive
cleavage development is present in the silty-shale.

The sandstone/shale ratio for this interval is 1:3. The
sandstone is gray, silty to very fine grained, horizontally
laminated and micro-hummocky to hummocky cross-stratified.
Wave-rippled tops are extremely common and portray an inter-
ference pattern. The sandstone layers are thickly laminated
to thinly bedded (5-50mm, 20mm average), with uneven bases
that contain gutter casts and tool marks, in part. Fossil
lags at the bases of some beds contained brachiopods,

Section 2 (continued)

Description

1€-3

5.0m

5.0m

260.4m

255.4m

gastropods and crinoid columnals. Both horfizontal (1-5mm
diameter by 10-20mm length, simple straight tubes) and ver-
tical (1-3mm diameter by 5-7mm length, straight tubes) bur-
rows are present. The shale is gray, thin to medium-lami-
nated, massive to horizontally laminated, and probably non-
bioturbated. Extensive cleavage development is evident in
the shale.

The sandstone/shale ratio 1is 1:3. The sandstone is gray to
dark gray, silty to very fine-grained, horizontally laminat-
ed and micro-hummocky to hummocky cross-laminated. Wave-
rippled tops are extremely common, with both an interference
and parallel pattern. The sandstone layers are thickly lam-
inated to thinly bedded (5-55mm, 20-25mm average), with flat
to uneven bases and tool marks and flute casts in part. The
wave ripples exhibited asymmetrical cross-laminations and
height to length ratios of 6mm/80mm. Some of the silty-
sandstone beds contain scattered crinoid columnals. Biotur-
bation 1s extensive in some cases, and fs normally concen-
trated at the tops of beds. The shale is gray, silty in
part, thin to thickly laminated, horizontally laminated and
non-bioturbated.

The sandstone/shale ratio 1is 1:2. The sandstone is gray,
silty to very fine-grained, horizontally laminated to hum-
mocky cross-laminated. The sandstone layers are very thinly
bedded to medium-bedded (10-100mm, 30mm average), with un-
even bases due to load casts, groove casts and flute casts.
Upper surfaces are wave-rippled, burrowed, and amalgamated
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Section 2 (continued)
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Facies

1E-5
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10.0m

Unit
Thickness
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250.4m
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in part. Scattered throughout the sand beds are 1imonite-
replaced crinoid columnals, Wave-rippled fronstone beds are
present in this interval. They are commonly low-angle to
horizontally laminated, and the laminations are defined by
the abundant fossil debris contained in the beds. The fos-
sils identified in hand sample are as follows: gastropods,
brachiopods, crinoids, and Tentaculites? The shaly-siit-
stone 1s gray, thin to moderate y laminated, and non-biotur-
bated. The amount of bioturbation, overall, is moderate,
the frequency of storm beds is moderate to moderately high,
and the percentage of wave ripples is high.

The sandstone/shale ratio ranges from 1:2 to 1:3. The sand-
stone 1{s gray, very fine-grained to siity and horizontally
to hummocky cross-stratified. The sandstone layers are very
thinly bedded to thinly bedded (10-80mm, 20-25mm average),
with flat to uneven bases (due to loading) and wave-rippled
tops. The wave ripples generally exhibit an interference
pattern, with height/length ratios of 9mm/80mm. Ironstone
layers are present that are extremely fossiliferous. Some
sandstone beds contain scattered crinoid columnals. Graded
beds are common and contain fossil lags that grade upwards
fnto very fine sand, siltstone and non-bioturbated shales.
Horizontal burrows are common at the tops and bottoms of
beds. The silty shale is gray, horizontally laminated, and
non-bioturbated. Overall the amount of bioturbation is low,
the storm-bed frequency {s moderate and the percentage of
wave ripples 1s moderate.

Section 2 (continued)

Description

Hm

Hs

1E-6

1e-7

10.0m

11.3m

240.4m

230.4m

The sandstone/shale ratio ranges from 1:1 to 1:3. The sand-
stone {s gray to maroon-gray to orange-gray, silty to very
fine-grained, and horizontally laminated to hummocky cross-
laminated. The sandstone layers are very thinly bedded to
thickly bedded (10-400mm, 75-100mm average) with flat bases
and wave-rippled upper surfaces. All the sand beds are hum-
mocky cross-stratified, have wave-rippled upper surfaces and
contain scattered fossil debris that define the lamina-
tions, in part. Richly fossiliferous fronstone beds that
pinch-and-swell laterally are also present. The wave rip-
ples exhibit both an interference and a parallel pattern,
and have a height/length ratio of 8mm/90mm. For the most
part the wave ripples do not display internal laminations,
but when they do, they are usually asymmetric. The inter-
bedded shale is gray and appears to be non-bioturbated.
Overall the amount of bioturbation is low (only detected at
the tops of sandstone and ironstone beds), the frequency of
storm beds is moderate, and the percentage of wave ripples
1s extremely high.

The sandstone/shale ratio ranges from 2:1 in the lower 5
meters to 5:1 in the upper 5 meters. The sandstone is gray
to maroon-gray to maroon, with limonite-replaced fossil de-
bris, very fine- to fine-grained, and is horizontally lami-
nated to hummocky cross-laminated. The sandstone layers are
very thinly bedded to very thickly bedded (10mm-1.3 meters,
0.1-0.3 meters average) with sharp, flat bases and wave-rip-
pled upper surfaces. Many of the beds are extremely fossil-
rich and contain gastropods up to 10mm in diameter. Many of
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Section 2 (continued)

Unit Cumulative
Unit  Thickness Thickness
Facies No. (m) {m) Description

these foss{liferous beds are extensively burrowed and lack
any internal stratification. Other fossi] varieties detect-
ed are brachiopods, Tentaculites, crinoid columnals, and
trilobite fragments. The top of this interval is capped by
a 1.3m sequence of amalgamated hummocky beds. Many of the
sandstone and 1{ronstone layers pinch-and-swell laterally,
This interval represents one of the more richly fossil-
iferous sections {n the Formation. The interbedded gray
shale appears to be non- to weakly bioturbated. Overall the
amount of biogenic reworking is moderate, the frequency of
:to;T hbeds {s moderate, and the percentage of wave ripples
s high.

FC 1E-8 2.0m 219.10m This interval is composed of maroon to green, medium-to very
coarse-grained sandstone beds that are trough cross-strati-
fled. The sandstone layers are 100 to 200mm thick and con-
tatn discontinuous shale layers. (There may be a fault be-
tween 1E-7 and this interval 1E-8.)

1E-9 2.0m 217.10m Covered. (This may be a fault zone.)
AH 1E-10 1.0m 215.10m This interval 1s composed of an amalgamated  hummocky
sequence.
AH 1E-11 2.0m 214.10m Covered. (This may be a fault zone.)
FC 1E-12 l.1m 212.10m Fine- to medium-grained, maroon to green sandstone with

abundant red mud chips. Overall the beds have a wavy appear-

Section 2 (continued)

Unit Cumylative
Unit  Thickness Thickness
Facies No. (m) (m) Description

ance and are rippled to amalgamated in part. The inter-
bedded, discontinuous shale 1s gray and may be burrowed.

FC 1E-13 1.7m 211.9m This interval 1{s dominated by brown to maroon shale with
abundant horizontal burrows, and cone shaped vertical bur-
rows, Rare fine-grained maroon sandstone lenses are pres-
ent.

FC 1E-14 10.0m 210.2m This interval {s dominated by sandstone that is margon to
green, fine- to medium-grained, and contains abundant red
mud chips. Beds are wavy to amalgamated and the last 3
meters of the interval s devoid of shale. The last 1.0m of
the interval is characterized by a green, fine- to medium-
grained sandstone with red mud chips that is trough cross-
stratified. Oirectly on top of this 1is a 0.lm thick pebbly
conglomeratic ironstone that also appears trough cross-
stratified.

