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GUIDEBOOK TO THE CARBONIFEROUS AND EARLY PALEOZOIC
BASIN AND SOME SHELF FACIES IN CENTRAL ARKANSAS

By

Charles G. Stone and John C. Meredith

INTRODUCTION

The field trip is scheduled for three days and consists of 28 stops
(Fig. 1), several of which may be optional. The stops (Fig. 2) are
designed to examine some seventeen Early to Middle Pennsylvanian
submarine fan and other deep-water deposits; five Mississippian
through Early Ordovician deep-water facies; three Middle
Pennsylvanian deltaic progradations; two Ordovician and Devonian
mostly pelagic "porcellanite" accumulations; and finally but not
least - scenic thermal springs and tufa (Hot Springs) then onto the
largest clear quartz crystal mine in North America.

The first day is a traverse north from the frontal Ouachita Mountains
and "Maumelle chaotic belt" at Little Rock to the southeastern Arkoma
basin at Conway and Morrilton, then return back to the south through
the frontal Ouachitas to Perryville and finally proceeding to our
destination in the central Ouachitas at Hot Springs. We will view
respectively-deep (proximal) to shallow marine rocks in the morning
and shallow to mostly proximal deep marine strata in the afternoon

(Fig. 9). The second day is a transect to the Athens Plateau (Fig.
4) region of the southeastern Ouachita Mountains in the Lake DeGray
area near Friendship, Arkadelphia, Bismarck, and Hollywood. The

entire day is scheduled to examine the submarine fan sequence
comprising the 6,000+ foot thick Jackfork Formation. To most recent
investigators, these rocks have recognizable sheet-like clastic
intervals of both upper and middle submarine fan environments of
deposition. On day three, we will wvisit fine exposures of Lower
Mississippian through Lower Ordovician (generally) pre-orogenic
strata in the central Ouachita Mountains in the vicinity of Hot
Springs, Mountain Pine, Blue Springs, and Crows. The classic exotic-
bearing proximal fan-channel deposits in the Crystal Mountain
Formation at the Ron Coleman quartz crystal mine will be a highlight.

We wish to express our sincere thanks to all the gracious individuals
who have granted us permission to be on their property or who have
been of assistance in other ways! Some of these people include:
Hugh Durham, IV of International Paper Company, Kenny Hand of the 0ld
Big Rock Quarry, Brian Westfall of the U.S. Corps of Engineers at
Lake DeGray, and Randy Frazier at Pinnacle Mountain State Park.
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Lastly, we wish to thank all the superb geologists who have helped
to interpret these unique rock formations. Special thanks are due
to the following: Boyd Haley, Rufus LeBlanc, Doug Jordan, Roger
Slatt, Arnold Bouma, Martin Link, Fred Keller, Rod Tillman, Jim
Coleman, Michael Roberts, Alan Thomson, Ernie Glick, Kaspar Arbenz,
Lloyd Yeakel, Lewis Cline, Robert Morris, Tom Hendricks, and last but
not least -- Hugh Miser!

0030/w17






ITINERARY FOR FIELD TRIP IN CENTRAL ARKANSAS

Charles G. Stone and John C. Meredith, October 19-22, 1993

Tuesday, Oct. 19, 1993

6:00 p.m.

6:30 p.m.

Wednesday, Oct 20, 1993

Stop 1

Stop 2

Stop 3

Stop 4

Stop 5

Stop 6

LUNCH

Stop 7

Stop 8

Stop 9

Stop 10

Steop 1.1

Stop 12

Stop 13

Arrive in Little Rock at the Holiday Inn West
Holidome (501) 223-3000.

Happy Hour and Orientation.
Overview of Regional Geology and Depositional

Facies Ouachita Mountains and Arkoma Basin
(Stone) .

Little Rock to Morrilton to Hot Springs,
Arkansas.

Pinnacle Mountain State Park, Middle Jackfork,
Canyon and Exotic Fill.

I-430 Roadcut, Little Rock, Upper Jackfork
Downdip. Channel Fill and Levee.

Old Big Rock Quarry, North Little Rock, Upper
Jackfork, Canyon and Channel Fill.

Old Park Hill Quarry, North Little Rock, Upper
Jackfork, Channel Fill and Levee Deposits.

Roadcut near Levy, Middle Jackfork, Wildflysch-
Slope Facies.

Jeffrey Quarry. Upper Jackfork, Channel Fill and
Levee.

Bayou Meto Anticline, Cabot, Lower Atoka, 1,000’
Mid-fan Turbidites, Channels and Lobes.

Round Mountain Shale Pit, El1 Paso, Upper Atoka
Coal Beds.

I-30 Roadcut, Conway, Middle Atoka Delta.

Morrilton Roadcuts, Four Upper Atoka Deltaic
Exposures, Morrilton Anticline.

Roadcuts at Tom’s Mountain (Perryville), Lower
Atoka, Mid-fan Turbidites, Channels and Lobes.

Rock Shelter and Roadcut, Williams Junction,
Middle Jackfork, Channel Fill.

Roadcut Highway #9, north of Paron, Lower
Jackfork, Channel Fill and Slump mass.
_3_
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HOLIDAY INN LAKE HAMILTON (501) 525-1891

Thursday, Oct. 21, 1993 Hot Springs to Lake DeGray, Hollywood, and Hot
Springs.

Stop 14 Friendship Roadcut I-30, Upper Jackfork, Channels
and Lobes.

Stop 15 Murray Quarry, Upper Jackfork, Channel Lenses to
Sheet-1like Anatomy.

Stop 16 Lake DeGray Spillway, Classic Exposures of Middle
and Upper Jackfork, Fan Channels and Lobes.

Stop 17 ; Lake DeGray Intake, Downdip Correlations of Lake
DeGray Spillway Section.

Stop 18 Lake DeGray Dam Powerhouse, Upper Jackfork,
Channel Levee Complex.

Stop 19 DeRoche Ridge Roadcut, Initial Lowermost Jackfork
Turbidite (Mid-fan) Deposits.

Stop 20 Hollywood Quarry, Upper Jackfork, Channels and
Levees.

RETURN TO HOLIDAY INN LAKE HAMILTON IN HOT SPRINGS (501) 525-1891.

Friday, Oct. 22, 1993

Stop 21 Bypass around Hot Springs, Middle Stanley, Outer
Fan Deposits.
Stop 22 Hot Springs National Park Tour, Thermal Springs,
' Bath Houses, Tufa, Zigzag Mountains, etc.
Stop 23 City Quarry, Hot Springs,; Bigfork Chert,
"Porcellanite" - Turbidite Facies.
Stop 24 Hot Springs Water Works, Hot Springs Sandstone

Member, Channel Fill and Relationship to
Novaculite ("Diatomite").

Stop 25 ' Blakely Mountain Dam, Blakely Sandstone, Channel
and Levee Fill.

Stop 26 Ron Coleman’s Quartz Crystal Mine, Crystal
Mountain Sandstone, Exotic-bearing Canyon and
Upper Fan Channel Fill.

Stop 27 Tripoli Mine, Malvern Minerals Company, Arkansas
Novaculite Formation, Deep Marine Novaculite,
Conglomerates and Carbonaceous Shales.

Stop 28 Roadcut near Crows, Arkansas, Mazarn Formation,
Abyssal Plain Deposits.

PROCEED TO LITTLE ROCK AIRPORT
2 -
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EARLY TO MIDDLE PALEOZOIC
PALEOGEOGRAPHY

LATE PALEOZOIC
PALEOGEOGRAPHY

Fig. 19

From Link and Roberts, 1986
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Figure 25. Paleozoic stratigraphic section showing the relative thickness of units in

the basinal part of the Ouachita basin as related to time.

Note the starved-basin

(reduced sedimentation) phase for the Ordovician Bigfork and Polk Creek, Silurian
Blaylock and Missourl Mountain, and Devonlan-Mississippian Arkansas Novaculite
formations. Note also the perlod of very rapld sedimentation in Atoka tima.

From Link and Roberts, 1986
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Figure 26. A depositional environments and sequences typical
of modern deltas used as model for interpreting sequences
seen during first part of today’s trip (from LeBlanc, 1977). B

typical sequences of deltaic deposits.
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Flow 1
RETROGRESSIVE FLOWS

Flow 3
Flow 2

Flow 1

Downslope

RETROGRESSIVE FLOW DEPOSITS

Figure 29. (Caption on following page).
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Figure 29. Retrogressive flows (top) and retrogressive flow deposits (bottom).

Top. Retrogressive flows form when an initial failure forms a scarp. Successive failures
along the scarp result in scarp retreat and the generation of a series af flows that move
downslope, accelerate, become turbulent, and evolve into turbidity currents.

Bottom. As seen in the Jackfork Group, many sandstone units are composite layers made up
of a number, commonly 3 to 12, of individual sandstone beds, each probably
representing an individual flow. Individual flow units in the Ouachitas are between 5
and 15 inches thick; thicker flow packages range from about 3 to over 15 feet thick.
"A" shows a generalized flow package in a proximal setting. It consists of several
discrete flow units. In the Quachitas, flow units toward the middle of thicker flow
packages show undulating contacts representing zones of liquefaction and soft-
sediment loading and foundering. Downslope, flow behavior depends on the amount
of entrained mud. Purely mud flows would evolve as a series of debris flows (not
shown). Mud-poor flows tend to leave packages that pass upward into cross-
laminated units in intermediate (mid-fan ?) regions ("B") and into thin flat- (Tb) and
cross-laminated (Tc) turbidites at their distal extents ("C"). Muddy flows develop tails
that are watery, mobile debris flows. These deposit slurried muddy sand beds above
the current deposits in intermediate ("D") and distal ("E") regions. Some distal
deposits consist largely of sandy debris flows separated by fine, organic-rich,
laminated, hemipelagic shales.
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From Weimer (1989).
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Figure 38.North American sedimentary basins showing: (a) petroleum productive basins
with turbidite fields (dotted infill pattern), (b) petroleum productive basins (solid line), and
(c) non-petroleum productive basins (dashed line). Base map after St. John (1984).
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The following introduction to turbidity currents was extracted from:

Nelson, C.H., and Nilsen, T.H., 1984, Modern and Ancient Deep-Sea Fan
Sedimentation: SEPM Short Course No. 14, 404 p.
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CHAPTER 3. TURBIDITY-CURRENT OBSERVATIONS AND EXPERIMENTAL STUDIES
C. Hans Nelson

Observations

Many of the basic problems about mode of generation and physical
properties of turbidity currents are no better understood now than they were
10 to 20 years ago. Even within the past 10 years, there have been few new
laboratory experiments on the phenomena of turbidity currents because of the
basic scaling problem and inability to relate laboratory studies to events in
nature. Thus, a review of the older work remains pertinent to provide a
framework for understanding the processes depositing deep-sea-fan sediment.

In both modern and ancient deep-sea-fan deposits, graded beds that are
coarser-grained than the interbedded muds are observed to contain displaced
shallow-water plant and animal remains. They are obviously the product of
resedimentation of shallow-water debris to basin depths. These graded beds in
both modern and ancient deposits often occur in cone-shaped sediment deposits
with channel and interchannel areas. (Nelson and Kulm, 1973; Walker and
Mutti, 1973). The resedimented deposits of deep-sea fans are inferred to be
the product of various types of turbidity currents that occur on a wide
variety of scales and densities of flows. These inferences are based on
actual observations of some types of turbid flows, although many types of the
family of turbidity-current events have not been measured in natural events.

Observations of actual turbidity currents have been most commonly made in
lakes. The studies began in the late 19th century and continuefo the present
modern events. Movements of turbid water traced in Lake Mead revealed that 12
major turbidity currents flowed the 140-km length of the lake during a 14-year
period (Gould, 1951). The densities of these turbidity currents were as low
as 1.006 g/cm3, and the flows had average velocities of 25 cm/s.

Crater Lake's unusually large summer storm events cause sheet wash off
the caldera walls, resulting in visible nearsurface turbid flows that sink and
travel out toward the center of the lake over a day-long period at speeds
about half those observed in Lake Mead. Sediment stratigraphy from the basin
floor contains interbedded mud and graded sand beds (Nelson, 1967; Nelson et
al., in press). Thus, turbidity currents and their depositional products have
been measured and documented in several deep lakes.

The evidence for turbidity currents on a larger scale is inferential in
the marine environment. Resedimented graded sand layers in the modern deep-
sea fans associated with channeled topography already have been mentioned.
The most direct observations in the marine enviromment consist of recorded
slope failure, particularly near harbors, and sequential breaks of deep
submarine cables lying across canyon and channel pathways (Heezen and Ewing,
1952; Menard, 1964). In several well-documented cases, harbor areas or
structures have been modified or destroyed by slope failure monitored by
bathymetric surveys before and after the slump scar was created. Direct
evidence of down-slope movement of sediment, perhaps evolving into a true
turbidity current, is provided by successive cable breaks on the flat bottom

in deep water.
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The classic example cited as the best observation of turbidity current
generation is the Grand Banks earthquake and series of submarine cable breaks
that occurred off Canada in 1929. The largest historical earthgquake in
Atlantic Canada, with an estimated magnitude of 7.2 centered near the
Laurentian Channel, it resulted in 5 documented cable breaks over a distance
greater than 500 km and a period of 13.3 hours (Fig. 39 ) (Heezen and Ewing,
1952; Menard, 1964; Piper and Normark, 1982b). - Although the precise path,
velocity and sedimentary processes that caused the cable breaks have been
disputed (Menard, 1964), there is good seismic. evidence that a debris flow
more than 200 m thick followed the eastern Laurentian Channel for 100 km
(Piper and Normark, 1982), and that a surface turbidite with a distinctive red
color was laid down over the abyssal plain for a distance of up to 1,200 km
from the source (Fruth, 1965). Presence of the debris flow in the eastern
Laurentian Channel and the red-colored turbidite only on the channel floor
indicate that some of the flows and subsequent turbidity currents were
channelized (Piper and NWormark, 1982a and b; Menard, 1964). The widespread
cable breaks and occurrence of the red-colored turbidite on the lower fan and
abyssal plain, however, suggest that unchannelized turbidity currents evolved
and spread as sheet flow in the lower fan. Because of the complexity of slump
scars in the generation area and the occurrence of both channelized and sheet-
flow processes, accurate calculation of the velocities of the debris flow and
turbidity current event is impossible. Various estimates from 10 to nearly 30
m/s have been made based on timing of cable breaks in different areas (Heezen
and Ewing, 1952; Menard, 1964).

Detailed study of a recent mass movement and probable ensuing turbidity-
current event off Nice, France is now in progress. At 1400 on October 19,
1979, a 300 m2 area of the Nice airport collapsed, created an area with 50 m
water depth and "tsunami-like" waves of several meters for 100 km along the
coastline (Groupe ESCYANICE, 1982). No earthguake occurred, thus, this is
purely a sedimentological event caused by unstable and oversteepened slopes.
SEABEAM data shows a herringbone or badlands-type bathymetry in the Nice area
caused by active headward erosion of mass movement; submersible observations
reveal gravel waves on the canyon floor (Group ESCYANICE, 1982; Pautot, 1981).

Following the shoreline mass movement event, two telephone cables across
a lower canyon valley were broken at 17h45 and 22h00, at a distance of 80 and
110 km, respectively, (Group ESCYANICE, 1982). These data suggest that
turbidity currents traveled at a rate of about 6 m/s to the first locality and
4 m/s to the second locality over gradients of 1:30 and 1:300, respectively
(Gennesseau et al., 1980). If the faster rate to the first locality is
subtracted from the second locality downstream on the same path, then the
average speed is 2 m/s for the distal path of the apparent turbidity
current. This event, much smaller in scale than the Grand Banks, created
slower speeds for the entire sediment transport event.