Hm 1E-15 20.8m 202.2m The sandstone/shale ratio for this interval varies from 1:2
to 1:3. The sandstone is gray to dark gray, very fine-grain-
ed to silty, horizontally laminated and micro-hummocky cross-
laminated. The sandstone layers are thickly laminated to
thinly bedded (3-50mm, 20mm average), with flat to uneven
bases and wave-rippled to burrowed upper surfaces. Beds com-
monly pinch-and-swell and contain fossil lags composed of
fragmented fossil debris and quartz granules. Lenticular
ironstones are present, which are extremely fossiliferous.
The shale is gray to red-brown, very silty, massive, and may
be bioturbated(?). Overall the amount of bioturbation is
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Section 2 (continued)
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181.4m

172.4m
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moderate, the storm-bed frequency is low to moderate and the
percentage of wave ripples is low. Some of the ironstones
exhibited wave-rippled upper surfaces. The last 2.0m of the
interval is a fault zone with extensive deformation.

This zone is extensively fractured and contains siity to
very fine-grained, gray sandstone interbedded with gray
shale, al) of which is extensively burrowed.

The sandstone/shale ratio varies from 1:2 to 1:3 in this
interval. The sandstone {s light gray, very fine to silty,
and massive to rarely horizontally laminated. The sandstone
layers are thickly laminated to thinly bedded (10-40mm, 10-
15mm average), with burrowed tops and rare wave ripples.
The bases of beds are gradational to flat and uneven. High-
er up in the interval the amount of burrowing decreases
slightly, and internal stratification becomes more evident.
The following sedimentary structures are common:  Hummocky
cross-stratification (also micro-hummocky); horizontal lami-
nations; and asymmetrical ripple cross-laminations. No
ironstones are present in this interval. Intercalated with
the sandstone are 1ight gray to 1light-green silty shales,
that are sandy 1n part, and may be non-bioturbated(?).
Overall the amount of biogenic reworking {s moderate, the
storm-bed frequency is moderate and the percentage of wave
ripples 1s low.

The sandstone/shale ratio varies from 1:1 to 1:2. The sand-
stone {s gray, silty to very fine-grained, massive to hori-

Section 2 (continued)

Description

Hs?
FC?

1E-19

17.0m

120.9m

zontally laminated and hummocky cross-stratified. The sand-
stone layers are very thinly bedded to medium-bedded (10-
30mm, 20-30mm average), with burrowed to wave-rippled tops
(with asymmetrical cross-laminatfons) and flat to slightly
uneven bases. The wave ripples exhibit both an interference
and parallel pattern, with typical height/length ratios of
4mm/80mm. First ironstone detected 15.0m up into the inter-
val, and it is richly fossiliferous with crinoids, brachio-
pods, and other fragmented skeletal material. Gutter casts
and load casts are present on the undersides of several
beds. Scattered limonite-replaced fossils are common in some
sands and the amount of fossil debris starts to increase
higher up in the interval. Sandstone and ironstone beds
pinch-and-swell laterally. Graded beds occur infrequently
and commonly contain a fossiliferous lag at the base. The
top of the interval is capped by a 130mm maroon-fossilifer-
ous hummocky cross-stratified bed. The shale is gray, silty
in part, and may be bioturbated(?). Overall the amount of
bioturbation {s moderate to moderately low, the storm-bed
frequency is moderate and the percentage of wave ripples is
moderately low.

The sandstone/shale ratio varies from 5:1 to 10:1. The
sandstone is maroon to green, very fine- to fine-grained,
hummocky cross-stratified and amalgamated in part. The
sandstone layers are very thinly bedded to thickly bedded
(20mm-0.6m, 150mm average), with flat bases and burrowed
tops. Laminations are defined by fossil debris and a few
beds contain red mud chips. Several of the beds are iron-
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8.0m

Unit
Thickness
{m)

103.9m

87.%9m

Cumylative
Thickness
(m)

rich and many contain {ron-rich fossil lags at the base of
layers. Towards the top of the interval §s a 3 meter zone
of green, very fine- to fine-grained sandstone that is cap-
ped by a burrowed conglomeratic bed. The shales are gray to
brown-red, silty to rarely sandy, horizontally laminated and
non-bioturbated. The last 2 meters are composed of bioctur-
bated gray shale with red, fine- to medium-grained sandstone
beds with red mud chips. (There may be a fault between the
last 2 meters and the rest of the interval.)

The sandstone/shale ratjo is 20:1. The sandstone is grey-
green to red, fine- to coarse-grained, with maroon mud chips
extremely common. The sandstone layers are thinly bedded to
thickly bedded (30mm-0.5m, 80-100mm average) and commonly
are trough cross-stratified. Several of the layers are
wave-rippled and some are amalgamated. The shale is gray,
discontinuous and non-bioturbated(?). The interval is cap-
ped by a green, trough cross-laminated bed, which is in turn
capped by an {ron-rich conglomeratic bed. Some of the
qebb:;s are up to 40mm (very coarse-pebble gravel) 1in
ength,

The sandstone/shale ratio fs 1:3 to 1:4. The sandstone 1is
gray, silty to very fine-grained, and massive to horizontal-
1y laminated. The sandstone layers are thinly laminated to
thinly bedded (2-50mm, 15-20mm average), with wave-rippled
tops, flat bases, gutter casts and flute casts. Ironstones
are present and pinch-and-swell dramatically. The shale is
gray to brown, silty, and is non-bioturbated.

Section 2 (continued)

Description

H

Hs

1€-22

1€-23

28.0m

19.9m

79.9m

71.9m

The sandstone/shale ratio for this interval varfes from 1:3
to 1:4. The sandstone is gray, silty to very fine-grained,
massive, horizontally laminated and micro-hummocky cross-
stratified. Ironstones are red to yellowish orange, pinch-
and-swell laterally, and contain maroon mud chips. The
sandstone layers are very thinly bedded to medium-bedded (10-
150mm, 20-25mm average), with flat to uneven bases (gutter
casts) and burrowed to wave-rippled upper surfaces. Graded
beds are present and are characterized by an iron-rich fos-
sil lag at the base. Wave ripples occasionally exhibit
asymmetrical cross-laminations and exhibit height/length
ratios of 9mm/115mm. The Intercalated shale is gray to
rarely red-brown, silty 1in part, and non-to partially bio-
turbated. Overall the bioturbation is low, the frequency of
storm beds is moderate, and the percentage of wave ripples
is low.

The sandstone/shale ratio for this interval varies from l:1
to 2:1. The sandstone is gray, silty to very fine-grained,
horizontally laminated, and hummocky cross-stratified. The
sandstone layers are very thinly bedded to medium-bedded
(20mm-0.15m, 30-50mm average), with wave-rippled to burrowed
tops and flat to uneven bases. Some beds are abundantly fos-
siliferous (ironstones?) with gastropods, crinoids, and
brachiopods as common constituents. Graded beds are common
with fossil (gastropods, crinoids) - rich lags at the base
of the layers. The interbedded shale is gray and non-bio-
turbated. Overall the amount of bioturbation is 1low, the
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Section 2 (continued)

Unit Cumulative
Unit  Thickness Thickness
Facies  No. (m) (m) Description

frequency of storm beds 1{s moderately low, and the percent-
age of wave ripples is low.

Hs 1E.24 10.0m 52.0m The sandstone/shale ratio 1{s 3:1. The sandstone is light-
green to gray, very fine-grained and hummocky cross-strati-
fied. The sandstone layers are very thinly bedded to thick-
ly bedded (10mm-0.5m, 50mm average), with flat bases and
bioturbated tops. Sands are discontinuous in part and
heavily burrowed. Fossil debris 1is common and defines the
laminations in the hummocky cross-stratified beds. The mud-
stone is maroon to green silty, in part, and heavily burrow-
ed.

sandstone {s gray, silty to very fine-grained, and complete-
1y burrowed. The mudstone is maroon to green, extensively
burrowed, and contains brachiopods, crinoids, and gastro-
pods.

MB 1E-26 7.0m 32.0m The sandstone/shale ratio for this interval is 5:1 to 7:1.
The sandstone is gray, very fine-grained to silty, horizon-
tally laminated, hummocky cross-stratified, and burrowed in
part. The sandstone layers are thinly bedded (30mm-0.3m,
0.lm average), amalgamated in part, with flat bases and
tops. The mudstone is gray to maroon, stlty and bioturbat-
ed,

M8 1E-25 10.0m 42.0m The sandstone/shale ratio for this interval is 1:3. The

MB 1€-27 8.5m 25.0m The sandstone/shale ratio is 1:5. The sandstone is gray,
very fine-grained, and bioturbated. The mudstone is maroon

Section 2 (continued)

Unit Cumulative
Untt  Thickness Thickness

Facies  No. (m) {m) Description
to slightly green, bioturbated, and contains abundant
brachiopods.

M8 1E-28 16.5m 16.5m The sandstone/shale ratio for this interval is S6:1 to 7:1.

The sandstone is gray, very fine-grained, horizontally lami-
nated, hummocky cross-laminated, and burrowed in part. The
sandstone layers are thinly bedded to medium-bedded (30-
200mm, 50mm average), with flat bases and flat to burrowed
tops. Several of the sandstone beds are amalgamated in
part. The mudstone 1s maroon-gray, silty and bioturbated.
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APPENDIX
(Section 3)
HAND SAMPLE THIN SECTION DESCRIPTIONS

Sample No: 1A-7
Formation: Rockwood
Location : Base of Formation

HAND SAMPLE DESCRIPTION

Color: Fresh-11

ht brown Composition: Percent:
Heathereg-%ight brown to orange brown

Phosphati? fossil fragments

Structures: Coarsening-upwards sample H1cr8c nul fe soar traég
Grain Size: Haximum - 8mm Glauconite p ]? trace
Minimum - Smm ematite-rep aced fossil
Mode - 0.1-0.5mm ; ?Te t, trace
Sorting: Poor osilicates 1
Roundness: Angular to well-rounded Cement:
Sphericity: Moderate Hematit . 2-;1
Sp rry Ealcite, siderite? 10-15%
Composition: Quar rock fragments, phosphatic grains,
P goss f2, hematite and carbonate cement. g6 om
calculated percent for Folk et al (1970
THIN SECTION DESCRIPTION fecalculated pe ( )
Apparent Grain Size: Haximum - 10.0mm Q = 80%
mum - 8. Smm F = 16%
Mode - 0.5-0. lmm R= 4%
Roundness:  Well-rounded to angular O}her features: Hematite was detected re-
Sorting: Poorly Sorted ac1n gggl:gg}mg:g:}s aggkcgagxgen ;args.
r r con-
Sphericity: Moderate to high talned ghosphat!c and ghamos1te olites.
Composition: Percent: Chamosite oolites were disc-shaped.
Honocrysta]]¥ unstra1n d) quartz g gy  Rock Name: Calcareous sublitharenite
;?gogggi stralned quartz %
Pol¥crysta fne fg crystallets/graln) quartz trace

stone/mudstone fragme

andstone frag 5-10%

olycrystai]ine (>5 crystallets/qrain) quartz trace

Phosphatic (?) and chamosite ooids trace
APPENDIX

Section 3 (continued)

Sample No: 1A-10
Formation: Rockwood
Location : 3.3m above base

HAND SAMPLE DESCRIPTION

Color: resh-gray Cements: Percent:
athered-tan to gray §?Trry Calcite 4 T
2-3%

strctures: forlrst) 9, occasle Jamastion,
mple r
thepupperypart of the gamp feorind cfgg;fg}g:g O%ETCEHt for Folk et al (1970).

Grain size: < 0.0625mm Q = 98%
Sorting: Well sorted F= 22
orting e r R= 0%

Roundness: ?
Sphericity: ?
Composition: Quartz, carbonate cement
THIN SECTION DESCRIPTION

Apparent Grain Size: Maximum - Q.

Rock Name: Calcareous quartz arenite

Minimum - 8. mm

Mode - Smm
Roundness:  Sub-angular
Sorting: Well-sorted
Sphericity: Moderate/high
Composition: Percent:
Honocrystal]1ne unstra1n d) quartz 30%
!?nocry tgelwg tra1ned quartz 2 é
Ehy 051 1cates §
R hate rains trace
zlaugon1tegpellets trace
ourmaline trace




Sampel No:
Formation:
Location :

APPENDIX

Section 3 (continued)

1A-1
Rockwood
13.68m above base

HAND SAMPLE DESCRIPTION

Color:

Structures:
Grain Size:

Sorting:
Roundness:
Sphericity:

Composition:

Fresh-gray
Weathered-gray to orange-brown

Horizontal laminations
Maximum - 0. lmm

Minimum - < 0.0625mm
Mode - 0.05 to 0.01mm?
Well-sorted

Sub-rounded

Moderate

Quartz, heavy minerals, carbonate
cement.

THIN SECTION DESCRIPTION

Apparent Grain Size:

Roundness:
Sorting:
Sphericity:
Composition:

nocry tal
lOC ase

Maximum - Q.2mm
Minimum - Q.05mm

Mode ~ 0.05-0.1mm
Sub-angular to sub-rounded

Well-sorted

Moderately high

tra}ned quartz

Monocrystal 1ne iunstralan) quartz

hatic fo
Glaugonlte pe??e

Sample No:
Formation:
Locattion :

spar
1 fragments and grains

Composition: Percent:
paque ?rains 2-3%

Sitse f% frace
Pglovds ?3 trace
Cement: Percent:
gq?rry calcite 20-25%

ica trace

calcu]ated percent for Folk et al (1970).
ass1f cation:

Q = 99%

Fa= 1%

R= 0%

Other features: %amtnat1ons defined by
opaques. phosphat fraqments and grains,
and gl aucon!te pel Absence of hema-

tite cement
Rock Name: Calcareous quartz arenite
Percent:
43!
302
2
12
trace
APPENDIX

Section 3 {continued)

1A-1a
Rockwood
15.78m above base

HAND SAMPLE DESCRIPTION

Color:

Structures:
Grain Size:

Sorting:
Roundness:
Sphericity:

Composition:

Fresh-orange/brown to white
Weathered-tan to brown

Low-angle laminations

Maxi

m:unun - g %625@

Mode -7

Well-rounded

Sub-rounded

Moderate

?Yartz, p?yllosilicates, hematite
imonite

THIN SECTION DESCRIPTION

Apparent Grain Size: Maximum

- 50 e

Sorting: He]l-sorted
Roundness: Sub-rounded to sub-angular
Sphericity: Moderate to high
Composition:

Honocrysta line [unstralnsd) quartz

X ??rysta line (strained) quartz

hy osil ?

g1ocl?§s fe dspar
Jpaques
Porosity

Cements: Percent:
Hematite 5-10%
?cal ulated percent for Folk et al (1970).
Classification:
Q= 99%
F= 1%
R= 0%

ther features: Extreme abundance of por-
gsity; Era1ns commonly coated by hematite.