Generation of Turbidity Currents

A fitting introduction to this topic may be to paraphrase a statement by
Middleton and Hampton (1976) that still remains accurate:

There are three main aspects to the problem of initiation of

turbidity currents: (1) What causes mass movement of sediment to
begin? (2) How do submarine mass movements, such as slides and
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slumps, turn into a variety of sediment gravity flows of which
turbidity currents are one type? (3) What transitions are possible
between one type of sediment gravity flow and another, and what
causes them to take place and result in turbidity currents? BAnswers
to these questions can only be tentative at present. The whole
question of initiation remains one of -the least studied and least
understood aspects of turbidity currents.”

Menard and Ludwick (1951) made the general suggestion that turbidity
currents may be generated by rapid introduction of sediment, agitation of
bottom sediment, and mass movement of unstable bottom sediment. Rapid
sediment introduction can be caused by flash floods and seasonal outflow of
rivers (Drake et al., 1972), windstorms (Sarnthein and Diester-Haass, 1977),
volcanic eruptions (Nelson et al., 1968) and mass flows or sheet wash off
subaerial slopes into the water. In lake water (p = 1,0), river inputs may
result in direct generation of turbidity currents; this is seldom if ever true
for river plumes entering marine water, because of the high density of saline
water and the more energetic mixing processes of the marine environment
compared to the lacustrine environment. Rapid introduction of sediment into
the marine environment results in rapid deposition on the continental terrace
(Drake et al,, 1972) from which other processes remove and transport the
sediment down-slope to depositional sites such as deep-sea fans on basin
floors.

The ocean floor of the continental terrace may be agitated by storm
waves, tidal currents, ebb flow from storm surge, tsunamis (Kastens and Cita,
1981), or major oceanic currents like the Gulf Stream. The storm- or seismic-
related events, especially in regions of rapid sedimentation from rivers, are

quite likely to generate turbidity currents. 1Intense sediment resuspension
" from storm-wave oscillatory currents, ligquefaction from storm-wave loading
{(Clukey et al., 1983) and sediment entrainment by wind-driven and storm-surge
ebb currents (Nelson, 1982) may all combine to generate turbidity currents,
especially in submarine canyon heads.

The mass movement of sediment, then, is commonly triggered by earth-
quakes, storm-wave processes, or oversteepening of slopes caused by rapid
deposition of unstable sediment, The synergistic effect of rapid deposition
of organic-rich, gas-charged deposits agitated by cyclic loading from storm
waves or seismicity results in common slope failure (Carlson and Molnia,
1977), particularly on delta fronts (Coleman et al., 1983; Carlson and Molnia,
1977} or offshore from actively glaciated terrain (Carlson, 1978) such as was
widely prevalent during glacial epochs,

Slope failure as a group of processes caused by any number of the above-
mentioned factors generates turbidity currents; the recurrence of turbidity
currents constructs deep-sea fans and is well-documented (Menard, 1964). The
association of earthquake and turbidity-current events also is well substan-
tiated (Cita and Ricci Lucchi, 1984) but does not explain the frequency of
turbidite deposition on deep-sea fans. The recurrence interval of the high-
magnitude Grand Banks earthquake (Fig. 40 ) is estimated to be approximately
100,000 years (Piper and Normark, 1982b). A similar-sized slump in the Sagami
Wan area off Japan generated by the great 8,2 magnitude Kwanto
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Speculative plot of total volume of turbidite against
frequency of initiating event (modified from Piper and Normark
1983, Fig. 10). The sizes of certain well-known turbidites
are indicated. M = Mt. Mazama tuffaceous turbidites on Astoria
Fan (Nelson 1968); d = Navy Fan Holocene (Piper and Normark
1983); P = Navy Fan Pleistocene (Piper and Normark 1983); 1 =
La Jolla canyon (Chamberlain 1964); 2 = Magdalena delta slumps
(Morgenstern 1967); 3 = ilississippi delta slumps (Morgenstern
1967); 4 = Hispaniola-Caicos basin turbidites (Bennetts and
Pilkey 1976); 5 = East Alpine flysch (Hesse 1974); 6 = Black
Shell turbidite (Elmore et al. 1979); 7 = Grand Banks
turbidite (Piper and Normark 1982). Turbidites resulting
primarily from rapid supply of sediment are shown stippled.
Sedimentologic types result from normal slope failure and
storm generation in canyon heads. Dashed lines show frequency
relationships for turbidites primarily triggered by seismic
shaking, in areas with a high and low frequency of
earthquakes.
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earthquake in 1923 (Menard, 1964) has a periodicity of about 100 years,
similar to that of major earthquakes on the San Andreas fault system.

The frequency of large earthquakes (for example every 1500 years in the
Mediterranean; Kastens, 1984) and consequent turbidity currents is not high
enough to account for the much greater number of observed turbidity current
events on modern (Nelson and Kulm, 1973) or ancient fans (Mutti, et al.,
~1984). For example, on Astoria Fan during the late Pleistocene, the minimum
rate of deposition of overbank turbidites in the upper-fan-valley region was
greater than one event every 7 years (Nelson, 1976). The frequency of
sediment flushing from submarine canyons or slumps off delta fronts is in the
range of once every 1 to 10 years (Piper and Normark, 1983). These data
indicate that earthquakes or other exceptional circumstances such as the Mt.
Mazama eruption (7000 BP) and consequent deposition of tuffaceous turbidites
in Astoria Fan (Nelson et al., 1968) are too infrequent to generate most of
the turbidites in fans. Except in volcanic caldera lakes, where numerous
volcanic eruptions and precursor earthquakes definitely influenced the rate of
turbidite formation (Nelson et al., 1983/84), "normal" but intermittent
sedimentological processes with a higher frequency than earthgquakes or
volcanic eruptions appear to be responsible for generation of most turbidity
currents.

The "sedimentological" turbidity currents generally occur in regions of
rapid sedimentation, that are prone to overloading of slopes (Piper and
Normark, 1983), particularly in areas where storm-wave energy is focused, such
as submarine canyon heads or lobate delta fronts (Reimnitz, 1971). Periodic
sediment flushing every year to several years, usually associated with storm
waves, removes the fine-grained sand of longshore drift that rapidly
accumulates in canyon heads (Chamberlain, 1964). The relatively high
frequency of storm-flushing of this sediment funneled down canyon floors and
through fan valleys appears to cause the majority of turbidity currents that
build deep-sea fans. The "storm generation" process is enhanced by lowered
sea level that allows direct access of river sediment into canyon heads. As a
result, there is a much more rapid input of unstable canyon sediment, during
lower sea-level regimes. The stratigraphic record in modern fans verifies
that most fan growth occurs during turbidite regimes of lower sea-level stands
(Nelson and Kulm, 1973). Evidence is accumulating that the same is true for
ancient deep-sea fans in the rock record (Stow et al., 1983).

Major storm events that flush the sediment from canyon heads often
persist for several days (Menard, 1964). This results in long periods of
turbidity-current generation and may help explain the sinuous fan-channel
morphology recently observed on sonographs. Sonographs (see Chapter 2,Marine
Techniques) from middle and outer fans show well-developed channel meanders
(Garrison et al., 1982; Damuth et al., 1983a). This sinuosity closely
approximates that of river channels and suggests conditions of steady flow for
some length of time during generation and deposition of deep-sea-fan valleys;
it also points towards a high frequency of intermittent depositional events to
maintain channel form.

411 of these channel-building conditions are most likely to be caused by
fregquent storm-generated turbidity currents of many hours duration, rather
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than instantaneous earthquake-generated events that are infrequent (Kastens,
1984). ©Not only channel sinuosity, but also the lower frequency, the larger
size (Mutti et al., 1984), the widespread loci (Cita et al., 1984) and the
different character of deposits from earthquake-generated events suggest that
sedimentological or storm-generated events are the main processes responsible
for development of channelized deep-sea fans. Large earthquake-generated
events usually have a low frequency of every 100-1,000 years in very
seismically active regions (Fig. 40 ) (Piper and Normark, 1983; Kastens,
1984). Large quantities of sediment typically are displaced or disrupted over
a broad rather than a focused generating region (Fig. 39 ) (Menard, 1964;
Piper and Normark, 1982; Field et al., 1982); Mutti et al., 1984). Large
debris sheets also cover major portions of the surface of the Mississippi,
Amazon, and Monterey Fans and the Ionian Abyssal Plain (Walker and Massingill,
1970; Damuth and Embley, 1981; Normark, et al., 1983; Cita et al., 1984;
Hieke, 1984). Thus, some earthquake- and sedimentologic-generated events
cause formation of major debris sheets over fans; however these are
infrequent, affect widespread generating areas, and often may result in
debris-sheet deposits, as opposed to storm-generated events, whose formation
and deposition are focused in canyons and channels (Mutti et al., 1984).

Because the frequency of sedimentologically-generated turbidity
currents is reduced in times of high sea levels, earthguake-generated mass-
transport may become the dominant episodic depositional process during high
sea-level time. The common occurrence of large and young (Nelson et al.,
1983/1984) debris sheets on present-day fans and abyssal plains may be the
result of this change in dominance from storm-generated to earthquake=-
generated regimes from late Pleistocene low sea levels to Holocene high sea
levels.

Sedimentologically-generated turbidity currents not only occur with
greater frequency and may result in different styles of deposition than those
generated by earthyuakes, but they also differ in the smaller amount of
material and lower velocity in their flows (Fig. 40 ). Very little data is
available on bottom-current speeds in canyons undergoing storm flushing of
sediment, a sedimentologically generated event; however, rare measurements
with maximum speeds up to 68 cm/s show relatively weak turbidity currents
capable of transporting large quantities of sediment down canyon (Sshepard et
al., 1979). Diving during storm conditions in the Rio Balsas Canyon, Mexico
revealed current pulses greater than 100 cm/s that transported suspended sand
down the tributary canyon floor in a flow that was at least 3 m thick
(Reimnitz, 1971). 1In contrast, the turbidity currents from the Grand Banks
earthquake must have had velocities of at least 10 m/s to cause the sequence
of cable breaks observed throughout the fan system (Fig. 39 ) (Heezen and
Ewing, 1952; Menard, 1964). Thus, the few observed current speeds in
sedimentological events appear to be an order of magnitude less than those
calculated from the large-scale earthquake-generated events.
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Classification of Sediment Gravity Flows and Turbidity-Currents

General

The previous discussion indicates that the ephemeral group of
turbidity-current processes forming deep-sea fans has been extremely difficult
to observe and measure in nature and that they exhibit a wide variation in
characteristics of flow and deposits. As a result, a series of theoretical
calculations and experimental studies have been undertaken to provide
conceptual models of the depositing flows and sedimentary beds. A new
terminology has evolved to describe turbidity=-current processes and deposits
based on these theoretical and experimental studies.

The entire spectrum of sediment flows driven by gravity, including
turbidity currents as one type, has been labeled "sediment gravity flows" by
Middleton and Hampton (1973, 1976). They note that in a fluid gravity flow,
the fluid is moved by gravity and drives the sediment along, but in a sediment
gravity flow, it is the sediment that is moved by gravity, and the sediment
motion moves the interstitial fluid. Mechanisms such as suspension (by
turbulence), saltation (by hydraulic lift forces and drag) and traction (by
dragging or rolling of particles on the bottom) may all operate in some types
of sediment gravity flows, as they do in some types of fluid gravity flows.

Middleton and Hampton (1973, 1976) have outlined a series of end
members in the continuum of sediment gravity flow processes (Fig. 41 ) that
take place from the time sediment movement initiates until it ceases at some
depositional site downstream in the system. (Fig. 42 ). In all the processes,
sediment particles move downslope parallel to the bed in response to gravity
as long as there is sediment support in the flow to keep particles from
settling out. The four end members are defined on the basis of the grain
support mechanism as follows: (i) turbidity currents, in which the sediment
is supported mainly by the upward component of fluid turbulence, (ii)
fluidized sediment flows, in which the sediment is supported by the upward
flow of fluid escaping from between the grains as the grains are settled out
by gravity, (iii) grain flows, in which the sediment is supported by direct
grain to grain collisions or close approaches and (iv) debris flows in which
the larger grains are supported by a "matrix;" in other words, a mixture of
interstitial fluid and fine sediment, that has a finite yield strength (Fig.
a ).

The basic classification scheme of Middleton and Hampton has been
slightly modified by Nardin et al. (1979b) and Lowe (1979, 1982). They base
this modified classification scheme is based on flow rheology (fluid versus
plastic behavior) as well as particle support mechanisms. Rock falls and
landslides are included as initial phases of mass transport processes that
affect submarine canyons and continental slopes feediny sediment into deep-
sea-fan depositional sites.

Rock falls and landslides

Rockfall as a process in deep-sea fan sedimentation is mainly confined to
canyons. We will not consider the theoretical aspects of this process because
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it is peripheral to most deep-sea-fan sedimentation. Like rockfall,
landslides of both the translational gliding and the rotational slump type
~occur along the high-relief submarine canyon walls and continental slopes that
border deep-sea fan deposits (LePichon and Renard, 1982; Coleman et al.,
1983). Slumps also have been observed on sonographs, seismic profiles and
during submersible dives over fan-valley walls (D.G. Moore, 1965; Nelson et
al., 1978). Extensive translational-glide landslides may be possible over
large fan areas (Zmbley and Jacobi, 1977; Bellaiche et al., 1981; Kolla et al.
1984). The translational landslides are distinguished by shear failure along
discrete planes that can be observed in seismic profiles (Table 1). The
rotational landslides or slumps are defined by discrete concave-up shear
planes accompanied by rotation of the slide that also can be defined on
profiles (Nelson et al., 1978). Because landslide processes are relatively
well understood and have been extensively reviewed (Nardin et al., 1979b; Cook
et al., 1982), we will not discuss them further in these notes.

Debris flows (mud flows)

Along open continental slopes and particularly in delta-front valleys
bordering deep-sea fans (Coleman et al., 1983), landslide movement may often
transform into debris flows if the landslide debris contains clay and is
vigorously agitated during sliding. Agitation breaks down the physical
structure of the debris and incorporates water into the sediment (Hampton,
1972). Breakdown of structure and incorporation of water decrease the
strength of the landslide material and thereby causes it to move by the
internal shear of debris flow mass movement rather than by the rigid sliding
of landslides. Debris flows thus are characterized by shear throughout the
sediment mass and clasts that are supported by the internal strength of the
mud matrix and clast buoyancy (Hampton, 1972).

Debris-flow movement of mixtures of clasts, clay minerals and water
on land essentially resembles flows of wet concrete; there have been no
observations of such events under water and only their apparent deposits have
been identified (Middleton and Hampton, 1976). Debris flows are episodic
events and move in a series of waves or surges.' Debris flows can transport
large objects while moving slowly and have been observed to travel over slopes
as low as 1-2° on land. Movement of a submarine debris flow depends on
strength, submerged unit weight, and thickness of the debris, as well as the
angle of the local slope (Hampton, 1972). Within a debris flow, this movement
occurs where shear stress exceeds the shear strength of the debris; where
shear stress is less than the strength, material is rafted along as a rigid
plug. Granular solids in a debris flow are more or less "floated" during
transport (Midddleton and Hampton, 1976). The clay minerals in water combine
to act as a single fluid, and this fluid has finite cohesion "strength", a
property not possessed by pure water. In addition, clay-water fluids have
greater densities than pure water; thus, they provide greater buoyancy.

Hampton (1979) has shown that buoyancy increases with concentration
of clasts. This can increase the competency and mobility of the flow because
of reduced friction. Consequently, debris flows with high concentrations of
clasts and low concentrations of clay (as little as 2%; Hampton, 1975) have a
great deal of competence and mobility, and can move extensively over low
slopes under water. Such characteristics may help explain the presence of (a)
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debris sheets extending for 10's to 100's of kin that have recently been
observed on deep-sea fans and (b) sandy debris flow deposits that may closely
resemble massive sand beds deposited by grain and fluidized flows (Middleton
and Hampton, 1976).