Rock Name: Iron-rich quartz arenite

Percent:

22§$

tra §

trace
165358

201
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Section 3 (continued)

Sample No: 1A"-2a
Formation: Rockwood
Location : 41.43m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-qray
Weathered-1ight brown to orange/brown

Structures: Horizontal to wavy laminations
Grain Size: Maximum - 0.&mm'
Minimum - < 0.0625mm
Mode -7
Sorting: Well-sorted
Roundness: Sub-angular
Sphericity: Moderate
Composition: Quartf. heavy minerals, carbonate cement,
ossils.

THIN SECTION DESCRIPTION

Apparent Grain Size: Maximum - 8 1mm
Minimum - 0.05mm
Mode - 0.05-0.075mn

Sorting: Well-sorted
Roundness: Angular to sub-rounded
Sphericity: Moderately high

Composition: Percent:
Monocrysta]]line (unstrained) quartz %
) nocr§ ]] Lgtr ine s %ugrtz 30%
1oc ase n feldspar %—3%
auconite pe??ets tracE

Jpaques 1
Peloids (?) trace
APPENDIX

Cements: Percent:
Hematite 1%
§1I;$a Calcite 15’38?
3biomite 1<2%

Recalculated percent for Folk et al (1970).
Classification:

Q= 97%

F= 3%

R= 0%

Other features: The majority of the hema-
tit? ?ccurred as thin seams, resembling
styloiites.

Rock Name: Calcareous quartz arenite

Section 3 (continued)

Sample MNo: 1A"-3
Formation: Rockwood
Location : 65.93m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-gray
Weathered-gray to slightly orarge/brown

Structures: Horiz?ntal to low—angle laminations that

are s 1ghtly disruptéd by burrow1ng
Grain Size: Maximum - 0. lmm

Minimum - <. 0.0625m

Mode -7
Sorting: Well-sorted

Roundness: Sub-rounded
Sphericity: Moderate

Composition: Quartz, heavy minerals. phyllosilicates,
carbonate cemen

THIN SECTION DESCRIPTION

Apparent Grain Size: Maximum - Q.lmm
Mintmum - 8 .025mm
Mode . 05mm

Sorting: Well-sorted

Roundness: Sub-rounded

Sphericity: Moderate to high

Composition: Percent:
Monocrystalline (unstrained) quartz

Honocr§ ta l1ne stralneds &ugrtz 29!
Pla?t ?se feldspar tra;
Phy icates %

3-5‘

Cements: Percent:
Sp?rry Calcite 10-20%

trace
Hematite 1%

Recalculated percent for Folk et al (1970).
Classification:

Q = 100%
F = trace
R= 0%

QOther features: Both phﬁllosil1cates and
opagues define bedding; Horizontal and
vertical burrows were detected.

Rock Name: Calcareous quartz arenite
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Section 3 (continued)

Sample No: 2A-1
Formation: Rockwood
Location : 80.05m above base

HAND SAMPLE DESCRIPTION

: Fresh-orange/brown
Color Hgggheggdf r‘y/brown
Structures: Horizontal laminations

Size:  Maxi - 0.1mm
Srain Stze:  Maximm - 0. 1w

Mode -7

Sorting: Well-sorted
Sphericity: Moderate

sition: Quartz, phyllosilicates, fossils
Compo gematife? {nd/or limonite cement.

THIN SECTION DESCRIPTION
Apparent Grain Size: Maximum - §§§m
Hode ™™ : 8:08°% 0.075mm

Composition: Percent:
Fossil fragments 2-3%
ghert,frag nts traae
?rosrty 10-20%
Altered” feldspars (?) ?
Cements: Percent:

matite 10%
gflica trace

Recalculated percent for Folk et al 1970).
Cfass gicatiogs ( )

Q = 100%
F= 0%
R= 0%

8ther features: fxtreme]y high porosity;
rude hor’lzont?l aminations; Hematite
Eonc7ntrate? a ong hor'lzorytai laminations;
ossils replaced by hematite.

Rock Name: Iron-rich quartz arenite

Sorting: Well-sorted
Roundness: Sub-rounded to angular
Sphericity: Moderate to high
Composition: Percent:
Monocrystalline (unstrained) quartz 40%
Mo 111 trained 2
m.??iégﬂ?c.zzi R Sl tz-ii
u ra
B?aotf (?) 4
?urma ine trace
auconite pellets trace
APPENDIX
Section 3 (continued)
Sample No: 2A-5
Formaiton: Rockwood
Location : 85.85m above base
HAND SAMPLE DESCRIPTION
Color: Fresh-maroon/gray
Heathered-mroon/gray
Structures:  Horizontal laminati ns; Base of sample
composed of a 15umg fossif lag. ple.
Grain Size: Maxi - 1.0mm
T e mum - 1-0m {rare)
Mode -1
Sorting: Moderate
Roundness: Angular to sub-rounded
Sphericity: Moderate
Composition: Quartz, fossils, rock fragments, hematite

cement, carbonafe cement.
THIN SECTION DESCRIPTION

Apparent Grain Size: Maximum - §§m
Minimum - (.025mm
Mode - 0. i-o.xm

Sorting: Moderate

Roundness: Angular to sub-rounded

Sphericity: Moderate

Composition: Percent:

Monocrystalline (unstrained) quart 40%
nocrg"sta” ne istra'negi 3uggt; z 291

[4 agi?cl se (An 0-14} feldspar raae

Fos$ils ?echmoderms. bryozoans) -10%

ggdwersljgﬂy Eogk fragmen{s trace

[ e -
Hugstone/sﬁtstone fragments Fé'cc:g

Composition: Percent:
?lauconjte pellets 1-2%
B ements tries
Spaques e 'fx
Cements: Percent:
Spa Teit %
Remarieaalcite 184
Opaques trace
Recalculated percent for Folk et 1 (1970).
Cfass?gicatiog:r r Folk et al ( )

Q= 992

F= 0%

R= 1%

gtﬁr features: Pores ?f fossil fr??ments
illed with hematite; G auconite pellets
artially altered to limonite; Some foss
rtill lt?dtn te; S fossil

agments unaltered b hemat*!fg; Carbonate
rock fragments presen contalmng dolomite
In part;“Carbonate cement concen rated at
base of sample.

Rock Name: Hematitic quartz arenite



APPENDIX
Section 3 (continued)

Sample No: 2B-3
Formation: Rockwood
Location : 96.8m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-gray/green
Weathefed-orange/brown to dark gray
Structures: Massive to poorly defined low-angle
laminations defined by granules.
Grain Size: Maximum - 10mm
Minimum - 8ém
Mode - 0.6 to 1.0mm
Sorting: Poor
Roundness: Angular to well-rounded
Sphericity: Low to high
Composition: artz, rock fragments, fossil fragments
e ggrbonate. hemat?T: cement. gments.

THIN SECTION DESCRIPTION

Apparent Grain Size: Maximum - 10
de rain Hh’:im - 602::
Mode - 1.0mm

Sorting: Poor

Roundness: Angular to well-rounded

Sphericity: Low to high

Composition: Percent:

Monocrysta}]ine (unstrained) quartz §

Monocrystalline stra1nedi artz 1

Po]ycrysta line [> 5 crys aT ets/gra1n; quartz %

Polycrystalline {2-5 crystallets/grain) quartz 1-2%
APPENDIX

Composition: Percent:
Very fine-grained sandstone
f¥agm:: " 5-10%
Mudstone/siltstone fragments %
hamosite 0oids %
ossi] fragments (bryozoans,
echingderms, Phosphatic
brachiopods 2-5%
Glausonute pellets 5%
K-feldspar 1-3%
Cements: Percent:
Micrite 30%
Hematite 6%
Chamosite 4%
Recalculated percent for Folk et al{1970).
Cfass?ficat og:
Q= 4%
F= 7%
R = 442

Other features: Sedimentar¥ rgck fragments
Stained gy hematite in part; Some of the
stan ragments may be siderite nodules
Tg ; All chamosite ooids are disc-shaped,
nuclei hard to determine; Skeletal frag-
tite in

Section 3 (continued)

Sample No: 28-4
Formation: Rockwood
Location : 97.75m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-qgreen to maroon

01
Weathered-greenish/gray to marocon/brown

Structures: Coarser grains defining high-angle lamin-
ations.

Grain Size: Maximum - 2.0mm
Minimum - Q.25ma
Mode - 0.5mm
Sorting: Moderately poor
Roundness: Sub-angular
Composition:

Quart?{erock fra nts.(;SSZ;;eggagments.

hemat and chamosite
THIN SECTION DESCRIPTION
Apparent Grain Size: Maximum - §.0mm
Minimum - . lmm
Mode - 0.3 to 0.6rm
Moderate to moderately-poor
Sub-angular to sub-rounded

Moderate

Sorting:

Roundness:
Sphericity:
Percent:
10-15%
46
12
trace

trag§

Composition:

Monocrysta 11ne unstrained) quartz
Monocrystalline stralnedi ?¥artz
Polycrystalline {> 5 crystallets/grain) quartz
Polycrystalline f-S crystallets/grain quartz
Fine sandstone-siltstone fragment
Mudstone fragments

ments replaced by hema chamosite?
part,
Rock Name: Ferruginous calcareous lith-
arenite

Composition: Percent:
Phosphatic brachiopod fragments %
K-?e?qspar ??3 P rag 0-%1
Porosity - 10%
Cements: Percent:
Hematite 1-%2
Chamosite %
Silica 12
Recalculated percent for Folk et al (1970).
Classification:

Q= 87%

F= 6%

R= 7%

Other features: Grains ommonl{.coated

by hematite, chamosite; Phosphatic brach-
iopods commonly fractured; Authigenic quartz
overgrowths are common.

Rock Name: Sublitharenite



APPENDIX
Section 3 (continued)

Sample No: 2B-5
Formation: Rockwood
Location : 100.15m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-gray/green
ueathegedzggay/green to slightly brown

Structures: Crude parallel alignment of mudstone clasts
Grain Size: Maximum - 7mm
Minimum - 8.}’":0 0.2mm
Mode - 0.5mm?
Sorting: Moderately well-sorted
Roundness: Sub-angular to sub-rounded
Sphericity: Moderate

Composition: Quartz
chamos{te

THIN SECITON DESCRIPTION

rock fragments, hematite and
f?) prggznt.

Apparent Grain Size: m:}m - étﬂm.

Mode - 0.4 to 0.6mm
Sorting: Moderately well-sorted
Roundness: Sub-angular to well-rounded
Composition: Percent:
Monocrysta]line (unstrained artz 3
!onocr{sta]]jne ;gtragzedé %¥ggtg 48§
Polycrystaj]ine (> § crysta ets/grain) quartz g%
Mudstone-siitstone fragments §-8%
X-felaspac (3) tragg
Echinoderm ‘ragnents trace

APPENDIX

Cements: Percent:
Hﬁmat1¥§ 5:7§
§hgmostte £t

RTcalculateq percent for Folk et al (1970).
Classification:
Q= 89%

F=1.5%
R = 9.5%

Other features: Both hematite and chamo-
site were detected coat1;g ?raans; 0ssil
fragments replaced by hemdtfte.

Rock Name: Iron-rich sublitharenite

Section 3 (continued)

Sample No: 2B-7a
Formation: Rockwood
Location : 106.95m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-whit -
fresh- e to very light-gray rarely
Weathered-gray to faintly red

Structures: High angle cross-laminations defined by
coarse grains and granuiles.

Grain Size: m:zm - &Zzgm
Mode - 1.0mm
Sorting: Moderately low
Roundness:  Sub-angular
Sphericity: Moderate

Composition: Quartz, rock fr nts, fossil fragments,
™ garbonate and s???:a cement. 9

THIN SECTION DESCRIPTION

Apparent Grain Size: m:zmmum - §5|“|=
Mode - :é to 1.0mn

Sorting: Moderate

Roundness:  Sub-angular to sub-rounded

Sphericity: Moderately high

Composition: Percent:
Monocrystalline {unstrained) quartz 23%

nocrystalline stra1nedz artz 40%
Polycrystalline {> 5 crys a??ets/grain quartz 1%
Polycrystalline (2-5 crystallets/grain) quartz trace

Composition: Percent:
Chert fragments 2-3%
My stone-gT$tstone fragments 3-4%
Siitstone-V.F. Sandstofie fragments 1%
l?uconlt Pellet? trac
eldspar ?p]agloc ase?)
Iourm?line trase
ossil fragments 1-2%
Cements: Percent:
Calcit 10-20%
gy cotetee %
iderite trace
Hematite trace

Rfcal ylated percent for Folk et al (1970).
Classification:
Q = 88%

F= 1%

R =11%
Other features: Fossil fragments_composed
of echingderm plates_and phésphatic brach-
iopods; Echinoderm plat$?iare generally

replaced by hematite; Silica cement occurs
as overgrowths.

Rock Name: Calcareous sublitharenite
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Section 3 (continued)

Sample No: 2B-8
Foramtion: Rockwood
Location : 110.15m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-gray to rarely yellow
Weathered-gray to maroon/gray

Structures: High-angle cross-laminations
Grain Size: Maximum - SOmm
Minimum - Q. lmm
Mode ~ 1.0mm
Sorting: Poor
Roundness:  Sub-angular to well-rounded

Sphericity: Moderate

Composition: Quartz, rock fragments, fossils, hematite

and carbonate cement.

THIN SECTION DESCRIPTION
Apparent 6Grain Size: Maximum - §.zmn

Minimum - Q. lmm

Mode - 0.5 to 2.0mm
Sorting: Poor
Roundness:  Sub-angular to well-rounded
Sphericity: Moderate

Composition:

Honocrysta]]jne zunstrainzd) quartz

Monocrystalline {strained ?¥artz
ailets/grain) quartz

Polycrystaliine ; 5 crys

Stone fragmen
g??tstone-sagggtone fragments

Percent:

i
1%
43

APPENDIX

Composition: Percent:
garbqnate rock fragments 2%
0ssils 5%
Cements: Percent:
Hematite 5%
gimonits 1-2%
parry Calcite 332

Recalculated percent for Folk et al (1970).
Classification:
Q=82%

F= 0%
R=18%

Other featurefé Hematite was detected re-
a

placing fossi nd coating grains; tvi-
dence ?abras1on for ?uart rains being
coated by hematite before deposition; Some

of the sparite cement may be siderite;
Limonite foun? in_matrix and as a repface-
ment in fossils; Fossils composed of brKo-
zoans, echinoderms, and phosphatic brach-
loqus; Carbonate rock fragments contain
echinoderms, ostracodes and bryozoans.

Rock Name: Calcareous sublitharenite

Section 3 (continued)

Sample No: 2B-9
Formation: Rockwood
Location : 111.30m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-gray/qgreen to yellow/brown
Heathegedgyglsow/broZn to éaroon

Structures: Parrallel alignment of pebbles and
fossils.

Grain Size: Maximum - 34,0mm
Minimum - < 0.0625mm
Mode = 1.0mm

Sorting: Poor

Roundness:  Well-rounded to angular

Sphericity: Low to high

Composition: Bottom 45mm of sample-quartz, rock frggm$nts.

fossils, hematite an? carbonate cemen
s, quartz, carbonate

of sample-fossi
nt.