Solid grains in debris flows are mainly transported by the support
matrix, but they alsc may be carried by traction as bedloads (Middleton and
Hampton, 1976). Deposition from debris flow occurs by mass emplacement when
the driving stress of gravity decreases below the strength of the debris and
"freezing" occurs. Textures of muddy debris-flow deposits resemble those of
tillites, but sandy debris-flow deposits with low clay content (Fig. 43 )
(Middleton and Hampton, 1976) can have textures similar to other sandstones.
Sandy debris flow deposits may contain lamination perhaps with normal or
inverse grading--attributes that also may characterize grain flows (Hampton,
1975). 1Internal sedimentary structures may include pull-aparts and other
features observed in natural subareal and experimental debris flows (Fig.43 )
(Middleton and Hampton, 1976).

Grain flows

Grain flows as avalanching of sand have been observed by divers in the
upper reaches of submarine canyons (Shepard and Dill, 1966). These flows are
believed to transport canyon-floor sediment to upper—-fan valleys and to erode
the bedrock walls and to erode of canyons (LePichon and Renard, 1982).
Identification of grain-flow deposits in deep-sea cores or outcrops, however,
is equivocal because the originally defined type locality of grain-flow
deposits (Stauffer, 1967) more recently has been interpreted as a high-density
turbidity-current deposit (Lowe, 1982).

Middleton and Hampton (1976), in their conceptual model of sediment
gravity flows, defined grain flows on the basis of grain-to-grain interaction
or dispersive pressure counteracting the tendency for the grains to settle out
of the flow. In the modified scheme of Lowe (1979) and Nardin et al. (1979b)
based on mechanical behavior, grain flows are considered to represent a
transition between plastic behavior and fluid behavior. High-concentration
grain flows have frictional strength and plastic behavior. At low volume
concentrations, grain flows are probably better described by fluid rather than
by plastic behavior (Table 1l).

Theoretical calculations suggest that grain-flow transport would reguire
slopes from 18° up to more than 30° (Middleton and Hampton, 1976). Because
such slopes are rare on a regional scale on the ocean floor, pure grain flows
probably do not account for significant long-distance transport of marine
sediment and are volumetrically unimportant in deep-sea-fan deposits (Hampton,
personal communication, 1984). Bagnold (1956) and Middleton (1970), however,
suggested that grain flows may move on lower slopes if the density of the
interstitial fluid is greater than pure water. This would increase the
buoyancy and reduce the need for dispersive pressure to support grains. An
interstitial fluid density of 2.0 g/cm3 would reduce the slope angles to 10.5°
(Middleton, 1970). 1In addition, turbulence may be present under high-energy
flow conditions, and this would also reduce the need for grain support by
dispersive pressure (Middleton and Hampton, 1976). In natural sediment
gravity flows with high energy, turbulence, and interstitial fluid density,
modified grain flows may be important in depositing the massive basal part
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:1;?\;12? Ta) of turbidites (Fig. 44 ) (Lowe, 1979, and 1982; Nardin et al.,

Deposition from grain flows is fundamentally by mass emplacement
(Middleton and Hampton, 1976). In contrast to the particle-by-particle
deposition from suspension and traction in fluid flows, mass emplacement
theoretically involves a sudden freezing of the flow, resulting in quick
deposition of a layer several grains thick. Freezing occurs when the driving
stress becomes less than that necessary to move the sediment.

Deposits from experimental grain flows show both lateral and vertical
inverse grading, particularly near the base (Middleton and Hampton, 1976). An
analogy would be shaking a box of different-sized sand and noting that the
finer grains will fall sieve-like to the bottom and produce inverse grading
(Middleton and Hampton, 1976). Although the mechanics of pure gyrain flows are
very distinct and inverse grading is characteristic, their identification in
natural deposits remains problematic (Lowe, 1982), perhaps because most
natural deposits of this type result from modified grain flows.

Fluidized and liquefied flows

Fluidized and liquefied flows, like grain flows, may represent a
transient phase between the initiation of sediment movement by slides and the
eventual mature turbidity-current flow in deep-sea fan channels. Fluidized
and liguefied flows require that cohesionless sediment be supported by the
upward motion of escaping pore fluid; in the former case, full support for
grains is provided by pore fluid and in the latter case, only partial support
is provided as grains settle through pore fluid (Lowe, 1979). Loosely packed
sediment, and fine sand to coarse silt particularly, are subject to
ligquefaction (excess pore pressures) because of cyclic loading due to storm
waves or seismicity (Clukey et al., 1980; Clukey et al., 1983). As long as
the grains are supported by pore fluid, the sand has little strength, behaves
as a fluid, and can flow rapidly down slopes of 3-10° (Middleton and Hampton,
1976]) &

Storm-wave surfbeat (Reimnitz, 1971) or storm-wave cyclic loading on fine
sand to coarse silt appear to be able to create a liquefied state to several
meters depth (Clukey et al., 1980; Clukey, 1983) for an extensive storm period
during which lengthy sediment transport (>100 km) and resuspension may persist
even on nearly flat shelf slopes (Nelson, 1982). When sediment ligquefaction
is combined with storm-driven downwelling bottom currents of the inner shelf
(Nelson, 1982; swift et al., 1983) particularly in submarine canyon heads
(Shepard et al., 1979), significant sediment movement and flushing from
submarine canyons to deep-sea fans may be initiated. Similarly, widespread
ligquefaction structures caused by an earthquake and observed on the shelf
(Field et al., 1982) suggest liquefaction may be initially important in
earthquake-induced sediment gravity flows.

Fluidized and liquefied flows deposit sediment because of loss of pore
fluid that is expelled upwards (Middleton and Hampton, 1976). As a result,
fluid escape pipes and dish structures are characteristic (Fig.43 ) (Lowe and
Lo Piccolo, 1974). Post-depositional liquefaction of poorly consolidated
sediment, resulting from sudden loading or shock, may also cause development
of these same structures (Nardin et al., 1979b).
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Figure 44 .

Hydraulics of turbidity currents (frow Middleton and Hampton
1976, Fig. 3). (a) Turbidity-current surge, as observed in a
horizontal channel after releasing suspension from a lock at
one end. The velocity of the head v, is related to the

thickness of the head 4, ¢pe density difference between the

turbidity current and the water above Aps the density of water
P, and the acceleraticn due to grav1ty_3 (b) steady, uniform
flow of a turbidity current down a slope s. The average
velocity of flow u is related to the thickness of the flow 4,
the density difference, and frictional resistance at the
bottom £, and upper interface fj. (c) Flow pattern within and
around the head of a turbidity current. (d) Schematic division

of a turbidity current into head, neck, body, and tail.
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Turbidity currents

Turbidity currents depositing on deep-sea fans appear to have two typical
sites of generation and pathways of flow to depositional sites on the deep-sca
fans. Most turbidity currents appear to originate in submarine canyons,
follow a confined pathway through upper- and middle-fan valleys, and spread as
sheet flow across the outer fan and basin or abyssal-plain floor (Nelson and
Kulm, 1973). Other turbidity currents are generated by earthquakes or
sediment-failure events on slopes surrounding the basin floor and move down
the open slope and across the fan surface as unchannelized sediment gravity
flows.

Two basic modes of flow also occur in turbidity currents. The first is a
constant uniform flow of a denser fluid below a less dense fluid, for example
the well-documented case of the Colorado River at flood stage entering Lake
Mead (Gould , 1951).The second mode of turbidity-current flow is a surging
flow usually generated by episodic storm and earthquake events. Such currents
last only as long as there is a continued supply of the sediment/water mixture
produced by the initial catastrophe (Middleton and Hampton, 1976). The surge-
type turbidity currents have been modeled in the laboratory by numerous
‘investigators who released denser sediment/water mixtures into less dense
fresh water (Kuenen and Migliorini, 1950; Middleton, 1970; Luthi, 1981).

Surging turbidity currents vary from: (1) those with a low density
(approximately 1.0l g/cm3) that travel with generally low speeds
(approximately less than 25 cm/s) to (2) those with high density (typically
1.1 g/cm3 or greater) that travel at high velocities of approximately 1 to
greater than 10 m/s. The low-density types typically develop from storm-wave
resuspension on the upper continental margin that creates turbid-layer flows
or nepheloid layers movingacross the open slope or down canyons and fan
valleys (Duncan et al., 1970b) to basin floors (D.G Moore, 1969). High-
density turbidity currents also generate low-density and velocity suspension
clouds that spread beyond channels and lag behind the main channelized high-
density flow. The high-density flows are produced by the larger, episodic
events already discussed.

High-density turbidity currents generally begin from an initial sediment
gravity flow, most likely debris flows (Fig. 40 ; Table 1) (Middleton and
Hampton, 1976). Experiments indicate that the turbidity-currents are
generated by erosion of sediment from the front of the debris flow, where it
is abruptly thrown into turbulent suspension (Hampton, 1972; Middleton and
Hampton, 1976).

Once the initial input of energy from debris or other sediment gravity
flows form the turbidity current, it may continue almost indefinitely
(Middleton and Hampton, 1976). A hypothetical state of dynamic equilibrium or
autosuspension (Bagnold, 1962) may result because there is a feedback loop of
sediment maintained in suspension by turbulence. This turbulence is generated
by downslope flow, which is caused by gravity acting on the more dense
suspension, which in turn is caused by the turbulence. To maintain flow, the
gravitational pull downslope must compensate for energy lost to friction.
Consequently, turbidity currents can move over extremely low slopes for great
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distances once they are generated, particularly when their movement is
confined in a channel.

Turbidity currents, once traveling away from their source, divide into
three main parts: the head, the body, and the tail (Fig, 44 ) (Middleton and
Hampton, 1976). As Middleton and Hampton (1976) state, this flow morphology
has several important consequences: (1) the head may be a region of erosion,
forming scour marks even when deposition is taking place from the body and

-tail; (2) the coarse sediment will be progressively concentrated in the head;
(3) the head will generally be at least twice as thick as the body, except on

very low slopes, where Komar (1972) suggests the body may be as thick as the
head and spill over channel levees.,

Grain-by-grain deposition by gravity from a turbulent suspension results
in the characteristic vertical grading of texture and the sequence of
sedimentary structures (Bouma Ta-Tb) observed in turbidites (Fig., 45 )
(Middleton and Hampton, 1976). Because most turbidity currents are the result
of surge-type generation, the turbidite beds are characterized by pulses of
sedimentation that are identified by varying breaks in textural gradation
separating the vertical sedimentary structures (Lowe, 1982). Bedding-plane
structures in turbidites, such as flute casts, groove casts, and so on, can be
explained by the erosion caused by the head of the turbidity current, whereas
the vertical sequence of sedimentary structures can be attributed to the
rapidly waning deposition from the head, the body, and the tail of the current
as it passes over a specific location with varying flow regimes (Middleton and
Hampton, 1976).

In the idealized, complete turbidite bed, initial deposition takes place
rapidly from a high flow regime that gives rise to a quick bed deposition
without structures {Ta) (Fig. .45 ) (Middleton and Hampton, 1976). Recent
experiments show deposition of s beds from a thin layer with high-density
bedload flow that does not represent settling out from suspension, as do the
overlying intervals Ty, to T, (sanders, 1965) (Luthi, 1981). The overlying Ty,
layer is developed from traction-influenced sedimentation (Fig. 47 ) (Lowe,
1982) during plane-bed deposition of a high flow regime (Sanders, 1965). The
remainder, the T, through T, sequence, deposits from low flow regimes
resulting in T, ripple drift or convolute lamination overlain by Tq flat
lamination and then structureless Te muds. We divide the T, division into the
Tet turbidite mud capped by the Te pelagic mud that deposits after all the
final suspended sediment deposition of the turbidity current event is
completed (Fig. 41 )., Development of vertical sedimentary structures is
modified by the location within the deep-sea-fan system (Nelson and Kulm,
1973) and by varying the density of the individual turbidity-current events.
These aspects can be demonstrated experimentally for sheet-flow turbidity-
current events (Fig. 46 ) (Luthi, 1981) and will be described more completely
in later discussions of turbidite facies.

Summary

Because some sediment-gravity-flow types evolve from one another, and
because deposition may occur at any time during the flow, an individual bed
may represent deposition by a combination of sediment-gravity-flow processes
(Figs. 42 and 4171 ) (Middleton and Hampton, 1976). Other mechanisms, such as
traction, may operate during the last stages of deposition and produce or
modify textures and structures observed in the sediment bed that is finally °
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Groin Bouma (1962) Interpretation
Size Divisions
I 1 | Pelte Pelagic
ep sedimentation
3 ) fine grained, low
s Mossive or groded | density turbidity
j Tﬂ Turbidite current deposition
Tq | Upper poraliel lominge T 7 7
] £
"§ =y Ripples, wovy or Lower part of
A3 | 'c| convoluted lomince Lower Flow Regime
T Plorje parallel Upper Flow Regime
b | lominoe Plane Bed
E» Mossive, 7 Upper Flow Regime
‘é = groded Rapid deposition
Ro ond Quick bed (7)
2T
2| 0
c
2
o
2

Idealized sequence of sedimentary textures and structures in a
classical turbidite, or Bouma sequence (modified from
Middleton and hampton 1976).

Figure 45 -
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Figure 46 A - Photograph of a turbidity current after 70 seconds

generated in an experimental tank (from Luthi

1981, Fig. 2).
B to E -

Anatomy and characteristics of a nonchannelized
quartz silt turbidity current and the resulting turbidite
generated in an experimental tank.
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deposited from the flow. Thus, it is very difficult to distinguish between
deposits formed from the different types of flows, except for thz distinctive
vertical segquence of structures created by deposition from turbulent
suspension of turbidity currents (Fig. 3-9) (Lowe, 1982).
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Figure 47 . Summary of the main deposit types formed during deposition

from sediment gravity flows (from Lowe 1982). Lines without
arrows (i.e., 1-2 and 1-3) connect members between which there
probably exists a continuous spectrum of flow and deposit
types but which are not parts of an evolutionary trend of
single flows. Arrows connect members which may be parts of an
evolutionary continuwa for individual flows. The transition
from disorganized cohesive flows (1 and 3) to thick, inversely
graded density-modified grain flows and traction carpets (5)
and to turbulent gravelly high-density turbidity currents (o)
is speculative but may occur.
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The following paper on submarine fan models was extracted from:

Nelson, C.H., and Nilsen, T.H., 1984, Modern and Ancient Deep-Sea Fan
Sedimentation: SEPM Short Course No. 14, 404 p.
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CHAPTER 10. MODELS OF ANCIENT TURBIDITE DEPOSITS

Tor H. Nilsen

Introduction

The Mutti and Ricci Lucchi (1972) model, which has been discussed in
detail, including both facies and facies association, is only one of many
models that have been published (Fig. 48 ). It has gained much acceptance in
most ancient deep-sea fan systems. However, like most models, it does not
apply everywhere or apply to all deep-marine clastic systems; it has been
modified extensively since 1972 and is now known to be but one end-member of a
spectrum of different types of models that are applicable to different types
of deep-marine clastic systems. The Mutti and Ricci Lucchi (1972) model does
provide, in my opinion, a well-documented and easily understood framework to
which other models and proposed departures from the model can be compared. 1
will summarize herein the evaluation of fan models and concepts regarding the
application of models.

Early Models

Many workers, both in modern and ancient, attempted in the 1960s to model
the sedimentation of deep-water clastics. Jacka et al. (1967, 1968) proposed a
simple model that divided fans into proximal, intermediate, and distal parts
(Fig. 49 ). sSimple modifications of this system, such as the model by Nilsen
and Simoni (1973) for the Butano Sandstone of northern California (Fig. 50 )
served only to emphasize the observation that the more proximal parts of deep-
sea fans contained coarser sediment and larger channels compared to the more
distal parts.