THIN SECTION DESCRIPTION
Apparent Grain Size: ximum - 34.0nn
Minimum - Q. lmm
Mode - 1.0 to 2.0mm
Sorting: Very poorly sorted
Roundness: Angular to very well-rounded
Sphericity: Low to very high sphericity

Composition:

Monocrystalline (unstrained) quartz
Monocrystalline stralneds quartz

op

Percent:
10%
19%

Composition: Percent:
Polycryitalline (> 5 crystallets/

?raun q*artz 1%
Po ycryita line (2-5 crystallets/
grain) quartz trace
Sandstone fragments 10%
§1ltstone/mudstone fragments o%
?ssils 10-15%
Glauconite pellets 1%
Phyllosr]!cate? 1%
Phosphate pebbies trace
Chamosite ooids trace
Cements: Percent:
S Calcit 20%
Wierite o C ¢ 10-3%%
Hematite 3-5%
Recalcu]ate: rcent for Folk et al (1970).
C?ass?f}cat?og? ( )
Q = 64%
F= 0%
R = 36%

Other features: Bottom 50m_of thin sec-
tion is_a mjxed carbonate/clasti¢ conglom-
?ra;e; Top 25mm of thin sectjon 1s_a tri-
obite-rich limestone; Fossils included
?hosphatwc brachiopods, echinoderms, mol-
uscs, gq?tropods, and trilobites; Most of
the fossils replaced by hematite or limon-
ite; Phosphate pebbles partially replaced



Other features continued: by calcite; San
brachiopod fr??
tiysraansy Bl
1b?y {imonitg [«

Rock Name: Bottom 50mm - Irom-rich litha

Top 25mm - Dunhqm]s Classi
Folk's Classifi

Sample No: 2B-10
Formation: Rockwood
Location : 109.85m above base

HAND SAMPLE DESCRIPTION

207

APPENDIX
Section 3 {continued)

dstone r?ck frggment contain d,guartz sand, phosphatic
ments, glauconite pellets, peloids, chamosife ooids,

uscs, eChinoderms, siltstone and mudstone fragments;

oateg 00ids; Abundant carbonate cement, hematite and poss-
ement.

renite
fication: Iron-rich, trilobite wackestone-packstone
cation : [lIron-rich, unsorted biosparite

APPENDIX
Section 3 (continued)

Color: Fresh-light green Compositfon: P t:
Heathereg-dagk green to gray M P ercen
Ydstone fragments 1-3%
Structures: ;aint hor;zog;al to Iowzanglg 1€mgnat1$ns; Gpg“ﬁgg’te g;ggg
tg;oggmgve.c ips concentrated at top o gpigote (7) frace
Grain Size: Mg#}mgg c é?ﬁ:ﬂ(rare) Cements: Percent:
Mode - 0.25mm Hematite -5%
Chamosite (?) -8%
Sorting: Moderately well-sorted gj?er1te %é
ilica
Roundness:  Sub-angular
Sphericity: Low to moderate R?calgulated percent for Folk et al (1970).
c it4 Quart Cf fossil f ¢ Classification:
omposition: Quartz, roc ragments, fossi ragments, = *
P hematife and chagosite (?3 cement.g g - 292:
THIN SECTION DESCRIPTION R = 3.5%

Apparent Grain Size: Maximum - 1.0 to 2.0mm
Mi .Q5mm

nimum - Q
Mode - 0.1mm
Sorting: Moderately well-sorted

Roundness:  Sub-angular
Sphericity: Moderately-low

Composition:

Monocrystalline (unstrained) quartz
Monocrystalijne (stra nedT quartz
Plagioclase (An 30-50) feldspar
FosSil fragments

Other features: Carbonate cement rimmed

with brown discolgration indicating the presence
of siderite; Fossils include bryozoans,
echinoderms, and molluscs, all of which

are replaced by hematite; Phosphatic brach-
iopods also present; Mudstone fragments

appear stretched.

Rock Name: Iron-rich sublitharenite
Percent:

40%
40%
1-2%
1%



APPENDIX
Section 3 (continued)

Sample No: 2B-11
Formation: Rockwood
Location.: 112.35m above base
HAND SAMPLE DESCRIPTION
Color: Fresh-brownish oran Other features: Fossils laced b

Weathered-gray to ogange/bronn hematite; “o an eghlﬂodgigé and br{o-

1

Structures: Crude parallel alignment of fossils $2233¢:$° e p & ? rgunﬁﬂé anﬁ h?SﬁT,
Grain Sfze: Maximum - 1.5mm spherica

Minimum - Q.lmm

Mode - 0.5mm Classification:
Folk's Texture: Unsorted biosparite Ounham - 3:82;;{52; trilobite-echinoderm

Dunham's Texture: Wackestone-packestone
Composition: Bioclasts, quartz, hematite, sparite.
THIN SECTION DESCRIPTION

GRAINS YARIETY SIZE PERCENT
Allochems:
Bioclasts- .2=1.0mem %
trilob1tes % 6 ;mn % 13
bryozoans e 13
gastropods 2
Ooids- superficial 0 trace
Detritals: monocrystal-
Tine quartz  0.1-0.4m a8

Non-carbonate cement: Hemat1t$ (replaced all of the

Sparry Calcite (siderite?): 50%

Folk - Iron-rich, unsorted biosparite

Sample No:
Formation:
Location :

HAND SAMPLE
Color:

Structures:

Grain Size:

APPENDIX
Section 3 (continued)

2B-13

Rockwood

115.75m above base
DESCRIPTION

Fresh-maroon to gray

Classification:
Weathered-gray

grude parallel :l1gnment of grains

urrowed in par Folk - Iron-rich, unsorted biosparite

Hax1mum §.0mm
Minimum - (.2m
Mode ~ 0. 6mm

Folk's Texture: Unsorted biosparite

Dunhams's Texture: Packstone

Composition:

Bioc]asts. rock fragmgnts, quartz,
hematite cement, sparite.

THIN SECTION DESCRIPTION

GRAINS VARIETY SIZE PERCENT
Allochems:
Bioclasts- hinod .2-1. }]
oclas trilobites. N 123
gastropods .8-2.0mm 2%
ryozoans .2~0.5mm 13
Qoids (?)- superficial 0.3-0.45mm trace
Intraclasts- mixed carbonate
] nd clastic
ragment 1.0mm 1%
Detritals: mudstone
fragment 2. Omm trace
glauconite 0. 3mm trace
monocrystalline

quartz 0.2-0.5mm 1%

Dunham - Iron rich, trilobite-echinoderm
packstone

208
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APPENDIX
Section 3 (continued)

Sample No: 2B-l4a
Formation: Rockwood
Location : 116.75m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-gray to ellow/oran e Non-Carbonate Cement: atite 8z,
Heathegedygrayyto maroo 9 mon1{e 22 chamosite ?3?