Nelson et al. (1970) studied the modern Astoria Fan system and provided a
useful model for some studies because Astoria Fan clearly showed a downfan
decrease in the size of its channels, abandonment of channels, bifurcation and
division of channels, and transition from channeled to nonchanneled fan (Fig.

51 ). Haner (1971) proposed a model for the modern Redondo Fan of offshore
southern California that involved a downfan changs in channel character from
straight to meandering to braided (Fig. 52 ); she also attempted on the basis

of piston cores from various parts of the fan to relate the fan deposits to
variations in the Bouma seguence.

Fundamental Models

One of the most important models proposed for modern deep-sea fans is
that of Normark (1970, with modifications in 1974, 1978). On the basis of
study of several relatively small deep-sea fans in the Southern California
Borderland, he proposed that a topographic bulge on the middle part of these
fans, which he referred to as the suprafan, was the locus of fan sedimentation
(Fig. 83 ). The suprafan bulge, located directly downfan from a larger
leveed inner-fan channel, was thought to have a radiating system of channels
on its upper part and a smooth surface on its lower part. By lateral shifting
of the suprafan lobes over a period of time, a fan-shaped body of sediment
would be constructed (Fig. 54 ).
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Walker (in Walker and Mutti, 1973) proposed a model which brought
together the chief elements of both Normark's (1970) suprafan model and the
Mutti and Ricei Lucchi (1972) model with outer-fan lobes (Fig. 55 ). One
result of this combining of a model for small modern deep-sea fans with one
for ancient deep-sea fans has been some confusion in the literature about the
term "lobe" (see Nilsen, 1980 and reply by Walker, 1980 for a discussion of
some aspects of this problem).

Nelson and Nilsen (1974) attempted to generate a model for deep-sea-fan
deposits through a detailed comparison of the modern Astoria Fan and the
Eocene Butano Fan of the California Coast Ranges. Their comparison showed a
major difference in scale, types of data, and methodology (Table 2 }.

Mutti and Ghibado (1972) emphasized the similarities between channelized
versus nonchannelized sedimentation on fans and deltas (Fig. 56 }. Mutti and
Ricci Lucchi (1974, 1975) added to their original model, emphasizing the
fundamental aspects of channeled versus nonchanneled parts of the fan (Figs.
57 and 58 ). In this model, they have shown the outer-fan lobes detached
from the feeding channels. However, Ricci Lucchi (1975), in a paper that
emphasized the cyclic nature of deep-water clastic deposits, used a model
(Fig. 59 ) similar to the original model of Mutti and Ricci Lucchi (1972).

Van Vliet (1978) proposed a modification of the Mutti and Ricci Lucchi
(1972) model for a lower Tertiary basin in northern Spain in which the outer-
fan lobes shift in the same direction, probably as a result of a plunge to the
basin floor (Fig. 60 ). His model combines the concepts of outer-fan lobes
and suprafan lobes, although his representative stratigraphic sections (Fig.
61 ) are very similar to those proposed by Mutti and Ricci Lucchi (1972).

Walker (1978) suggested a model for deep-marine clastics that has been
widely accepted and used in many areas (Fig. 62 ). This model, like his
earlier model, combines the concepts of the outer-fan lobe of Mutti and Ricci
Lucchi (1972) and the suprafan lobe of Normark (1970) into a single model.
Walker (1978) showed in cross-section how the lobes on loci or deposition
shifted laterally through time, with deposition of muds during intervals of
inactive sedimentation (Fig. 63 )

Models Constrained by Sediment Grain Size

Workers in California and Italy recognized two distinct types of deep-sea
fans that had different characteristics. The first type is similar to the
fans described initially by Mutti and Ricci Lucchi (1972), which are small to
large in size, are composed of a wixture of grain sizes, have well-developed
outer-fan lobes and fan-fringe deposits, and are surrounded by a basin plain
on which abundant sandstone turbidites are deposited. Mutti (1979) referred
to these fans as highly efficient, implying that turbidity currents were
efficient in transferring sediment to the fans and were capable, because of
the mixture of sediments, of transporting sediments for long distances out on
to the basin flcor (Fig. 64 Vo

The second type of fan is small, composed mostly of sand, does not have
well-developed outer-fan lobes or fan-fringe deposits, and is surrounded by a
basin plain on which few sandstone turbidites are deposited. HMutti (1979)
referred to those fans as inefficient, implying that the highly concentrated,
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sand-laden sediment gravity flows were not capable of transporting the
sediments for long distances out onto the basin floor (Fig. 65 ) Instead,
the sand was dumped rather abruptly at the base of the slope, producing a
small, very san%yfan.

We now refer to those two types of fans as mixed-sediment fans and sand-
rich fans. It is increasingly clear that the Mutti and Ricci Lucchi (1972)
model is applicable to mixed-sediment fans, which form the majority of fans in
the ancient record, and that Normark's (1970) suprafan model is applicable to
sand-rich fans. If this is the case, then the Walker (1978) model, which
combines these two into a single model, may not be applicable to any
particular fan. Aancient sand-rich fans have been described in California
(Nilsen, 1979b, 1981; Link and Nilsen, 1980; Link, 1981; Link and Welton,
1982} and elsewhere . Models for the Eocene, the rocks sandstone and
cretaceons Chatworth Formation in California are shown on Figures 66 and
67 , respectively.

The lower Tertiary Cantua Sandstone of central California is an excellent
example of a sand-rich fan (Fig. 68 ) It consists almost wholly of
channelized thinning- and fining-upward cycles (Fig. 69 ) surrounded by
basin-plain deposits that are composed of mudstone with a few interbeds of
sandstone (Fig. 70 ). It is a small deep-sea fan of arkosic composition
deposited in a small restricted basin.

As additional knowledge has been gained from the study of both modern and
ancient deep-sea fans, it has become clearer that there is a complete spectrwn
of different types of fans whose internal geometry and characteristics are
dependent upon the grain-size distribution of the sediments deposited on the
fans. In Figures T1 and 72 , I have attempted to show the character of
two other types of accumulations. Debris wedges represent the assumulation of
variably sized debris at the base of slope, without the development of
channelized and nonchannelized facies. Debris wedges can develop at the base
of siliciclastic slopes (Nardin et al., 1979) and carbonate slopes (Cook et
al. 1981); instead of true submarine canyons, chutes develop on the slope and
carbonate or mud-rich breccias slide down these chutes to accumulate as a
poorly sorted wedge of debris at the base of slope.

Deep-sea fans composed mostly of fine-grained sediment are not well known
in the sratigraphic record, but are abundant in modern oceans. Fans of -this
type can be extremely large and appear to be dominated by long channel-levee
complexes that may extend for the entire length of the fans.

Summary

Work on ancient turbidite systems has yielded a number of useful models
for basin analysis. Fans of different types can be constructed in the same
basin where the types of sediment supplied have different grain-size
distributions. We can probably confidently recognize five types of deep-sea
fan/wedge accumulations in the ancient record on the basis of sediment
supply: (1) breccia-supplied debris wedges, (2) gravel-supplied very small
conglomeratic fans, (3) sand-supplied small sandstone-rich fans, (4) mud-
supplied mudstone-rich fans, and (5) mixed-sediment supplied fans of the type
originally described by Mutti and Ricci Lucchi (1972). HMany other factors
control the geometry and morphology of deep-sea fans, and these will be
addressed in the concluding chapter of these notes.
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Figure

48

DIAGNOSTIC CHARACTERISTICS OF THE PRINCIPAL
ASSOCIATIONS OF TURBIDITE FACIES

100m

Scale

A shelf Cz  middle fon Vp principal valleys
B, upper slope Cy outer fon Vs :secondory volieys
B, lower siope D basin plain Cp penipheral chonneis
Cy inner fon canyon Ly intervolley areos

€ Seporotion scarps of submorine shides
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e+ Pelilic inclusions
1 Negofive megosequence
(thickening - upward )
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[thinning - upword)
=& Strotigraphic discordances reloted
to scaorps of submaorine slides

== s -;4_)\ Middie

Jpper slope

Lower
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‘nner fon
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Depositional framework of turbidite facies and representative
stratigraphic sections of turbidite facies associations

Mutti and Ricci Lucchi 1972, Fig.

Nilsen).
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IDEALIZED PLAN VIEW OF DEEP SEA FAN
ILLUSTRATING ENVIROMENTAL FRAMEWORK

FRINGE

0 “ 0\

Inflrrnu iate

Submorine Canyon Mouth

Figure 49 . Generalized model of deep-sea-fan deposition (Jacka et al.
1968, Fig. 8)
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Figure 50 . Depositional model for deep-sea-fan deposits of Eocene Butano
Sandstone, Santa Cruz Mtns., California (from Nilsen and
Simoni 1973, Fig. 12).
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MOVEMENT

K

\ ESCARPMENT

BATHYMETRIC
OBSTACLE

UPPER
Fan

METASTABLE ENTRENCHMENT
CHANNEL i

CURRENT

I MIDDLE
FAN

STABLE
CURAENT
SPREADING
ACROSS
FAN

STABLE CURRENT OVER FAN AND CHANNEL
Figure 52 . A - Composite of salient features of late Quaternary submarine
fan developuwent in Santa Monica and San Pedro basins.

Stippled area is active depositional lobe (from Nardin,
1983). B- sketch of the distribution of fan facies with

reference to current dispersion and Bouma sequences (from
Haner 1971, Fig. 15).
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MAP VIEW

/

CONTINENTAL ig SLOPE
(%)

Figure 53 . Depositional model for modern deep-sea fans

showing location
of suprafan (from Normark 1970, Fig. 22).
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Abandoned

Suprafan
Suprafan
Lo} 10
' e
A Kilometers
A Suprafan
A—\
]
RADIAL PROFILE A
Figure 54 . Schematic representation of model for submarine-fan growth

emphasizing active and abandoned depositional lobes termed
suprafans (modified from Normark 1970a) (from Normark 1978).
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Figure 55 .
between the various facies associations, and possible

paleocurrent directions (from Walker and Mutti 1973, Fig.
11). Zonation of the fan into upper (inner), middle and
(outer) segments is shown, with a suprafan. developed in
middle-fan area. The suprafan itself is subdivided into
upper channelized segment and a lower segment consisting
depositional lobes.

from Normark (1970, p. 2189).
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ELEMENTI DI CONFRONTO TRA SEDIMENTI DELTIZI E TORBIDITI DI CONOIDE SOTTOMARINA

LEGENDA
Cy = CANYON SOTTOMARINO
PiD 2 PIANURA DELTIZIA Cln= CONDIDE INTERNA
FD :FRONTE DELTIZIO C| = CONOIDE INTERMEDIA
BF =BaRRE D! FOCE CE = CONOIDE ESTERNA
PD :prODELTA Zi = 20NE INTERVALLIVE

: SEDIMENT! SABBIOS! FIN' DI ARGINE E ZONE INTERDISTRIBUTARIE eo-rte: ¢ TORBIDITI PELITICO-ARENACEE D! 20NE INTERVALLIVE

« FACIES PALUSTRI ————: TORBIDITI PELITICO-ARENACEE DI CONOIDE ESTERNA

: SEDIMENT| DI BARRA DI FOCE DISTALE === TORBIDITI PELITICO- ARENACEE D! PIANURA SOTTOMARINA
« PELITI DI PRODELTA e~ EMIPELAGITI

= LIMITE TRA CONOIDE ESTERNA E INTERMEDIA NEI

LAMINE OBLIOUE & PMICCOLA SCALA

P LAMINE OBLIOUL A GRANDE SCALA LITEL T

AMAAMAN

- ; AREMAMIE GEADATA SEDWENTI FOSSILI
i

S

. Comparison of chief characteristics of deltaic and deep-sea-

fan depositional systems (from Mutti and Ghibaudo 1972, Tav.
2).
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SECULSNCT PUIITIVE
HINNING - UPWARD
HANNEL-FILL CONC INTEANE, CHENAL 19€
SRUVENCE INNER CHANNELIZED
(distributary_system )
Systdes de distribution

0
Com{ EXTIRNC

SEJuEmE PU|TIEF‘FAN \

WEGATIVE
Systéne de pregradatisn

I;HICKENING-WWARD

PROGRADMNG

QUTER FAN

EGUENCE
Figure 57 . Simplified model of deep-sea-fan deposition emphasizing

channelized vs. nonchannelized sedimentation and the
development of characteristic vertical sequences in these
parts of the fan (from Mutti and Ricci Lucchi 1974, Fig. 2)
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LANDWARD

DISTRIBUTARY SYSTEM cF
(CHANNELIZED INNER FAN)

SEAWARD OUTBUILDING
- SYSTEM IOUTER FAN)

w <
‘ ~
THIN BEDOED ¥ THICK-BEDDED
FACIES & ~  FACIES
jc.NTERCHANNEL & CF-CHANNEL FILL
LEVEE g CHANNEL=MOUTH
cmB.CHANNEL-MOUTH CMB-5, o
BAR §1.OUTER FAN SAND.
IL-INTERLOBE STONE LOBE

8S-BASIN PLAIN

Figure 58 ., Depositional model for ancient deep-

: : sea fans (from Mutti and
Ricci Lucchi 1975, Fig. 9).
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Figure 59

Model of deep-sea-fan sedimentation (from Ricci Tucchi 1975,
Fig. 4). US = upper slope, LS = lower slope, OF = ocuter fan,
MF = midfan, IF = inner fan, PS = passive slope, SS = slump
scar, SA = slump accumulation, MV = main valley, IC =
interchannel area, L = depositional lobe, F = fringe.
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Figure

60

Model for deep-sea fan of early Tertiary age, San Sebastian
area, northern Spain (from Van Vliet 1978, Fig. 1l4-2i4). C =
feeder canyon of fan; FV = fan valley; DC = distributary
channel; IC = interchannel area; LA = apex of depositional
lobe ("suprafan"); L = depositional lobe; and IL = interlobe
depression. Arrow indicates plunge of basin axis.
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FAN FRINGE BASIN PLAIN

MIDDLE FAN OUTER FAN

INNER FAN

tation of depositional seguences in various

Figure 61 . Schematic represen
14~

deep-sea-fan subenvironments (from Van Vliet 1978, Fig.
2B) .
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Figure

CONGLOMERATES:: e
INVERSE -TO-NORMALLY

GRADED-BED

GRADED-
STRATIFIED

FEEDER CHANNEL
1 DEBRIS D-B  SLUMPS

BRI e

SLOPE INTO BASIN A W\

GRADED

BRAIDED

|

SUPRAFAN LOBES

INCISED
CHANNEL

CLASSICAL TURBIDITES

’
v

NEW SUFRAFAN

LOBE
v LOWER FAN
BASIN -
PLAIN
a s
THIN BEDDED NO RELATIVE SCALE IMPLIED
62 . Model of deep-sea-fan deposition, relating facies, fan

morphology, and depositional environments (from Walker 1978,
Fig. 13). D-B indicates disorganized-bed conglomerates.
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Figure

SUPRAFAN
LOBES

LOWER
FAN

BASIN
PLAIN

63 .

Hyopthetical vertical cross section across prograding lower-
and middle-fan system (from Walker 1978, Fig. 18). Lower-fan
sequence is coarsening-upward, and each suprafan lobe has
coarsening-upward sequence, from thin-bedded turbidites to
channelized massive and pebbly sandstones. Each suprafan-lobe
sequence also shales out laterally into mudstone drape that
covers adjacent parts of fan. Sequence shown in cross section
is result of suprafan lobe switching from position 1, to 2, to
3 (see plan view, upper part of diagram). Lobe switching may
be related to changing meander patterns in upper-fan

channel. Hypothetical electric logs illustrate coarsening-
upward prograding-lobe sequences, fining-upward channel-fill
sequences, and highlight problems of correlation in such a
system.
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Figure 64 . Vertical sequence of mixed-sediment deep-sea fan (from Mutti

1979, Fig. 18).
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"igure g5 Vertical sequence of sand-rich deep-sea fan (from Mu d
"igu .
Fig. 16).

88






SUBMARINE

Figure 66 . Deep-sea-fan model for The Rocks Sandstone showing abundant
distributary channels, lack of differentiation of inner-,
middle-, and outer-fan components, and rapid and abrupt
dumping of sand at base of slope (from Link and Nilsen 1980,
Fig. 13).
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Figure g7 - Depositional model for the Cretaceous Chatsworth Formation ¢’
southern California showing a sand-rich system composed most
of channel and interchannel deposits with minimal and outer-
fan facies association (from Link 1981, Fig. 9).
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Figure 68 . Index map of central Diablo Range, California, showing outcrop

extent of sand-rich lower Tertiary deep-sea-fan deposits of
the Cantua Sandstone and related units of the Vallecitos area

and the Tres Pinos Sandstone of the Paicines area (froin Nilsen
1981, Fig. 92).
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Figure

69

g2

R e L L L

Photographs of the lower Tertiary Cantua Sandstone member of
the Lodo Formation, central Diablo Range, California. A -
View north of channelized deposits exposed in cross section.
B - Repetitive thinning- and fining-upward channelized cycles
of sand-rich fan. Stratigraphic top to left. C - Repetitive
thinning- and fining-upward channelized cycles of sand-rich
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Figure 70 : Restored northwest-to-southeast cross-section across the
Vallecitos syncline showing stratigrahic relations and
thickness variations in the Lodo Formation and its members
(from Nilsen 1981, Fig. 15, modified from White 1940).
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DEBRIS WEDGE SAND-RICH FAN
(NO FANS] R

/ZAN .-/ SUPRAFAN
5 - 17 CHANNELS)
MIXED SEDIMENT FAN MUBRTCH FAN
NOUTER-FANLOBES) (LARGE LEVEED CHANNELS)

Figure 7 s Morphology of sand-rich, mixed sediment, and mud-rich deep-sea
fans and debris wedges (drawn by T.H. Nilsen 1979).
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DEBRIS SS-RICH MIXED -SED MUD-RICH
WEDGE FAN FAN

Figure 72 . Vertical sequences of sand-rich, mixed sediment, and mud-rich
deep-sea fans and debris wedges (drawn by T.H. Nilsen 1979).
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FIELD TRIP DESCRIPTION -- DAY ONE

On the first day of the field trip we will examine several of the
classic Lower Pennsylvanian Jackfork Formation deposits of slope
and canyon -- upper submarine fan facies in the vicinity of Little
Rock. We will proceed then northward through upper to middle fan
sequences in the Middle Pennsylvanian Lower Atoka Formation on the
Bayou Meto anticline then into a series of shallow water - deltaic
deposits in the middle -- upper Atoka Formation primarily near
Morrilton. Then we continue back to the south through more
proximal to mid-fan deposits of the Lower Atoka and Jackfork
Formations eventually reaching our destination in the scenic Mazarn

Basin - Zigzag Mountains in the central Ouachita Mountains at Hot
Springs.

-96 -
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STOP 1

(Description from

Visitor Center, Pinnacle Mountain State Park, Arkansas

Purpose:

The purpose of this stop is to
view a melange interval that is
overlain by massive-appearing,
matrix-free sandstones, and
discuss possible origin of the
sedimentary package.

Description of Locality

Extending west of STOPS 2 and 3
is an east-west trending chain
of steep hills that 1locally
reach 1,000 feet in elevation
(Fig. 73) . These hills are made
up of thick, but apparently
discon-tinuous units of
moderately to steeply-dipping

sandstone and shale of the
upper  part of the lower
Jackfork (‘middle’ Jackfork

according to local terminology)
(Stone and McFarland, 1981). We
will examine these rocks in an

abandoned quarry near the
Visitor Center of Pinnacle
Mountain State Park (Figs. 73,
74) .

The Jackfork sequence in and
around the Visitor Center

consists of fine- to medium-
grained quartzose sandstone and
intervening shale wunits that
probably total 200-400 feet
thick. In general, the exposed
sequence dips south at 15 to 45
degrees, but mapping (Fig. 74)
suggests that much and perhaps
all of the exposure 1s a

JORDAN et al., 1991)
melange of large blocks of
stratified sandstone, some

including as much as 200 feet
of section, 1in a matrix of
mudstone and diamictite.

From the parking area southward
along the quarry pond, three
general lithologic units can be
recognized. A "basal" unit or
units of stratified quartzose
sandstone is exposed on both
sides of the parking area. It
totals about 50 to 60 feet
thick and is wunderlain and
overlain by stratified mudstone
(Figs ¥5] s A "middle" unit,
exposed only on the west side
of the pond, includes about 70
to 90 feet of diamictite
composed of disarticulated and
contorted blocks and beds of
sandstone encased in unstrati-
fied mudstone. Invertebrate
fossils of shallow-water
organisms have been reported
from sandstone blocks in this
and similar melanges just west
of this area.

The uppermost unit exposed at
the southern end of the quarry
consists of over 100 feet of

resistant, evenly-bedded,
finely laminated, clean,
quartzose, fine- to medium-
grained sandstone (Fig. 76).
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VISTORS CENTER

MAP OF PINNACLE MOUNTAIN QUARRY

Figure 7a. Geologic sketch map of the Visitor's Center area at Pinnacle Mountain State Park,
Arkansas. Large blocks of medium- to fine-grained quartzose Jackfork sandstone
(stippled) are interbedded and mixed with units of muddy diamictite and laminated
mudstone and shale, respectively. The letters (A, B, C, D, and E) refer to localities
where sub-facies shown in the stratigraphic column (Fig. 77) can be seen. Location
of gamma-ray log paths are shown.
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West side of the quarry pond, melange interval comprising over 100 feet of contorted

Figure 75.
blocks and beds of sandstone encased in unstratified mudstone.

posed at the southern end of the quarry consisting of over

Figure 76. The uppermost interval ex
ated, clean, quartzose, fine- to

100 feet of resistant, evenly-bedded, finely lamin
medium-grained sandstone overlying a melange unit.
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Interpretation

None of the sandstone units at
this stop can Dbe traced
continuously for over a few

hundred (up to 600) feet. Some
adjoining lenses may exceed
three-quarter of a mile in
length. Most terminate
abruptly against shales or

sandstone units with different
orientations, suggesting that
all are Dblocks. Stone and

McFarland (1981) suggest that
these sandstone units could
represent (1) resistant beds
caught wup and mixed with

intervening mudstones, between
thrust faults, (2) remnants of
individual submarine fans
(favored interpretation), or
(3) sandstone slabs that have
slid downslope into deeper
parts of the basin.

Where relatively complete
sections of sandstone units can
be identified, they show an
internal succession of textures
and structures suggesting that
they formed as erosive, fining-
and thinning-upward, channel-
fill units (Fig. 77). In all
probability, they represent the
£fill of large slope channels,
eroded into underlying slope
mudstone, that have been
detached and incorporated into
large downslope slides.

Reservoir Implications

Another hypothesis is that the
lowest WHEIEY of mainly
sandstone consisting of 55 feet
of sandstone exposed on the

=10d-

eastern side of the parking lot
is the same sandstone interval
that correlates to the lower
sandstone unit (25 feet)
exposed on the western side of
the parking lot.

Correlations shown in Figure 78
might then be valid. It is not

clear if this sandstone was
deposited within a channel
elsewhere, only to have been

detached and incorporated into
a large downslope slide, or if
this sandstone is in fact a
lenticular body deposited
within an 'in situ’ channel.
It would be difficult to
interpret this sandstone body
as a detached channel sandstone
within a hydrocarbon reservoir
based on a correlation of
similar logs.

Note on the log the presence of

several sandstones in the
diamictite interval. these
sandstones are not bedded, as

might be interpreted from the
logs alone, but are actually
detached and convoluted blocks
of sandstone that are a few to
greater than 10 feet in
diameter ("glumps and gloops"
by local terminology). Using
only the character of the logs
for correlation purposes and in
the construction of «cross-
sections for modelling, a
possible o0il field reservoir
may be doomed iE these
sandstone blocks were
interpreted as laterally
continuous sandstone beds!






IDEALIZED CHANNEL-FILL SEQUENCE
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Figure 77 Schematic composite stratigraphic column of an idealized channel-fill sandstone and
interbedded mudstone and shale sequence present at Pinnacle Mountain State Park.
Letters denote main sub-facies located in Figure 74.
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and they pinchout to the east and west due to faulting, because the sandstone body is a
slide block (part of the overlying melange interval), or the sandstone body is an in situ

channel-fill deposit.
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STOP 2
I-430 Roadcut, Little Rock, Arkansas

Purpose:

The purpose of this stop is to
view a downslope section
equivalent to that exposed at
Big rock Quarry (approximately
5 miles to the east) and to
view sedimentary features that
could not be studied at STOP 3
because of the steepness of the
quarry face. The location of
the roadcut (Fig. 79) is on the
west side of Interstate 430
south in northwestern Little
Rock, just north of the
Arkansas Highway 10 exit ramp
(Fig. 80A).

Description of Locality

This section 1is absolutely
sliced to pieces by faults.
Any inference regarding
vertical trends, contacts,
etc., at this outcrop may be
regarded as suspect. The

sequence lies along the flank
of the Big Rock Syncline and
beds generally dip steeply to
the north. The lower Jackfork
consists of a sequence of black
carbonaceous shales with
siltstone interbeds and laminae
that are intensely sheared.
The upper Jackfork consists of
interbedded thin and thick-
bedded sandstone and thinner
shale and siltstone. The lower
part of the sandy sequence
consists of highly fractured
and faulted quartzitic sand-
stones (Fig. 80B), many which
may be exotic sandstone blocks.
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(Description from
JORDAN et al., 1991)

Interpretation

This section is interpreted as
the same stratigraphic sequence
as at Big Rock Quarry; lower
Jackfork shales overlain by
upper Jackfork sandstones (Fig.
81). The thinning and fining-
upward sequences of sandstone
beds (Fig. 82) were interpreted
to represent submarine fan-
channel deposits that were
deposited farther downslope
than equivalent strata at Big
Rock Quarry to the east (Stone
and McFarland, 1981; Link and
Stone, 1986b; McFarland, 1988).
Link and Stone (1986b) suggest
a succession of events led to
the deformation observed at
this 1locality; (1) Southward
slumping down the continental
slope, (2) Northward stacking
of several thrust-fault slices,
(3) Folding during several
episodes, and (4) Backfolding
and faulting caused, in part,
by the piling up and crowding
at the toe of the larger thrust
sheets. The last 3 events took
place in late Paleozoic time as
the Ouachita Mountains were
being formed. Hydrothermal
quartz veins of late Paleozoic
age also cut through the lower
part of the section near the
base (Stone and McFarland,
1981) .
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Figure 79.Geologic map of northwestern Little Rock in vicinity of Stop 2 along Interstate 430.
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Figure 80. (A) West side of Interstate 40 roadcut at the State Route 10 exit ramp. Basal part of
sandy section showing faulted (arrow) Jackfork sandstone and shale with possible
sedimentary slide features. (B) Close-up of photograph shown in A displaying
interbedded nature within pod of sandstone and shale, and northward-dipping fault
plane (arrow). Photograph courtesy of Arkansas Geological Commission.
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Several intervals =t ) the
highly-contorted lower Jackfork
shale beds contain soft-

sediment-deformation, but many
of the beds have been offset

and contorted by tectonic
processes. Can you tell the
difference? What is the evi-

dence? What is the depositional

setting of the shale? Look for
trace fossils, especially
Chondrites (thin, branching,

siltstone-filled tubes). One
or two types of trace fossils
reflecting specialized activity
may assist in offering clues to
the nature of the depositional
substrate and/or overlying
water column. Within the sand-
stones, look for the mudstone-
clast conglomerate and breccia

=1 GG~

similar to that found in the

float block on the quarry
floor. 1In addition, an inter-
esting interval lying about 125
feet above the base of the
upper Jackfork sandstone
contains massive-appearing,
‘clean’ sandstone overlain by
flat- to small scale cross-
laminations, capped by an

interval with climbing ripples
within a whitish-gray sandstone
and shale sequence. What are
some of the possible scenarios
for deposition of these beds?
Which parts of the sequence
suggest deposition from high-
density and low-density flows?
could contour currents Dbe
involved?






STOP 3
"Old" Big Rock Quarry

This important stop shows
reservoir and outcrop-scale
heterocgeneities and the
different ways correlations of
a set of well 1logs can be
performed. This large exposure
will first be viewed from a
high-located overview point
which will provide a
generalized impression of the
complicated channel complex
likely located originally close
to the downdip side of the
bagse-of-slope. Its
environmental location 1likely
was slightly downdip from the
Pinnacle Mountain site.

We will drive around and enter
the quarry for some close up
observations and a discussion
of the different correlations
that can be performed using the
three well log sites occupied
by ARCO. The text following
comes from their AAPG fieldtrip
guide (Jordan et al., 1991).

Big Rock Quarry, located along
the north bank of the Arkansas
River in ©North Little Rock,
Arkansas (Fig. 83), provides
perhaps the largest continuous
exposure of proximal deepsea
flysch deposits in North
America. The quarry was a
source of crushed stone in the
1950;s but is used today mainly
for storage of sand dredged
from the Arkansas River.

The vertical faces of Big Rock
Quarry expose a two-dimensional
view of the lower part of the
upper Jackfork Group that is up
to 200 feet high and nearly
3000 feet long. Lower Jackfork

=11 B

shales are exposed in the floor
of the northern part of the

quarry. Regional paleocurrent
analysis (Morris, 1977) and
facies studies (Link and
Roberts, 1986) suggest that

this area lay close to the
northeastern edge of the deep-
water Ouachita Trough during
Jackfork deposition. Sediments
from sources in the Appalachian
Mountains, more southern
orogens, and possibly the
Canadian Shield, moved across
alluvial and deltaic plains,
poured onto the fringing slopes
leading into the deep-water
trough, and flowed generally
westward within the Dbasin.
Rocks exposed within the quarry
are thought to represent some
of the most proximal Jackfork
units in the Ouachita
Mountains.

Pervious interpretations have
suggested that this quarry
contained fourteen upper
submarine fan channel deposits
(and the sequence pinches out
about 2.5 miles away) (Stone
and McFarland, 1981); at least
fourteen coalescing and stacked
channelized packages of an
inner (upper) fan valley
(Moiola and Shanmugam, 1984);
and channel-£fill and 1levee
deposits in a submarine canyon
or upper part of a submarine
fan channel system (inner fan
valley system) (Link and Stone,
1986a; Link and Roberts, 1986).
The lateral dimensions of the
major sandstone bodies are
unknown but may have reached
several miles.






Al ‘ " gyncline
EQUARRY JF——7 = o= &

-
: SR
B o - . 4
B e o S ST LT e Y e b
S L v 1 -
T L 0 s F
o T \‘J,‘ _ e .
o e eXE e, 2R o
"“ T, % \“\" s L
- |JEFFREY QUARRY ]
e
: —

5 4 ;
HRL & 13t ) 3

124 anticline J*7

w1k 8k :
sive faulling (7) £%2,
o /) ‘o )y

AR LYK -
. 3 ~
i
IR
. LA | b1 3
% - ot o ‘
S — e R R oy .