Structures: Parallel alignment of skeletal debris ngbonats Cement: Sparry Calcite 60%
omite ’

Grain Size: Maximum -

anlmum - 8 gmm
to 1.0mm Sorting: Moderate to poorly sorted
Folk's Texture: Unsorted to sorted biosparite
Oth?r featyres: Parallel alignment of
Dunham's Texture: Wackestone-packestone trilobite fra?ments Hematite and 1imon-
te have replaced the trilobite frag-
Composition: Trilobites. ooids (?7), quartz. gastropods, ts; Some of the gastropods are part-
hematite sparite cemen 1ally hematitic; Hematite coats quartz

gra1ns and occurs in discontinuous veins;
THIN SECTION DESCRIPYION om? of the astropods may b art1ally
aced by ham051te s e1 of
GRAINS YARIETY SIZE PERCENT 001ds include skeletal fragments and
quartz grains.
Allochems:

Bioclasts- trilobites 0.5-2.8mm 10-15% Classification:
) gastropods 0.3-1.Cmm 102 Dunham - Iron-rich, gastropod-trilobite
OQoids- superficial 0.5-0.6mm trace wackestone
Pellets- peloid 0.4mm trace Folk - [ron-rich, unsorted biosparite
Detritals: monocrystalline
quartz 0.05-1.0mm 3-5%
mudstone
fraqments 0.5-2.0mm trace
?rocline
eldspar 0. 15mm trace
APPENDIX
Section 3 (continued)
Sample No: 28-15
Formation: Rockwood
Location : 121.81m above base
HAND SAMPLE DESCRIPTION
Color: Fresh-maroon/orange Sparry Calcite: 57%
Heathered-predom1gant?y gray to slightly parry
maroon/gray Sorting: Moderate to poor
Grain Size: Crude horizontal 1aminat1ons. Burrow-
disrupted for the most part Other fegtgre?r Crude Da?al}el 3lignment
Folk's Texture: Unsorted biosparite mgntg'cgm;n?y e red. hunooite frag-
Dunham's Texture: Wackestone to packstone repiaced many of the fossil fragments.
Composition: Bfoclasts, quartz, hematite and sparite Classification:
cement. Dunham - Iron-rich trilobite wackestone-
packstone

Other features: extremely iron-rich

F - Iron-rich, i i
THIN SECTION DESCRIPTION olk ron-rich, unsorted biosparite

GRAINS YARIETY SIZE PERCENT

Allochenms:

Bioclasts- trilobites .2-7.0mm 20-30%
echinoderms .2=0. 3mm 1%
bryozoans -0. 3mm <1%

Ooids- superficial 0.2-0.4mm 1-2%

Detritals: stalli
quarczr " 0.1-0.4m 12

Non-Carbonate Cement: Hematite 10%

Micrite: 0%
Microsparite: 0%
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Section 3 {continued)

Sample No: 28-18
Formation: Rockwood
Location : 149.85m above base

HAND SAMPLE DESCRIPTION

Color: resh-gray to maroon
athered-gray/brown to maroon

Structures: Horizontal laminations; Fossil/granule lag
at base of bed.

Grain Size: 1:1111“1:: - 2'8'!‘(')'625m?
Mode -7

Sorting: Poor

Roundness:  Sub-angular

Sphericity: Moderate

Composition: Quartz, rock fragments, fossils, carbonate
™ gement. Tron cement. "

THIN SECTION DESCRIPTION

Apparent Grain Size: Maximum - Q.8mm
Minimum - 8.8 mm
Mode - 0.

Sorting: Moderately sorted

Roundness: Angular to well-rounded

Sphericity: Moderate

Composition: Percent:

ta]line (unstrained) quartz %

ﬂﬂtiiita lige gtrained? gugrtz 3;1

Opaques b

hyllosilicates trace
APPENDIX

Composition: Percent:
a?dimengary rock fragment trace
auconite-replaced fossi
fra?men s 8%
He?at te-;eplaced fossil 7%
ragments
PlagiggTase feldspar 2%
Cements: Percent:
Calcite 15%
Bolonyecd’e 513

R?calculateq percent for Folk et al (1970).
Classification:
Q = 942

F= 3%
R= 3%

cher features: Excellent mm-thick,
ossil/qgranule_ lag composed of abraided
hematité-and glau onite-replaced
skeletal debris and we I-rounde? quartz
ar?ins that were cemented by ca ?1t? and
olomite; Above the fossil/granule lag
were siljciclastic silt-sized grains,
lacking in any carbonate or ferruginous
content.

Rock Name: Calcareous quartz arenite

Section 3 (continued)

Sample No: 2B-19
Formation: Rockwood
Location : 155.75mm above base

HAND SAMPLE DESCRIPTION

Color: Fresh-gray
Weathered-gray

Structures: Horizontal laminations; Partially burrowed.
Grain Size: Maximum - 0.4mm
Minimum - ;
Mode -
Folk's Texture: Micrite
Dunham's Texture: Mudstone
THIN SECTION DESCRIPTION
Apparent Grain Size: Maximum - Q.4mm
Minimum - 8 mm
Mode = 0.075m
Sorting: Well-sorted
Roundness:  Sub-angular to sub-rounded

Sphericity: Moderately high

=1

Composition: Percent:
Monocrysta}]ine (unstrained tz %
Mogocgista]]ine straineds %ugggg %%%

Ry??oijlicates trace
Tourmaline trace
Cements: Percent:

Neomorphosed Micrite 40%

Cements: Percent:
Dolomite 20-25%
Hematite 1%
Classification:

Folk's Texture: Quartz-rich, dolomitic
micrite

Dunhams's Texture: Quartz-rich, dolomitic
mudstone

raded {fining-upwards omite concen-

Other Features: Samp]i‘aBg7ars crudely
rated in lower part o ’sample.
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Sample No: 2C-la
Formation: Rockwood
Location : 163.65m above base
HAND SAMPLE DESCRIPTION
Color: Fresh-gray Composition: Percent:
weatheged-gray/broun Op:::es 2.3%
Structures: ssiye with rare horizontal laminations;
eavily bioturbated. Cement: Percent:
Grain Size: Maximum - ? lcit 20-25%
rain Size m: imum - 2 WL Godcarouths i
e -
Sorting: ? cal;u]ated percent for Folk et al (1970).
aSSIf cation.
Roundness:  ? Q = 100%
Sphericity: ? F= 0%
R= 0%

Composition: ?
THIN SECTION DESCRIPTION

Apparent Grain Size: Hax1mum - 0.1lmm
mmum - ng

Sorting: Well-sorted

Roundness: Angular to sub-rounded
Sphericity: Moderately-high
Composition:

Monocrysta ine unstrainsd) quartz
??rysta ine (strained) quartz
oSilicates
Glaucon!te

Other features:
disrupting laminations.

Rock Name:

Percent:

e

1-2%

APPENDIX
Section 3 (continued)

Sample No: 3A-2

Formation: Rockwood

Location : 216.05m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-gra Composition:
Heathegedzgray Cl:: matr1:

Structures: Faint horizontal to low-angle laminations;
Burrow-disrupted in part. Cements:

Grain Size: ximum - ?
Minimum - ?
Mode -2

Sorting: ?
Roundness: ?
Sphericity: ?
Composition: ?
THIN SECTION DESCRIPTION

Apparent Grain Size: Haximun

e g
Well-sorted
Angular to sub-rounded
Moderate

Sorting:
Roundness:
Sphericity:

Composition:

Honocrystalline
! rys alline
osi 1cate
aque r?
tered glauconite pellets

unstrianed) quartz
strauneds quartz

rry Calcite
ngicg overgrowths

Horizontal burrowing

Calcareous quartz arenite

Percent:
5%

Percent:

1%
2-3%

calcylated percent for Folk et al (1970).

?ass1ficatlo
Q = 100%
F= 02
R= 0%

Other features:

Low-angle 1am1nat1ons

dgf1ne?sby nhyllos1l1ca es and heavy

minera

Rock Name: Quartz arenite

Horizontal burrowing detected.
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Section 3 {(continued)

Sample No: 3A-5
Formation: Rockwood
Location : 237.35m above base

HAND SAMPLE DESCRIPTION
Cotor: Fresh-green/gra .
g$g§hered-gr y/gronn to slightly green/

Structures: Horizontal to low-an?lg lamination?.
Fifteen to twenty miliimeter fossil lag
zone at base.

Grain Size: Maximum - ?.lnn
Minimum -
Mode -1

Sorting: Well-sorted

Roundness: Sub-angular

Sphericity: Moderate

Composition: Quartz, fossfls, rock fragments, hema-
tite and carbonate cement.