%" 13 ["OLD" BIG ROCK QUARRY |
j TEFTNLEVY Cut
w90 Hlem o aza,

1= K

i






Jacklork

Upper

Basal

10

OAK GROVE SITE

1
1000 teet (300 meters) SOUTH

Snale with wace 105sds
s

Fine-yianed Ss win
lanses ICaering 10
Soutn

Traces of 3ed brecca.
Quanz vemes. some
Oebns hows

Shale wiin 2 lew gumpy

LN IONE MALLES

Jacklork

=
o4 =
=

Shale with some gumoy
3anosiones ang rare
concrenons Mwnor Irace

JEFFREY QUARRY SITE

NORTHWEST 1.2 miles (1.9 kilomelers) SOUTHEAST

Suace shale. liace
190 58 ol siderie concrenons
mano! sanasione
laminatons, Minor
wace o3y

150

0 90% Fine.

Qraned Cean Ss,
sequences ine upwards.
1anasione inckens
overal 0 INe Souneas!
S8RMEnt HANSPOI was
rom norineasi 1o souk
wast Traces of granuies
fea base Some plani
matenai ang wnvens
brale 10551 remans
Deons “ows promran
31 Base east eng;

P40

Upper Jacklork

100

Basal

50+

_.:c:p——Sn-u wif some Qlumpy

. COnCrenons M-ror wace
— T — losans

C

'OLD’ BIG ROCK QUARRY SITE

ETERS 0.75 miles (1.2 kilometers)

290 gg NORTHWEST SOUTHEAST

Weainered Ma‘0ON DEGS COMPrISng Meccias These Deas ae more
cammon in Ihe Norhwesiemn D3N ol ihe Guarry anc dec ease n
INCRAESE And ADUNDANCE n 1NG SOLTheasiern part The amoumt of Ine
DIRCEIA3 CIBALE LDSECION BEOS Mié HOM 5 10 23 ekt IFich ang arw
composad of mugsione-Clas! CONGIoRaTalEs 130k ‘el lor 4 3Cussont

D

SOUTH LAKEWOOD SITE

Darx gray hne 10 wary bno-graned Quari104e 1aNTSIONES NIEDOALED wil Oelu:Med i
JAMN3lED Shake 3rJ ISIONE a1 IypCaily Wi dopressons Thess orpressans werw
Higg wnud ally Cul by Hua mucsione AN 3ANAZIONE CIASI CCDOA Nigws Ndkv.ud
53n0SI0NE LNS vary TOM 3 ‘ew inCnes 10 Cvee SO leel Mok, Jnes gredicr Tian 1o C2et
ICh consis! of WGrvIGul DEDS INJN 3¢ QENE'duy WSE 1AN 15 WCne: Tne p=as ar
mosty Masswe. aINg and SILCIU EIESS D41 & ‘B 3F0w hal eTEiAlan LICss

13 NAINOR OF wale €5CIDE SHUCTHES VEly MNGI 3MOUrTE CI Par K55S
vereniaile remams. and “aces ol Quar'z granses Trace lossis locavy abunoant
sRales. Clean 3anosiones 3eiNaIE w IR Odl)’ 33705/00€S MOSI BHEOCLIBMIS SugGl 57 1
SCUIF Of soulnwes! Hlow cuechon Sea leat I 0 $Cus300

Twe masor 1ardsione pack ages wilh
a shaley MOn e a2 Trere ware
Oniy @ Tew DICCTIAICO CODNE Tow
menvals oresent

Jacklork

Basal Upper

Basal $73ie (pOOMy E2DOLED) #IMDLAQ ALIGIMIIL _ower Jackion

Figure 84, (Caption on following page). FeeT weTers

12

1anasiores nace ol soene






Figure 84. Schematic field sketches depicting lithology and lateral extent of
northern part of sandy submarine canyon fill near Little Rock. Refer to Figure 83 for
locations of sections oriented in a generally north to south direction which may have
been the orientation of the canyon opening. Sediments were fed generally from east to
west. (A) Basal upper Jackfork sandstones near the axis of the MarcheSyncline at the
Oak Grove site. The strata strike north-south and dip some 10° to the east. (B)
Laterally equivalent to sequence in A, but sequence contains more sandstone (it is
presumably closer to the axis of the ancient submarine canyon); south flank of Marche
Anticline. Strata dip 23° to the north. (C) 'Old' Big Rock Quarry within the axis of
the Big Rock Syncline. Dips range from 0 to 10° across the entire exposure. The
section averages 80% sandstone. (D) Column representing a series of partial

* exposures that were mostly destroyed during the construction of I-40 and U. S.
Highways 67-167 along the southern border of Lakewood in North Little Rock,
approximately 6.1 miles due east of 'Old' Big Rock Quarry. Located on the south
flank of the Big Rock Syncline, the strata strike east-west and dip 30° to the north.
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be
main

(1)
representing the
upper portion of the lower
Jackfork Group, (2) a section
0of sandstone and shale, 75 to
150 feet thick, at the base of
the upper Jackfork Group, and
(3) a capping it of
interbedded shale-clast breccia
and sandstone.)

The quarry section

divided into three
lithologic units (Fig. 85:
a basal unit,

can

The lower Jackfork mudstone
underlies much of the quarry
floor, but is well exposed only
toward the northwestern end of
the quarry. The erosive nature
of the lower to upper Jackfork
contact is well exposed at the
Levy outcrop section and at the
I-430 outcrop. At the Levy
PUt oo about 3 miles
northwest of Big Rock Quarry,
upper Jackfork sandstones fill
a large channel cut into
underlying lower Jackfork
mudstone. The mixing and
deformation exhibited by the
basal shale here and i
adjacent outcrops suggest that
it may constitute either a
large slump sheet, emplaced
before deposition of the upper
Jackfork sandstone and shale,
or that the upper Jackfork is a
large soft-sediment glide or
tectonic sheet emplaced by
shearing along the contact.

Within the sandstone and shale
section exposed 1in Big Rock
Quarry, virtually every major
and minor lithologic unit 1is
discontinuous. Individual units
vary from a few inches to over
50 feet thick. Units greater
than two feet thick invariably
consist of individual beds or
layers that are generally less
than 15 inches thick, and are
composed of dark gray, fine- to
very fine-grained quartzose
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sandstone. The beds are mostly
massive-appearing and structure
less but a few show flat
lamination, cross lamination,
or water escape structures.
Wavy and undulatory bed
contacts are common and were
probably produced by
liquefaction and sediment
foundering. Most beds were
emplaced by turbidity currents.
The thinness of individual beds
and the paucity of ripped up
mudstone clasts and clearly
scoured bases suggests,
however, that the currents were
not highly erosive.

Thicker sandstone units, from 5
tio 50 feet thiek, are
lenticular and interrupted by
inclined accretionary bedding,

truncation surfaces, or
internal scour surfaces when
traced across the outcrop.

When viewed from the northwest
end of the quarry (Fig. 86), a
number of the thick sandstone
units can be seen to lens out

from southeast to northwest
against the overlying breccia.
These wunits could represent

sheets that moved downslope as
large slides.

In the southeastern part of the
quarry (Fig. 87), near the base
many small, scoured depressions
are eroded into sandstone
units. These depressions were
filled initially by thin
mudstone- and sandstone-clast
debris flows or drapes of
laminated mudstone. The common
association of scours, mud
drapes, and small debris flows
suggests that after the scours
were cut, they were draped by
fine muddy sediments. These
observations are supported by
the core description of Link
and Stone (1986a), discussed
later. An excellent example of






Outline Map of Big Rock Quarry area, North Little Rock,
Arkansas. Location of shelf core hole and gamma-ray

logging sites 1-3 are indicated (Jordan et al., 1991). A’
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Figure 85. Cross section of Big Rock Quarry.
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Figure 87 Southeastern part of Big Rock Quarry showing many small, scoured depressions
eroded into sandstone units.

Figure 88 An excellent example of a large scale, shale-draped scour filled by sandstone. J effrey
Quarry (see Fig. 83 for location and Fig. 84 for description). These scours are
unusual because they are not filled with coarser sediment or lag deposits left by
energetic erosive currents that would be required to cut the depressions if they are
channels. More likely, the channel-like truncation surfaces represent excavations or

scars left by large slope failures and slides.
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a larger scale, shale-draped
scour filled by sandstone
occurs approximately 7 miles
north of Big Rock Quarry at
Jeffrey Quarry (Fig. 88).

These scours are unusual
because they are not filled
with coarser sediment or lag
deposits left Dby energetic
erosive currents that would be
required to cut the depressions
if they are channels. It seems
unlikely that the small debris

flows at the bases of the
channel-£fill were effective in
eroding the depressions.
Possibly these features are
channels eroded by turbidity
currents that bypassed the
local area without 1leaving
deposits. If so, it seems

unusual that the channel-£fill
consists largely of fine- to
very fine-grained sandstone
that should also have bypassed
the area. More 1likely, the
channel-like truncation sur-
faces represent excavations or

scars left by 1large slope
failures and slides. Such
failures should have been

abundant on slopes leading into
the deep-water trough. The
contained sandstone might then
represent sediments trapped in
the scar and locally 1left on
the slope during large-scale
floods of coarse sediment into
the basin. However, the
dominance of fine-grained sand-

stone in the quarry implies
that this represents the
coarsest sediment being

transported across this portion
of the slope. Coarser sediments
may have moved through slope
channels in other areas, but it
seems unlikely that Big Rock
Quarry provides an example of
proximal feeder systems.

=18+

Downslope depositional sites
(such as those we will see on

Day 2) actually show substan-
tially coarser-grained sedi-
ments. The uppermost unit

exposed along the quarry face
consists of from 5 to 20 feet
of mudstone-clast conglomerate
and breccia (Fig. 89). The
matrix varies from clean fine-
grained sandstone to muddy
sandstone. The unit is unusual
for several reasons: (1) it
contains an extremely high
percentage of mudstone clasts
(over 50%) in a clean sandstone
matrix, making it unlikely that
it represents a cohesive debris
flow; (2) it contains thin,
undisturbed layers of sandstone
from less than an inch to over

2 feet thick enclosed in
breccia; (3) breccia Dblocks
fallen to the quarry floor

commonly show a crude alignment
of mudstone clasts that outline
original layers which have not
been completely obliterated,
and (4) the mudstone clasts are
commeonly blocky and some are
oriented at nearly right angles
to bedding, suggesting little
shearing and squeezing during
flowage. These units probably
formed as dense sand slurries
formed by local slope failures.
Most have not travelled far.
More turbulent flows moved
downslope beyond the present
area and may have deposited the
interlensing, intact units of
clean sandstone. Sandstone
beds within the breccia define
large low-angle Cross
stratification or dipping
accretionary bedding that has
been interpreted Dby some to
have formed on natural levees.
Mapping of these beds suggests
they accreted laterally toward
the north.






Figure 89

Fallen block on floor of quarry derived from upper part of quarry section. (A) Crude
alignment of mudstone clasts that outline original layers which have not been
completely obliterated. (B) Close-up of fallen block shown in A. Mudstone clasts are
commonly blocky and oriented at nearly right angles to bedding, suggesting little
shearing and squeezing during flowage. These units probably formed as dense sand
slurries formed by local slope failures.
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Overall, Big Rock Quarry
exposes a slope or base-of-
slope succession of the type
that might be expected on the
proximal parts of deep-sea fans
within

slope channels or
canyons. The lateral wvari-
ability of individual sedimen-
tation units and thicker

sediment packages reflects the
activity of localized
movements, such as slumps and
slides, as well as the
importance of depressions of
all scales in localizing flows.
Scour and successive slope
failures have cut out many
originally more continuous
units. Sedimentation was
dominated by turbidity
currents, possible 1liquefied
flows, debris flows, and slides
and slumps (Fig. 90).

The overall thickness of the
sandy units exposed at Big Rock
Quarry decreases in a northerly
and easterly direction, and
suggests that what 1s present
within the upper Jackfork in
this area represents the
coarser clastic £fill of a
submarine (slope?) canyon.
Field relationships suggest
that the Big Rock Quarry and
several exposures in the
immediate area are related and
represent a submarine canyon-
fill sequence. This canyon was
probably fed from the east and
sediments were transported to

the west. The present
northwestern edge of the
submarine canyon f1ll is
possibly near the "dying"

Jackfork ridge to the northeast
of the 0Oak Grove site. The
basal upper Jackfork Sandstone
is thicker at the Big Rock
Quarry site and to the west (at
the I-430 roadcut) than

= 1210

inexposures in the northwest
and southeast. This suggests
proximity to the axis of the
sandy submarine canyon f£ill.

Three gamma-ray logs, obtained
with a logging truck and spaced

500 and 600 feet apart (Fig.
91), were measured along the
northeast quarry wall.
Description of a detailed
lithologic section was not
possible because of the

steepness of the quarry wall.
However, Figure 92 compares log
#1 with a subsurface core of
the upper part of the same
interval taken approximately 50
feet behind the quarry wall
several years ago by Shell 0il
company and described by Link
and Stone (1986) . The
correlation between the 1log
response and gross lithology is
good. The exception to this
occurs in the thinly-bedded
interval between 20 and 40
feet. The log response depicts
this interval as a thicker
sandstone sequence than 1is
actually the case.

The three logs (Fig. 93), taken
at this site illustrate
potential problems in well log
correlation of laterally
discontinuous strata. On
several field tor Lpe,
participants have correlated
these logs prior to examining
the outcrop (Fig. 94). Typi-
cally four or five distinct
stratigraphic intervals are
subdivided on the logs (Fig.
94A) . However, when the quarry
is examined, most beds are not
laterally continuous at the 500
and 600 foot spacing of the
logs. A better correlation,
made after studying the quarry
face, is shown in Figure 95.






‘Aurenb ay) jo doj ay 1e spaq Aleuonjaiooe 8aAsg)
-jauueyd ajqissod pue ‘suolssaldap paj|lj-auojspues ‘sajesawojfuod Bej-jauueyd ‘sdwnys
‘sysodap moy} sugap apnjoul Asenp 3ooy big 1e ainjea) |euoisola auuewqns abie| ay)
uiyum |y Aeyuswipas ayj Buisudwoo sysodap Auejuswipas ‘(Fg6L TN 19Ye) sjsuueyd

ay) jo Buyy ul sabejs jualayp 910N ‘S|guueyd |EUOISOIS Bulewqns 8jeds-abie| jo |4 ‘06 ainbi4

3OV4HNS TVNOISOHI 3NIHVINENS
| dNNis oL

11S0d3a MO14 siHa3aa

(1 39V1S) ILVHIWOTONOD HVI-TINNVHO
(I 39V1S) TINNVHO a31114-INOLSANVS
(m 39Vv1S) X31dWOD 33AIT-TINNVHO

121

S3I0V4 IvIANTIV
dNVv 2OIvl13a

S3IHVANNO™
40N3ND3S







‘Auienb jo doj s) winjeq

‘Aurenp yooy 6ig jo |lem jseayuou ay) Buoje soruy 6uibbol e yum pauiejqo sboj Aes-ewwen)

L 14 S8l Wi ]
L a3 (1M1 & ;
= .|.l.|.|||.||||||k.|’.M 1
) &
£
3 —_ 7
=t : ¥
l|..l\.,\||\\\ g e 1
: : -
- b
> 4 P, “.
- T ~pa— A
oot T e e
1]
>
! o
b |
4
- 0
Y
: ,009 = 008
2 -% — - -¢ : oo

‘16 ainbi4

b’

a8

122






o
W

)
2D
—

og_]

w

P~

DEPTHS
IN FEET

"Pf\"

100

20

30

40

S0

60

70

a0

%0

CLASTIC ;‘E
ROCKS G FACIES
s za
ae Mo Fu

7 CHANNEL 1

=1/ jf" ' CHANNEL 2
i 50

o

vt CHANNEL 3

| 10

BURHOWED ZONE

[+]

INTERPRETED SEDIMENTARY

STRUCTURES

Shale lnsadasts - m—
Slumoad beds -

Paralicl Laminae

Dish stuctures

-
Cioss beds

-
-
-
- ssesssssssss  (Gjaded beds

-— e
S W ealheied 10N0 Semmm—

Massive-appaaing bads
S Partially woalheied 10N0 s

DESCRIPTION

Shale nterbedded with
sandsione; abundant shawe
nraciasis and siumped
beds3 in a highly weathered
mone.