THIN SECTION DESCRIPTION

Apparent Grain Size: Maximum - Q.]l2mm
Minimum - Q. }ﬂll
Mode - 0.075mm

Sorting: Well-sorted

Roundness: Angular to sub-rounded

Sphericity: Moderately high

Composition: Percent:

Mondcrystalline (unstrained) quartz 40%
Monocrystalline straineds quartz 26%

APPENDIX

Composition: Percent:
Plagioclage feldspar 1%
A]tgrgd g?auconitg pellets 1-2%
Hem?%1te-replaced fossil fragments 1%
PhylTosilicates 2%
Opaques 5%
Cement: Percent:
Sparry Calcite 5-10%
Hematite 1%
Silica overgrowths 2-3%
Ricalculateq percent for Folk et al (1970).
Classification:

Q = 99%

F= 1%

R= 0%

Other features: This sample is faintlg
raded, with {o?i1ls concentrated at the
a

ase; forizon y burrowed in part.

Rock Name: Calcareous quartz arenite

Section 3 (continued)

Sample No: 3A-8
Formation: Rockwood
Location : 239.35m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-green/ rag
Weathered-gray/brown to orange/red

Structures: Massive to crudely horizontally laminated;
Burrowed in part.

Grain Size: Maximum - 7
Minimum - ?
Mode -7
Sorting: ?
Roundness: ?
Sphericity: ?
Composition: ?

THIN SECTION DESCRIPTION

Apparent Grain Size: Maximum - Q.lmm

Minimum - 8.01m

Mode - 0.05 to 0.075mm
Sorting: Well-sorted
Roundness:  Angular to sub-rounded
Sphericity: Moderately-high
Composition: Percent:
Monocrystalline unstraingd) quartz 40%
ﬁ?nocrystall1n$ strained) quartz 311
Glauconite peilets gi
Opaques 2-53%

Composition: Percent:
hemat fe-replaced fossil -2
el e-replaced fossils
Phyllosi1icatas 5-7%
Clay matrix 0-5%
Cement: Percent:
12

BBargelctee :
Silica overgrowths 3-5%
R?calculated percent for Folk et al (1970).
Classification:

Q = 100%

F= 0%

R= 0%

Othfr features: Hematite-replaced fossils
1nc luded echln?derms and ?as rogodS'
?};g:?g;te pellets partially al ered to

Rock Name: Quartz arenite
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APPENDIX
Section 3 (continued)

Sample No: 4A-5
Foramtion: Rockwood
Location : 261.75m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-light to dark gray Composition: Percent:
Weathered-Light to médium gray Tourmaline trace
Structures: Horizontal to slightly wavy laminations. ET:;C32§$$X 8}i§§
Grain Size: Maximum - g.lmm
M!g;mum : 3 Cement: Percent:
Hematite trace
Sorting: ?

: Recalcylated percent for Folk et al (1970).
Roundness: ? C?assif!catiog: ( )
Sphericity: ? Q = 99%

Composition: 7?7 ; : 3:

THIN SECTION DESCRIPTION
| Apparent Grain Size: Maximum - 0.1
Minimum -
Mode -
Sorting: Well-sorted
Roundness: Angular to sub-rounded

Sphericity: Moderately-high

Other features: Low-angle cross-lamina-

i tions defined by heavy minerals.

.07 5mm
Rock Name: Quartz arenite

Composition: Percent:

Honocrysta]]ine unstrained) quartz 45%

Mon??rysta ine straineds quartz 35%

Phyllosilicates 1-2%

g?aqqes %

agioclase (An 2-10) feldspar 12
APPENDIX

Section 3 (continued)

| Sample No: 4A-6
Formation: Rockwood
Location > 257.05m above base

HAND SAMPLE DESCRIPTION

Color: Fresh-very dark gra Cement: P :

Heatheredzdark ggayyto yellow Hematite e;sjn;
Structures: Horizontally laminated S?T?Cﬂ overgrowths Yz
Grain Size: Maximum - 7 Recalculated percent for Folk et al (1970

Winimm - { frsatsulatedone (1970)

= 100%
Sorting: ? 2 = 002
Roundness: ? R= 0%
Sphericity: 7 Other features: Hematite coated grains
Composition: ? common.
THIN SECTION DESCRIPTION Rock Name: Quartz arenite
Apparent Grain Size: Maximum - Q.lmm
Minimum - 0.01mm
Mode = 0.075mm

Sorting: Well-sorted
Roundness: Angular to sub-rounded
Sphericity: Moderately-high
Composition: Percent:
Monocrystalline (unstrained) quartz 44x
Monocrystalline stra1ned$ quartz 33%
Glauconite pellets 1-2%
Hematite ?ralns 1-%%
Phyllosilicates ]
Ogaques i 2-3%
Clay Matrix trace



Note: Paleocurrent data have been corrected for structural dip.

/ Azimuth
1 29°
2 13°
3 106°
4 15°
5 61°
6 21°
7 177°
8 158°
9 30°
10 176°
11 63°
12 140°
13 48°
14 45°
15 75°
16 50°
17 26°
18 60°
19 57°
20 20°
21 60°
22 30°
23 5°
24 33°

25 151°

Section 3

PALEOCURRENT DATA (WEST LIMB)

/

NAVE RIPPLE DATA

WEST LIMB

Azimuth 4
1° 51
110° 52
47° 53
50° 54
40° 55
135° 56
155° 57
155° 58
140° 59
22° 60
45° 61
108° 62
50° 63
63° 64
§7° 65
30° 66
§5° 67
42° 68
60° 69
7Q° 70
47° 71
15° 72
55° 73
65° 74
10° 75

Azimuth
7Q°
155°
33°
45°
135°
143°
50°
165°
130°
145°
177°
17Q°
s0°
143°
13°
35°
35°
177°
55°
36°
164°
23°
10°
130°
30°

4

77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

214

Azimuth
30°
65°
140°
70°
110°
60°
122°
116°
110°
20°
110°
140°
165°
115°
37.5°
14Q°
148°
115°
20
10°
50
45°
170°
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Section 3 (continued)
PALEOCURRENT DATA (WEST LIMB)

(I). Trough Cross-Strata

# Azimuth
1 86°
2 89°
3 180°
4 330°

(IT). Asymmetrical Ripple Cross-Laminations

Azimuth

302°
25°

338°

290°
32°
60°
63°
35°

O NOYOY & WM -

P
—
—
—t

N

Gutter Casts

Azimuth
22°
38°
46°
65°
34°
41°
85°
61°

135°
30°

OWOONOU £ WN - 3

—

Flute Casts

Azimuth
225°
230°
242°

——
-
<

N

W N 3
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Section 3
PALEOCURRENT DATA (EAST LIMB)

Note: Paleocurrent data have been corrected for structural dip.

WAVE RIPPLE DATA

EAST LIMB

# Azimuth # Azimuth
1 165° 21 10°
2 178° 22 100°
3 130° 23 25°
4 160° 24 25°
5 170° 25 135°
6 45° 26 65°
7 176° 27 35°
8 135° 28 30°
9 44° 29 135°
10 160° 30 20°
11 138° 31 11°
12 127° 32 60°
13 22° 33 130°
14 20° 34 10°
15 23° 35 10°
16 176° 36 6°
17 18° 37 125°
18 65° 38 20°
19 175°

20 10°



Note:

Section 3 (continued)
PALEOCURRENT DATA (EAST LIMB)

Paleocurrent data have been corrected for structural dip.

GUTTER CASTS
EAST LIMB

£ 3

Azimuth

15°
25°
175°
169°
4°
25°

DD BN -

FLUTE CAST
EAST LIMB

# Azimuth

1 185°
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