Shale miractast zone

Shale intraciast zone

Theck-bedded,
massive-Acpeanng
sandsione wih fant
lamnae and dish
structures. slumped beds,
shale inractasis, graded
beds,caicite-lillad vems;
amaigamalon 13 Common.

Shale inraciast zone

Thick-bedded sandstone
that contains dish
sruCIures and wavy
lammae; ATBIAMAIION i3
common,

Thick sequencs of shale
niraciast congiomerate and
slumped beds that are
nief-bedded wih shale and
sandstona.

Figure g2, Comparison of gamma-ray log #1 at Big Rock Quarry with a Shell Oil Company core taken

50 feet behind the quarry face at the logging site. Core description is after Link and Stone

(1986).
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Figure 94, Three possible, but incorrect, correlations of gamma-ray logs from Big Rock Quarry,

illustrating (A) layer-cake, (B) lenticular, and (C) mixed correlations. Correlation shown in
A is probably the most common correlation made before studying the outcrops. Correlation
in B invokes numerous channels and erosion of section. Correlation C document changes
in thickness of interbedded shale
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Fig.95aCorrelation of Gryphon Field well logs. (Newman et. al 1993)

127






In comparing this correlation
to that shown in Figures 93 and
54, it is particularly
noteworthy  that the thick
sandstone from 88-168 feet on
Log #2 1is a discontinuous
sandstone slump upon which
younger sandstone beds onlap,
and (2) the cleaning upward
sandstone unit at 0-30 feet on
Log #3 is a laterally
discontinuous sandstone bed
near the top of the quarry
face. 1In the subsurface, these
beds, though thick, would not
extend between typically-spaced
wells (40 acre spacing), so
knowledge of the expected
depositional geometries would
help clarify the degree of
uncertainty associated with
well log correlations.

Sandstone/shale ratios for the
Jackfork exposed in Big Rock
Quarry were calculated in an
effort to quantify lateral and

vertical wvariability of the
deep-water facies. Ratios were
determined by counting

sandstones and shales within
equally-sized rectangular cells
superimposed = on enlarged
outcrop photographs. A cell
contains an area that is 500
feet wide and 50 feet high.
Each cell was overlain by a
0.1" X 0.1" grid which defined
the actual point that was
counted. Three outcrop
sections were examined.

SECTION 1

Three equally-sized cells were
outlined on the outcrop
photograph of the southeastern
end of Big Rock Quarry.
Sandstone/shale ratios were
calculated for each cell.

-12:8~-

Comparing these results with
visual

observations on
photographs points out :
(1) overall lithologic differ-

ences between units are not as
large as would be estimated by
simple visual observation, and
(2) the presence of thin-bedded
units drastically alters
interpre-tation of sandstone/
hale ratios. For instance,
cell number 3 contains lenti-
cular sandstone bodies overlain
by a combination of thick-
bedded sandstones and thinly-

interbedded sandstones and
shales. One might wvisually
estimate a sandstone/shale
ratio of 1.5 (60% sand);
however, counting the
sandstones and shales within
the cells produces a much
higher value of 4.65
(approximately 82% sand) .

Based upon these counted data,
this unit actually proves to be
the most sand-rich of the three
cells.

SECTION 2

This outcrop section is divided
into 4 cells with each cell
further subdivided into 2 sub-
cells (a & b). Results show
that sandstone/shale ratios are
vertically and laterally highly

variable. The lower portion of
the section contains large
lenticular sandstone Dbodies

which have high sandstone/shale
ratios (3b 5.30 and 4b
4.64) ; whereas, the upper
portion of the section contains
thinner sandstone bodies which

grade laterally into shaley
deposits with lower
sandstone/shale ratios (1lb =

2.76 and 2b 2.:551% .






Results also indicate that
sandstone/shale ratios are
highly variable depending upon:
(1) the lateral continuity of
major units, and (2) the
relationship of these units to
the cell pattern established

for point-counting. For
example, units 3b and 3a
display the most dramatic
change as interbedded sand-

tones and shales of unit 3b
(ratio 5.3) grade into
massive sandstones within unit
3a (ratio 93.7). However, 1if
considered as a single cell
(cell 3a + 3b), the overall
ratio is 9.67. This is of the
same magnitude as the value for
cell 3b; however, it 1is not of
the same magnitude as cell 3a.
Grid cells must be assigned

with a consistent set e
criteria (litholegy, facies,
etc.) and a constant sense of
scale. for example, if a cell

encompasses - a uniform
lithology, then the larger cell
size may be just as accurate as
the smaller (sub-cell) size.
If a cell encompasses highly
variable 1lithologies, then a
smaller grid may be necessary
to accurately reflect the true
sandstone/shale ratio.

SECTION 3

The central and northwest
portions of Big Rock Quarry
were also gridded into 12
cells. Sandstone/shale ratios
rare presented on the bottom of
the photograph.

Sandstone/shale ratios cannot
be used as isolated data. For
instance, a large sandstone-
rich slump feature occurs in
the lower right corner of the
outcrop photograph over which
log #2 was run. This sandstone

~ 129~

mass creates abnormally high
sandstone/shale ratios within
the cells. However, this slump
is limited extent, and the
sandstone/shale ratios are not

representative of the entire
cell.
Sandstone/shale ratios were

also measured from the gamma-
ray logs at location sites #1,
#2, and #3 to compare and
calibrate 1log responses to
lithologic properties. The
logs were subdivided into
vertical units that
corresponded to the cell bound-
aries drawn on the outcrop
photographs. Sandstone/shale
ratics were calculated by
determining (1) the shale base
line on the gamma-ray log
(assumed to represent a clean,
100% shale), and (2) the line
of maximum gamma-ray deflection
(assumed to represent a clean,
100% sandstone). The interval
between these two end points
was divided into thirds. The
portion of the curve remaining
to the left of the 33% shale
cut-off line (drawn one third
left of the clean shale base
line) was counted as sandstone,
and the portion of the curve to

the right of this 1line was
counted as shale.
Sandstone/shale ratios were

calculated, and comparisons of
log and outcrop derived ratios
are presented in Table 3.

Sandstone/shale ratios calcu-
lated from gamma-ray logs at
log site #1 closely match the
corresponding values obtained
from computations within the
outcrop grid cells. Log and
outcrop data are comparable
(82% log versus 79% outcrop for

cell 3 and 68% to 70% for cell
1) in this geologic setting






Table 3

Log Location #1 Log Location #2 Log Location #3
Outcrop : . Log Outcrop | Log Outcrop : Log
l(33% Shale Cut-Off) |(33% Shale Cut-Off) |(33% Shale Cut-OfT)
: 1 o
L2 Vi 1 1m Poas | 238
. (68%) (64%) ; (89%) (32%) | (96%)
¥ | £ = T
D384 |, 465 [Wiie ' o071 |BPas53 40
(719%) |, (82%) [ : 41%) | L (80%)
| I [
| , (100%) | (100%)
1 |
- - 325, - I 333
| (16%) | (100%) L (77%)
: {

Big Rock Quarry sandstone/shale ratios. Comparisons of outcrop and log-derived values.
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where thinly-bedded units are
minimal. The 33% shale cut-off
used in the log-measuring
technique appears appropriate
in this case.

Log and outcrop ratios at log
site #2 match poorly. The
slump-feature appears on the
gamma-ray log as nearly 100%
sandstone, but the surrounding
beds observed on the outcrop
face consists of interbedded
sandstones and shales within
the remaining portions of the
cell. Also, thin-bedded sand-
stones and shales that can be
observed on outcrop photographs
are included ' in the compu-
ation, but most of these units
are too thin to be resolved by
the gamma-ray logging tool and
are not represented on the log
curves. A gamma-ray logging
sonde with a shorter crystal

=134

would improve
resolution;
shorter,

thin bed
however, this
lighter tool is less
rugged and more likely to
damage or failure during
outcrop logging.

Results at logging site #3 are
mixed due to problems of thin-
bed resolution by the logging
tool and poor photographic
coverage of the lower section
of the outcrop.

This exercise demonstrates that
(1) Sandstone/shale ratios are
sensitive to how grid cells are
defined 1in relationship to
major lithologic wunits and
(2) Outcrop derived ratios and
log derived ratios are similar
in simple geologic situations
where thinly bedded intervals
are minimal.






STOP 4
Old Park Hill Quarry

What is now a shopping center
was once the old Park Hill rock
quarry (Fig.96). The Upper
Jackfork Sandstone outcrops in
this quarry are typical
sandy turbidites. The
sandstones are interpreted to
be channel fill and levee
deposits in a submarine canyon
or more likely in the upper
part of a submarine fan
complex.

A slump and debris flow deposit
is present at the base of the
sequence. Of particular
significance is the apparent
presence of laterally accreting
cross bed sets (Fig. 97)

~ 1.3 2=

indicative of traction current
bedding. This section is
stratigraphically slightly
above the Big Rock section, but
appears similar to beds in the
upper portion of that quarry’s

face, near the center of the
quarry. The underlying
shales and siltstones are

significantly bioturbated at a
nearby locality.
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STOP 5

"Wildflysch" Slope Facies in the Middle Jackfork Formation

Near Levy, Arkansas

The rocks exposed 1in
roadcut consist of black and

(Description from Stone and Haley, 1986)
this incrustations of dickite,
gquartz veins, and cleavage

reddish-brown shale with thin
bedded layers to a few angular
to rounded olistoliths of
light-gray quartzose sandstone,
very similar lithologically to
the typical sandstone of the
Jackfork. When comparable
olistoliths are partially or
completely weathered from the
shale and are exposed on the
surface, they resemble the
"knockers" described by Alpine
geologists. Fossil-bearing
sandstone olistoliths have not
been found at this outcrop, but
are present in nearby outcrops.
This locality is in the Aly
belt of Haley and Stone, 1981.
Thrust faults are present and
are marked by slickensides and

quartz veins. Some of the
guartz veins contain minor
amounts of lead, zinc, copper,

and silver minerals.

Chaotic and olistolithic zones
of the type observed in this
aunterep, with their
characteristic rubbly bedding,
are common in the middle part
of the Jackfork Sandstone in
Pulaski County and are present,
but less abundantly, for a
distance of about 130 miles to
the west. Similar =zones are
also present in the lower part
of the Atoka Formation, are
very common in the Johns Valley
Shale, and common in the
Stanley Shale. Tectonic
deformational indicators such
as the faults, slickensides,

=] 3=

present here are not unique to
this outcrop, but are present
in many of the other
olistolithic =zones.

Invertebrate fossils have been
collected from sandstone
olistoliths at two localities
in the middle Jackfork west of
this stop. Fossil-bearing
sandstone olistoliths appear to
have been limy and are thought
to have slid southward from an
area of shallow-water
deposition. The following
ammonoid cephalopods of early

Morrowan (Hale) age have been
identified: Syngastrioceras
globusum (Easton), Bisatoceras

(Schartymites) paynei (Gordon),
Reticuloceras tiro (Gordon)
Retites semiretia (McCaleb),
Cymoceras adonis (Gordon), and
Stenopronorites quinni (Gordon,

1968 and Gordon and Stone,
1977) .
Viele (1973, 1979) named the

belt in the wvicinity of this
stop the "Maumelle chaotic
zone" . He suggested that it
formed as part of a subduction
complex wupon an overriding
plate to the south when the
plate was widely separated from
the shelf-slope zone of North
America.

Voicing another opinion, Morris

(1985, p. 29) noted that from
all appearances the rubble
bedding in this area is






indistinguishable from that in
the Jackfork in other parts of
the frontal Ouachita Mountains.
He further offered the
following in rebuttal: "1) The
rocks of the "Maumelle Zone"
are an integral part of the
Jackfork Group. 2) The
Jackfork had a clear connection
with the shelf/slope area of
North America, having received
from there the limestone,
chert, and non-feldspathic
sandstone clasts in rubbly
flows and the rounded, mature
mineral suite for the sands
forming the slope fans. 3
Point 2 may be repeated for the
underlying Stanley as well as
the overlying Johns Valley. 4)
The rubbly =zones, many in
number, can be mapped, although
little of this has been done."

1236 =

It has been our opinion for

guite some time that these
rocks 1in the 1lower Jackfork
Formation represent a slope

facies and that they have many
examples of successive
submarine slumps and resultant
chaotic appearing deposits.
That subsequently a high
tectonic imprint and low-grade
metamorphism was imparted to
them during late Pennsylvanian
and early Permian Ouachita
Mountain orogenic events.






STOP 6
Jeffrey Quarry

This 1is an abandoned quarry
with most of the section under

water. The entire section
consists of rather massive
sandstone, comparable to Big

Rock Quarry, overlain by a more
shaly section with a number of
small channel fills in it.
Only the small channels are
visible across the artificial
lake.

Two different types of f£ill can
be observed, one type is very
simple (Fig. 98), the other
shows an irregular upward
thinning of layers and fining
of the grain size with the
sides of the top of the
erosional cut barely wvisible.
The top £fill of the channel
does not differ from the
overlaying shales.

(Description from Arnold Bouma,
personal communication)

It is important to observe both
types of £fill because those
architectures will never be
visible on seismic reflection,
even in channels with a size
that i1s wvisible on seismic

records. The nature of the
£ill, the terminations of the
channels (thinning and
downlapping), and the

connectivity blockages can well
be observed.

Detailed correlation with Big
Rock Quarry is currently
impossible. It 1is suggested
that these small channels in
Jeffrey Quarry either can be
compared to the smaller, more
shalier, large-scale inclined
layers 1in Big Rock Quarry,
and/or that they represent the
abandonment stage.

=137~
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(Description from Stone,1968 etc. and Joslin, 1979)

STOP 7/

Bayou Meto Anticline Roadcut

About 1,100 feet of the lower
part of the Lower  Atoka
Formation 1is exposed along
roadcuts on Arkansas Highway 5,
on the south flank of the Bayou
Meto anticline west of Cabot,
Arkansas.

A general correlation from one
side of the road to the other
is not difficult. Details,
however, have often changed
significantly over that short
distance which is close to the
paleocurrent direction.

This section 1s composed of
proximal -appearing, amalgamated
turbidites, thin overbank or
lobe intervals of sandy and
shaly strata, and an occasional
debris flow with ripup clasts.
Some sideritic-clay ironstone
concretions and layers occur in

the hemipelagic and other
shales. The apparent thick
proximal submarine channels,

near the base of the exposure,
consist of medium to dark gray,
micaceous, very fine- to
medium-grained, friable to
hard, medium- to thick-bedded
sandstones belonging to the AB
divisions of the Bouma
sequence . Contacts are
generally somewhat scoured and
free of interbedded shales.
The overbank or lobe intervals
include subequal amounts of
sandstone, gsiltstone, and
shale. Sandstones are
brownish-green to medium gray,
micaceous, very fine- to
medium-grained, and thin- to

=B =

medium-bedded. Tool marks, and
flute and 1load casts are
abundant. The turbidite
intervals ABCDE, BCD or CDE are
most common in the graded
sandstones. Paleocourrents on
most of these beds are axial,
down the "trough" towards the
west, although some groove
casts and other markings have a
more southwesterly flow.
"Trashy" blue beds with
coalified plant fragments,
clay, silt, sand and mica occur
at the top of many of these
units and represent the
liquified lag debris flows of
turbidity currents. Most of
the shales are typically black
and fissile, but some are silty
and sandy in part, possible
more carbonaceous shales are
probably hemipelagic. These
rocks probably were fed by the
large prograding deltas that
existed both to the northeast
and east-southeast during a
maximum sea level lowering and
basin downwarping in early
Atoka time.

South of the intersection of
highways 64 and 5 are a number
of outcrops in deltaic deposits
of the middle part of the Atoka
Formation.

The highly thrust faulted axis
of the Bayou Meto anticline
forms the valley to the north,
and a few exposure of Johns
Valley Shale (late Morrowan)
with minor olistoliths of
sandstone occur. It 1is likely






that this unit represents a
submarine canyon and slope
facies, and that most of the
clastic sediments bypassed this
locality and were deposited in
the (then) deeper part of the
basin to the south. The Johns
Valley Shale is renowned for
its large quantities of
platform exotics in the
Ouachita Mountains of Arkansas
and Oklahoma.

-140-
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STOP 8

Round Mountain Shale Pit

This stop is located in the
upper Atoka Formation on the
west end of Round Mountain,
near the axis of the Conway
syncline, about 2 miles west of
El Paso, Arkansas.

The excavation exposes
100)

(Fig.
approximately 150 feet of
black shales deposited in
marine and back bay
environments. Three thin coal
beds, the thickest about 9",
are found within the ’'shale
sequence. The thickest bed has
been sporadically mined as a
local energy resource. A few
brackish water invertebrate
fossils have been found, and

-142-

(Description by Stone, 1991)
thin intervals of iron
carbonates and concretions

occur in the interval overlying
the thick coal bed near the
middle of the sequence. A
medium-grained, cross-bedded,
fluvial sandstone occurs above
the shales. The cross-beds
indicate sediment transport
form east to west.

A chemical analysis provided by
Bostick of the U.S. Geological
Survey and others of the main
coal seam indicates that it is
a high-rank bituminous coal.






Fluvial Sandstone

.‘\’\ \\5 medium-grained
150' \\\\‘\} cross-bedded
A‘-/—:
— — | 2"Coal
100" |77 — —
£ F o et Siderite Black Shale
9" Coal
50 | — __—
3" Coal
o —

Figure 100 Generalized Section
Round Mountain Shale Pit
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(Description from Rufus J. Leblanc,

STOP 9
I-30 Roadcut at Conway

A thick (190’') delta sequence
in the Middle Atoka at Conway,
Ark. (Fig. 101) Roadcut along
North bound lane of Interstate
40 (Fig. 102). Up 1is to the
left (South).

This sequence consists of thin
bedded outer fringe sandstone
and shale which grades upwards
into inner fringe sandstone
(Fig. 103). The upper part of
this deltaic sequence consist
of cross-bedded distributary
channel sandstone.

-144-

1976)

Mapping by Stone and Haley
indicates that this unit forms
one of three or more clastic

sequences ("traceable three")
in the middle Atoka. These
deltaic deposits extend
westward some 100 miles (at
least) to the wvicinity of
Heavener, Oklahoma.

Were there vigorous longshore

currents that helped to
transport these deltaic
propagations?
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(Description from Stone & McFarland, 1981,
Leblanc,

STOP 10

1976,

Joslin, 1979 and others)

Upper Atoka Formation Deltaic Sequences on Arkansas Hwy. 9

Morrilton Bypass--Morrilton

Directly east of Morrilton
along Arkansas Highway 9 are
four road outcrops (Fig. 104 &
105) that show wvariations in
deltaic deposits, especially
with regard to the contact
between pro-delta shales and
the distributary sandstones.

One of the outcrops shows a
good coarsening-upward sequence
starting with pro-delta shales,
followed by thin-bedded delta
front deposits, and being
topped by channel sands (Fig.
106) . The other outcrops show
that distributary channels can
suddenly migrate laterally with
the result that delta front
deposits are lacking.

The convenient model of deltaic
deposits with its coarsening-

upward cycle 1is the ideal
situation that occurs less
frequent than is often
realized.

A. UPPER ATOKA FORMATION --
MIDDLE INTERVAL

These rocks represent the
middle unit of three
separate deltaic sequences
on the south flank of the
Morrilton anticline.

From north to south these
rock units are: (1) marine
black shale with a thin bed
of fossiliferous limestone;
(2) a pro-delta silty gray

-148-

black shale; (3) outer
fringe deposits of silty
sandstone and shale; (4)
inner fringe even-bedded
sandstone; (5) a trans-
gressive unit of
fossiliferous sandstone;
and, (6) pro-delta black

silty marine shale.

The rocks in the outer
delta fringe interval are
extensively bioturbated
(Fig.108) -noteConosticthus
and other shallow water
forms. A water expulsion
feature is present on the
east side of the roadcut in
the sandstone of the inner
fringe sequence.

UPPER ATOKA FORMATION --
LOWER INTERVAL

These clastic deposits are
the lowermost deltaic
facies exposed on the south
flank of the Morrilton
anticline.

The rocks exposed in this
outcrop represent two major
delta sequences (Fig. 109);
one is quite "dirty" and
the other is "clean". From
north to south there is a
very thick "dirty" delta
sequence composed of silty

gray-black shale, thin
falser bedded, gray
siltstone, and silty

sandstone forming pro-delta
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Outer Fringe I Transitional Inner Fringe

Figure 107. STOP 10A=A nearly complete delta sequence consisting of: (1) marine
and pro-delta silty shale (below to left) overlain by, (2) thin bedded outer fringe
sandstone, (3) massive even bedded inner fringe sandstone, and (4) a thin bed of
transgressive marine sandstone. These rocks are in the upper Atoka Formation on
the Morrilton Bypass.

Figure 108, STOP 10A- Bioturbated rocks (including Conostichus) in the outer fringe
deposits of the upper Atoka Formation on the Morrilton Bypass.
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Deita 2
Inner Fringe

Delta 1
Outer Fringe

Figure 109,

STOP 10B — This sequence of rocks consists of: (1) pro-delta silty shale and very thin
flaser-bedded sandstone (below) overlain by, (2) even bedded, inner
fringe sandstone, and capped by (3) a cross-bedded distributary channel
sandstone. These rocks are in the upper Atoka Formation on the

Morrilton Bypass.

Figure 110.
STOP 10B - Distributary channel sandstone below overlain by shale (clay plug)
deposited in an abandoned channel.
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and outer fringe sequences.
Overlying this sequence of
rocks is a much cleaner delta

interval composed of thin, even’

bedded, inner fringe sandstone,
cross-bedded distributary
channel sandstone capped
locally by a shale lense (Fig.
110) (clay plug) and all
overlain by more delta fringe
sandstone. Some bioturbations
are present 1in the ’'dirty"
delta outer fringe rocks. Also
note the pyritic interval and
its white oxidation product
melanterite (iron sulphate) at
the base of the inner fringe
sandstone.

C. UPPER ATOKA FORMATION
LOWER INTERVAL NORTHLANK

MORRILTON ANTICLINE

These rocks on the
north flank of the
Morrilton anticline and are
equivalent to the lowermost
deltaic facies in the upper
Atoka at Stop 10B.

are

These rocks are equivalent
to the rocks of the upper
Atoka at Stop 10B. From
south to north the rocks
are marine and pro-delta
shale and siltstone; inner
fringe sandstone; cross-
bedded sandstone of a river
mouth bar; even bedded
inner fringe sandstone
capped by distributary
channel deposits at the
top. Small thrust faults
are present in the
exposure.

UPPER ATOKA FORMATION
TOP INTERVAL

The rocks exposed in this
roadcut are the uppermost
deltaic interval in the
lower part of the upper
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Atoka Formation on the south
flank of the Morrilton
anticline. From north to south
the sandstone and shale
seqguences represent parts of
four deltaic deposi-tional
cycles (Fig. 111 & 112) as
follows: (1) pro-delta with
overlying outer fringe strata;
(2) distributary channel with a
transgressive marine unit at
the top; (3) inner fringe
overlain by a river mouth bar
interval (Fig. 111); and, (4)
inner fringe capped Dby a
distributary channel.

Falser bedding and small
ripple marks are common in
the rocks of the outer
fringe. Thin, even bedded
rocks are present in inner
fringe deposits. Load
features, scour channels,
shale and sandstone clasts,
and cross bedding mostly in
a single direction are
present in the rocks of the
distributary channel
sequences. Cross bedding
oriented in many directions
with some load and slump
features typifies the rocks

in the river mouth bar
deposits. Small shale
clasts, fragments of
coalified plants, and
invertebrate fossils are

present in the rocks of the
transgressive marine unit.
Shallow-water trace fossils
are especially numerous in

the rocks of the outer
fringe interval. These
delta sequences had a
probable source to the

northeast as indicated by
the crossbeds and ripple
marks.
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Figure 111. STOP 10D =Probable river mouth bar sandstone in the upper Atoka Fm. on the Morrilton Bypass
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of the upper Atoka, south flank of the Morrilton Anticline.

Figure 112. STOP 10D - Exposure of portions of four deltaic sequences in the uppermost interval
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(Description from Stone & Haley, 1981

STOP 11

Joslin,

1979, Coleman and

Van Swearingen, 1991, and others)

Lower Atoka Formation at Tom’s Mountain on Arkansas Hwy. 10

Near Perryville, Arkansas

Several road outcrops show
lower Atokan submarine fan
deposits. Stratigraphically the
variety 1is tremendous with
sometimes no lateral
variability and other times
significant variability visible

in the short, tilted, layers.
Interpretation of the
sandstones and shales with

regard to their depositional
location within a submarine fan
system is very dangerous unless
one adheres blindly to some of
the submarine fan or turbidite
system models.

These outcrops are an ideal
introduction to submarine fans
because the outcrops reveal a
lot of variability that
generates lots of questions and
discussions. °~ It has to be
realized that such incomplete
information is very common and
that the explorer, and
certainly the production
geologists and engineers, have
to make most of that poor data
source. it 1is, therefore,
advisable to have as many good
interpretation scenarios on
hand from which to select the
most applicable before
finalizing the interpretation
and guidelines to optimum
exploration/production of the
series.

This series of roadcuts in
lower Atoka strata is exposed
just south of the Ross Creek
thrust fault (Fig. 113).
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Displacement on the Ross Creek
fault is approximately 15,000
ft. (4,600 m). Lower Atoka
deep water sedimentary rocks
are thrust over upper Atoka
shallow water sedimentary rocks
(Fig. 114) along the railroad
tracks at Perry, 1.1 mi. (1.7
km) north of here.

Begin walking north along
Arkansas Hwy. 10 to the bottom
of the hill. Be careful
considerable traffic on this
road! These exposed rocks
exemplify turbidite deposition
with monotonous repetitions of:
southward dipping, thick to
thin bedded, graded, bottom
marked, and convolute bedded
subgraywacke; very micaceous
siltstone containing coalified
plant fragments (blue beds);
and, black fissile shale with
some sideritic 1 Pign
concretions. Deep water trace
fossils are numerous in this
sequence. Some minor dickite
coated slickensides and minute
quartz veins are present.

The Perryville igneous breccia
(lamprophyre carbonate
intrusive) of probable early
Upper Cretaceous age is exposed
to the south of this area near
the house on the east side of
the highway.

Joslin (1979) found the section

consisted of proximal
turbidites, sandy flysch,
shaley flysch, and debris
flows.






Proximal turbidites consist of
light to gray, very fine- to
medium-grained, massive, thick-
to very
sandstones. Contacts
generally scoured and thin
interbedded shales are
extremely rare. Sandstones
represent the AB divisions of
the Bouma sequence exclusively.

are

Sandy flysch is a succession of
unequal amount of medium- to
thick-bedded sandstones and
black shales. Sandstones are
light to dark gray, very fine-
to medium-grained, and commonly
grade into light brown, thinly
laminated siltstone and fissile
shale. The bottoms of
sandstones are wusually sharp
and contain numerous sole
marks. The graded sandstones
commonly have ABCDE, BCD, or
CDE divisions of the Bouma
Sequence.

thick-bedded
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Shaley flysch interval are
dominated by black fissile
shales containing minor thinly
bedded, convoluted, very fine-
grained sandstone and
siltstone. Bases of graded
sandstones have small-scale
tool marks and flute casts.
Nearly complete Bouma sequences
are common, including ABCD,
BCD, and CDE divisions.

Debris flows
meaningful portion of this
section. They consist of a
black to dark brown, blocky,
chunky, mud matrix containing
angular to well rounded pebble,
cobble, and boulder clasts or
sandstone and shale.

comprise a
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Figure 115.

Close-up of lower Atoka sandstone, siltstone and shale, with
examples of convolute bedding and localized soft sediment slump
and sliding and/or scouring

Figure 116.
Alternating sandstone and shale of the lower Atoka, an example

of flysch. ‘
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Figure 117. Interbedded sandstone and shale mostly in thinning (of beds) and fining (of grains) upward
sequences that may represent midfan submarine channel deposits in the lower Atoka Fm.
north of Perryville on Arkansas Hwy. 10.
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(Description from Stone & Haley, 1981
etc., Coleman & Van Swearingen, 1991,
and others)

STOP 12

Upper Jackfork Formation at Rock Shelter on Arkansas Hwy. 9

Interbedded shale sandstone of
the upper part of the Jackfork
Sandstone are exposed on the
west side of the road (Fig. 118
& 119). This sequence of rocks
was possibly deposited in a
submarine fan channel. Bottom
marks, graded bedding,
convolute bedding, and soft-
sediment slump features are
present. Several high-angle
faults dip to the north and the
apparent movement along these

was towards: the south.
Slickensides coated with
dickite are common. Steep

northward dipping cleavage is
well-developed in the shale.

Three generations of quartz
veins were emplaced in the
following order: (1) wveins

that are folded and sheared and
contain pyrophyllite; (2) veins
of milky quartz with dickite;
and, (3) veins of milky quartz
with rectorite, cookeite, and
pyrophyllite. As you can see,
the section 1is dominated by
shale with very thin sandstone

=163 «

beds, which thicken and thin
across the outcrop. Even in
the sand-rich interval the
sands thicken and thin. To
illustrate this, stand in the
center of the sand package and
turn around and find the high,
sandstone-supported ridge
across the road, in the trees.
What is the apparent change in
thickness? The sandstones
commonly have scoured bases and
are lenticular or pod-like in
nature. This section, in and
of itself, is not easy to fit
into its niche on the Walker

model. However, it does fit
part of a pattern that suggests
a slope environment of
deposition.
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The interbedded

Figure 119,
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STOP 13

Lower Jackfork Formation on Arkansas Hwy. 9

Interbedded, vertically dipping

sequence of light gray
quartzose sandstone and
reddish-black shale (bottom to

north) of the lower Jackfork
Sandstone are exposed at this
stop. An intraformational
conglomerate is evident at the
base of a likely submarine fan
channel sequence. A small
southward inclined fold near
the center of the outcrop has
been related by some workers to
tectonic deformation and there
is a small thrust fault at the
base of the fold with dickite
coated slickensides. Other
workers have related the fold
to southward directed
sedimentary slumping prior to
the faulting (Fig. 120).

£fill some
rock and

veins
in the

Quartz
fractures
contain needle quartz,
rectorite, and cookeite.
Quartz veins of this type are
thought to have been emplaced
during the latest part of the
Ouachita Orogeny.
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These Jackfork Stops are in the
area that Viele has referred to

as the "Maumelle Chaotic
(Subduction) Zone", taking the
name from the seemingly

structural complexities of the
rocks exposed (at Stops 12 &
13) along the Lake Maumelle
trend. The structure and the
lithology of these rocks has
evoked much discussion, guite a

bit of it most noisy. Does the
chaos of the sands